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Namita D. Desai, Niserga D. Sawant, Pratima A. Tatke

Chapter 1
Biopotentiation using herbals: novel
approach for poorly bioavailable drugs

Abstract: Owing to rapid developments in drug design technologies, many drugs
have been progressively introduced each year. However, poor pharmacokinetic pro-
files of these drugs remain an area of concern. Bioavailability is an integral part of
the pharmacokinetics paradigm. Many pharmaceutical methods such as nanoniza-
tion, micronization, and prodrug approach have been applied in the past to enhance
bioavailability of drugs. However, the use of herbal bioenhancers (biopotentiaters)
has recently evoked interest. Interestingly, the principle of biopotentiation was first
recorded in Ayurveda as “Yogvahi,” in ancient times. Herbal bioenhancers are phyto-
molecules that may improve the drugs’ or nutrients’ biological activity, such as bio-
availability and bioefficacy at low doses, at which they themselves have no other
pharmacological activity. This chapter aims to consolidate scientific reports on vari-
ous herbal bioenhancers, together with a brief description of their mode of action
and pharmacotherapeutic applications. This chapter also highlights the ground-
breaking combination of natural bioenhancers and novel techniques like liposomes,
nanoparticles, transferosomes, and ethosomes.

This chapter emphasizes on the promising potential of herbal bioenhancers in
improving bioavailability of drugs. The role of these bioenhancers in novel drug de-
livery approaches is also highlighted. The proposed approach is a combination of
traditional knowledge of Ayurvedic system of medicine and the novel techniques in
pharmaceutical technology like liposomes, nanoparticles, transferosomes, and etho-
somes for effectively delivering drugs.

1.1 Introduction

With the rapid advancements in drug design technologies, many researchers have
been developing number of newer molecules that show impressive in vitro performance
but their low solubility and/or poor permeation characteristics, result in poor in vivo
bioavailability. Hence, there is an increasing demand to improve bioavailability of

Namita D. Desai, Niserga D. Sawant, C. U. Shah College of Pharmacy, S.N.D.T Women’s
University, Santacruz (W), Mumbai, 400049, Maharashtra, India
Pratima A. Tatke, C. U. Shah College of Pharmacy, S.N.D.T Women’s University, Santacruz (W),
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drugs to meet the growing requirements of the medical field and pharmaceutical
industry. Further, the development of newer drug delivery approaches and novel
drug technologies has significantly impacted the cost of drug therapy. Hence, in-
creasing the drug bioavailability is one of the feasible means to achieve affordable
treatment with reduction in drug dosage and hence the cost of therapy [1]. Broadly,
the approaches in overcoming bioavailability concerns include pharmaceutical,
pharmacokinetic and the biological approaches. The pharmacokinetic approach
deals with the development of new chemical entities or prodrugs and is very ex-
pensive and time-consuming, requiring repetition of clinical trials and long time
for regulatory approval. The biological approach involves changing the route of
administration from oral to parenteral. Hence, the pharmaceutical approach in
modulating the drug solubility and/or permeability holds promise in improving
bioavailability [2]. Many pharmaceutical methods such as nanonization, micron-
ization, eutectic mixtures, solid solutions, and solid dispersions have been used
extensively but the use of bioenhancers or biopotentiers, especially those derived from
natural origin, has recently evoked interest due to ease of availability, simplicity, and
scalability of the approach.

Bioenhancement or biopotentiation promotes decrease in the usual daily dose
of the drugs leading to reduced side and toxic effects, enhances therapeutic effi-
cacy, reduces development of resistance, reduces the raw materials required in
manufacturing and ultimately provides economic advantage by reducing the cost of
therapy. Herbal bioenhancers or biopotentiators are agents of herbal origin de-
prived of their own pharmacological activity at the prescribed dose and capable of
increasing bioavailable fraction and therapeutic effectiveness of coadministered
drugs. Ayurveda conceptualizes the role of biopotentiers in the theory of “Yoga-
vahi.” The concepts and methods such as “Yogavahi,” “Anupana,” Bhaishajya
Kala,” “Bhavana” (trituration), “Rasayana,” “Yoga” (formulations) and “Kalpanas”
(various dosage forms), the concept of “Purana Aushadhies” (old drugs) and the
concept of action-augmenting drugs are being used since time immemorial in the
Ayurvedic system of medicine [3, 4]. In addition, “Samshodhana” (bio-purification)
can also be considered. A very common example of “Yogavahi” in Ayurveda in-
cludes Pippali (Piper longum) and Maricha (Piper nigrum) that contain an important
active constituent named “piperine” (1-piperonyl piperidine), which is responsible
for the bioenhancing effect. Other common examples of Yogavahi include Ghrita,
Swarna (gold) preparation, Guggulu preparation, and Bhasmas. In the year 1979,
piperine of the black pepper series was proven globally as the first bioavailability
enhancer by scientists at the Indian Institute of Integrative Medicine (formerly
known as Regional Research Laboratory), located in Jammu [5]. The practice of
using the Ayurvedic preparation, “Trikatu,” which in Sanskrit means “three acrids”
is well known. This Ayurvedic preparation contains ginger, long pepper and black
pepper for potentiating bioavailability of drugs, vitamins and nutrients. [6] The re-
newed interest in biopotentiation is mainly because the poor bioavailability of existing
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and newly developed drugs that require administration for longer periods of time to
produce desired therapeutic effects, results in greater side effects and expensive treat-
ment regimen. Biopotentiation is therapeutically beneficial, because it directly corre-
lates with the plasma concentration and effectiveness of the drugs and in turn, can
lead to reduction in the cost of treatment as well as reduce the toxicity of drugs [7].
Examples of drugs that have shown increased bioavailability in the presence of herbal
bioenhancers are metformin, phenobarbitone, rifampicin, tetracyclines, pyrazinamide,
sulfadiazine, secnidazole, ethambutol, phenytoin, vasicine, carbamazepine, nimesu-
lide, indomethacin [8–10], labetalol, coenzyme Q10, β-carotene, dapsone, ciprofloxa-
cin, curcumin and amino acids [11].

Synthetic absorption enhancers such as surfactants, fatty acids, cyclodextrins,
and chelating agents though reported to enhance the permeability of drugs across
biomembranes have their own shortcomings. They are associated with toxicity to
the biological membranes on repeated use, are required in higher concentrations,
and are often inefficient in inhibiting enzymes that metabolize drugs or transporters
involved in drug efflux that play a role in reducing drug bioavailability, thus hin-
dering their use as efficient bioavailability enhancers [12, 13].

The novel delivery approaches available in literature for improving the solubility
and/or permeability of drugs include polymeric and lipid systems such as self-
emulsifying drug delivery systems, nanoparticles, microparticles, liposomes, phyto-
somes, and micelles. However, the challenges faced in a majority of these approaches
include inefficient drug loading and use of synthetic surfactants and co-surfactants
in relatively high concentrations and inclusion of exogenous compounds such as
charge inducers to increase drug entrapment that can cause irritation to biomem-
branes [14].

The greater safety potential of herbal bioenhancers can be proposed as favor-
able solution to the toxicity concerns of synthetic absorption enhancers. Moreover,
ease of availability and formulation, improved uptake by biomembranes, synergiz-
ing the activity of drugs and reducing the use of synthetic surfactants in novel drug
delivery systems are the benefits associated with the use of herbal bioenhancers
and highlight their promising potential in drug delivery [15, 16].

1.2 Mechanism of action of herbal bioenhancers

Herbal bioenhancers generally enhance the absorption of orally administered drugs
by exerting action on the gastrointestinal tract (GIT) and subsequently improving
the bioavailability by exerting on the drug absorption, metabolism process and also
act on drug targets [17]. The elaborate mechanism by which herbal bioenhancers act
is still not well understood. However, some of the suggested mechanisms (Figure 1.1)
are as follows:

Chapter 1 Biopotentiation using herbals: novel approach for poorly bioavailable drugs 3
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1.2.1 Modifications in drug metabolizing enzymes

Bioenhancers inhibit important phase I enzymes that metabolize drugs, namely cyto-
chrome P-450 enzymes and its isoenzymes and uridine 5ʹ-diphospho (UDP)–glucuronyl
transferase and also inhibit glucuronic acid production in intestines. Thus, the untrans-
formed drugs can enter into the systemic circulation in larger amounts from the GIT.
CYP1 A1, CYP1 B1, CYP1 B2, CYP2 E1 and CYP3 A4 are examples of metabolizing en-
zymes reported to be inhibited by piperine. Piperine, when administered orally in rats
showed strong inhibition of aryl hydrocarbon hydroxylase and UDP–glucuronyl trans-
ferase activities in the hepatic tissue [18]. Piperine has also been shown to lower endog-
enous UDP–glucuronic acid levels, altering glucuronidation rates and limiting
transferase activity [19]. Hence, the drugs subjected to metabolism by these enzymes
will show bioenhancement due to potentiation of activity by piperine [20, 21].

1.2.2 Modifications in transporter proteins

P-glycoproteins (P-gp), transporter proteins are found on endothelial cells of the
blood–brain barrier, adrenal glands, apical surfaces of epithelial cells and on many
neoplastic cells. Inhibition of this efflux mechanism can be proposed as an attrac-
tive strategy to increase the intra cellular concentrations of drugs and hence, their

Figure 1.1: Mechanisms of action of herbal bioenhancers.
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therapeutic activity. Interference with protein binding sites, adenosine triphosphate
hydrolysis or changes in cell membrane lipid integrity could be the mechanisms.
Bioenhancers also inhibit the cell pumps such as breast cancer resistance proteins
responsible for drug elimination from cells and enhance absorption by stimulat-
ing gut amino acid transporters, thus improving bioavailability of coadministered
drugs [22, 23].

1.2.3 Thermogenic/bioenergetic effects

Bioenhancers can also act through thermogenic/ bioenergetic mechanisms that are
supposed to be triggered by stimulation of thermoreceptors and/or act directly on
adrenoreceptors. Stimulation of dopaminergic and serotinergic systems and puri-
nergic receptors of P2-type can also facilitate the release of catecholamines. Fur-
ther, β-3 adrenoceptors stimulation augments thermogenesis, reduces the white
adipose tissues without affecting the intake of food, increases the amounts of insu-
lin receptors and reduces insulin and glucose levels in the blood, thus promoting
anti-obesity and antidiabetic effects, contributing to the mechanism of thermogene-
sis. Increased activity of thyroid peroxidase leads to increased levels of triiodothyro-
nine and thyroxine in plasma, thus increasing thermogenesis due to the concurrent
increase in tissue oxygen uptake [23]. All these effects along with contributing to
weight loss and increased cellular energy levels help utilization of nutrients and
drugs by promoting gastrointestinal absorption.

1.2.4 Other possible mechanisms

The other mechanisms include cholagogous effects, increasing the responsiveness
of target receptors to drugs molecules, increased vasodilating effect on GIT to in-
crease drug absorption and modulating dynamics of cell membrane to increase
drug transport across the membranes [20, 21].

Herbal bioenhancers can act by one or more of these mechanisms and different
bioenhancers may show similar or varying mechanisms of action [23].

1.3 Herbal bioenhancers in drug delivery

1.3.1 Piperine

Piperine, a plant alkaloidal compound present in Piper longum (long pepper) as
well as in Piper nigrum (black pepper), is among the earliest and the most extensively
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studied bioenhancer. The estimated percent of piperine present in black pepper is
5–9% and falls under GRAS category of the Food and Drug Administration for its util-
ity in seasoning, flavoring or as spice. It is reported to display number of beneficial
properties like antidiarrheal [23], antipyretic [24], fertility enhancement [25], anti-
inflammatory [26, 27], antifungal [28], antimetastatic [29], antioxidant [30, 31], anti-
thyroid [32], antitumor [33, 34], antiplatelet [35], antimutagenic [36, 37], analgesic
[38], antidepressant [39], hepatoprotective [40], antiasthmatic [41], and antihyperten-
sive activities [42]. The reported dosage of piperine as bioenhancer is about 15 mg/
day, but not exceeding 20 mg/day when administered in divided doses, although it
may vary in the presence of drug compounds. However, earlier study suggested that
the suitable dose of piperine is about 10% by weight of the active drug compound
[23]. Piperine showed LD50 of 330 and 514 mg/kg, respectively, when studied in mice
and rats, and oral dose of 100 mg/kg was reported to be nontoxic during subacute
toxicity studies [43]. There are two possible mechanisms by which piperine enhances
the bioavailability of drugs, which also include nonspecific mechanisms that primar-
ily stimulate quick absorption of drugs and nutrient compounds. The first mechanism
may be by increasing blood supply, emulsifying the contents and increasing the ac-
tivity of γ-glutamyl transpeptidases; the enzymes that are involved in active and pas-
sive transport process of nutrients, decreasing hydrochloric acid secretion. The second
mechanism may be by inhibition of enzymes contributing to the drug metabolism pro-
cess in the GIT, thus preventing inactivation and elimination of drugs [23]. Piperine
was reported to enhance oral exposure of drugs probably by inhibiting cellular efflux
mediated by P-gp during intestinal absorption. The bioenhancement of fexofenadine,
when coadministered with piperine, either by peroral route (10 mg/kg) or intravenous
route (5 mg/kg) was demonstrated. Pharmacokinetic studies revealed that the
bioavailability of fexofenadine almost doubled on oral administration. Piperine,
on the other hand, had no effect on the pharmacokinetics of intravenously adminis-
tered fexofenadine, implying that piperine boosted gastrointestinal absorption rather
than decreasing hepatic extraction [44]. Piperine’s effects on resveratrol plasma levels
when coadministered orally to C57BL mice were studied. After coadministration of
piperine, the area under the curve (AUC) and Cmax of resveratrol increased by 229%
and 1,544%, respectively [45]. Table 1.1 represents the examples of drugs that showed
bioenhancement in the presence of piperine.

1.3.2 Gingerols

Zingiber officinale (ginger), belonging to the family Zingiberaceae contains ginger-
ols as the potentially active constituent isolated from the rhizomes. They can be
transformed to shogaols, gingeroney and paradol [54, 55] and the presence of vola-
tile oils (1–3%) in the ginger is responsible for its characteristic odor [56]. It has
been reported that gingerols increase the gastrointestinal motility in experimental
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Table 1.1: Studies on bioenhancement of drugs after coadministration of piperine.

Drug Activity Model Inference References

Metformin Antidiabetic Rats Combination of half the
standard subtherapeutic oral
dose of metformin;  mg/kg
with piperine showed %
lowering of blood glucose, as
compared to .% with
 mg/kg metformin

[]

Nimesulide Anti-
inflammatory

Swiss albino mice
and male Wistar
rats

The median effective oral dose of
combination of nimesulide and
piperine was significantly
lowered (.mg/kg) when
compared with nimesulide
(.mg/kg) in the writhing test

[]

Nevirapine Non-
nucleoside
reverse
transcriptase
inhibitor

Human volunteers AUC–∞ value of oral nevirapine
was increased by % in the
presence of piperine

[]

Carbamazepine Antiepileptic Human volunteers AUC– h of oral
carbamazepine alone and in
the presence of piperine was
found to be . ± . µg/
mL h and . ± . µg/mL h,
respectively

[]

Nateglinide Antidiabetic Male Wistar rats Concentration of oral nateglinide
in plasma at the end of min
was increased by % in rats
treated with combination of
nateglinide, mg/kg and
piperine, mg/kg

[]

Rifampicin Antitubercular Rats Piperine enhanced the oral
bioavailability of
coadministered rifampicin

[]

Propranolol Antiasthmatic Human volunteers AUC–∞ value of oral propranolol
was increased by .% in the
presence of piperine

[]

Saquinavir
mesylate

HIV protease
inhibitor

Caco- human
cell lines and
male Sprague
Dawley rats

Piperine increased Saquinavir’s
oral bioavailability by nearly
-fold by inhibiting the P-gp-
mediated drug efflux

[]
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animals and possess antipyretic, analgesic, antibacterial, and sedative properties
[57]. The bioenhancing activity of Z. officinale has been estimated to be between
10 and 30 mg/kg of body weight. The effects of orally Z. officinale with piperine on
drug bioavailability were studied and the results are reported in Table 1.2 [58].

Table 1.2: Studies on bioenhancement of drugs after coadministration of Z. officinale and
Z. officinale–piperine combination.

Category Drug Percent bioavailability enhancement

Z. officinale Z. officinale in combination
with piperine

Fluoroquinolones Norfloxacin  

Ciprofloxacin  

Macrolides Erythromycin  

Azithromycin  

Roxithromycin  

Cephalosporins Cefadroxil  

Cefalexin  

Penicillin Cloxacillin  

Amoxycillin  

Aminoglycosides Ciprofloxacin  

Fluoroquinolones Kanamycin  

Pefloxacin  

Antiviral Zidovudine  

Cardiovascular Amlodipine  

Lisinopril  

Propranolol  

Anti-inflammatory/antiarthritic Piroxicam  

Diclofenac  

Nimesulide  

Antihistamines Theophylline  

Bromhexine  

Salbutamol  

Immunosuppressant Tacrolimus  
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1.3.3 Glycyrrhizin

Glycyrrhizin, a glycosidic compound isolated from stolons and roots of Glycyrrhiza
glabra (liquorice), is used as expectorant for treating sore throat, asthma, bronchi-
tis, allergies, reducing inflammation and also in gastritis, peptic ulcers and rheuma-
tism. It is used in treating liver diseases by helping the liver detoxify drugs. It
builds up immunity, stimulates adrenal glands and possesses laxative and diuretic
properties. Sucrose is 50 times less sweeter than glycyrrhizin. The action of antican-
cer agent, paclitaxel, on cellular division was significantly enhanced in the pres-
ence of glycyrrhizin. Results of in vitro study performed in MCF-7 cancer cell line
indicated that in the presence of glycyrrhizin, the cancerous cell growth inhibition
improved 5-fold. It also shows antibacterial and antifungal properties and is known
to enhance activity of antibiotics such as tetracycline, ampicillin, rifampicin and
nalidixic acids acting against gram-negative bacteria like E. coli and gram-positive
bacteria like Bacillus subtilis andMycobacterium smegmatis [59].

1.3.4 Niaziridin

It is a type of nitrile glycoside obtained from the plant parts such as pods, bark, and
leaves of Moringa oleifera (drumsticks). Moringa oleifera displays properties such as
anticancer [60], diuretic, [61], antimicrobial [62], antifertility [63], spasmolytic and
hypotensive [64], antioxidant [65], antifungal [66], anti-inflammatory [67], antiulcer
[68], antiteratogenic [69], antiarthritic [70], hypolipidemic [71] and hepatoprotective
[72]. It has been reported that niaziridin improves activity of ampicillin, rifampicin,
nalidixic acids and tetracycline 1.2- to 19-fold against gram-positive organisms, and
antifungal activity of clotrimazole (10 μg/mL) against Candida albicans 5- to 6-fold,
respectively [73].

1.3.5 Quercetin

Quercetin, a flavonoid, is found in grains, leaves, vegetables, and fruits. Quercetin
exhibits radical scavenging, anti-inflammatory, antioxidant, anticancer, antiathero-
sclerotic and antiviral properties. It is found in abundance in apples, berries, broc-
coli and onions; also citrus fruits are a rich source of this phytoconstituent [74].
Quercetin is a P-gp modulator and inhibits CYP3A4 enzyme [75–77]. Rabbits pre-
treated with 15 mg/kg of quercetin, 30 min before verapamil administration, showed
considerably altered pharmacokinetic behavior of verapamil (10 mg/kg). Cmax and
AUC of verapamil increased approximately 2-fold after pretreatment with quercetin
as compared to verapamil administered alone, perorally. Absolute bioavailability and
relative bioavailability of verapamil in the rabbits pre-treated with quercetin were
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significantly higher (P < 0.05) as compared to the control group [78]. The absolute
bioavailability of oral diltiazem, when studied in rabbits pre-treated with querce-
tin was significantly higher, showing 9.10–12.81% increase (p < 0.05 at dose of
2 mg/kg, p < 0.01 at doses of 10 and 20 mg/kg) than 4.64% shown by the control
group [74]. Another study was performed for 7 days on 12 healthy volunteers, each
administered 500 mg quercetin or placebo, thrice daily. Later, single dose of fexo-
fenadine (60 mg) was administered orally on day 7 and the results indicated an
increase in the AUC of fexofenadine by 55% in the presence of quercetin [79]. One
study suggested that quercetin increased the AUC and Cmax of ranolazine due to
inhibition of P-gp and CYP 3A4 [80]. The various drugs coadministered with quer-
cetin that showed enhanced oral bioavailability are listed in Table 1.3.

1.3.6 Genistein

Genistein is an isoflavone and a well-known phytoestrogen found in a variety of
food sources like Glycine max (soybean) and Pueraria lobata (kudzu) and is studied
widely for a number of health benefits such as anti-inflammatory and anticancer
activities [85, 86]. The effects of oral genistein on pharmacokinetics of orally and
intravenously administered paclitaxel in rats were demonstrated. 10 mg/kg genis-
tein significantly increased the AUC of oral paclitaxel by 54.7% and was attributed
to the significantly (p < 0.05) reduced total plasma clearance (Cl/F) of paclitaxel,
which was lowered by 35.2% [87]. It was also reported that the genistein co-treatment
of HT-29 human colon cancer cells increased the cytosolic epigallocatechin-3-gallate

Table 1.3: Studies on bioenhancement of drugs after coadministration of quercetin.

Drug Category Study model Mechanism of
action

References

Epigallocatechin-
-gallate

Phenolic
antioxidant

In vivo (rats) Inhibition of CYP
A and P-gp

[]

Tamoxifen Selective estrogen
receptor modulator

In vivo (rats) Inhibition of
CYP A and P-gp

[]

Clopidogrel Platelet aggregation
inhibitor

In vivo (rats, dogs) Inhibition of P-gp []

Etoposide Podophyllotoxin
derivative

In vivo (rats) Inhibition of CYP
A and P-gp

[]

Doxorubicin Daunorubicin
precursor

In vivo (human
MCF- ADRr cells)

Inhibition of CYP
A and P-gp

[]

Pioglitazone Thiazolidinedione In vivo (rats) Inhibition of CYP A []
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(EGCG) by 2- to 5-fold, compared to EGCG alone. Intragastric coadministration of
EGCG, 75 mg/kg and genistein, 200 mg/kg to CF-1 mice showed higher AUC0–∞ of
EGCG (183.9 ± 20.2 mg/mL versus 125.8 ± 26.4 mg/mL, respectively, at 3 min). Co-
treatment with genistein also increased the half-life, Cmax and AUC0–6 h of EGCG in
the small intestine by 1.4-, 2.0-, and 4.7-folds, respectively, as compared with mice
treated with EGCG alone [88].

1.3.7 Curcumin

Curcumin, the primary curcuminoid of Curcuma longa (turmeric), which is a popu-
lar Indian spice, possesses several biological and pharmacological properties [89].
It has been reported that potential interactions between conventional drugs and
curcuminoids are due to modulation of CYP 450 and phase II enzymes, along with
effects on organic anion transporting polypeptides and inhibitory effect on P-gp
efflux transporters. The changes in the pharmacokinetic profiles of oral celiprolol
and midazolam due to effects on CYP3A expression and P-gp induced by curcumin
were evaluated in male Sprague Dawley rats. Celiprolol and midazolam showed signifi-
cant increase in bioavailability in the presence of curcumin (60 mg/kg) in pretreated
rats, but not in rats where it was coadministered only once. The expression of intestinal
P-gp proteins and CYP 3A protein content was reduced by 49% and 42%, respectively,
after pretreatment for 4 days with curcumin, when evaluated by Western blot
analyses. It was understood that celiprolol is a substrate for P-gp and midazolam
shows extensive metabolism by CYP 3A enzymes. Hence, the pharmacokinetics of
these two drugs have been modified by curcumin due to the downregulation of
intestinal P-gp and CYP 3A in the small intestine [90]. In another study, after co-
administration of curcumin and tamoxifen orally to rats, the AUC and Cmax values
of tamoxifen were considerably increased by 64% and 71%, respectively [91, 92].

1.3.8 Capsaicin

Capsaicin, the phytoconstituent of Capsicum annum (chili peppers), causes irrita-
tion in humans and other mammals, producing burning in tissues, which come in
contact with it. The effect on theophylline absorption and bioavailability in rabbits
after oral administration (20 mg/kg), including and excluding the ground capsicum
fruit suspension, was investigated. Comparing the pharmacokinetic parameters in-
dicated that the concomitant administration of capsicum fruit suspension increases
AUC and Cmax from 86.06 ± 9.78 to 138.32 ± 17.27 mg /L h and 6.65 ± 0.76 to 8.78 ±
0.98 mg/L, respectively [93]. Fexofenadine showed significant increase in intestinal
transport and apparent permeability (Papp) by 2.8- and 2.6-folds, respectively, in the
ileum of capsaicin treated rats, as compared to the control group. The in vivo studies

Chapter 1 Biopotentiation using herbals: novel approach for poorly bioavailable drugs 11

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



revealed that maximum plasma concentration (Cmax) and area under the concentra-
tion–time curve (AUC) were increased considerably by 2.3- and 2.4-folds, respec-
tively, in rats pre-treated with capsaicin, when compared with the control group.
Hence, capsaicin pretreatment was found to enhance the intestinal absorption and
oral bioavailability of fexofenadine in rats, likely due to inhibitory effect on P-gp me-
diated cellular efflux [94].

1.3.9 Lysergol

Ipomoea muricata and Ipomoea violacea contain the phytomolecule Lysergol, as
the active constituent. Lysergol (9,10-didehydro-6-methylergoline-8-O-methanol) is
also found in Rivea corymbosa and fungi, e.g., Claviceps, Rhizopus, and Penicillium
[6, 95]. Lysergol has been utilized since long as hypotensive, analgesic, psychotro-
pic and immunostimulant; it helps maintain regular blood flow due to vasoactive
properties and promotes gastrointestinal drug absorption [96]. Lysergol as a bioen-
hancer has been shown to increase bioavailability of certain antibiotics, and the
bioavailability enhancing potential is accredited to the inhibition of metabolic en-
zymes as well as P-gp efflux transporters. Lysergol isolated from I. muricata seeds
at a concentration of 2–10 µg/mL has been shown to enhance bioavailability of ri-
fampicin and tetracycline 2.96- to 8.53-fold [6]. The bioenhancing potential of lyser-
gol on curcumin was studied. In vitro phase I and II metabolic stability evaluation
of curcumin following preincubation with lysergol was performed using rat liver mi-
crosomes. Additionally, the effect on major efflux transporters using breast cancer
resistance protein (BCRP) and human P-gp membrane preparations were also stud-
ied. The results were compared with the P-gp inhibitory potential of verapamil and
BCRP inhibitory potential of pantoprazole. Subsequently, the studies gave strong
evidence about the involvement of BCRP inhibition, ruling out the possibility of P-
gp inhibition, and a remarkable increase in the in vitro half-life of curcumin was
seen [97]. Lysergol (20 mg/kg) has also been known to potentiate the activity of qua-
ternary protoberberine alkaloid, berberine 2-fold, when studied in male Sprague
Dawley rats [98].

1.3.10 Naringin

Phytoconstituent naringin is an example of a flavonoid isolated from grapefruit.
There are reports regarding pharmacokinetic interactions of grapefruit juice coad-
ministered with drugs such as ketoconazole, verapamil, erythromycin, and midazo-
lam [99]. The effect on bioavailability and pharmacokinetics of oral paclitaxel
coadministered with naringin to rats was demonstrated. The blood levels of pacli-
taxel coadministered with naringin increased significantly when compared with the
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control. After coadministration of naringin, paclitaxel showed 1.35- to 1.69-fold
higher relative bioavailability than the control. Additionally, after coadministration
with naringin, the absolute bioavailability of paclitaxel increased 2-fold. Naringin
increased the bioavailability of paclitaxel by means of inhibition of P-gp efflux
transporters and CYP 3A [100]. Similarly, diltiazem showed improvement in bio-
availability in the presence of naringin, following oral administration to rats [101].

1.3.11 Senomenine

It is an alkaloidal compound isolated from Sinomenium acutum, extensively used
for treating arthritic and rheumatic pain in Japan and China. It has been reported
that sinomenine could play a significant role in improving the bioavailability of
paeoniflorin when studied in rats. The absorption properties and the intestinal ki-
netic absorption characteristics of paeoniflorin in the in vitro everted rat gut sac
model during coadministration of sinomenine were investigated. Results of the
study demonstrated that 16 and 136 µM sinomenine significantly increased the absorp-
tion of 20 µM paeoniflorin by 1.5- and 2.5-folds, respectively [102]. A 12-fold enhance-
ment in bioavailability of paeoniflorin (150 mg/kg) in the presence of sinomenine
(90 mg/kg) was observed when studied in rats [103].

1.3.12 Allicin

It is an active bioenhancer phytomolecule found in Allium sativum and has been
reported to enhance the fungicidal properties of amphotericin B against Candida al-
bicans, Aspergillus fumigatus and Saccharomyces cerevisiae. Amphotericin B, coad-
ministered with allicin, exhibited greater antifungal activity against Saccharomyces
cerevisiae. In the study, it was suggested that Amphotericin B which is known for
its fungicidal activity when coadministered with allicin was also involved in vacu-
ole disruption and it was also understood that expression of allicin-mediated activ-
ity of Amphotericin B required cell membrane ergosterol [104].

1.3.13 Other plant extracts studied for bioenhancement activity

Nigella sativa (black cumin) was evaluated for bioenhancing effects for amoxicillin.
Extracts of seeds of N. sativa were obtained after extractions with hexane and meth-
anol for 6 h. Results of in vitro study performed using everted rat intestinal sacs dem-
onstrated an increased permeation of amoxicillin with hexane extract of N. sativa
seeds. Results of in vivo study demonstrated that N. sativa extract improved the bio-
availability of amoxicillin by increasing the Cmax and AUC0–t from 4,138.251 ± 156.93
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to 5,995.045 ± 196.28 ng/mL and 8,890.40 ± 143.33 to 13,483.46 ± 152.45 ng/mL h, re-
spectively [105]. The effect of N. sativa on pharmacokinetics of cyclosporine in rabbits
was investigated. The results of in vivo studies showed significant increase in clear-
ance of cyclosporine by about 2-fold, suggesting that in the presence of N. sativa, the
expression of intestinal P-gp and/or CYP3A4 were activated [106].

The dried ripe fruit of Carum carvi is the source of caraway. It has been reported
that caraway increases the bioavailability of antibiotics, antifungal, antiviral, and
anticancer drugs [107]. The bioenhancing effect of 100 mg C. carvi extract on the
pharmacokinetics of rifampicin, isoniazid and pyrazinamide; fixed-dose combina-
tion, when administered to 20 healthy human volunteers, was studied. Administra-
tion of caraway extract displayed an increase in Cmax, which was as follows, 36.01%,
32.22%, and 33.22%, respectively, and the increase in AUC0–24 h was 29.06%, 32.16%,
and 27.92% for isoniazid, rifampicin and pyrazinamide respectively. It has been sug-
gested that enhanced bioavailability in the presence of caraway extract was due to
enhancement of mucosal and serosal permeation of drugs along with the inhibitory
influence on P-gp efflux [108].

The effect of Aloe vera preparations on bioavailability of vitamin C and vitamin
E in healthy human subjects was studied. The bioavailability of vitamin C and vita-
min E were determined in normal fasting subjects, with eight subjects studied for
vitamin C and ten subjects for vitamin E. The gels and whole leaf extracts of Aloe
vera improved absorption of vitamin C and vitamin E and prolonged its plasma con-
centration [109]. Therefore, Aloe vera was suggested to supplement the increase in
absorption of vitamin E and vitamin C and could be considered as a nutritional bio-
enhancer in the near future [110]. The permeability study was performed using
Franz diffusion cells, and the results of the study indicated that Aloe vera gel signif-
icantly enhanced the buccal permeability of diadanosine, with enhancement ratio
ranging from 5.09 (0.25% w/v of A. vera gel) to 11.78 (2% w/v of A. vera gel), respec-
tively. Therefore, A. vera could be proposed for use as buccal penetration enhancer
for diadanosine for treatment of HIV and AIDS [111].

1.4 Role of herbal extracts in biosynthesis of silver
and gold nanoparticles

Plants have been used to synthesize gold and silver nanoparticles by reducing ions
Ag+ and Au3+ in aqueous form using the broth of Azadirachta indica leaves. The ap-
proach can be utilized for commercial syntheses of nanoparticles, since scaling up of
the operations is feasible [112]. Gold nanotriangles and silver nanoparticles employ-
ing Aloe vera extract were also synthesized [113].
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1.5 Recent advances in herbal drug delivery systems

A well-designed formulation approach for optimization of the pharmacokinetics of
the herbal actives is essential to potentiate their activity in vivo and for further max-
imization of their potential in bioavailability enhancement (Figure 1.2).

These bioenhancers have their own therapeutic activity and also show synergistic
activity with other drugs. This activity can be enhanced by incorporating them into
novel drug delivery systems like liposomes, nanoparticles, microspheres and trans-
ferosomes that can be administered by various routes. Table 1.4 represents the vari-
ous novel formulations of herbal bioenhancers.

An example in which bioenhancer entrapped in liposomes is discussed for im-
proving the bioavailability of domperidone is mentioned. The study was aimed at
synthesizing phytosomes made of piperine and phosphatidylcholine by salting-out
method [126]. Phytosomes imply molecular complexes of phytoconstituents and
phospholipids of natural origin that show improved bioavailability as compared to
liposomes [22]. These engineered phytosomes with piperine showed significant im-
provement in bioavailability of oral domperidone (79.5%), when compared with
pure drug suspension in rats. Pharmacokinetic parameters of domperidone such as
maximum plasma concentration and AUC0–24 h were potentiated by this approach.
The improved drug absorption was attributed to inhibitory effects on P-gp trans-
porters. The involvement of piperine as bioenhancer in phytosomes suggests a
roadmap for the improvement of oral absorption of many other poorly bioavailable
drugs.

Figure 1.2: Recent advances in herbal drug delivery systems.

Chapter 1 Biopotentiation using herbals: novel approach for poorly bioavailable drugs 15

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ta
bl
e
1.
4:

N
ov

el
dr
ug

de
liv

er
y
sy
st
em

s
of

he
rb
al

bi
oe

nh
an

ce
rs
.

D
ru
g
de

liv
er
y

A
ct
iv
e

In
vi
tr
o/

in
vi
vo

st
ud

y
B
io
lo
gi
ca
l

ac
ti
vi
ty

A
pp

lic
at
io
n

Ph
ys
ic
oc

he
m
ic
al

pr
op

er
ty

R
ef
er
en

ce
s

Pe
rc
en

t
en

tr
ap

m
en

t
ef
fi
ci
en

cy

H
er
ba

l
lip

os
om

es
Q
ue

rc
et
in

In
tr
an

as
al

A
nt
io
xi
da

nt
an

d
an

ti
ca
nc

er
Re

du
ce
d
do

se
,e

nh
an

ce
d
pe

ne
tr
at
io
n
ac
ro
ss

th
e

bl
oo

d–
br
ai
n

ba
rr
ie
r



%

[


]

S
ily

m
ar
in

B
uc

ca
l

H
ep

at
op

ro
te
ct
iv
e

Im
pr
ov

ed
bi
oa

va
ila

bi
lit
y



%

[


]

A
rt
em

is
in
in

In
vi
tr
o

A
nt
iv
ir
al

Ta
rg
et
ab

ili
ty

of
es

se
nt
ia
lo

ils
to

ce
lls

,e
nh

an
ce
d

pe
rm

ea
ti
on

in
to

cy
to
pl
as

m


%

[


]

Pa
cl
it
ax

el
In

vi
tr
o

A
nt
ic
an

ce
r

Li
po

so
m
al

fo
rm

ul
at
io
n
of

pa
cl
it
ax

el
sh

ow
ed



%

dr
ug

re
le
as

e
at

pH

w
it
hi
n


m
in



%

[


]

Pa
rt
ic
le

si
ze

ra
ng

e

N
an

op
ar
ti
cl
es

Tr
ip
to
lid

e
To

pi
ca
l

A
nt
i-

in
fl
am

m
at
or
y

In
cr
ea

se
d
hy

dr
at
io
n
an

d
en

ha
nc

ed
dr
ug

pe
ne

tr
at
io
n

th
ro
ug

h
st
ra
tu
m

co
rn
eu

m



±

.

nm
[


]

N
ar
in
ge

ni
n

O
ra
l

H
ep

at
op

ro
te
ct
iv
e

Pr
ot
ec
ti
ve

ef
fe
ct
s
on

liv
er

w
it
h
su

bs
ta
nt
ia
li
nc

re
as

e
in

an
ti
ox

id
an

t
en

zy
m
e
le
ve
ls
,c

on
si
de

ra
bl
e
re
du

ct
io
n
in

liv
er

fu
nc

ti
on

in
de

x,
an

d
lip

id
pe

ro
xi
da

ti
on




.

±


.

nm

[


]

M
ic
ro
sp

he
re
s

Ru
ti
n

In
vi
tr
o

C
er
eb

ro
va
sc
ul
ar

an
d

ca
rd
io
va
sc
ul
ar

Ta
rg
et
in
g
th
e
ce
re
br
ov

as
cu

la
r
an

d
ca
rd
io
va
sc
ul
ar

sy
st
em

s



–



μm

[


]

Ze
do

ar
y

O
ra
l

H
ep

at
op

ro
te
ct
iv
e

S
us

ta
in
ed

re
le
as

e
an

d
hi
gh

er
bi
oa

va
ila

bi
lit
y




–



μm

[


]

16 Namita D. Desai, Niserga D. Sawant, Pratima A. Tatke

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



Tr
an

sf
er
os

om
es

C
ap

sa
ic
in

To
pi
ca
l

A
na

lg
es

ic
In
cr
ea

se
d
sk

in
pe

ne
tr
at
io
n




.

nm
[


]

C
ol
ch

ic
in
e

In
vi
tr
o

A
nt
i-
go

ut
In
cr
ea

se
d
sk

in
pe

ne
tr
at
io
n
in

ex
vi
vo

st
ud

ie
s




–



nm

[


]

Et
ho

so
m
es

Pi
pe

ri
ne

To
pi
ca
l

A
to
pi
c
de

rm
at
it
is

Et
ho

so
m
al

to
pi
ca
lc
re
am

sh
ow

ed
hi
gh

sk
in

pe
ne

tr
at
io
n

in
in

vi
vo

st
ud

ie
s




.

nm
[


]

Q
ue

rc
et
in

To
pi
ca
l

A
nt
io
xi
da

nt
In
cr
ea

se
d
sk

in
pe

ne
tr
at
io
n
an

d
bi
oa

va
ila

bi
lit
y
in

in
vi
vo

st
ud

ie
s



.

–



.

nm

[


]

Chapter 1 Biopotentiation using herbals: novel approach for poorly bioavailable drugs 17

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



1.6 Conclusions

In developing countries, with the discovery of newer drug molecules and delivery
approaches, the increasing treatment cost remains a matter of concern. Hence, an
innovative but systematic approach is required to reduce these costs. Biopotentia-
tion using herbal drugs constitutes an innovative and integrative concept, the dis-
covery of which was based on traditional Indian medicine system (mentioned by
Charaka, Sushruta, and other apothecaries). Application of these Ayurvedic princi-
ples to drugs and delivery systems provides the advantages of integrating ancient
and indigenous systems of medicine with contemporary medicine. This novel con-
cept would be useful in decreasing treatment cost, toxicity and other adverse ef-
fects, thus ultimately influencing the national economy.

1.7 Future prospects

Biopotentiators present the required criteria to be considered as an ideal drug. Addition-
ally, these can be easily procured, are safe, effective and nonaddictive, having widely
based effects on several classes of active compounds. Drug discovery process has been
greatly strengthened by Ayurveda using reverse pharmacology approach and proposes
innovative means of identifying active molecules and reducing the developmental cost.
The traditional wisdom of Ayurveda has immense utility in increasing the bioavailabil-
ity of drugs and could open new avenues in health care, for making treatment of dis-
eases more economical and available to wider sections to the society. Literature reports
the use of herbal compounds in oral delivery for biopotentiation of drugs, but limited
research is reported for the other routes such as transdermal, ocular, nasal and vaginal.
This area of research can focus more stringently upon identification of herbal active
compounds, study of their mechanisms of actions, evaluation of safety and toxicity,
regulatory concerns, development of viable combinations with other drugs, and deliv-
ery systems by various routes for enhancing bioavailability.

List of abbreviations

Area under plasma concentration–time curve extrapolated to infinity AUC–∞
Breast cancer resistance protein BCRP

Maximum plasma concentration Cmax

Epigallocatechin--gallate EGCG

Gastrointestinal tract GIT

P-glycoprotein P-gp

Uridine ʹ-diphospho-glucuronyl transferase UDP-glucuronyl transferase
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Chapter 2
Herbal bioenhancers in microparticulate
drug delivery

Abstract: Review of microparticulate drug delivery unveils the boons that the sys-
tem has to offer, yet only minimal knowledge of the role of herbal bioenhancers is
available. Scientists focus intensely on ameliorating the bioavailability, while si-
multaneously downsizing adverse events to ensure safe drug delivery, directly drift-
ing towards deploying plant-derived bioenhancers. Microparticulate drug delivery
employs disintegrants and superdisintegrants for a sophisticated release, but dis-
mally, hindrances such as the stagnant hydrophilic layer around a particle, the
size of the drug particles released, and the P-glycoprotein efflux pumps pose com-
plications to not only absorption but bioavailability as well. The bioenhancers
that have been utilized in several novel drug deliveries have introduced serious com-
patibility and performance issues. Microparticulate drug delivery is best suited for
use in plant bioenhancers such as quercetin, sinomenine, piperine, naringin, gly-
cyrrhizin, genistein, and nitrile glycoside due to the simplified formulation and
superlative stability. Modification of intestinal motility, stimulation of intestinal
amino acid transporters, inhibition of cellular efflux pumps, inhibition of liver me-
tabolism, and inhibition of intestinal enzymatic degradation are a handful of the pro-
posed mechanisms. This chapter vividly puts forth the mechanisms and the studies on
the use of plant bioenhancers for microparticulate drug delivery, the regulatory con-
cerns, and the prospects in this discipline.

2.1 Introduction to microparticulate drug delivery
and the challenges in bioavailability with
the same

The world is exerting to beat the therapeutic needs of the population by introducing
novel therapeutic agents. The rate and extent to which a therapeutic agent reaches cir-
culation and is distributed to the target site are important in defining its bioavailability

Surendra Agrawal, Department of Pharmaceutical Chemistry, Datta Meghe College of Pharmacy,
Datta Meghe Institute of Medical Sciences (Deemed to be University), Sawangi (Meghe), Wardha
442004, Maharashtra, India, e-mail: sagrawal80@gmail.com
Pravina Gurjar, Sharadchandra Pawar College of Pharmacy, Otur 412409, Pune, Maharashtra, India
Ayushi Agarwal, Research Scholar, SPPSPTM, SVKM’s NMIMS, Mumbai 400056, Maharashtra, India

https://doi.org/10.1515/9783110746808-002

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use

mailto:sagrawal80@gmail.com
https://doi.org/10.1515/9783110746808-002


[1]. Despite their potential therapeutic benefits, these neophytes exhibit restricted
bioavailability due to their stunted permeation across the GI epithelia. This trun-
cated permeability could even be attributed to minimal zwitterionic and lipophi-
licity characteristics at physiological conditions [2], and efflux by P-glycoprotein
(P-gp) or poor water solubility [3]. Use of permeability-enhancing dosage forms are
observed to be a practical approach to spice up the intestinal absorption of poorly
absorbed drugs. Diverse dosage formulations such as emulsions [4], liposomes [5],
and particle size reduction techniques such as liquid crystalline phases, microparti-
culated carriers, complexation, and micronization are employed as effective tools to
ameliorate drug absorption [6, 7].

Microparticulate drug delivery, including microencapsulation, demonstrates a
meticulous approach with a profound therapeutic impact, which is in demand,
worldwide. Modulation of biocompatibility, target specificity, controlled and sus-
tained release patterns, and stability, along with uniform encapsulation, better
compliance, and reduced dosage frequency, are some of the superior properties of
micro particulates. In microparticles, both water-insoluble and sparingly water-sol-
uble agents are encapsulated intelligently to upgrade their efficacy. The distinct prop-
erties of microparticulates that are controlled prudently, include particle shape,
structure, particle size, drug loading, porosity, entrapment efficiency, and release
profile. Several available microparticle-based formulations are marketed, including
buserelin, risperidone, and octreotide acetate, while others are in clinical trials. How-
ever, the microparticulate drug delivery poses a plethora of challenges [8, 9].

A key challenge is the penetration through epithelial membrane [10]. Barriers
include an aqueous stagnant layer, characteristic of its hydrophilic nature. The
membranes enveloping the cells are lipid bilayers, housing proteins such as carrier
molecules and receptors, through which lipophilic drugs are easily bioavailable via
passive diffusion. However, small water-soluble molecules (about 0.4 nm size),
such as ethanol, use the aqueous channels within the proteins [11].

Pioneers are enhancing the absorption of those microparticulate drug deliveries
by incorporating absorption enhancers such as surfactants, bile salts, chelating
agents, salicylates, fatty acids, and polymers that exaggerate intestinal absorption
[12, 13]. Chitosan, predominantly trimethylated chitosan, opens the tight junctions
by the redistribution of cytoskeletal F-actin in paracellular route, thereby enhanc-
ing drug absorption. Increasing the aqueous solubility of hydrophobic drugs could
be considered as one of the mechanisms for the action of bile salts and fatty acids
as absorption enhancers. The other mechanism may be by aggravating the fluidity of
the apical and basolateral membranes. The disruption of cell–cell contacts by modi-
fying the extracellular calcium concentration is attributed to Ca2+ ion chelators such
as ethylene glycol-bis (β-aminoethylether)-N, N’-tetraacetic acid and ethylenediami-
netetraacetic acid [14].

Paolino et al. investigated the effect of methacrylate copolymer during microen-
capsulation of curcumin and, subsequently, studied the bioavailability of curcumin.
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The microencapsulated curcumin revealed a septuple in bioavailability, as compared
to unadorned curcumin, with a slumped Tmax and a quintuple in the peak of plasma
concentration [15].

In Ayurveda, the concept of bioenhancers has been employed for over a century
using “Trikatu.” The safety of Trikatu was proved by acute and subacute toxicity
studies administered in Charles Foster rats by Kesarwani et al. Trikatu revealed no
significant alterations in normal physiological parameters and was well tolerated
by the animals [15, 16]. A plenty of natural compounds have the capacity to amplify
the bioavailability when coadministered. Bioenhancers are chemical entities that
intensify the bioavailability of pharmaceuticals, but do not yield a synergistic im-
pact with the therapeutic agents, as shown in Figure 2.1 [17].

2.2 The proposed mechanism of bioenhancing
action with different phytochemicals

2.2.1 Increased gastrointestinal absorption

The mechanism for increased gastrointestinal absorption includes increased free
diffusion and reducing the steric and interactive barriers in the gastrointestinal
tract as mentioned in Figure 2.2.
A. By enhancing the solubility: Bile acid assists in the production of micelles,

which are imperative for lipid and lipid-soluble medication absorption. Piper-
ine hikes bile acid secretion while also impeding bile acid metabolism, which

Figure 2.1: Advantages of herbal bioenhancers in
drug delivery.
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helps in increased micelle production. This refines not only the absorption but
also solubility [18].

B. Increased permeability due to epithelial cell modification: Piperine enhan-
ces gamma-glutamyl transpeptidase activity and elevates amino acid uptake by
epithelial cells, by interacting with the intestinal epithelial cells [19].

C. Inhibition of solubilizer attachment- The entry of chemicals into cells is hin-
dered when they are chemically conjugated to a highly water-soluble sub-
stance. This is called solubilizer attachment. The chemicals attached to the
glucuronic acid, a key solubilizer, are eliminated in the urine or in the small
intestine. It has been observed that piperine inhibits glucuronic acid, allowing
more chemicals to enter the cell [20].

2.2.2 Different mechanisms related to herbal bioenhancement

Multitudinous mechanisms are available to multiply the bioavailability using bioen-
hancers. The dominant mechanisms are listed below and shown in Figure 2.3.
– Magnifying medication absorption from the alimentary canal
– Modulating the biotransformation of therapeutics agent within the liver or

intestine.
– Altering the system in such a way that the overall requirement of drugs shows a

considerable decline.
– Increasing pathogen penetration or entry even when the pathogens become per-

sistors within the macrophages. This ensures improved destruction of those or-
ganisms secured within the regions where the active medicine cannot reach.

Figure 2.2: Predominant role of herbal bioenhancers during oral absorption.
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– Inhibiting pathogens or the ability of the aberrant tissue to reject drugs such as
efflux mechanisms, commonly found in antimalarial, anticancer, and antibacte-
rial medications.

– Strengthening the accessibility of medicines to infections by altering the signal-
ing pathway between the host and the pathogen.

– Increasing the drugs’ binding to receptors at locations within the pathogen,
thus potentiating and increasing its impact, ultimately showing increased anti-
biotic efficacy against infections.

– In addition to the aforementioned mechanisms, bioenhancers can also bolster
the movement of medications across the difficult barrier.

2.3 Bioenhancers in formulation development

2.3.1 Piperine

Piperine (1-piperoyl piperidine) belongs to the Piperaceae family of plants, such as
long pepper (long pepper) and pepper (black pepper), and is an amide alkaloid.
Studies on the metabolism of piperine proved that the maximum concentration of
piperine in the stomach could be a major reason for its less availability at other

Figure 2.3: Mechanism of action of herbal bioenhancers.
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sites such as the intestine, spleen, kidney, and serum within a time period of ½ h to 24
h [21]. This evidence displayed the utilization of piperine as a sustained bioenhancer.

The therapeutic use of piperine as a bioenhancer commenced long back in the
treatment of human tuberculosis. Piperine was discovered to spice up rifampicin,
the first-line drug, bioavailability by roughly 60%. This resulted in a significant de-
crease in dosage from 450 to 200 mg [21, 22].

Subsequently, when piperine was used with nevirapine, a strong nonnucleo-
side inhibitor of Human immunodeficiency virus (HIV)-1 polymerase that is utilized
in combination with other antiretroviral medicines to treat HIV-1 infection, it illus-
trated revamped bioavailability [23]. The ethnomedical properties of piperine such
as anti-inflammatory, antipyretic, antifungal, antidiarrheal, and anticancer were
supplementary to provide synergistic effect along with other therapeutic agents
apart from bioenhancement [24]. Remodeling in membrane dynamics, clampdown
of P-gp efflux, gastrointestinal metabolism, and hepatic metabolism are probable
pathways for piperine’s bioenhancing effects. The biopotentiation for resveratrol
(3,5,4′-trihydroxystilbene) was remarkable by increasing area under the curve and
Cmax (maximum concentration) by 229% and 1,544%, respectively, when piperine
was coadministered to C57BL mice orally [25].

The alteration in the pharmacokinetics of oxytetracycline, following oral ad-
ministration of long pepper, in hens was reported by Singh et al. The poultry birds
were fed with P. longum prior to the administration of oxytetracycline, which increased
the entire duration of antimicrobial action and enriched the therapeutic efficacy [26].
Pattanaik et al. administered piperine bis in die (twice daily), simultaneously with car-
bamazepine, in epileptic patients, who were on carbamazepine monotherapy. There
was an interesting enhancement of activity that might be attributed to retardation in
elimination or increased absorption. Piperine accelerated the mean plasma concentra-
tion of carbamazepine in two different dose groups [27]. When piperine was coadminis-
tered, biopotentiation of antidepressant activities of curcumin was reported [28]. The
reversal of beryllium-induced biochemical alteration and the oxidative stress of tifer-
ron and piperine were evaluated individually and in combination. A mixture of tiferron
with piperine could reverse all the variables significantly when compared to the con-
trol [29]. A patent reveals the effectiveness of piperine in inflating the bioavailability of
bedaquiline and delaminid for antitubercular actions [27].

Amoxicillin, when studied by in vitro studies using noneverted gut sac method
along with 99% pure piperine 4.36% w/w of gingerol resulted in a dose-dependent
increase in bioavailability, whereas gingerol revealed no change [30].

Piperine puts forth significant changes, even at small doses, in the metabolic
pathways of the drug, irrespective of their administration route.
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2.3.2 Rutin

Kumar et al. developed a particulate system using polymer (Eudragit L100), lipoid
(glycerol monostearate: soya lecithin), and rutin as bioenhancer for a partial dose
reduction of isradipine (ISR). This resulted in 3.2–4.7-fold enhancement in oral bio-
availability of coated solid lipid nanoparticle of ISR, when compared to formulation
without rutin and suspension formulation [31].

2.3.3 Capsaicin

Capsaicin produces a burning sensation due to its irritant action on the tissue. It is
the active component of red chili. Several marketed formulations such as Volini gel
are available for its biopotentiation effect along with diclofenac sodium. Cruz et al.
reported that the oral administration of Capsicum annum with aspirin toned down
the bioavailability [32]. In another study on fluoroquinolone antibacterial (ciprofloxa-
cin), capsaicin exhibited negligible or no impact on bioavailability. An investigation
related to absorption and bioavailability of theophylline from a sustained-release gel-
atin capsule with and without capsicum fruit suspension was carried out revealing
the potential of capsaicin as a bioenhancer [33].

2.3.4 Quercetin

It shows dual action by inhibiting cytochrome P3A4 and P-glycoprotein modulation
[34], consequently achieving enhanced bioavailability of therapeutic agents.

When tamoxifen (10 mg/kg) with quercetin (2.5 mg/kg) was administered and its
pharmacokinetic profile was compared to tamoxifen (10 mg/kg) alone, there was a
significant boost in the parameters. Absolute bioavailability of tamoxifen with quer-
cetin and also the relative bioavailability of tamoxifen showed remarkable increase
as compared to the control group. This could be associated with the reduction of
first-pass metabolism of tamoxifen and the promotion of intestinal absorption [35].

2.3.5 Z. officinale

Gingerols are one of the most potent actives present in the Z. officinale rhizome.
High percentage of volatile oil ([6]-gingerol) constituents impart strong odor to gin-
ger and restrict its use. Several therapeutic activities revealed by Ginger during its
scientific screening, which includes anti-inflammatory, antiulcer [36], antithrom-
botic, antimicrobial, antifungal, and anticancer [37]. Ginger acts as a bioenhancer
by regulating intestinal function, i.e., by promoting drug absorption [38].
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Atazanavir (ATV) is usually coadministered with ritonavir as an inhibitor of
protease and other host enzymes. Ginger attenuated the plasma concentration of
the drug in blood, comparable to the ATV–RTV combination. The ideal range for
oleoresin from ginger is 10–150 mg from the bioenhancement report [39].

A prior administration of 4 mL of ginger extract revealed better bioavailability
and enhanced antimicrobial action of pefloxacin [40].

The database revealed ginger powder is preferred more than ginger extract in
producing the particulate drug delivery. Sumatriptan granules with ginger powder
show better compressibility and rapid disintegration [41].

The nanodelivery of oleanolic acid with the polyphenolic bioenhancers (Z. offi-
cinale extract) and oleanolic acid resulted in enhanced antitumor effect, preserving
female fertility [42].

2.3.6 Niaziridin

Drumstick leaves, pods, and bark have been identified to contain niaziridin, a ni-
trile glycoside. M. oleifera has been useful by displaying antifertility properties, di-
uretic, antimicrobial, anti-inflammatory, anticancer, spasmolytic and hypotensive
activity, etc. [43]. It boosts the effectiveness of antibiotics such as ampicillin, rifam-
picin, nalidixic acids, and tetracycline against Gram-positive and Gram-negative
bacteria. The increase in action was about 1.2–19-fold; however, the action of clotri-
mazole against Candida albicans was modified only by 5–6 times. It also facilitates
the uptake of Vitamin B12 via the intestinal gut membrane, in combination, reveal-
ing the bioenhancement potential [24]. A 16-fold reduction in the MIC of tetracycline
was witnessed when investigated in combination with Niazirin and niaziridin. Both
phytochemicals proved their drug resistance reversal activity through the inhibition
of efflux pump and modulating the drug resistant genes expression pattern [44].

2.3.7 Glycyrrhizin

Glycyrrhizin is a glycoside located in liquorice roots and stolons (Glycyrrhiza gla-
bra). It expresses an expectorant effect and is favorable in bronchitis, allergies,
asthma, gastritis, peptic ulcers, rheumatism, and sore throat. It aids in the detoxifi-
cation of medicines by the liver and is used to treat hepatic diseases. It is a diuretic
and laxative, while also strengthening the immune system and stimulating the ad-
renal gland. Sugar is 50 times sweeter than glycyrrhizin. Treatment of peptic ulcers
and stomach diseases as well as respiratory and intestinal channels is the most
common application. It boosts the bioactivity of popular antibiotics, including rifam-
picin, ampicillin, tetracycline, and nalidixic acids, against Gram-positive and Gram-
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negative bacteria such as M. smegmatis and Bacillus subtilis [45]. It amplifies the effi-
cacy of antifungal azoles such as clotrimazole against Candida albicans [46, 47].

Ultra-small spheres of thymol with dipotassium glycyrrhizinate as bioenhancer
for ocular delivery demonstrated improvement in ex vivo and in vivo membrane
permeation, in vitro release, and antioxidant activity of thymol [48].

The glycyrrhizin-conjugated particulated drug delivery is a novel area for re-
search wherein doxorubicin and lamivudine were studied for liver targeting [49, 50].

2.4 Application of herbal bioenhancer
in microparticulates through different routes

2.4.1 Bioenhancers in oral microparticulates

An ideal strategy for alleviation of deficiencies due to poor bioavailability of miner-
als such as iron and zinc could be enhancing the bioavailability from complemen-
tary food mixes and Indian flatbread mixes. The addition of spices of different
concentrations, and a mix of bioenhancers at 2% enhanced the bioaccessibility of
iron and zinc 3–6-fold and 1.7–2.5-fold, respectively [51].

Joshi et al. developed microparticulated granules of ciprofloxacin, including etha-
nolic extracts of turmeric, cow urine distillate, pepper, and zinger as bioenhancers,
and investigated the antimicrobial activity. The formulation with pepper – pepper and
cow urine distillate – revealed the highest bioenhancing effect, followed by turmeric
and ginger [52]. The altered metabolism and, thereby, pharmacokinetic interaction
could be the reason for piperine-assisted improvement of bioavailability. The meta-
bolic pathway of Nisoldipine is the metabolism by cytochrome P4503A4 enzymes. A
research was undertaken to assess the influence of piperine on the pharmacokinetics
and pharmacodynamics of nisoldipine particles in rats. After oral administration in
rats, in vivo kinetic and dynamic studies were carried out. It resulted in a 4.9-fold in-
crease in the bioavailability of nisoldipine nanoparticles due to the alteration in cyto-
chrome P4503A4 enzyme metabolism [53]. Baspinar et al. developed curcumin and
piperine-loaded zein-chitosan nanoparticles. The developed nanoparticle formulation
comprehends natural compounds that showed admirable cytotoxic effects [54].
Pingale et al. prepared and optimized a sustained-release formulation of isoniazid
microspheres and probed the effect of Piper nigrum (black pepper) on its in vitro
release. The coadministration of bioenhancers enhanced in vitro release to the ex-
tent of 100–107% [55]. Ravindra and Pingale et al. also studied an in vitro release of
rifampicin from the microspheres containing different concentrations of bioenhancers,
prepared by the complex co-acervation method. Formulation containing bioenhancer
revealed better in vitro release against the formulation, devoid of bioenhancer [56].
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The inhibition of ergosterol trafficking in the plasma membrane by allicin plays
an important role in amphotericin B-induced vacuole membrane damage [57].

A study was carried out to examine the impression of piperine and its deriva-
tives (5a–5d) (10 mg/kg) on the bioavailability of ibuprofen. A significant upliftment
in the absorption and decrease in the elimination of ibuprofen (10 mg/kg) was ob-
served, suggesting a newer mechanism of action [58].

2.4.2 Bioenhancers in topical microparticulates

Topical patches of 18β-glycyrrhitic acid were prepared and evaluated using syn-
thetic polymers by Alsaad AA, 2021. There was a dramatic uptake in the permeation
of drug across membranes through this reservoir-type patch, formulated using 42%
ethanol, 50 g carbopol-934 gel base, and 5% menthol with 0.5% piperine [59].

Experts studied the release behavior of dexibuprofen in the presence of capsai-
cin and menthol as permeation enhancers. The dexibuprofen-capsaicin emulgel
showed release of 81.342% ± 1.21 (with 100 mg menthol), 72.321% ± 1.31 (75 mg men-
thol), and 52.462% ± 1.23 (without menthol) of dexibuprofen. The permeation of
dexibuprofen shares a direct relation with the concentration of menthol with capsa-
icin [60].

2.4.3 Bioenhancers in nasal microparticulates

It is anticipated that the nasal drug delivery technology market will transcend by $64 B
in 2021 [61]. Nasal route is the most preferred approach in the administration of macro-
molecules; however, thousands of small peptides are marketed in intranasal formula-
tions, including buserelin (1.2 kDa), desmopressin (1 kDa), gonadorelin (1.2 kDa),
oxytocin (1 kDa), sCT (3.8 kDa), nafarelin (1.4 kDa), and pritorelin (362 Da) [62]. The
highest variability in the performance of these molecules is around 1–5% [63]. Penetra-
tion enhancers (PEs) play a crucial role in reducing the variability observed in their per-
formance for larger peptides and proteins (e.g., interferon, insulin, and human growth
hormone) [64]. Most formulations use CriticalSorb® which contains cationic surfactant
that alters nasal permeability at selected concentrations. However, other PEs used
could be nonionic surfactants [65], thiolated polymers [66] chitosan, cyclodextrins [67],
and cell penetrating peptides [68]. Several attempts have been made by researchers to
overcome the transmucosal barrier with the help of bioenhancers. In one of the studies,
novasomes of zolmitriptan using nonionic surfactant, a free fatty acid, and cholesterol
were prepared for acceleration in the bioavailability rate of zolmitriptan [69].

Gerber et al. studied the paracellular transport of fluorescein isothiocyanate-la-
beled dextran 4,400 (MW 4,400 Da) across the nasal epithelium in the presence
of capsaicin and piperine. A substrate for P-glycoprotein-mediated efflux used in the
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study was rhodamine 123. The inhibition of rhodamine 123 transport signifies that
capsaicin inhibits P-glycoprotein efflux to a large extent. It was pertinent to study
the cell cytotoxicity; so, the studies were carried out, indicating the nontoxic nature
of capsaicin and piperine up to concentrations of 200 and 500 µM, respectively [70].

2.5 Impact of herbal bioenhancers on the
microparticulate formulation development

2.5.1 Impact on processing

The sticky and volatile nature of the herbal bioenhancers can pose a surfeit of com-
plications in the processing of formulation on the expeditious machine due to the
elevated product temperature [71]. The inadequate and improper mixing of herbal
bioenhancers could be a critical activity. The formulation optimization considering
the concentration of the herbal bioenhancer is one of the key independent variables
that lays the needs for the most developmental activity.

2.5.2 Impact on stability

Although the bioenhancers may radically enhance the performance of these formu-
lations, it may reduce the shelf life of the product. The moisture content, carbohy-
drate content, lipid content, and microbial burden are some of the climacteric
attributes of the herbal bioenhancers that need thorough consideration [72].

2.5.3 Interaction in finished product

To ensure the compatibility of the herbal bioenhancers with other excipients and
active pharmaceutical ingredients, with reference to contaminants and residues,
the World Health Organization has developed a new guideline for assessing the
quality of herbal medicines [72].

2.6 Regulatory requirements for formulations
with herbal bioenhancers

As the bioenhancers embrace a chemical entity, they can have their reactions as
well, and when administered alongside other drugs, may have ramifications such
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as interactions and other side effects [73]. However, a segment of the perplexities
experienced has been resolved by just modifying the physicochemical properties of
the materials. This could include change in the functional surface area, drug stabili-
zation and protection from degradation, alterations in interactions with biological
barriers, and site-specific targeting [74]. Another challenge in the development of
herbal bioenhancers is the standardization and large-scale production. There is
consistently a requirement to scale-up laboratory or pilot innovations for possible
commercialization. Making the nanoparticles or microparticles and maintaining
their size and compatibility with the medications is, likewise, a subject of concern
[75]. Advances in natural bioenhancers engender modern difficulties to administra-
tive control. There is a requirement to develop guidelines that would represent the
physicochemical and pharmacokinetics of drug products, which are not quite the
same as traditional medication items [76]. Although the bioenhancers are consid-
ered as inactives because they are used in modest concentrations, yet these concen-
trations may themselves infer some activity. Therefore, the selection of a suitable
bioenhancer is paramount and exigent; else, it may precede adverse events, at-
tributed to antagonistic or synergistic effects. The United States’ Food and Drug
Administration and The European Medicines Evaluation Agency have initiated the
recognition of some possible scientific and regulatory challenges [77]. In Japan,
where herbal drugs are indicated as Kampo medicine, they undergo stringent reg-
ulatory framework as the allopathic system of medicine, and are well-integrated.
The manufacturer of a new herbal product needs to send in details of heavy metal
content, aflatoxin details, mycotoxin, and pesticide details to the regulatory au-
thority. Along with these documents, the manufacturer needs to submit chemis-
try, manufacture, and control documents prior to market authorization [78].

2.7 Prospects in drug development
with bioenhancers

With the availability of luxurious flora and fauna and the abundance of Ayurveda
heritage, neoterics need to explore more bioenhancers, ignoring the available ones.
The phytoconstituents must be extensively standardized before their inclusion in
the formulations. Rational optimization techniques should be adopted, including
critical material attributes as independent parameters, for evaluating the product
performance. Compatibility studies should be performed and risk assessment with
respect to aflatoxins, pesticide content, heavy metals, etc., should be carried out.
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2.8 Conclusion

In an era where not only delivery at the site of action but also the bioavailability of
therapeutic agents is a censorious issue, bioenhancers such as piperine, quercetin,
and glycyrrhizin offer remedy. Even though they indicate some vices, the propor-
tion of their benefit is high. Hence, it would be appropriate to acknowledge that
bioenhancers have the aptitude for efficient delivery that lays the ground for their
concrete exploration.

List of abbreviations

GI Gastrointestinal

P-gp P-glycoprotein

HIV- Human immunodeficiency virus

SLN Solid lipid nanoparticle

ISR Isradipine

ATV Atazanavir

RTV Ritonavir

sCT Miacalcin®, Novartis, Switzerland

PEs Penetration enhancers
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Abstract: Herbal bioenhancer compounds are capable of promoting and improving
biological activity – the bioavailability and bioefficacy of a particular material or
nutrient at low doses. They could decrease the dose of the active component and
adverse effects associated with it. However, the combined use of both drugs with
bioenhancer served as an economical and feasible approach too. Nowadays, re-
searchers are diverting their research in identifying novel bioenhancers from the
natural origin for drug substances with low bioavailability or significant adverse ef-
fects. Current research has indicated that several herbal components like piperine, ge-
nistein, naringin, sinomenine, glycyrrhizin, quercetin, and nitrile glycoside were
capable of improving the bioavailability of certain therapeutic compounds and phyto-
pharmaceuticals through the alteration of metabolic and intestinal absorption. Bioen-
hancers are also used in several nanocarrier systems such as solid lipid nanoparticles,
nanostructured lipid carriers, nanoemulsion, microemulsion, liposomes, transfero-
somes, ethosomes, methosomes, and sphingosomes to improve their properties, espe-
cially bioavailability. Thus, bioenhancers play a vital role in nanotechnology by
enhancing the bioavailability of several components due to their inherent property.
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3.1 Bioenhancer

Herbal bioenhancers, also known as “biopotentiers,” are phytomolecules capable
of promoting and improving biological activity, which is described as bioefficacy
and bioavailability of a material or nutrient (at low doses) [1].

The term herbal bioenhancer principally originated from Ayurvedic medicine
[2]. The word “Yogvahi” is used in Ayurveda to describe herbs that can increase or
potentiate a drug’s plasma concentration. The first scientifically confirmed example
of Yogvahi is piperine, which is derived from black pepper. Trikatu (a mixture of
ginger, long pepper, and black pepper) is an Ayurvedic preparation to manage vari-
ous ailments [3].

Bioenhancers, also called “bioavailability enhancers,” are compounds that can
improve the absorption and bioavailability of a particular drug. They are adminis-
tered simultaneously and enhance their activity in the body [1, 4]. Bioavailability is
the rate and extent to which a compound reaches the blood circulation and be-
comes available at the desired site of action [5]. Higher bioavailability is achieved
by compounds administered via the intravenous route. However, drugs adminis-
tered orally are poorly bioavailable due to first-pass metabolism and partial absorp-
tion. Drug substances that are unutilized in the body may result in side effects and
drug resistance. Hence, there is a need for substances that do not possess any ther-
apeutic activity but, when combined with other compounds, increase their bioavail-
ability [6]. Several natural substances from medicinal plants have the potential to
augment the bioavailability when coadministered with another drug. Hence, bioen-
hancers are chemical moieties that promote and enhance the bioavailability of the
drugs mixed with them and do not show a synergistic effect with the drug [7].

They could decrease the dose of the active component and adverse effects asso-
ciated with it. However, combining both drugs with bioenhancer served as an eco-
nomical and feasible approach [8]. Researchers are now focusing on discovering
novel bioenhancers derived from natural sources for drug substances with poor bio-
availability or severe side effects. Current research has indicated that several herbal
components like piperine, genistein, naringenin, sinomenine, glycyrrhizin, querce-
tin, and nitrile glycoside could improve the bioavailability of certain therapeutic
compounds and phytopharmaceuticals through the alteration of metabolic and in-
testinal absorption [9].

For example, the bioavailability of curcumin was enhanced by 154% in rats, and
200% in humans post coadministration with the first and promising bioenhancer
from the natural source, i.e., piperine [10]. There is no doubt that developing a suit-
able formulation improved the absorption of poorly soluble substances; however, bi-
oenhancers could be of clinical significance because they function by inhibiting the
action of drug-metabolizing enzymes or by mediating transcellular transport through
transporters [1, 4]. The positive impact of improved bioavailability of therapeutic
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compounds could eventually lead to improved potential and reduced dosing fre-
quency [11]. The benefits of bioenhancers that are useful in pharmaceutical industry
are shown in Figure 3.1.

3.1.1 Ideal characteristics of herbal bioenhancers

a) It should be nontoxic to humans and animals.
b) It should be effective in low concentrations.
c) It should be easy to fabricate.
d) It should be cost-effective.
e) It should improve the drug’s uptake/absorption and activity [1].

3.2 Mechanism of bioenhancer

3.2.1 General mechanism

The main mechanisms involved in the bioenhancing activity of the plant extract
and phytochemicals are summarized as follows:

Figure 3.1: Benefits of bioenhancers useful in pharmaceutical industry.
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i) Overcoming the enzymes (cytochrome P450) and isoenzymes (quercetin, gallic
acid, piperine, naringin) or enhancement of gamma-glutamyl transpeptidase
action are examples of changes in enzymatic potential (uptake of amino acids).

ii) For example, the inhibition of the P glycoprotein efflux pump causes changes
in drug transporters (caraway, sinomenine, and genistein).

iii) Cholagogues have the same effect as liquorice in terms of bile promotion into
the intestine.

iv) Garlic, ginger, and turmeric have thermogenic/bioenergetic activity, resulting
in enhanced metabolic rate and improved gastric motion.

v) Reduced production of hydrochloric acid (liquorice, aloe, ginger, and niaziri-
din), prevention of gastric time of emptying, gastrointestinal transit, and intes-
tinal motility (tea, allum, liquorice), increased gastrointestinal mucosa blood
supply and altered penetration behavior of epithelial cell membrane of the gas-
trointestinal tract.

vi) Alteration of physicochemical characteristics of phytosome formulation such as
dissociation constant, lipophilicity, and solubility.

vii) Affect target drug receptors. The general mechanisms of herbal bioenhancers
are shown in Figure 3.2.

3.2.2 Specific mechanism

Herbal bioenhancer also acts as a bioavailability enhancing agent via a specific
mechanism. These include:

Figure 3.2: General mechanisms of herbal bioenhancers.
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3.2.2.1 Enzymatic alterations

Herbal compounds are mixtures of biologically active components. The metabolism
of these different substances occurs by the same mechanism as the administered
drug, resulting in association and, ultimately, inhibition or enhancement of passen-
gers or drug-metabolizing enzymes. The modification of the protein expression or
physical/chemical/pharmacological competition affects the amount of compound
or its metabolite pharmacokinetics. A different herb was found to react with enzyme
(cytochrome p450), which exists in many polymorphic forms in humans and ani-
mals. It plays a crucial role in the metabolism or detoxification of herbs [12]. The
CYP and UDP enzymes are essential for phase I metabolism of a variety of medica-
tions, endogenous compounds, nutrients, and environmental contaminants, and
changes in their expression or functional properties have a significant impact on
the effectiveness of treatment or the progression of toxic effect [13]. As a result of
the inhibition, fewer drug substances will be metabolized, while an increased vol-
ume of unmetabolized drugs will move from the stomach into the bloodstream. The
CYP3A4, 2D6, and 2C9 families are the essential isoenzymes involved in drug me-
tabolism in humans [14].

Piperine was the first purified bioenhancer discovered to inhibit various types
of enzymes like cytochrome P450 (CYP) (especially CYP3A4) [15] and enzyme glu-
curonosyl transferases present in the hepatic or intestinal region. This inhibition
relies on several parameters such as route of administration, dosage, and exposure
length [16]. Piperine has a potentiating effect on the effectiveness and rate and the
extent to which drug reaches the systemic circulation in mice, rats, rabbits (labora-
tory animals), and human beings [15]. Still, there are few studies available for veter-
inary medicine. Along similar lines, animals (hens) treated with oxytetracycline
and oral Piper longum 7 days before treatment showed increased bioavailability and
pharmacokinetic improvements [17].

St. John’s wort, which is anxiolytic, was found to cause CYP3A4, CYP2C19,
CYP2C9, CYP1A2, CYP2B6, and CYP2E, resulting in a reduction in levels (plasma) of
the substrate of several available medications like central nervous compounds, sta-
tins, immunosuppressants, antihistamines, antivirals, and chemotherapeutics, with
or without pretreatment [18]. In dogs treated with cyclosporine, St. John’s wort’s re-
peated administration altered the pharmacokinetic profile, resulting in overall total
blood amount and area under the curve (AUC) [19].

Ginkgo biloba (homeopathic tincture) is used in all food-processing species to
improve their growth and in pets to treat ailments such as neurological problems
and hormonal imbalances [20]. In rats, G. biloba was discovered to potentiate hepatic
CYP enzymes (especially CYP2B). It also shows a significant impact on CYP2C19 and
is found to enhance hydroxylation of omeprazole in a CYP2C19 genotype, thus reduc-
ing its effectiveness in human beings [21].
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Grapefruit juice irreversibly inhibits CYP3A due to furanocoumarin’s presence
and increases the bioavailability of multiple drugs such as benzodiazepines, cal-
cium channel blockers, and statins. Only the enterocyte cells lining the small intes-
tine are inhibited by regular ingestion, although hepatic CYP is unaffected until
high-risk concentrations are reached [22]. Grapefruit juice can improve the effective-
ness and lower the cost of drugs destroyed by CYP3A post oral administration due
to the first-pass metabolism, such as cyclosporine [22].

3.2.2.2 Using phytosomes formulation

Phytosomes are considered bioenhancing phytomolecules that were recently intro-
duced among the all-available herbal formulations. Phosphatidylcholine and a
plant portion formed a 1:1 and 2:1 complex (molecular) consisting of hydrogen
bonds in phytosomes, natural products, and natural phospholipids. This complex’s
dual solubility properties result in better absorption and bioavailability than lipo-
somes. The lipid solubility of phytosomes containing plant extracts (standardized)
or water-soluble principal constituents (tannins, terpenoids, flavonoids, xanthones)
has increased. They also protect active compounds from gastric degradation (by hy-
drochloric acid) and bacteria in the gut, resulting in improved bioavailability. Phy-
tosomes increase absorption, biological activity, and transmission to the target
tissue [23, 24].

Silybum martanum (milk thistle) contains hepatoprotective flavonoids (silymarin,
silchristin, and silybin) but shows poor absorption via the oral route. On the other side,
silybin formulated as phytosome (silybin-phospholipid complex) is more quickly ab-
sorbed, resulting in lower silymarin doses and improved biological effects, with fewer
side or adverse effects. This drug is also being researched for cancer prevention and
treatment (prostate) and chronic iron overload management [25, 26]. Centella (Centella
asiatica L.) is another example where the triterpene type forms a phytosome with soy
phospholipids, enhancing oral bioavailability and reducing bile salt interaction. In a
phthalic anhydride-induced atopic dermatitis mouse model, Centella phytosomes were
also found to increase anti-inflammatory effects by inhibiting NF-kB signaling, indicat-
ing that they could be used to treat atopic dermatitis [27].

3.2.2.3 Transporter protein alteration

P-glycoprotein (P-gp) is a transporter protein that is located on the apical surface
of epithelial cells, the adrenal gland, blood–brain barrier endothelial cells, and the
exterior of numerous neoplastic cells, where it facilitates the transfer of medicines
from the blood via the intestinal lumen. Interfering with protein binding sites, ATP
hydrolysis, or cell membrane lipid integrity serve as a replacement therapeutic
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approach that enhances therapeutic compound distribution and drug amount at
the intracellular level [28]. Since currently available synthetic P-gp inhibitors have
a higher occurrence of side effects, plant-based alternatives are considered possible
drug compounds. In vitro and in vivo experiments have shown that a few active
components from plants have an inhibitory effect. Since current P-gp inhibitors can’t
determine the difference between normal and cancerous tissues, intrinsic toxicity (cy-
totoxicity) is widespread, putting patients at risk. As a result, monitoring systems are
needed to develop a preventative strategy for such severe interactions [29].

3.2.2.4 Cholagogue/choleretic effect

Cholagogues aid in the digestion of fats and the absorption of medicines from the
gastrointestinal system by promoting the secretion and release of bile from the gall-
bladder. Choleretics stimulate gallbladder motility, and cholagogues enhance bile
flow. They are widely utilized to treat cholecystitis and cholelithiasis, as well as sit-
uations requiring intestine spasmolytic activity. The substances with limited water
solubility are dissolved in bile salt-phospholipid micelles and transported through
the intestinal wall with improved bioavailability. Bile acids also act as signaling
compounds for the control of hepatocyte metabolism by binding nuclear receptors,
which would affect bioavailability [30]. The compounds of medicinal plant category
with cholagogic/choleretic properties consist of St. John’s wort (Hyperium perfora-
tum), chamomile (Chamomilla recutita), rosemary (Rosmarinus officinalis), and Che-
lidonium (Chelidonium majus). Along with this, choleretic qualities can be found in
essential oils from plants such as coriander, black pepper, turmeric, red chili,
cumin, licorice, and peppermint. The bioenhancers, with their mechanism of action
on different compounds for improved drug delivery, are as shown in Table 3.1.

3.3 Selected bioenhancers

3.3.1 Long pepper (Piper longum) and black pepper
(Piper nigrum)

Piperine is a bioactive alkaloid produced from Piper longum Linn and Piper nigrum
Linn [58]. Piperine is commonly used in India as a spice and flavoring agent for a
variety of sauces. In the pharmaceutical area, it is identified to have several proper-
ties such as anti-inflammatory [59], antioxidant [60], antitumor [61], antipyretic
[62], antithyroid [63], antidiarrheal [64], antimutagenic [65], antidepressant [66], an-
algesic, antihypertensive [67], hepatoprotective [68], and antifungal [69]. According
to scientific evidence, piperine is the world’s first bioavailability enhancer [70].
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Piperine can function as bioenhancer through two mechanisms: stimulating the
absorption of drugs rapidly [71] and inhibiting enzymes involved in drug biotrans-
formation [72]. Piperine is a potent blocker of the P-gp efflux transporter found in
the intestinal wall and the main metabolizing enzyme, Cytochrome P450 3A4. Cur-
cumin with piperine has a higher antigenotoxic activity due to curcumin’s im-
proved bioavailability when combined with piperine. By raising the residence time,
altering the membrane lipid dynamics, and altering the structure of intestinal en-
zymes, piperine decreases the rate of metabolism of curcumin and increases its in-
testinal absorption. As a result, piperine is a possible bioavailability enhancer for
hydrophobic drugs such as curcumin [73]. Piperine increased the oral bioavailability
of norfloxacin and ampicillin in rabbits, according to Janakiraman et al., ampicillin
and norfloxacin are antibiotics that are used to treat a variety of diseases, but they
have poor oral bioavailability. Piperine supplementation at a dose of 20 mg/kg en-
hanced the bioavailability of poorly absorbed medicines. Norfloxacin oral bioavail-
ability is increased by piperine to a lesser extent than ampicillin. The improved
pharmacokinetic characteristics could be due to the inhibition of liver metabolic
enzymes and increased penetrability through GIT cells [74]. Piperine is a commonly
used bioenhancer that has been shown to improve the bioactivity of antibiotics, anti-
tuberculosis drugs, antifungals, antivirals, cardiovascular drugs, anti-inflammatory
drugs and nutraceuticals. Acyclovir’s bioavailability increased by 70% in the pres-
ence of piperine alone, while its bioactivity increased by 98% when combined with
Cuminum cyminum extract. As a result, piperine can be combined with several bioen-
hancers including cumin and curcumin to improve drug bioavailability.

3.3.2 Ginger (Zingiber officinale)

The active gingerols contained in the Z. officinale rhizome extract changed to zin-
gerone, shogaols, and paradol [75]. Ginger’s odor is primarily due to its volatile oil,
which yields 1-3% [76]. Gingerols improve gastrointestinal motility in laboratory an-
imals and have sedative, analgesic, antipyretic, and antibacterial activities [77]. The
main pungent concept in ginger is [6]-gingerol. [6]-Gingerol’s chemopreventive
properties make it a promising possible alternative to costly and harmful therapeu-
tic agents [78]. Ginger exhibits various properties like antifungal [79], antimicrobial
[80], anti-ulcer [81], antidiabetic [82], antithrombotic [83], anti-inflammatory [84],
antiemetic [85], and anticancer [86]. Ginger has a strong effect on the mucous mem-
brane of the gastrointestinal tract. Ginger’s job is to control the activity of the intes-
tine and make absorption easier. Z. officinale alone provide bioenhancing activity
(30–75% range), and piperine (4–12 mg/kg) and Z. officinale (10–30 mg/kg) together
provide bioenhancing activity (10–85% range). Extremely selective bioavailability
enhancing activity is shown by the extracts or fraction of Z. officinale alone or in
the presence of piperine [87].

Chapter 3 Herbal bioenhancers in nanoparticulate drug delivery system 55

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.3.3 Turmeric (Curcuma longa)

Turmeric is a popular condiment commonly used in Indian dishes. It is also used in
ointments and creams as a coloring agent. Curcumin is the only curcuminoid found
in Curcuma longa [88]. Curcumin is an anti-inflammatory agent, in addition to its
conventional uses. It is used in antimicrobial and anticancer medicine as a bioen-
hancer. Curcumin works by destroying drug-metabolizing enzymes (CYP3A4) in the
liver and causing alterations in the P-gp acting as a drug transporter [89, 90]. Cur-
cumin potentiated the anticancer activity of docetaxel in rats; according to the re-
port by Yan et al., curcumin (100 mg/kg) was given to a group of rats, 30 min before
docetaxel was given. When compared to the control group, the rats that were given
curcumin before receiving docetaxel had a higher AUC (approximately 8-fold in-
crease) and a higher serum concentration (Cmax) (about 10-fold increase). The bio-
availability of docetaxel increased by around 8-fold in the treatment group than in
the control group. Variations in the protein expressions involved in the metabolism
and transport of docetaxel may explain the improved bioavailability [91]. Pavithra
et al. looked into the effect of curcumin on the norfloxacin disposition profile in
rabbits. Norfloxacin is a broad-spectrum antibiotic commonly used to treat urinary
tract infections, gastrointestinal tract, and lungs. It has a poor absorption profile,
according to studies. A total of 16 rabbits were used in the study, with each group
consisting of eight rabbits. Curcumin was noted to double the activity of norfloxacin
[92]. Curcumin has been discovered to have anticancer properties, suppressing car-
cinogens in the body. As a result, we can use curcumin in conjunction with an anti-
cancer medication like docetaxel to boost the drug’s anticancer effect.

3.3.4 Black cumin (Nigella sativa)

Nigella sativa, also recognized as black cumin/caraway, was earlier tested as an
amoxicillin bioenhancing agent. The seeds were used to make N. sativa extracts,
which were then extracted for 6 h with methanol and hexane. The transfer of amox-
icillin (6 mg/mL) with or without N. sativa seed methanolic extract (3 mg) and hex-
ane (6 mg) extract was studied using everted rat intestinal sacs. The volume of
amoxicillin conveyed through the intestine was measured using spectrophotometry.
Rats were given amoxicillin (25 mg/kg) and N. sativa hexane extract (25 mg/kg)
orally for in vivo studies. After collecting blood samples at various time intervals
after dosing, the amount of amoxicillin in rat plasma was quantified using UPLC-
MS/MS. Both the extracts of N. sativa (methanol and hexane) were effective in an
in vitro analysis. The permeation of amoxicillin was greatly increased by N. sativa,
with the latter showing the most remarkable rise. As a result, hexane extract was
chosen for preclinical testing. The preclinical research also revealed that rats had a
massive surge in plasma amoxicillin levels. N. sativa extract improved the rate and
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degree of amoxicillin absorption with increased Cmax and AUC. This bioenhancing
effect of N. sativa was suggested due to the occurrence of fatty acids [93]. Fatty
acids have previously been shown to improve low drug permeation by enhancing
the flexibility of the apical and basolateral membranes [94]. Rabbits were used in a
related in vivo analysis that obtained the opposite findings. After pretreatment with
Nigella (200 mg/kg), the cyclosporine at a dose of 30 mg/kg decreased Cmax and
AUC in that analysis. However, there was a 2-fold increase in cyclosporine clear-
ance, implying that intestinal P-gp and CYP3A4 are triggered in the existence of
N. sativa [95].

3.3.5 Cumin (Cuminum cyminum)

Cumin aldehyde, γ-terpinene, and β-pinenes are the major components of C. cyminum
oil [96]. C. cyminum has several properties like estrogenic [97], antinociceptive, anti-
convulsant, anti-inflammatory, anticancer [98], hypolipidemic [99], antimicrobial
[100], antitussive, and antioxidant [101, 102]. Its components, such as luteolin, volatile
oils, and flavonoids, are thought to have bioenhancer properties. Luteolin works by
interfering with the P-gp transporter [103]. Qazi et al. looked into the function of
C. cyminum by increasing the systemic bioavailability of several medications like nu-
trients and ayurvedic preparations. To investigate the synergistic bioenhancer activity
of C. cyminum, it is used singly or mixed with other pharmaceutical excipients or pip-
erine. The dose range of a bioactive fraction of C. cyminum is 2–20 mg/kg, whereas the
extract is 10–30 mg/kg. Bioavailability is increased by 25-335% in formulations con-
taining C. cyminum extract or fractions [104].

3.3.6 Caraway (Carum carvi)

The dried and crushed seeds of C. carvi are used to make caraway oil. Limonene
and carvone are the oil’s most powerful constituents. The seeds are widely used in
cakes, pickles, biscuits, sweets, and confectioneries as a spice [87, 104]. Diuretic ac-
tivity [105], hypoglycemic effects [106], antimicrobial activity [107], antioxidant activ-
ity [108], anti-ulcer effects [109], anti-aflatoxigenic activity, and antifungal activity
are among the properties of C. carvi. Qazi et al. investigated the impact of C. carvi ex-
tract, singly or along with piperine or Z. officinale, on the bioavailability and pharma-
cokinetic summary of various medications, nutraceuticals, and herbal formulations.
C. carvi’s bioenhancing activity may be due to its ability to improve mucosal penetra-
tion or impact on the P-gp transporter. The bioactive part of the bioenhancer has a
concentration of 1–55 mg/kg, whereas the bioenhancing activity of C. carvi extract
has a concentration of 5–100 mg/kg body weight. It improves the bioavailability
of antibiotics, anticancer medicines, antifungals, and antivirals. The addition of
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Z. officinale and C. carvi has a more significant synergism effect on the above-
mentioned products, raising bioavailability by 20–110%. C. carvi is more effec-
tive when combined with piperine at a dose of 3–15 mg/kg. C. carvi exhibited a
25-95% improvement in the bioavailability of a variety of powerful medications.
Rifampicin’s antitubercular function was also improved by C. carvi [87].

3.3.7 Morning glory plant (Ipomoea spp.)

The alkaloid lysergol is produced from morning glory plants and is an ergoline al-
kaloid. It was discovered that it increased curcumin bioavailability. Curcumin’s ac-
tivity on human P-gp and breast cancer resistance protein (BCRP) as primary
efflux transporters was investigated by in situ penetration and in vitro pharmacoki-
netic analysis. For this purpose, specific substrates such as sulfasalazine for BCRP
probes and digoxin for P-gp probes are used to determine the mechanism of in-
creased bioavailability (pantoprazole for BCRP and verapamil for P-gp). The find-
ings suggest that the BCRP efflux transport mechanism is responsible for lysergol’s
increased bioavailability [110]. The increment in the oral bioavailability of berber-
ine in rats was observed using lysergol. However, the mechanism of lysergol has
yet to be determined, even though it is thought to be linked to P-gp inhibition [111].

3.3.8 Garlic (Allium sativum)

Garlic contains an allyl sulfur-containing compound called allicin. Allicin has anti-
platelet [112], antiparasitic [113], antibacterial [114], antioxidant [115], antifungal [116],
anticancer [117], immunomodulating [118], antidiabetic [119], anti-inflammatory [120],
and antiviral activity [121]. Copper has dose-dependent fungicidal activity against
Saccharomyces cerevisiae cells, and with allicin, an allyl sulfur compound present in
garlic, its lethal action significantly increased. N-Acetyl-cysteine or dithiothreitol are
compounds containing sulfur that had no impact on the fungicidal function of cop-
per. Copper displayed no defense against the fungicidal action of copper recently pro-
duced along with allicin, but it showed protection against the toxic effect of copper
alone [122]. As an example, the impact of allicin on the fungicidal action of amphoter-
icin B against the Saccharomyces cerevisiae yeast was studied. Amphotericin B is an
antibiotic used in the treatment of severe fungal infections, and allicin significantly
increased its antifungal efficacy. Amphotericin B caused damage to the vacuole mem-
brane, making the organelles recognizable as small distinct particles, in addition to
changing the permeability of the plasma membrane. A nonlethal dose of amphoteri-
cin B, allicin-increased amphotericin B prompted structural changes to the vacuole
membrane. Allicin can also improve amphotericin B antifungal activity against Can-
dida albicans and Aspergillus fumigatus fungus [123]. In S. cerevisiae, allicin inhibited
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the transfer of ergosterol from the cell membrane to the cytoplasm that is thought to
be a cell defensive reaction to amphotericin B-encouraged vacuolar breakdown. The
findings indicate that lethal action of amphotericin B against C. albicans is due to its
vacuole-disrupting behavior under physical conditions favorable to the fungus’s in-
vasive development [116]. Allicin promotes amphotericin B-induced vacuole mem-
brane degradation by preventing ergosterol trafficking from the plasma membrane to
the vacuole membrane, according to Ogita et al. [124].

3.3.9 Liquorice (Glycyrrhiza glabra)

Glycyrrhizin is a glycoside found in liquorice stolons and roots (Glycyrrhiza glabra).
It has an expectorant effect and can help with allergies, sore throat, bronchitis, gas-
tritis, asthma, peptic ulcers, and rheumatism. It aids in the detoxification of drugs
in the liver and is used to treat liver disease. It acts as a diuretic and laxative, as
well as strengthens the immune system. Glycyrrhizin is 50 times sweeter than
sugar. Several pharmacological activities are exhibited by Glycyrrhizin like anti-
inflammatory [125], anticancer [126], antihepatotoxic [127], antiviral [128], peptic
ulcer, and stomach treatment. It makes antimicrobials like tetracycline, rifampicin,
and nalidixic acids more effective against gram-positive bacteria. Glycyrrhizin can
work by inhibiting the transporter glycoprotein, which is found in the intestine
[129]. The ability of glycyrrhizin to improve absorption is dependent on its conver-
sion to glycyrrhetic acid by the intestinal bacterial enzyme β-glucuronidase [130].
Chen et al. used oral, tail vein, and hepatic portal vein administration to study the
effects of diammonium glycyrrhizinate on the bioavailability and pharmacokinetic
properties of aconitine in rats. When glycyrrhizinate was provided orally with aco-
nitine, the peak plasma concentration area under the curve, the absolute bioavail-
ability of aconitine was enhanced drastically. However, the half-life and clearance
did not improve significantly. After delivery of glycyrrhizinate via tail vein and he-
patic vein, the aconitine pharmacokinetics parameter did not change considerably.
The suppression of the P-gp transporter in the intestine could be the cause of this
increase in absorption [129]. Khanuja et al. also revealed the usefulness of glycyrrhi-
zin in improving the bioavailability of several antibiotics, anticancer, and anti-
infective drugs. Glycyrrhizin aids absorption of antibiotic and other compounds
across biological membranes, increasing their plasma levels, and, consequently,
bioavailability. When antibiotics like ampicillin, rifampicin, tetracycline, and nali-
dixic acid are coupled with Glycyrrhizin, they are more effective against gram-
negative bacteria. Glycyrrhizin also makes antifungal drugs like clotrimazole more
effective against Candida albicans. Taxol (paclitaxel) was also tested for its enhanced
anticancer activity in terms of cell division inhibition. Taxol works by preventing
MCF-74 cancer cells from proliferating and multiplying. Glycyrrhizin increases the ac-
tivity of taxol by a factor of five. Taxol combined with glycyrrhizin has higher activity
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than taxol given alone. Because of its efficacy and as it is devoid of toxicity at low
concentrations, glycyrrhizin has a lot of potential as a bioenhancing agent for several
drugs like anticancer, antifungal, antibacterial, and nutraceuticals. It also helps
lessen the side effects of anticancer drugs and the production of antimicrobial resis-
tance [131].

3.3.10 Aloe vera

Aloe vera exhibits several pharmacological activities like a wound, burn-healing,
hypoglycemic, anti-inflammatory, gastroprotective, immunomodulatory, antifun-
gal, and anticancer, commonly used in human and veterinary medicine [132]. Aloe
vera gel and leaf extracts enhanced vitamin C and E plasma concentrations and en-
hanced absorption. Aloe vera gel extract was very effective in improving ascorbate
absorption as well as reducing it. Its plasma concentration was substantially pro-
longed, even after an overnight fast of 24 h. Vitamin E absorption and plasma con-
centration were improved by both the leaf and gel extracts of aloe vera, particularly
after 8 h. Aloe vera is found to improve the bioavailability of these vitamins and
would be seen as a potential herbal bioenhancing agent in the future [133]. In strep-
tozotocin-induced diabetic rats, an ethanol extract of aloe vera was shown to aug-
ment the hypoglycemic action of glipizide [134]. It was discovered that combining
aloe vera and pantoprazole to treat gastroesophageal reflux symptoms in mustard
gas sufferers was more successful than using them separately. This is attributed to its
cytoprotective effect on the gastrointestinal tract mucosa via the production of endog-
enous prostaglandins [135]. In a rat model, treatment of aloe was shown to stimulate
the roles of P-gp and CYP3A, lowering the bioavailability of cyclosporine [136].

3.3.11 Drumstick pods

Drumstick (Moringa oleifera) leaves, pods, and bark have all been found to contain
niaziridin, a nitrile glycoside [137].M. oleifera has found to display actions like antimi-
crobial [138], antifertility [139], hepatoprotective [140], antiteratogenic [141], diuretic
[142], anticancer [143], antioxidant [144], hypolipidemic [145], anti-inflammatory [146],
hypotensive and spasmolytic [147], antifungal [148], antiulcer [149], and anti-arthritic
[150]. It improves the bioactivity of commonly used antibiotics such as tetracycline,
ampicillin, rifampicin, and nalidixic acid against gram-positive and gram-negative
bacteria such as Bacillus subtilis, Mycobacterium smegmatis, and E. coli. It in-
creases the activity of ampicillin, nalidixic acids, rifampicin, and tetracycline against
gram-positive bacteria by 1.2- to 19-fold. It enhances the efficacy of azole antifungals,
such as clotrimazole, against Candida albicans by 5 to 6 times. However, at a greater
quantity (10 g/mL), the compound’s antifungal potency was only slightly improved.
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It also works as a bioavailability enhancer by facilitating the ingestion of vitamin
B12 via the intestinal membrane [151].

3.3.12 Genistein

It is an isoflavone flavonoid derived from Pueraria lobata and Glycine max. It is a
strong phytoestrogen [152]. It has anti-inflammatory and anticancer properties. It
acts by preventing P-gp from performing its efflux functions [153, 154] and BCRP2
[155]. Li et al. investigated the effect of orally administered genistein on the pharma-
cokinetic profile of paclitaxel, an anticancer medication that can be taken orally or
intravenously. Thirty minutes after being given genistein (10 mg/kg orally), rats were
given paclitaxel (30 mg/kg orally) or (3 mg/kg intravenously). In oral administration
of paclitaxel, the existence of 10 mg/mL genistein resulted in a significant rise in AUC
and Cmax. The addition of genistein (10 mg/kg) to intravenous paclitaxel resulted in a
substantial increase in AUC by 40.5%. The dual inhibition of CYP3A and P-gp by ge-
nistein explains the improved bioavailability of paclitaxel [43]. The combination
treatment of genistein and epigallocatechin-3-gallate (EGCG) in HT 29 human colon
cancer cells results in a 2- to 5-fold rise in cytosolic EGCG concentration relative to
treatment with EGCG alone. When mice were given genistein at 200 mg/kg with EGCG
at 75 mg/kg, they improved AUC and half-life significantly; thus, genistein can en-
hance the bioavailability of EGCG. However, in mice, combination of EGCG (0.01%) in
drinking water and genistein (0.2%) in the diet increased the tumorigenesis process in
the intestine. As a result, careful administration of this combination is needed [156].
Genistein is a dietary supplement that is used in the daily diets of many people. Genis-
tein could be used to improve the bioavailability of anticancer medications by inhibit-
ing CYP3A and P-gp.

3.3.13 Naringin

It is the main flavonoid present in tomatoes, grapes, and apples [157]. It has pharma-
cological effects such as anti-ulcer, anticancer, antioxidant, anti-allergic, and blood
lipid-lowering [158]. It is shown to inhibit CYP 3A4 [159], P-gp [160], and reduce the
metabolism of drugs such as verapamil, diltiazem, and paclitaxel, causing a lower
drug dosage and higher plasma concentration. In rats, Choi et al. examined how nar-
ingin affected the oral bioavailability of the anticancer medication, paclitaxel. In this
investigation, rats were administered paclitaxel at a dose of 40 mg/kg, or a combina-
tion of paclitaxel and naringin at a dose of 3 mg/kg orally. As a result of this, the AUC
and Cmax of paclitaxel increased, and when combined with naringin, the absolute bio-
availability of paclitaxel was significantly higher than in the control group. In compari-
son to the control group, the bioavailability also improved. Increased bioavailability of
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paclitaxel may be due to the dominance of CYP-450 and P-gp in the gastric mucosa
[161]. The absorptive behavior of diltiazem was assessed, following oral administration
of naringin (5 mg/kg) and diltiazem (15 mg/kg) in rats. The diltiazem Cmax and AUC
improved 2-fold, but the plasma half-life did not improve significantly. The relative
and absolute bioavailability of diltiazem also improved significantly. As a result, it can
be concluded that naringin reduces the dosage and adverse effects of diltiazem by in-
hibiting P-gp and metabolism of the medication in the intestine [162]. Naringin, a bio-
flavonoid, has been discovered to have an antiproliferative activity on cancerous cells
and inhibits the P-gp efflux pump and the CYP3A enzyme. As a result, it might be used
in conjunction with anticancer medications to treat a variety of cancers.

3.3.14 Sinomenium acutum

Sinomenine is an alkaloid that can be found in the Sinomenium acutum plant.
Rheumatoid disorders are often treated with Sinomenine. Sinomenine is used to in-
crease paeoniflorin bioavailability. The increase in bioavailability was thought to
be due to sinomenine’s ability to reduce paeoniflorin efflux transport by P-gp. Chan
et al. studied the impacts of sinomenine on paeoniflorin absorption activities, in an
everted rat gut model [163]. The tissue culture experiments with sinomenine (16 and
136 μM) and paeoniflorin (20 μM) were used to assess the activity of sinomenine on
the improvement of paeoniflorin intestinal absorption. There was a strong linear as-
sociation between absorption of paeoniflorin and incubation time, when paeoni-
florin was given alone. The connection became nonlinear when combined with
sinomenine. After 45 min of incubation, paeoniflorin absorption increased signifi-
cantly. When verapamil and quinidine (P-gp inhibitors) were given along with
paeoniflorin, their absorption rate increased, suggesting that they act similarly to
sinomenine. When paeoniflorin and sinomenine HCl are given together, the
plasma sinomenine concentration is elevated, relative to paeoniflorin alone. The re-
sults of the AUC findings displayed that the paeoniflorin oral bioavailability was
increased by 12 times in rats that were given sinomenine concurrently. Unrestrained
conscious rats were administered a single dosage of paeoniflorin alone or in combi-
nation with sinomenine hydrochloride by gastric gavage. Paeoniflorin Cmax in-
creased, AUC increased, and volume of distribution reduced after coadministration
of sinomenine. Sinomenine hydrochloride considerably enhanced the bioavailabil-
ity of paeoniflorin in rats [164]. The absorption profile of digoxin (P-gp substrate)
increased 2.5-fold when treated with sinomenine, suggesting that paeoniflorin is
possibly a P-gp substrate in the intestine. As a result, the sinomenine enhanced
the bioavailability of paeoniflorin due to the P-gp efflux transport inhibition [163].
Hence, sinomenine can be added to any P-gp substrate to increase its bioactivity.
Sinomenine has anti-inflammatory properties, so it has a better anti-rheumatoid
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arthritis effect when combined with a medication like paeoniflorin. The bioavail-
ability enhancement mechanism of herbal bioactives is as shown in Figure 3.3.

3.4 Role of bioenhancers in nanoparticulate drug
delivery systems

Natural bioenhancers are very attractive in nano-based drug delivery [4]. They dem-
onstrated a critical role in the bioavailability enhancement of nanocarriers, avoiding
synthetic bioenhancers, resulting in increased safety and reduction of adverse ef-
fects. Thus, several researchers are showing interest in the development of nanocar-
riers in combination with natural bioenhancers [166]. This section systematically
discusses the inclusion of natural bioenhancers in nanoparticulate drug delivery.

3.4.1 Nanoparticles

Nanoparticles are colloidal drug delivery systems that display sizes in the range of
less than 1 µm. A variety of materials can produce them, viz., proteins, polymers,
and solid lipids. Nanoparticles can be designed via two strategies: capsule-type
and matrix-type named nanocapsules and nanospheres [167]. In nanocapsules,
drugs are condensed in the interior area, enclosed by the polymeric membrane;
however, the drug either physically adheres or uniformly disperses within the ma-
trix in nanospheres. Commonly, nanoparticles are classified based on the substance
used for its construction.

3.4.1.1 Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are colloidal systems whose matrix is made of biode-
gradable solid lipids. Generally, solid lipids used to fabricate SLNs are waxes, steroids,
fatty acids, and triglycerides. They are comparatively more stable than polymeric
nanoparticles and revealed size ranges from 10 to 1,000 nm. There are several benefits
of SLNs, such as more excellent permeability, enhanced bioavailability, decreased cy-
tochrome P 450 metabolism, less P-gp efflux, prolonged-release, reduced first-pass
metabolism, and superior tissue distribution as well as lymphatic uptake. Kumar et al.
developed SLNs loaded with isradipine in combination with bioenhancing agent
rutin, against hypertension. Pharmacokinetic studies revealed 4.7 times higher oral
bioavailability as compared to drug-loaded nanoparticles without rutin. Thus, a study
confirmed significantly higher bioavailability observed in the presence of bioen-
hancer [168].
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3.4.1.2 Nanostructured lipid carriers (NLCs)

Muller first developed nanostructured lipid carriers (NLCs) in 1999 to overcome
some observed shortcomings of SLNs, like less drug encapsulating capacity and
drug discharge at the time of storage [169]. NLCs were designed to replace the little
amount of compact lipids with liquefied lipids to formulate a drug-dispersed tem-
plate. They are developed to increase the plasma concentration through the oral
route of many lipophilic molecules [170]. Currently, NLCs are considered a potential
drug delivery system and are incorporated in many commercial dermal creams and
cosmetic preparations. Furthermore, NLCs have been explored for drug targeting to
numerous systems like brain tissues, targeting cancerous cells, pulmonary, and inves-
tigating to deal with multidrug resistance. Curcumin-loaded NLCs were investigated
with partially hydrolyzed ginsenoside. In vitro release showed that in the presence of
hydrolyzed ginsenoside, the release rate of curcumin was higher. Therefore, the study
concludes that it may help increase the bioavailability of curcumin [171]. In another
study, NLCs-loaded curcumin delivered intranasally was studied in astrocytoma-
glioblastoma cancer cell line (U373MG) and revealed higher cytotoxicity of curcumin-
loaded NLC than curcumin alone [172]. Aditya et al. developed NLCs coloaded with
curcumin and genistein against prostate cancer [173].

3.4.1.3 Polymeric nanoparticles

In contrast to SLNs, polymeric nanoparticles exhibit particle sizes less than 500 nm
and are designed by using biocompatible and biodegradable polymers from natural
or synthetic sources. Polymeric nanoparticles have been reported for a long time to
increase the bioavailability of lipophilic molecules. Additionally, to enhance the ef-
ficacy of nanoparticles, they were developed in combination with herbal bioen-
hancers. Zein–carrageenan nanoparticles loaded with curcumin were formulated
and assembled with piperine. Nanoparticles encapsulating curcumin and piperine
demonstrated higher in vitro antioxidant activity than curcumin solution [174]. In
another work on zein–carrageenan, nanoparticles containing curcumin and piper-
ine revealed good cytotoxic effects in neuroblastoma cells [175]. In another exciting
study, folic acid-conjugated chitosan nanoparticles-encapsulated curcumin were
fabricated with a combination of bioenhancers, piperine and gingerol, to decrease
hormone-refractory prostate cancer. The pharmacokinetics study confirmed 7.7-fold
enhancement of bioavailability in comparison to curcumin solution by oral route
[176]. Table 3.2 disclosed that this association of herbal bioenhancers with nanopar-
ticles exhibits the remarkable potential to enhance the bioavailability of several
lipophilic drugs.
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3.4.2 Emulsion

Emulsions are drug delivery systems with macroscopic globules (1–10 µm) consist-
ing of oil, emulsifier, and water. Types of emulsions are multiple emulsions, oil-in-
water (o/w), and water-in-oil (w/o). This drug delivery system has gone through
several modifications to increase its efficiency.

3.4.2.1 Nanoemulsions

Nanoemulsions are primarily comprised of surfactants, oil, water, and co-surfactants.
They are one-phase systems and thermodynamically unstable, while kinetically
stable with a globule dimension in the range of 20–200 nm. Compared to other drug
delivery systems, nanoemulsions showed several benefits like high drug-carrying
ability, improved solubility, capture by the lymphatic system, increased residence du-
ration in the gastrointestinal tract resulting in higher absorption, and bioavailability
[191]. Self-nano-emulsifying drug delivery systems (SNEDDS) are discrete types of
lipid-based drug delivery system. They have the property of converting instan-
taneously into emulsions in an aqueous phase with the assistance of cosolvents, sur-
factants, and cosurfactants with moderate stirring with globule size <100 nm [192].
Hence, nanoemulsions and SNEDDS are always an attractive drug delivery system for
lipophilic drugs. In a study, raloxifene BCS II drug was dispersed in SNEDDS with bio-
enhancers (piperine and quercetin). Pharmacokinetic studies suggested that SNEDDS
showed 4 times greater oral bioavailability than drug solution. However, no additional
improvement in bioavailability was obtained in the presence of bioenhancers [193].

3.4.2.2 Microemulsions

Microemulsions are precise, transparent, thermodynamically stable, optically iso-
tropic liquid dispersions comprising oil, water, surfactant, and cosurfactants. In
comparison to nanoemulsions, they are self-assembled and do not require high-
energy input. A self-micro-emulsifying drug delivery system (SMEDDS) is a blend of
oil, cosolvents, and surfactants that rapidly produces fine globule size (<250 nm)
upon mild agitation [194]. Vijayan et al. reported SMEDDS loaded with curcumin in
combination with Curcuma oleoresins as bioenhancers. The study elucidates that
significant bioavailability enhancement (29 times) was obtained, compared to cur-
cumin suspension [195]. In another interesting work, curcumin and piperine were
co-encapsulated in SMEDDS against ulcerative colitis. The anti-inflammatory activ-
ity of curcumin and piperine loaded in SMEDDS showed high anti colitis activity
of SMEDDS by targeting this formulation to inflammatory colon tissue [196].
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3.4.3 Lipid-based vesicular carriers

3.4.3.1 Liposomes

Liposomes are unilamellar or multilamellar vesicles that consist of cholesterol com-
bined with phospholipids, demonstrating a globule size of 20–1,000 nm. The aque-
ous core surrounded by phospholipid bilayer is able to encapsulate the drug within.
Liposomes exhibit the potential to capture both hydrophilic and lipophilic drugs.
Presently, several commercial liposomal formulations are available for the delivery of
lipophilic molecules. Huang et al. formulated liposomes loaded with curcumin and
resveratrol to enhance antioxidant activity [197]. Jhaveri et al. developed transfer-
rin-conjugated liposomes encapsulating resveratrol for the treatment of glioblastoma.
Liposomes revealed good antitumor activity and improved survival in mice compared
to other therapies [198]. Verma et al. designed liposomes loaded with curcumin and
enhanced the bioavailability with piperine. The pharmacokinetic study suggests that
a combination of curcumin and piperine in liposomes demonstrated maximum bio-
availability compared to only curcumin [199].

3.4.3.2 Niosomes

Niosomes are vesicular systems that precisely consist of amphiphilic molecules
with a neutral charge and neutral surfactants. These neutral surfactants are safer
and inexpensive compared to ionic surfactants [200]. They can encapsulate both li-
pophilic and hydrophilic molecules. Schlich et al. designed resveratrol proniosomes
and suggested improved drug bioavailability [201]. In one more study, curcumin-
loaded proniosomes were fabricated and studied for antiviral activity [202]. Char-
yulu et al. developed niosomes loaded with methotrexate and studied them with
bioenhancers, piperine and curcumin. The results demonstrate that the release rate
of methotrexate significantly increased with bioenhancers [203].

3.4.3.3 Transferosomes

Transferosomes are modified liposomes specifically designed to transfer drugs
across transdermal tissue. They consist of one aqueous core surrounded by a lipid
layer and an edge activator. The unique properties of transferosomes are that they
are self-deformable, self-regulating, stress-responsive, and highly adaptable [204].
In comparison to liposomes, they are very elastic and deformable as they can squeeze
themselves as integral vesicles through narrow apertures of the skin that are consider-
ably smaller for the vesicle size. Thus, transferosomes are advanced drug delivery sys-
tems that are explored for ferrying the high and low molecular weight drugs via the
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transdermal route. Long et al. developed capsaicin transferosomes and proved en-
hanced skin permeation of these transferosomes through rat abdomen skin epidermal
membrane [205]. Vinod et al. tailored transferosomes encapsulating piperine and
showed that more drug could reach through the skin [206]. In another work, Verma
et al. designed mannosylated transfersomes loaded with naringenin for skin carci-
noma. Ex vivo skin permeation and deposition study revealed that the marketed formu-
lation and drug suspension transferosomes showed higher retention and permeation
[199]. Hosny et al. investigated nano-transfersomes encapsulating pravastatin–narin-
genin to diminish the hepatic side effects and enhance bioavailability. The in vivo study
revealed that naringenin reduced the hepatic toxicity caused by pravastatin and im-
proved the bioavailability of the drug [207].

3.4.3.4 Phytosomes

A novel promising formulation strategy emerged to improve the absorption of
pharmacological active phytoconstituents known as phytosomes. Complexing ac-
tive phytoconstituents produce phytosomes with phospholipids under controlled
conditions [208]. These phytosomes consist of an amphipathic phospholipid, which
acts as carriers of active constituents helping them in crossing the gastrointestinal
membranes, ultimately reaching blood circulation. Currently, phytosomes are gain-
ing a lot of attention from researchers and are reviewed in detail, elsewhere [209].
Islam and coworkers fabricated phytosomes containing domperidone with piperine.
Pharmacokinetic studies suggest that improved bioavailability was obtained [210].
In another study, quercetin was complexed with phospholipid, and its bioavail-
ability was boosted with a reduction in liver damage. In addition, numerous studies
have demonstrated that the formation of curcumin-loaded phytosomes improve its
efficacy and safety against various human ailments such as inflammatory diseases
[211], schizophrenia [212], liver cirrhosis [213], cancer, retinopathy, diabetes, and os-
teoarthritis [214]. Teng et al. reported curcumin-loaded phytosomes were found
to be chemoprotective against hepatitis B virus-induced hepatocellular carcinoma
[215].

3.4.3.5 Ethosomes

In addition to other lipidic drug delivery systems, ethosomes are modified liposomes
composed of phospholipids, water, and an extraordinarily high ethanol concentration
(45% w/w). Several reports suggest that ethosomes are superior to liposomes because
they exhibit high drug-loading capacity, are smaller in size with negative zeta poten-
tial, more skin penetration, and stable [216]. Thus, these nanocarriers have success-
fully been applied for transdermal drug delivery. Gollavilli et al. prepared naringin
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nano-ethosomal sunscreen creams. Ethosomes plus nano-ZnO and -TiO2 dispersed in
cream demonstrated superior skin permeation and deposition of naringin [217]. Fur-
thermore, Li et al. constructed curcumin-loaded ethosomes to enhance transdermal
delivery [218]. Kumar et al. designed ethosomal cream loaded with piperine for the man-
agement of atopic dermatitis. Ethosomal cream showed significantly higher efficacy as
compared to conventional cream (tacrolimus 0.1%) and is safer. In another study, Soni
et al. fabricated ethosomal nanogel co-loaded with nano-curcumin and sulforaph-
ane to treat skin cancer. The developed formulation demonstrated better anticancer ac-
tivity in the B16-F10 murine tumor cell line [219].

3.4.3.6 Transethosomes

Transethosomes were first designed by Song et al., and they are a new-fangled etho-
somal carrier [220]. They consist of basic ingredients of traditional ethosomes with
an added substance, i.e., edge activator or penetration enhancer. This innovative
vesicular system has been designed to integrate the benefits of classical ethosomes
and transferosomes named Transethosomes [221]. Several researchers reported
superior features of transethosomes over ethosomes. Wu et al. prepared transeth-
somes loaded with resveratrol and found enhanced permeation via transethosomes
[222]. Transethosomes-incorporated quercetin was developed and showed higher
permeation [223].

3.4.3.7 Menthosomes

Menthosomes are the unique ultra-deformable nanocarriers that comprise phos-
pholipids, edge activators, and menthol. Yasuko Obata et al. have developed and
characterized meloxicam-loaded menthosomes using a composite experimental de-
sign. In menthosomes, cetylpyridinium chloride and menthol are used as a penetration
enhancer, and cholesterol is used as a membrane stabilizer [224]. In menthosomes, cat-
ionic surfactant, viz., cetrimide is used as an edge activator with a high radius of
curvature that weakens the lipidic bilayers of the menthosomes, leading to enhanced
deformation of the bilayers [225]. The comparative studies of menthosomes with
conventional liposomes performed by Yasuko Obata et al. showed significant im-
provement in skin permeability of meloxicam stabilizer [226]. Zaky and Tawfick
have studied the antifungal efficacy of terbinafine hydrochloride-loaded mentho-
some, transferosome, and ethosome formulations under nonocclusive conditions
[225]. These ultra-deformable vesicles are proven as the potential carriers for
transdermal drug delivery for various drugs.

72 Amarjitsing Rajput et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.4.3.8 Sphingosomes

Sphingosomes are bilayered lipidic vesicles composed of sphingolipid and choles-
terol [227]. The pH of the polar interior environment is less than the exterior envi-
ronment. Sphingolipids are obtained from natural sources, namely soybeans, eggs,
milk, and other animal sources. Sphingosomes are advantageous over liposomes
because of their high stability to acid hydrolysis and improved drug retention ca-
pacity [228]. Sphingosomes may demonstrate an effective carrier for drug targeting
to the effector tissue because of being biofriendly, biodegradable, and resembling
cell membrane. Sphingosome acts as a vehicle for managing malignant tumors and
various immunological, infectious, vascular, rheumatoid, and inflammatory disor-
ders [227, 229]. Different lipophilic drug moieties, namely vincristine, vinblastine,
swainsonine, or etoposide, have been incorporated into the Sphingosomes and
shown significant output [230]. The list of natural bioenhancers laden in nanopar-
ticulate drug delivery systems is shown in Table 3.2.

3.5 Future perspectives

Herbal bioenhancers have been reported in Ayurveda as Trikatu and have, ever
since, been directly as well as indirectly used for bioavailability enhancement of
drugs. Currently, the use of rich medicinal herbs occurring in diverse ecosystems
has increased tremendously. The underlying mechanisms of herbal bioenhancers
with their clinical outcomes can also be explored and researched in future. The
filed patents and ongoing clinical trials have proven the importance of bioen-
hancers in bioavailability enhancement. Novel herbal bioenhancers could be
identified from the endangered forest and plants across the globe. Several phyto-
constituents are being explored and investigated for effective and improved drug
delivery, with enhanced bioavailability with minimum effective dose. Many phar-
maceutical and food industries are working on applications of bioenhancers. Future
research can also be focused on marine herbal bioenhancers isolated from sea
plants and weeds and in exploring their novel principles and mechanisms. In the
near future, combinational bioenhancers, along with their bioenhancing ability,
mechanism, and toxicity can be explored. In the coming years, attention can be
given to plants such as Bacopa monnierie, Rauwolfia serpentine, Catharanths roseus,
Taxus baccata, and Artemisia anuua for their bioenhancing ability.
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Chapter 4
Role of herbal bioenhancers in tuberculosis
and drug delivery thereof

Abstract: In recent years, there has been an increase in demand in the medical field
for simple drug delivery matrices that have fast bioavailability, are easy to use, and
cost-effective to produce. Through the use of novel approaches such as bioen-
hancers, solutions of herbal origin can meet these requirements.

Bioenhancers are compounds that may not be therapeutic, but when combined
with an active drug, potentiate the drug’s pharmacologic action. They work through
a variety of pathways that can influence drug metabolism, absorption, and drug tar-
get action. Bioenhancers can be of herbal or animal origin. Herbal bioenhancers
have been shown to enhance the bioavailability and bioefficiency of different clas-
ses of drugs such as antitubercular drugs, antibiotics, antiviral, antifungal, and an-
ticancer drugs. These agents have been found to increase the bioavailability of
some drugs, including the antitubercular drug (e.g., rifampicin), even when re-
duced doses of drugs are present in such formulations. Bioenhancers reduce the
dose and toxicity of drugs; they may shorten the treatment period. Extensive re-
search on these bioenhancers is the need of the hour so that they could be utilized
in drug formulations for antitubercular treatment in the future.

4.1 Introduction

Drugs that might be administered orally undergo a dissolution process, after which,
they permeate throughout the gastric membrane earlier than when they are seen
inside the blood stream. Drug bioavailability refers to the amount of medicine that
enters the bloodstream from the point of administration [1]. Low bioavailability is a
problem from which several drugs suffer [2]. Orally administered drugs have a low
bioavailability because of their vulnerability to first-pass metabolism and insuffi-
cient absorption, which is not an issue for intravenous administration. Thus, these
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unused medications in the body might have negative consequences as well as lead
to drug resistance [3].

Despite these limitations, the oral route of drug administration has been the most
popular due to ease of administration, high patient compliance, cost-effectiveness,
low requirement for sterile conditions, and flexibility in dosage form design [4]. The
usage of bioenhancers is a promising strategy for overcoming bioavailability issues
[5]. A large percentage of the world’s population uses plant-based medicines. Thou-
sands of natural medications, including some for unusual conditions, are mentioned
in our Ayurvedic literature. Plant-based medications are also found in over a quarter
of the modern pharmacopoeias. The concept of herbal bioenhancers dates all the way
back to Ayurveda medicine’s ancient heritage.

In Ayurveda, this theory is known as “Yogvahi” and is used to increase the
therapeutic effect of medicines by improving the oral bioavailability, increase tissue
distribution, specifically for those drugs with poor oral bioavailability, decrease
their dose and adverse effects, and circumvent the parenteral routes of drug admin-
istration. The idea of bioenhancers was first described by Bose in 1929, which
showed an increase in the anti-asthmatic effects of Vasaka (Adhatoda vasica) leaves
by the addition of long pepper to it [6]. Bioenhancers are chemical entities that
stimulate the bioavailability of the drug. Bioenhancers are such agents, which by
themselves are not therapeutic entities, but when combined with an active constitu-
ent proceed with potentiating the pharmacological effect of the drug [7]. Bioen-
hancement is the phenomenon of increasing the total availability of any chemical
entity or drug molecule in the biological fluid or systemic circulation, and bioavail-
ability enhancers or bioenhancers are the secondary agents responsible for this in-
crease in plasma concentration of the principal ingredient [8, 9].

4.2 Bioenhancers

The most important rate-limiting step for therapeutic activity of oral and topical for-
mulations is the bioavailability of the drugs. Bioavailability mainly depends on the
hydrophilic and lipophilic characteristic of the drugs. Lipophilic drugs have more
bioavailability compared to hydrophilic drugs because of the lipid bilayer transpor-
tation barrier [10]. The size of the molecule also plays an important role in the trans-
portation of the drug across the biological membranes. Moreover, there are many
other factors that affect the bioavailability of the drugs, such as salivary pH, gastric
pH, enzymes, emptying time, protein binding, drug metabolism, excretion, and per-
son’s diseased condition. In addition to these, if the drug gets bioavailable in the
cell, it gets rapidly excreted because of the efflux pump of the cells. Because of all
these hurdles in the bioavailability of the drugs, oral and topical routes are less ef-
fective as compared to other drugs [11, 12]. To address these issues, it is critical to
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design certain approaches for increasing drug bioavailability. Bioenhancers are one
of the most widely used techniques for increasing drug bioavailability [13, 14]. Bio-
enhancers are the agents that enhance the bioavailability of the drugs without alter-
ing their pharmacological response. However, they may increase the therapeutic
role of the drugs by increasing the concentration of the drug at the target site.

Bioenhancers offer the following benefits to drug development.
– They reduce the dosage of the drug.
– They reduce the cost of the drug.
– They prevent drug resistance.
– They decrease the percent level of adverse drug reactions or side effects.
– They increase the efficacy of the drug.
– Increased bioavailability.
– Raw material requirement for drug manufacture will be decreased.
– Economically, they are useful to the world economy.
– Treatment cost of patient decreases.

4.2.1 Need for bioenhancers

Aqueous solubility, drug permeability, dissolving rate, first-pass metabolism, pre-
systemic metabolism, and sensitivity to efflux mechanisms are factors that affect
drug absorption and bioavailability [12]. Bioenhancers modify one or more of these
factors to improve absorption and decrease the metabolism, to reduce dose, toxic-
ity, and cost of drugs. The need for bioenhancers especially arises for costly and
chronic-administered drugs that are poorly bioavailable and have toxic and adverse
drug effects. By enhancing the efficacy of drugs, bioenhancers can further reduce
chances of microbial resistance.

As can be seen from the literature further, bioenhancers not only enhance bio-
availability by affecting membrane permeability or solubility of drugs, but can reduce
the metabolism of the drug by interfering enzymes. Bioenhancers also increase the
permeability of drugs in microorganisms, leading to more antimicrobial actions of
drugs [11].

4.2.2 Effect of bioenhancers on drugs

The drug dose is reduced and the potential of drug resistance is significantly re-
duced. The drug dose-dependent toxicity and cost will be decreased, particularly
for antitubercular medications. Bioenhancers were found to improve the bioavail-
ability and bioefficacy of a variety of medications, including antitubercular drugs,
antibiotics, antiviral, antifungal, and anticancer agents at small doses [10].
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Bioenhancers may act through one or more mechanisms as follows [10–14]:
1. Alteration of gastrointestinal (GI) permeability, e.g., glycerrhiza and aloe.
2. Inhibition of presystemic metabolism of drugs by inhibiting hepatic enzymes,

e.g., quercetin and naringin.
3. Inhibiting cellular efflux, e.g., piperine, naringin, and quercetin.

4.2.3 Classification of bioenhancers

Bioenhancers are classified based on their origin such as plant origin and animal
origin. They are also classified on the basis of their mechanism of action such as P-
glycoprotein (P-gp), cytochrome-450 (CYP 450) inhibitors, and gastrointestinal
function regulators (Figure 4.1) [11–14].

Sources of 
Bioenhancers

Animal
-Cow urine distillate
-Capmul (mono-,di- and triglyceride) prepared by 
glycerolysis of fats and oils

Plant 
derived

-Piperine, Gingerol,Glycerrhizin,Caraway (Cumin) Black 
cumin, Quercetin, Naringin, Niaziridin, Capsaicin, Stevia, 
Allicin, Curcumin 

a)

b)

Figure 4.1: Classification of bioenhancers: (a) sources and (b) mechanism of action.
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4.3 Tuberculosis

Tuberculosis (TB), a ubiquitous, highly contagious, chronic, communicable, granu-
lomatous bacterial infection caused by the bacterium Mycobacterium tuberculosis
(M. TB) or to a much lesser extent by Mycobacterium bovis, Mycobacterium africa-
num, and Mycobacterium microti. TB, is an infectious disease caused by an actino-
bacteria, the M. TB. Though it is primarily a respiratory infection affecting the lungs
and the alveoli (pulmonary TB), it can affect other tissues such as the intestine (in-
testinal TB), meninges (tuberculous meningitis), bones and joints (tuberculous ar-
thritis), and kidneys (renal TB),, leading to a combined disease known as extra
pulmonary TB. M. TB is a fast spreading, extremely infectious gram-positive aerobic
rod-shaped acid-fast bacillus with a modest growth rate. Tubercle bacilli can live in
macrophages because their cell walls contain a lot of lipid. M.TB is most commonly
found in humans [15, 16]. The human race is the primary host forM.TB.

TB is one of the deadliest diseases as the number of casualties caused by it has
crossed even the deaths caused by human immunodeficiency virus (HIV). Accord-
ing to the World Health Organization, near about 30% of the total world’s popula-
tion is suffering from the disease [17]. TB reduces human efficiency at work, thus
reducing the GDP of a country. TB affects mainly the population in the slums and
with low hygiene; thus, the poor have 5 times higher chance of getting this disease.
Incomplete treatment, poor patient compliance, etc. lead to resistance in the strains
of mycobacteria, making its treatment extremely difficult. These TB strains with
multidrug resistance (MDR-TB) have low cure rates and significant fatality rates
[18]. In addition to these, several cases of total drug-resistant TB have been reported
in the clinics [19–21]. In addition to the threat of extensively drug-resistant (XDR)-
TB, one more threat is TB with diabetes. According to the Centre for Disease Control
and Prevention, TB can appear to be a life-threatening complication for people suf-
fering from diabetes [22].

Diabetic patients are more prone to get the primary infection of TB more rapidly
than a nondiabetic, while chances of development of latent TB to a full-blown dis-
ease are more in diabetics. Also, diabetics take a longer time to be cured than non-
diabetic TB patients. Diabetics develop pulmonary, cavitary TB more as compared
to nondiabetics [23].

4.3.1 Epidemiology

According to a recent World Health Organization research (2019), worldwide about
10.0 million new (incident) TB cases were found, of which 57% were men, 32%
women, and 11% were children. HIV-positive people accounted for 8.6% of all new
TB cases. The mortality in HIV-negative TB patients in 2018 was almost 1.2 million,
while HIV-positive patients accounted for 251,000 deaths [24].
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4.3.2 Pathogenesis

TB infection is spread primarily in the form of droplets containing viable infectious
bacteria from an infected patient to an uninfected person during coughing or sneez-
ing or even talking. Such droplets having viable tubercle bacilli are then inhaled and
travel through lungs to the alveoli. Alveolar macrophages then engulf these bacilli.
These macrophages then become the place for bacilli lodgment and multiplication.

The fibrosis around such a clump of affected macrophages form a hard shell called
granuloma, keeping these bacteria under control. Multiplying bacteria in this granu-
loma then burst outside to develop the active disease, the threat of which is dependent
on several factors, including patients’ age, duration of latent infection and above all,
patient’s immunity [25]. The mortality of untreated smear-positive cases may be as
high as 50–80%; while though inconsistent, the treatment can reduce it to 30%. If the
disease is treated through DOTS (Directly Observed Treatment, possibly short course)
or such other TB control programs, mortality rates can be reduced to 5% [26].

4.3.3 Conventional therapy of TB

Use of rifampicin (R), isoniazid (H), pyrazinamide (Z), ethambutol (E), and strepto-
mycin (S) in a specific pattern constitute the conventional chemotherapy of TB.
These drugs are called the first-line drugs. The second line treatment is with drugs
such as ethionamide, amikacin, kanamycin, para-amino salicylate, cycloserine
(CS), fluoroquinolones, thioacetazone, and capreomycin. First-line medications are
very effective in the case of drug-susceptible TB, but second-line medications are
needed to be used when the first-line regimen breaks due to the development of
drug resistance. Recent therapy, i.e., DOTS for drug-susceptible TB consists of two
phases (Table 4.1). The intensive phase consists of two months treatment with first-
line drugs in which the majority of the viable bacilli are killed.

In order to sterilize the lesion and kill all slow-growing bacteria, the two major
first-line drugs, viz. rifampicin and isoniazid, are continued for the next 4–6 months,
either daily- or thrice-a-week regimen.

4.4 Challenges in conventional therapy
of tuberculosis

One of the major reasons for the development of drug resistance in TB includes the
use of drugs causing life-threatening adverse drug reactions. These ADRS also lead
to noncompliance by patients. One more reason for noncompliance is the complicated
regimen of the treatment. More than 480,000 cases of MDR-TB patients are observed
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per year, of which XDR-TB accounts for 9% of the total cases [5]. Treatment for MDR-
TB necessitates a minimum of two years of second-line treatment; however, treatment
for XDR-TB is more difficult due to fluoroquinolone and injectable second-line drugs.
Furthermore, XDR-TB treatment is time-consuming, expensive, and has a low cure
rate. It also has life-threatening adverse effects [25, 26]. Success rate of MDR-TB ac-
counts to 50%, while the same for XDR-TB is reported to be around 27% with less
than 20% of the XDR-TB cases of surviving a good life [28–30]. Tubercle bacilli create
drug resistance in a variety of ways, but the most common cause is a decrease in drug
bioavailability at the target location due to increased efflux or inactivation.

4.5 Role of herbal bioenhancers in tuberculosis
therapy

The main reason behind the treatment failure of TB is the high-dose multidrug ther-
apy, which leads to toxic side effects and patient non-compliance. Moreover, it also
results in the development of drug-resistant strains. In order to increase patient
compliance, one must try to reduce the dose and dosing frequency of the toxic
drugs. The dose of the drugs can be reduced by increasing the bioavailability of the
drug at the target site. Bioenhancers can be the effective strategy to stimulate and
enhance drug concentration at the site of action. Bioenhancers work by several
mechanisms to increase the bioavailability. They can act as efflux pump inhibitors to
avoid the exit of the drug from cells such as P-gp inhibitors. They also increase the
concentration of drugs by inhibiting their enzymatic degradation such as cytochrome
P-450 inhibitors. Moreover, they can also regulate the gastrointestinal functions to
maximize the absorption of the drug, which leads to an increase in bioavailability.

Table 4.1: Conventional chemotherapy for the treatment of drug-susceptible tuberculosis.

Category of patients Phase-I ( months)
with rifampicin, isoniazid,
pyrazinamide, and ethambutol

Phase-II ( months)

Newly identified patients All four drugs daily Rifampicin + isoniazid daily

All four drugs daily Rifampicin + isoniazid thrice a
week

All four drugs thrice a week

Patient with previous
incomplete treatment

All four drugs + streptomycin daily
for  months.
Followed by standard treatment for
next  month.

Rifampicin + isoniazid +
ethambutol daily for  months
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Following are some of the important herbal bioenhancers that can be used to in-
crease the bioavailability of antitubercular drugs and patient compliance.

4.5.1 Piperine from pepper

Piperine is an alkaloidal phytoconstituent found in the fruits of the Piperaceae fam-
ily such as black pepper. Piperine’s bioenhancing properties were first utilized in
humans to treat TB. Because of the ability of piperine to increase bioavailability of
rifampicin by about 60%, the dose of the latter could be reduced to 200 mg from
450 mg. Nevirapine’s (an antiviral with nucleoside inhibitor of HIV1-reverse tran-
scriptase) bioavailability was also increased when combined with piperine, It could
therefore be used in combination with other antiretroviral drugs to treat HIV1 infec-
tion effectively. Piperine is also found to improve the absorption of curcumin.

Piperine is shown to increase bioavailability by 20× when combined with 20 mg
of curcumin. Several animal studies on piperine have shown that it has interesting
bioenhancing properties for a variety of medicines [31–33].

Piperine

4.5.2 Ginger

Gingerol is the chief chemical constituent in ginger. It helps to improve absorption of
drugs by modulating GI functions. The bioenhancers extract’s effective dose is around
10–30 mg/kg body weight. Gingerol increases the bioavailability of rifampicin by 65%
while that of ethionamide is increased by 56%. Using gingerol, the bioavailability of
antibiotic drugs (azithromycin – 78% bioavailability), antifungal drugs (ketoconazole –
125% bioavailability), antiviral drugs (zidovudine – 105% bioavailability), and anti-
cancer drugs (5-fluorouracil – 110% bioavailability) are also improved [34–36].

Gingerol
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4.5.3 Liquorice

The dried roots and stolons of Glycyrrhiza glabra are shown to have antioxidant,
contraceptive, anti-inflammatory, expectorant, and liver protecting properties. At a
concentration of 1 g/ml, glycyrrhizin, its chief chemical constituent is shown to in-
crease the bioavailability of rifampicin to about 6 times the original, while that of
taxols is increased to about 5 times [37].

4.5.4 Caraway/cumin

It is a P-gp efflux pump inhibitor made from the dried ripe fruits of Carum carvi, a
plant in the Umbelliferae family. Antioxidant, antimicrobial, diuretic, and carmina-
tive properties are all present. Carvone and limonene are the main components of
caraway. The effective dose of the extract was between the range of 5–100 mg/kg
body weight. Rifampicin has a 110% increase in bioavailability; CS has a 75% in-
crease; and ethionamide has a 68% increase. Caraway improves the bioavailability
of cloxacillin to 100%, antifungal amphotericin B to 78%, antiviral zidovudine to
92%, and anticancer drug 5-fluorouracil to 90%, with doses in the range of 1–55
mg/kg body weight [38, 39].

4.5.5 Black cumin

It is obtained from the plant Cuminum cyminum, and has carminative, estrogenic, an-
tibacterial, anti-inflammatory, and antioxidant properties. Its 3ʹ, 5-dihydroxyflavone
-7-O–D-galactouronide-4ʹ-O-D-glucopyranoside is the most important component of
cumin. The bioenhancer extract’s effective dose ranges from 0.5 to 25 mg/kg body
weight. Rifampicin has a 250% increase in bioavailability; CS has an 89% increase;
and ethionamide has a 78% increase [40, 41].

4.5.6 Quercetin

It is a flavonoid glycoside found in many plants such as onions and citrus fruits.
Antioxidant, radical scavenging, anti-inflammatory, and anti-atherosclerotic prop-
erties are all present. It operates by blocking CYP3A4 and the P-gp efflux pump. Diltia-
zem, digoxin, verapamil, etoposide, and paclitaxel have all been shown to increase
the bioavailability, blood levels, and efficacy of quercetin [42–44].
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Quercetin

4.5.7 Naringin

It is obtained from grapefruit, apples, onions, and tea, and all of them contain this
essential flavonoid glycoside. It has antiulcer, antioxidant, antiallergic, and antihy-
perlipidemic properties, among others. Naringin serves as a bioenhancer by inhibit-
ing intestinal CYP3A4, CYP3A1, CYP3A2, and P-gp. In a dose-dependent manner,
pretreatment with oral naringin at multiple levels enhances the area under curve
for I.V. for intravenous dose of paclitaxel, around 3 mg/kg. Naringin at three doses
of 3.0–10.0 mg/kg of body weight augments the bioavailability of paclitaxel. Diltia-
zem, verapamil, saquinavir, and cyclosporine A are some of the other biogreater
capsules [45].

4.5.8 Niaziridine

It is found in drumstick pods and is nitrile glycoside, which is an effective bioen-
hancer. It is used for the regulation of gastrointestinal function to increase absorp-
tion. Furthermore, it enhances the bioavailability of rifampicin by 38.8-fold at
1.0 µg/mL [46].

4.5.9 Capsaicin

This is an active phytoconstituents from Capsicum annum and other species of the
family. It increases the bioavailability of theophylline [47].

4.5.10 Stevia (Honey leaf)

The plant Stevia rebaudiana contains steviosides, which is bioenhancer phytocon-
stituent present in the leaf of this plant. It is found to enhance the bioavailability of
various drugs from the therapeutic category of antitubercular, antileprotic, antican-
cer, antifungal, and antiviral drugs. The extract of this plant is effective in the
range of 0.01–50 mg/kg body weight [48].
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4.5.11 Gallic acid

Gallic acid is found to exert a synergistic bioenhancement effect with piperine in
adverse conditions such as beryllium-induced hepatorenal dysfunction and of oxi-
dative stress [49]. Most of the esters of gallic acid such as propyl, octyl and aluryl
gallate have shown bioavailability enhancement of several drugs, e.g., nifedipine
[50, 51].

4.5.12 Allicin

It is obtained from garlic, Allium sativum. Allicin was first isolated by Dr. Chester
Cavallito and John Bailey in 1944. Since then, it is one of the most sought after
chemical for the study of bioenhancement. This organophosphorus compound is
shown to be effective in the enhancement of bioavailability of amphotericin B
against a variety of pathogenic fungal strains [52].

Allicin

4.5.13 Turmeric

It is a dry powder of turmeric rhizome obtained from Curcuma longa and is a com-
mon food ingredient of various forms, as a spice or suspension in milk or lozenge
with jaggery. Curcumin, the chief chemical constituent in turmeric, is a flavonoid in
nature. It is shown to decrease hepatic microsomal enzymes such as CYP3A4. It is
reported to show change in protein transporter such as P-gp (efflux inhibition). It
increases bioavailability of certain drugs in rats, e.g., celiprolol and midazolam
[50–52]. It shows the bioenhancing effect similar to that of piperine [53]. It also sup-
presses the uridine diphosphate glucuronyl transferase level in the GI tract and in
the hepatic cells demonstrating a mechanism of enhancing bioavailability [54]. It is
also involved in the modification of gastric activities for better absorption of drugs.

Curcumin
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4.5.14 Distillate from cow’s urine

It is well known in the Indian system as Kamdhenu ark. The distillate of cow’s urine
is a good bioenhancer. It improves the bioavailability of antibiotics many folds,
e.g., ampicillin and tetracycline. In addition, it enhances the efficiency of the anti-
cancer drug taxol against MCF-7 cell lines. It enhances the bioavailability of drugs
such as rifampicin, ampicillin, and clotrimazole. It has antitoxic activity against
cadmium chloride poisoning and it increases bioavailability of Zn. The bioenhanc-
ing capacity is by facilitating the absorption of drugs throughout the cell membrane
[55, 56].

4.5.15 Capmul

Capmul is a glycerolysis product (MCM C10) of fatty acid and oils. In a study with
ceftriaxone, the capmul showed 80% increased bioavailability of ceftriaxone [57].

4.6 Future perspectives

The bioenhancing concept is found to be very innovative in the modern era. In spite
of the enormous beneficial effects of bioenhancers to mankind, the job of exploring
new herbal bioenhancers is still in the nascent stage. There are still abundant bio-
enhancers of herbal origin that need to be explored in several vital areas. There is a
huge range of untapped herbs that need to be investigated for their bioenhancing
effectiveness [58].

Pharmaceutical companies all around the world have spent billions of dollars
on new drug discovery programs in the hope of developing novel blockbuster medi-
cations for a variety of conditions. Pharmaceutical research seems to have had a lot
of success as new compounds have been produced. However, the recently found
compounds have a number of disadvantages, including low water solubility, poor
bioavailability, and so on. The principal process responsible for decreasing bio-
availability is the metabolism of API by cytochrome P450 in the gastrointestinal
tract and the liver. EDTs such as P-gp and multidrug-resistant-associated protein
are also responsible for the decreased bioavailability of therapeutically active medi-
cines, notably those used to treat cancer.

As a result, a different approach is required to improve the bioavailability of
pharmacological compounds. Coadministration of these drugs with bioenhancers
can change the pharmacokinetic and pharmacodynamic characteristics of the main
drugs [59].
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4.7 Conclusion

Bioenhancers are an innovative, novel concept as this invention is based on ancient
and conventional structure of the Indian medicine. One can expect complementary
action of bioenhancers to lead to a drop in treatment cost, toxicity, adverse effects,
and to have a valuable influence on the economy of the nation. Bioenhancers can
be easily cultivated and procured; they are economical, nonaddictive, safe, and ef-
fective; and have a wide range of applications [60].

In developing countries like India, treatment expenditure is a key concern for
modern medicine. Efficient novel means are the need of the hour for reducing the
costs. The new drug development technique has been explored aiming the econom-
ics of treatment. As a result, treatments are now becoming more inexpensive for
broad sections of the population, including the economically challenged [61].

When piperine is added to rifampicin, its bioavailability is improved by 60%. As a
result of adding the bioenhancer “piperine,” the rifampicin dose is reduced from 450 to
200 mg. The immunomodulatory and hepatoprotective properties of piperine may aid
TB treatment. As a result, the dosage, cost, and toxicity of rifampicin are all reduced.

Researchers are now exploring methods aimed at reducing drug dosage and
thus the drug treatment costs; making the treatment affordable to a wider section of
the society. The economic benefits will help poor patients needing prolonged and
expensive antituberculosis or anticancer treatment. The main objective is to target
expensive, toxic, and scarce drugs or drugs that exhibit poor bioavailability [62].
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Chapter 5
Herbal bioenhancers in cancer drug delivery

Abstract: Effective chemotherapy with minimal adverse effects is the ultimate goal of
cancer therapy. However, ever-mutating tumor cells, and difficult-to-target tumor en-
vironment impede the effective delivery of anticancer drugs to the tumor site. Addi-
tionally, suboptimal biopharmaceutical properties of anticancer drugs and drug-efflux
transporters further make an increased therapeutic dose necessary to achieve the de-
sired chemotherapeutic effect. The administration of higher doses of anticancer agents
leads to several dose-dependent adverse effects, some of which could be more serious
than the actual disease. Therefore, improving the therapeutic efficacy and reducing
the dose of the anticancer drug is of paramount importance to improve the benefit
vs. risk ratio of the cancer therapy. Bioenhancers are the agents that can improve
the bioavailability and efficacy of the drugs upon concomitant administration.
They can reduce the drug dose, cost of the therapy, drug resistance, and adverse
effects. Plant-derived bioenhancers such as piperine, glycyrrhizin, quercetin, cur-
cumin, allicin, cumin, and naringin have been explored for optimizing the thera-
peutic outcome of cancer chemotherapy. Bioenhancers have been shown to improve
efficacy and reduce the dose of anticancer drugs by several mechanisms such as im-
provement of the pharmacokinetic profile of the cytotoxic agent via drug permeation
enhancement across the physiological barriers, inhibition of the drug efflux trans-
porters, and suppression or alteration of the drug metabolism, and elimination. Many
of these agents have been shown to inherently possess some anticancer activity.
Hence, several preclinical studies involving a combination of the bioenhancer with
the anticancer agent have demonstrated synergism and improved pharmacodynam-
ics. This chapter elucidates the mechanism of action and potential applications of
various plant-based bioenhancers to augment outcomes of cancer chemotherapy.
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5.1 Introduction

Traditional systems of medicine have always contributed in a great way to the new
drug development process through reverse pharmacology, leading to the identification
of pharmacologically active phytochemicals from medicinal plants, with a concomitant
reduction in the drug development cost [1].

A few of the most prominent gifts of ancient science of medicine like Ayurveda
and traditional Chinese medicine is the concept of herbal bioenhancers. Although tra-
ditional medicine has been using herbs to decrease drug dose, drug toxicity, treatment
cost, and to improve bioavailability of drug for centuries, the term bioenhancer was
originally introduced by Indian scientists working at the Indian Institute of Integrative
Medicine, Jammu. Bioenhancers are the substances that increase the bioavailability
and, thereby, pharmacological effect of the drug with which it is given, without any of
its own distinctive biological action at a low dose at which it is used [2]. An ideal and
effective bioenhancer is nontoxic, effective at low doses, compatible with active phar-
maceutical ingredients and excipients, free from toxicity, and easy to formulate [3].

Bioenhancers can be natural or synthetic, based on the source.
– Natural bioenhancers: These include substances obtained from herbs or plants

such as piperine, quercetin, naringin, glycyrrhizin, genistein, niaziridin, curcu-
min, and sinomenine [4]. Animal-sourced bioenhancers include cow urine,
ghee, and honey [5].

– Synthetic bioenhancers: These include substances obtained from synthetic or-
igin like Eudragit E/HCl (neutralized Eudragit E using hydrochloric acid) [6],
polyvinylpyrrolidone K-30, polyvinyl caprolactam–polyvinyl acetate–polyethyl-
ene glycol graft copolymer (Soluplus®) [7], Poloxamer 407 [8], polyethylene gly-
col 400 [9], Kolliphor TPGS® [10], etc.

Piperine is one of the first scientifically proven bioavailability enhancers in the
world, discovered in 1979 [2]. Thereafter, several studies demonstrated 30–200%
enhancement in bioavailability or efficacy of many drugs including antitubercular,
antileprotic, antibiotics, NSAIDS, cardiovascular, and CNS (central nervous system)
drugs, when used in combination with piperine [11]. The favorable outcomes of the
piperine-based combination treatments increased the trust as well as the thrust for
the herbal bioenhancers as adjuvants in therapeutics. Curcumin, quercetin, bor-
neol, allicin, capsaicin, cumin, resveratrol, aloe vera, and naringin are some of the
extensively studied plant-based bioenhancers.

Herbal bioenhancers can also be classified based on mechanism of actions as:
– Para glycoprotein (P-gp) efflux pump inhibitors: caraway, quercetin, narin-

gin, and cumin.
– CYP 450 enzymes and isoenzymes suppressor: curcumin, gallic acid, and its

esters.
– Gastrointestinal tract absorption regulator: aloe vera, glycyrrhiza, etc. [12].

104 Madhur Kulkarni et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



Various mechanisms by which herbal bioenhancers work are depicted in Figure 5.1.

5.2 Bioenhancers in cancer chemotherapy

Currently, cancer is considered a major health problem, worldwide. World Health
Organization estimates cancer as the second prime cause of death globally, with
about 10 million deaths per year. It is estimated that approximately one in six
deaths is due to cancer, worldwide [13–15].

The current management options available for cancer include surgery, radio-
therapy, chemotherapy, immunotherapy, and targeted therapy. Of these, chemo-
therapy is the first-line treatment for hematological malignancies such as leukemia,
lymphoma, multiple myeloma, and small cell lung cancer (SCLC). In addition, che-
motherapy is used as a complementary treatment for some solid tumors to remove
postsurgical residual nodules in order to prevent relapse [16, 17].

Since normal cells of the body get transformed into cancer cells, cytotoxic
drugs used in cancer chemotherapy cannot discriminate between normal cells and
cancer cells and, thus, exert their cytotoxic action on both, causing unpleasant side
effects and, in some cases, toxicity [18]. Ideal cancer chemotherapy is expected to
deliver the drug in an effective amount at the desired rate, only to tumor cells, for a
duration long enough to exert cytotoxic action. With advancement in knowledge of
the molecular pathogenesis of cancer, there are more than 100 anticancer drugs dis-
covered and approved by the Food and Drug Administration. Some anticancer
drugs act by inhibiting DNA synthesis, some by destroying the DNA; a few others

Figure 5.1: Mechanism of action of herbal bioenhancers; MDR, multidrug resistance pumps; UDP,
uridine diphosphate-glucoronyl transferase; CYP, cytochrome P450 enzyme family.
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inhibit cell division by interfering with various phases of the cell cycle. Still, cancer
treatment is a challenging task, owing to physicochemical and biopharmaceutical
issues related to bioavailability and drug resistance to cancer therapeutics [19].

5.2.1 Shortcomings of cancer chemotherapy

It is very important to understand that economics of treatment including cancer che-
motherapy is related to drug dosage and duration of therapy, which in turn are de-
pendent on drug bioavailability. Many cytotoxic drugs cannot permeate across cell
membranes due to either low lipophilicity, a zwitterionic character at physiological pH,
poor hydrophilicity, or efflux by P-gp, reducing bioavailability and causing therapeutic
failure (Figure 5.2A) [20]. Globally, continuous efforts are taken to reduce the dose,
treatment duration, and toxicity of chemotherapeutic agents by improving the bioavail-
ability, and reducing the toxicity of chemotherapy using targeting approaches to make
treatment efficacious, safe, and cost-effective, for all the sections of the society [11].

A widely used approach to enhance the therapeutic efficacy and reduce the dose
is to improve the bioavailability of drugs. However, besides low bioavailability, the
development of resistance to anticancer drugs via various intrinsic or extrinsic mech-
anisms also contributes to therapeutic failure and economic burden in cancer chemo-
therapy (Figure 5.2B). A logical approach to prevent the development of resistance is
to use more than two anticancer agents in combination and enhance cytotoxic activ-
ity. Using drug combinations during cancer chemotherapy reduces the chances of se-
lection of mutants and, thus inhibits the development of drug resistance.

The knowledge of physicochemical and biopharmaceutical issues related to
bioavailability and drug resistance to cancer therapeutics highlights the use of bio-
enhancers as an important strategy to improve the therapeutic outcome of chemo-
therapy. The scientific data stemming from various in vitro cell line studies and
preclinical studies in murine models, as well as clinical studies, have clearly shown
the benefits of using bioenhancers as adjuvant therapy in anticancer treatment. The
prominent benefits include improved efficacy, prevention of resistance, dose reduc-
tion, as well as reduced adverse reactions and toxicity associated with the cytotoxic
drugs [5, 20]. In this chapter, through in vitro, preclinical, and/or clinical studies
reported in the literature, we aim to establish the potential of the most commonly
explored bioenhancers to improve the outcomes of chemotherapy.
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5.3 Specific examples of bioenhancers with case
studies

5.3.1 Piperine

Piperine, the world’s first identified natural bioenhancer [21], is one of the most po-
tent bioenhancers. It belongs to the alkaloids class of plant secondary metabolite. It
is solid in nature with a molecular weight of 285.34 Da, insoluble in water, and has
a weakly basic character, tasteless at first, but leaves a burning taste after a while.
Besides Piperaceae family (P. longum and P. nigrum), it has been found in numerous
other plant species like Anethum sowa, Rhododendron faurie, and Vicoa indica [22].

5.3.1.1 Mechanisms responsible for bioenhancing effect

Piperine has been shown to act as a bioenhancer by modulating four different pro-
cesses, namely, absorption, metabolism, exclusion through efflux transporters, and
permeation [23]. Piperine has been proven to alter the enzyme kinetics in the intes-
tinal wall by stimulating enzymes like glycyl–glycine dipeptidase and leucine
amino peptidase. This aids in enhancement of nutritional absorption of the amino
acids in the body. The non-polar/hydrophobic nature of piperine facilitates its por-
tioning and interactions with surrounding lipids and can cause conformational
changes of enzymes in the intestine. Ultra-structural studies on rats treated with
piperine (10 mg/kg body wt.) showed increased length of small intestine microvilli
at 2 h post absorption [24–26]. Another study has shown that solid/liquid gastric
emptying in rats and gastrointestinal transit in mice were inhibited with piperine
treatment in a dose and time-dependent manner, and this inhibition was found to
be independent of gastric acid and pepsin secretion.

Apart from these, other nonspecific mechanisms of piperine that increase the
absorption include decreased gastric acid secretion, increased blood supply of gas-
trointestinal tract, increased emulsification in the gut, and increase in enzymes like
transpeptidase, which participate in active transport in intestinal cells [27, 28].

Piperine has also shown to alter the metabolism by inhibiting enzymes in-
cluding aryl hydrocarbon hydroxylase (AHH), uridine diphosphate-glucoronyl
transferase (UDP-GT), ethylmorphine-N-demethylase, 7-ethoxycoumarin-O-dee-
thylase, 3-hydroxy- benzopyrene glucuronidation, UDP-glucose dehydrogenase
(UDP-GDH), 5-lipooxygenase, cyclooxygenase-1, and, importantly, CYP3A4, which is
the most prevalent metabolizing enzyme [29–31]. This enzyme inhibition prolongs
the elimination and, thus, half-life of the drugs administered along with piperine [31].

Piperine is also a known inhibitor of efflux pump protein, P-gp, which is pres-
ent primarily in apical epithelial cell linings of small intestine, colon, pancreas,
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brain, kidneys, liver, etc. [28]. This inhibition aids in further increasing the intracel-
lular concentration of a drug. Piperine has also been demonstrated to modify the
rate of glucuronidation by lowering the endogenous UDP-glucuronic acid content
and also by inhibiting UDP–GT transferase activity [32]. Glucuronic acid is one of
the important solubilizers in the body that prevents hydrophilic complexes from
permeating across the cell membrane.

Various studies have been carried out to demonstrate the bioenhancing effect
of piperine. The following sections discuss a few major in vitro and in vivo studies of
piperine used in cancer therapy.

5.3.1.2 In vitro studies demonstrating bioenhancing effect

Piperine has shown the potential to reverse MDR in vitro studies by multiple mecha-
nisms. The resistance to doxorubicin (DOX) in human alveolar basal epithelial cells
A-549 and breast cancer MCF-7 cell lines was shown to reversed by piperine (50 μM)
by 14.14- and 32.16-fold, respectively. The same study showed mitoxantrone re-sen-
sitization of cells, 6.98-fold. The long-term treatment of cells with piperine inhibited
transcription of the corresponding ATP-binding cassette (ABC) transporter genes [33].

Another major cause of MDR when using anticancer drugs is P-gp efflux. Many
chemotherapeutic agents such as vinblastine, vincristine (VCR), docetaxel (DTX),
flutamide, cyclophosphamide (CPM), paclitaxel (PTX), and ifosfamide cause P-gp
overexpression, leading to MDR [34]. Piperine inhibits P-gp by competitively bind-
ing at ATP binding sites and, hence, reversing P-gp-induced MDR. In one study,
two of the piperine analogs, namely, Pip1 and Pip2, were able to reverse the drug
resistance in vitro in overexpressing P-gp cervical and colon cancer cells, when co-
administered with VCR or colchicine or PTX [35].

The synergistic activity of piperine with anticancer drugs is also widely re-
ported. In one such study, Motiwala and Rangari [36] showed that simultaneous in
vitro exposure of PTX and piperine in MCF-7 breast cancer cells for 24 h showed
better activity than sequential exposure of piperine followed by PTX (for 24 h each).
The combination index (CI) of 0.58 at IC50 values demonstrated the synergism. This
synergistic enhancement of the cytotoxic activity of PTX with piperine was shown
by Pushpa Ragini et al. [37]. The group reported that piperine could reduce the IC50
value of PTX on MDA MB-231 cell lines (50–25 μM). The cell proliferation analysis
demonstrated that PTX acts on fourth generation of cell proliferation, while PTX
along with piperine acts at the third generation. This indicated that piperine acts by
reducing the duration of the lag phase in PTX activity, which agrees with the results
reported by Lai et al. [38] that piperine treatment led to downregulation of cyclin B1
expression and, thus, increased the percentage of cells in the G2/M phase in 4T1 cells.

Piperine when used with curcumin has also shown greater in vitro antimeta-
static effect on breast cancer lines MDA-MB-231 and MCF-7 [39], as well as in
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hepatocarcinoma cells induced by diethylnitrosamine [40]. Kakarala et al [39] have
shown that in vitro studies in normal and malignant breast cells, where piperine
along with curcumin suppressed the formation of mammosphere, serial passaging,
and aldehyde dehydrogenase (ALDH+) breast stem cells. The combination also
completely suppressed the Wnt signaling at a concentration of 10 μM. In addition,
Khamis et al., observed the synergistic anticancer activity of piperine, bee venom,
and hesperidin on MCF-7 cells [41].

Furthermore, piperine combined with thymoquinone (TQ), the major active
compound in the seeds of Nigella sativa, demonstrated a synergistic interaction, in
vitro, on mouse epithelial breast cancer cell line EMT6/P cells. The combination
therapy showed significantly reduced tumor sizes in Balb/C mice inoculated with
EMT6/P cells with 60% cure percentage. However, the single treatments resulted in
lower tumor percentage regression rates. This effect of the combination is mediated via
the inhibition of angiogenesis, enhancing the T helper 1 response and apoptosis [42].

5.3.1.3 In vivo studies demonstrating bioenhancing effect

Various pharmacokinetic and pharmacodynamic effects of piperine are explored in
in vivo and preclinical studies. It has been demonstrated that the bioavailability of
anticancer drugs including, DTX, 5-fluorouracil (5-FU), etoposide, PTX, and rapa-
mycin (RPM) can be improved by piperine both in vitro and in vivo [43–47]. In one
such PK study [48], piperine was administrated via intravenous bolus at 3.5 mg/kg
and via oral administration at 35 mg/kg, while DOX was intravenously adminis-
trated at 7 mg/kg to Sprague-Dawley rats. It was found that the AUC and C0 of DOX
and half-life of piperine significantly increased after their combination use, suggest-
ing potential enhanced bioavailability of not only DOX but also piperine, which
may result in enhanced pharmacological effects, overall.

To study the CYP3A4 inhibitory activity of piperine, Peter Makhov and the group
studied the DTX pharmacokinetic activity in male SCID mice. Administration of piper-
ine significantly increased and prolonged the mouse plasma levels of DTX compared
with mice that received DTX alone. Most notably, the difference in DTX plasma levels
was most pronounced between 1 and 2 h after DTX administration, i.e., plasma DTX
levels in the piperine/DTX group was 7-fold higher than in the DTX-only group. An in
vivo xenograft model of human CRPC was utilized to assess the antitumor effect of
DTX when coadministered with piperine. Two weeks after the initiation of treatment,
coadministration of piperine and DTX resulted in the most significant inhibition of
tumor growth (188% vs. 461%, P = 0.003), as compared to the control which received
only vegetable oil. Importantly, the resulting increase in the mean plasma concentra-
tions of DTX in mice fed with piperine did not result in augmented mice toxicity dur-
ing treatment. Thus, by inhibiting hepatic clearance of DTX, piperine resulted in
increased DTX serum levels, without increasing DTX-mediated toxicities [45].
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In the 5 L rat hepatoma model, piperine was found to directly interact with
CYP1A1 enzyme and inhibit the benzo(a)pyrene metabolism and, hence, decreased
the aggressiveness of cancer [49]. A significant reduction in activity of phase-I en-
zymes (i.e., CYP-450 family) was caused after oral administration of piperine in
mice model of lung carcinogenesis. This also showed increase in glutathione perox-
idase (GPX) and glutathione reductase (GR), which are glutathione-metabolizing
enzymes. These enzymes are responsible for protecting cells against a variety of en-
dogenous and exogenous toxic compounds, such as reactive oxygen species (ROS)
and chemical carcinogens [50].

RPM, which can be potentially used for breast cancer treatment, is susceptible
to P-gp efflux, which causes poor oral bioavailability. To overcome this limitation
[47], piperine was incorporated in poly (D, L-lactide-co-glycolide) (PLGA) nanopar-
ticles of RPM to improve the oral bioavailability and efficacy. The RPM uptake was
shown to increase in presence of piperine in the ex vivo study using everted gut sac
method. The in vivo pharmacokinetic studies in rats showed a better absorption pro-
file of RPM (10mg/kg for both RPM and piperine), and around 4.8-fold increase in
oral bioavailability. This combinatorial enhancement was also observed in in vitro
cell line study on human-derived breast cancer cell lines, which indicated better ef-
ficacy of nanoparticles, as compared to control free drug solution.

Etoposide, a very commonly used anticancer agent, shows a wide variability
among oral bioavailability from patient to patient. In a study [51], a piperine ana-
logue, namely, 4-ethyl 5-(3, 4-methylenedioxyphenyl)-2E, 4E-pentadienoic acid pi-
peridide (PA-1) (20 mg/kg) was co-dosed with etoposide (20 mg/kg) in mice. The
results (Table 5.1) indicated around 2.32-fold enhancement of the absolute bioavail-
ability after coadministration. In another mechanistic investigation of in vitro and
in vivo models, PA-1 significantly reduced the intestinal efflux clearance, efflux
rate, and the total plasma clearance of etoposide in a single pass in situ perfusion
experiment. However, the PAMPA assay showed no alteration in the passive diffusion
pattern in presence of PA-1. PA-1 was also found to inhibit reactions like deethylation
and demethylation catalyzed by NADPH and erythromycin N-demethylase, ethoxyre-
sorufin-O-deethylase (EROD), and 7-methoxycoumarin-O-demethylase (MOCD). PA-1
showed no cytotoxicity towards the mucosal membrane and showed no adverse ef-
fect. Hence, this indicated that the oral bioavailability enhancement of etoposide in
presence of PA-1 could be due to its ability to modify P-gp efflux and CYP 3A4-medi-
ated drug metabolism.

Curcumin, which has been a reported anticancer agent, exhibits low oral bioavail-
ability. The potential of piperine to enhance its bioavailability has been explored in
many studies. In one such study [52], piperine (10 mg/kg) and curcumin (50 mg/kg,
100 mg/kg), alone and in combination were evaluated in Dalton lymphoma ascites
(DLA)-bearing mice. Treatment with curcumin at two different concentrations and
piperine alone has shown reduced tumor volumes and increased lifespan of tested
animals.
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The therapeutic dose of piperine, according to reported studies, is in the range
of 3–399 mg, without any toxicity. The bioenhancing activity of piperine has been
studied for dose of approximately 15-20 mg/day, in divided doses [32]. However, it
is shown that significant inhibition of the monooxygenases is apparent for lower
concentration of piperine than the higher ones [53].

A pilot clinical study [54] assessed the effect of a combinatorial treatment of
curcumin, taurine, and piperine on circulating levels of interleukin-10 (IL-10), and
microRNAs miR-141 and miR-21 in hepatocellular carcinoma (HCC) patients. Oral
dose of 4 g curcumin, 500 mg taurine, and 40 mg piperine was administered daily
to 20 HCC patients for three successive 30-day trials. The results showed that com-
bined treatment was able to produce a significant decrease in the levels of serum
IL-10 and miR-21, with overall increase in median survival rate.

In another in vivo and pilot clinical study, effect of piperine on the pharmacoki-
netics of curcumin is studied in rats and healthy human volunteers [55]. Concomitant
administration of piperine 20 mg/kg along with curcumin in the dose 2 g/kg to rats
increased the serum concentration at 1 and 2 h (1.55 ± 0.21 and 1.50 ± 0.25 pg/mL), re-
spectively, being significantly higher than curcumin concentration, in the absence of
piperine (1.00 ± 0.26 pg/mL). The bioavailability was increased by 154%, while Tmax

was also significantly increased (P < 0.02), and elimination T1/2 was significantly de-
creased (P < 0.02).

Table 5.1: Pharmacokinetic parameters (etoposide): RB (relative bioavailability) = (AUCetoposide +
PA-1/AUCetoposide) × 100; AB (absolute bioavailability) = (AUCoral/AUCi.v.) ×(Dosei.v./Doseoral) ×
100. *p < 0.001 versus control, **p < 0.01 versus control.

Parameter Etoposide ( mg/kg. p.o.) Etoposide ( mg/kg i.v.)

Control In the presence of PA-
( mg/kg. p.o.)

AUC (ng h/mL) ,. ± . ,. ± .* ,. ± .

Cmax (ng/mL) . ± . ,. ± .*

Tmax (h) . .

T/ (h) . ± . . ± .** . ± .

Cl (mL/h/kg) ,. ± . ,. ± .** ,. ± .

Vd (mL/kg) ,. ± ,. ,. ± ,.** ,. ± .

RB (%)  .

AB (%) . .

Reprinted from Simultaneous determination of etoposide and a piperine analogue (PA-1) by UPLC–
qTOF-MS: Evidence that PA-1 enhances the oral bioavailability of etoposide in mice, by B.S. Sachin
et al. [51].
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5.3.2 Curcumin

Curcumin (diferuloylmethane) is a plant-derived phenolic, colored component, ob-
tained from the rhizomes of Curcuma longa Linn, family Zingiberaceae. Curcumin
exhibits a range of therapeutic activities including antioxidant, analgesic, anti-in-
flammatory and antiseptic, hepatoprotective, and anticarcinogenic. Apart from
being established as an active phytoconstituent, curcumin is also used as a bioen-
hancer for antimicrobial and anticancer drugs [56].

5.3.2.1 Mechanisms responsible for bioenhancing effect

The mechanisms through which curcumin enhances the bioavailability of drugs
include, modulating the function and expression of drug-metabolizing enzymes
(CYP3A4), alterations in P-gps, and reduction in activity of nonspecific drug-me-
tabolizing enzymes like alcohol and aldehyde dehydrogenase. Curcumin is also
a biologically active copper chelator [57]. In recent times, curcumin has got sig-
nificant attention as a safer therapeutic adjuvant in the field of cancer chemo-
therapy. The combination of curcumin with the anticancer agents may not only
improve their anticancer efficacy, but could also exert a synergistic effect, owing
to curcumin’s inherent anticancer activity. The mechanisms by which curcumin
propagates its anticancer activity include regulation of cell cycle, induction of
apoptosis and autophagy, interruption of molecular signaling, and inhibition of
metastasis [56].

5.3.2.2 In vitro studies demonstrating bioenhancing effect

Several in vitro studies on the combination of curcumin and the standard chemo-
therapeutic agents have been conducted in various cancer cell lines. There have
been encouraging study outcomes that have substantiated the role of curcumin and
the underlying mechanisms as a bioenhancer via various mechanisms. Studies in
HepG2 (human hepatoma cell line) cell lines showed only about 20% cell inhibition
in the presence of 0.1 µg/mL of adriamycin (ADM) [58]. On the other hand, 35% cell
inhibition in the presence of curcumin (20 μM) and ADM – 0.05 μg/mL was ob-
served. A similar experiment conducted in normal hepatic LO2 cells did not lead to
any cytotoxicity, thus confirming the safety of the curcumin + ADM combination.
Presence of curcumin aided in a higher cytotoxic response of ADM at a 50% lower
dose. A ratio of B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) regu-
lates cell apoptosis. Bcl-2 is responsible for the prevention of mitochondrial membrane
depolarization, which eventually prevents apoptosis. In contrast, Bax-induced depolar-
ization of mitochondrial membrane leads to cytochrome c release and apoptosis.
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Reduction in Bcl-2/Bax ratio and promotion of caspase-3 were the main anticancer
mechanisms of the ADM-curcumin combination in HepG2 cells. Additionally, the com-
bination demonstrated significant mitochondrial fragmentation as well as the activa-
tion of the autophagic process, as confirmed by upregulation of LC3-II levels.

Tang et al., evaluated the action of curcumin on the gastric cancer cell line re-
sistant to VCR (SGC7901/VCR) [59]. These cells showed 45 times higher resistance to
VCR than the nonresistant cells. The IC50 value of VCR in the SGC7901/VCR cell line
dropped to 11.60 μM/L, 3.28 μM/L, and 1.53 μM/L in the presence of 5, 10, and
20 μM/L curcumin, respectively. The IC50 value of VCR was as high as 22.27 μM/L,
in the absence of curcumin. Similarly, the combination treatment of VCR with 5, 10,
and 20 μM/L of curcumin led to 20.5%, 32.7%, and 43.7%, apoptosis of SGC7901/
VCR cells, respectively, unlike only 12.3% in the absence of curcumin. Curcumin
treatment (10 μM/L) increased the accumulation of Rh123 in SGC7901/VCR cells by
40%, owing to downregulation of P-gp expression from 42.73% to 17.69%. Curcumin-
VCR co-treatment improved caspase-3 activity by 44%. Thus, curcumin-induced re-
duction in P-gp function and expression, as well as higher caspase-3 activation in-
creased the sensitivity of tumor cells to VCR. Cisplatin (DDP)-induced formation of
cross-links within the strands of DNA is responsible for the cytotoxic effect of the
drug. However, reduced copper transporter-1 (CTR1) expression in the DDP-resistant
tumor cells is responsible for lower cellular uptake of DDP and lower DNA intercala-
tion. Curcumin, when combined with DDP, led to the enhanced drug efficacy. Incu-
bation of A549 cells with curcumin for 12 h followed by DDP treatment resulted in a
1.4-fold increase in DDP accumulation inside the A549 cells. Increased expression of
CTR1 induced by curcumin is considered responsible for enhancing the uptake of
platinum ions in the tumor [60]. DOX is a widely used anticancer drug in breast can-
cer treatment, but the development of DOX resistance limits its chemotherapeutic po-
tential. Due to the narrow therapeutic index, DOX therapy is associated with higher
adverse effects. Wen C. et al., studied the outcome of curcumin treatment on MCF‑7/
DOX and MDA‑MB‑231/DOX cell lines [61].These human breast cancer cells lines were
resistant to DOX treatment. However, the combination treatment of DOX and curcu-
min reversed the resistance, due to suppressed efflux of DOX by ABC subfamily B
member 4 (ABCB4). Curcumin significantly reduced the IC50 value of DOX, especially
in ABCB4 overexpressing cells, i.e., 10.9 ± 1.4 μM in MCF‑7/DOX and 14.1 ± 1.6 μM in
MDA‑MB‑231/DOX cells. Curcumin inhibited the efflux function of ABCB4 by 30% in
120 min, without altering the protein expression, but by reducing the ATPase activity
of ABCB4. The intracellular concentration of DOX was significantly increased by
curcumin treatment in DOX‑resistant cell lines. In a research work undertaken by
Zhou et al., [65] curcumin was shown to enhance the anticancer activity of mito-
mycin C (MMC) in breast cancer cells in vitro and in vivo. Studies in MCF-7 cells
indicated a 50% dose reduction for MMC in the presence of curcumin to attain
equal cytotoxic effect as in the case of a single treatment. Coadministration of cur-
cumin and MMC showed 71.17% of cells in the G1 phase, as opposed to treatment
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with curcumin or MMC alone that resulted in 51.51% and 47.47% cells, in the G1
growth phase. Suppression of cyclin D1, cyclin E, cyclin A, CDK2, CDK4, and p38
MAPK (mitogen-activated protein kinase) pathway was responsible for the anti-
proliferative effect of the combination therapy. In another study [62], lipid nano-
particles containing a combination of DOX and curcumin showed IC50 of 1.16 μg/
mL, as compared to 2.74 μg/mL of free DOX in HepG2 cells. On the other hand, the
nanoparticles exhibited a decreased cytotoxicity in human normal liver cells L02,
compared to free DOX, which could be due to the slow release of DOX (65% within
48 h) from the novel formulation. Gemcitabine treatment of pancreatic cancer,
though efficacious, develops resistance over time. Gemcitabine treatment alone
showed ≤5% apoptosis in pancreatic cancer cell lines BxPC-3, Panc-1, MIA PaCa-2,
and MPanc-96. But, when combined with curcumin, the apoptosis levels rose to
40 ± 3.06% in BxPC-3, 55 ± 1.73% in Panc-1, 98 ± 1.15% in MIA PaCa-2, and 32 ±
2.65% in MPanc-96 cell lines [63].

5.3.2.3 In vivo studies demonstrating bioenhancing effect

Several in vivo studies have been carried out to demonstrate the bioenhancing effect
of curcumin, when combined with various anticancer drugs. This section contains a
summary of prominent studies that established curcumin’s bioenhancing effect to
improve outcomes of chemotherapy.

In the A549 xenograft mouse model, the addition of a lower dose of curcumin
(50 mg/kg) to DDP (2.5 mg/kg) showed a 2-fold higher reduction in tumor volume,
compared to DDP treatment alone over a period of 7 days. The combined treatment
resulted in a 1.5-fold increase in DDP levels in the tumor tissue (8.2 mg Pt/g DNA
versus 5.4 mg Pt/g DNA in DDP-treated mice). Curcumin co-treatment mitigated the
unwanted effects of a reduction in body weight, spleen, and liver weights observed
in DDP-treated animals.

The chemotherapeutic agent, DTX is a P-gp substrate, and its metabolism is pri-
marily catalyzed by the CYP3A enzyme. Curcumin has the potential to downregu-
late P-gp and CYP3A protein levels. In the preclinical study conducted by Yan and
coworkers, four days of oral pretreatment with 100 mg/kg of curcumin, before
30 mg/kg oral administration of DTX was highly effective in improving the pharma-
cokinetics of the drug [64]. The Cmax and AUC of DTX were enhanced about 10- and
8-fold, respectively, in rats pretreated with oral curcumin. The absolute bioavail-
ability of DTX rose to 40% in curcumin pretreated rats, which was almost 8-fold
higher in comparison to the 5.5% availability in the DTX control group. However,
curcumin administration just 30 min before the oral administration of DTX did not
change the pharmacokinetic profile of the drug. With 100 mg/kg/day curcumin ad-
ministration for 4 days before the DTX treatment, the cumulative systemic absorption
of curcumin was sufficient to inhibit the manifestation and activity of P-gp and
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CYP3A. As a consequence, the oral bioavailability of DTX improved remarkably due
to improved oral uptake and suppression of the metabolism [64].

With the advent of nanotechnology, nanocarriers such as liposomes, solid lipid
nanoparticles, polymeric nanoparticles, and nanomicelles have been explored to
improve the permeation, bioavailability as well as targeting potential of the drugs.
The application of nanotechnology in cancer chemotherapeutics is most common
and obvious, considering the aforementioned shortcomings of anticancer drugs.
The work carried out by Zhao X. et al., involved the preparation of nanoparticles of
DOX [62]. The in vivo study in the mouse model of liver cancer included treatment with
saline, DOX nanoparticles (2 mg/kg), and DOX/curcumin nanoparticles (1:1; equivalent
to 2 mg/kg of DOX) for 20 weeks. Treatment with DOX nanoparticles showed almost 2-
fold reduction in tumor number as well as tumor size, as compared to the saline group.
In the case of the group treated with DOX/curcumin nanoparticles, the tumor growth
suppression was significantly greater than the group treated with DOX nanoparticles
(P < 0.05). This proved the synergistic effect of DOX and curcumin on liver cancer.
Therefore, the simultaneous delivery of DOX and chemosensitizer using nanocar-
riers could provide better treatment option for liver cancer.

In the breast tumor-bearing mice, intraperitoneal (i.p.) administration of 100 mg/
kg curcumin along with 1.5 mg/kg MMC for 4 weeks resulted in 60.4% and 68.6%
higher reduction in tumor weight, as compared to MMC and curcumin treatment
alone. Combination treatment demonstrated no significant weight reduction in the an-
imals. Curcumin combination therapy, thus, led to synergistic anticancer effects with
a reduction in dose and the side effects of MMC [65].

MDA-MB-231 breast cancer cells were treated with a combination of curcumin
and PTX. Curcumin (10 μM) terminated activation of NF-κB by inhibiting PTX-driven
degradation of IκBά. This resulted in a better cytotoxic effect of the drug on cancer
cell growth. The effect of combination therapy with 7 mg⁄kg PTX (once a week, i.p.
injection) and 100 mg⁄kg curcumin (daily oral administration) was investigated in a
nude mouse xenograft model. After 5 weeks of treatment, combination therapy sig-
nificantly decreased the tumor diameter to 0.32 ± 0.64 cm, unlike in the case of the
mice treated with drug or curcumin alone that showed the tumor diameter of 1.27 ±
0.79 cm and 1.33 ± 0.51 cm, respectively. Matrix metalloprotease 9 (MMP 9) is associ-
ated with tumor proliferation, angiogenesis, and metastasis. A decreased drug-in-
duced activation of MMP 9, NF-κB, and degradation of IκBά observed in the mice
receiving the combination of curcumin and PTX were responsible for lower drug
resistance and better anticancer effect. The combination could help in the dose
reduction of PTX, which is the most desirable outcome from the toxicity point of
view [66].

During in vitro studies, the combination of curcumin with gemcitabine was
shown to enhance the effect of gemcitabine and overcome chemoresistance. In vivo
studies of curcumin and gemcitabine co-therapy was conducted in nude mice bear-
ing orthotopic pancreatic tumors. Curcumin-induced inhibition of proliferation,
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angiogenesis, and downregulation of NF-κB-related gene products resulted in better
antitumor efficacy of gemcitabine. Pancreatic cancer cells (MIA PaCa-2) were im-
planted in the pancreatic tails of nude mice. The tumor-bearing mice were treated
with once daily oral dose of curcumin (1 g/kg) and twice weekly i.p. dose of gemcita-
bine (25 mg/kg). At the end of five weeks of the combination treatment, significant
reduction in tumor volume (P = 0.008 versus control; P = 0.036 versus gemcitabine
alone) and Ki-67 proliferation index (P = 0.030 versus control) were observed. The
combination treatment was also highly effective in the inhibition of angiogenesis, as
indicated by a decrease in CD31 +microvessel density (P = 0.018 versus control). Sup-
pressed expression of NF-κB-regulated gene products (cyclin D1, c-myc, Bcl-2, Bcl-xL,
cellular inhibitor of apoptosis protein-1, cyclooxygenase-2, MMP, and vascular endo-
thelial growth factor (VEGF)) was considered responsible for the improved anticancer
effect of dual therapy [63].

5.3.3 Borneol

Borneol is a bicyclic monoterpene that is naturally sourced from Blumea balsami-
fera, Cinnamonum camphora (L.) Presl, Dryobalanops aromatica Gaertner, and the
volatile oils extracted from various other plant sources [67]. In recent times, it is
synthesized using camphor or turpentine oil as a starting material. Traditional Chi-
nese medicine has been using borneol with the names of Bing-Pian or Long–Nao
for the past 1,000 years. The key role of borneol in the traditional prescriptions is
that of a messenger or carrier to deliver the other actives mainly to the CNS. Cere-
bral ischemia, stroke, cerebral edema, coma, unconsciousness, and dementia are
some of the CNS disorders wherein there is strong evidence of borneol use [68]. Apart
from this, borneol has also shown promising antimicrobial, anti-inflammatory, anal-
gesic, antidiabetic, antihypertensive, and anticancer activities.

5.3.3.1 Mechanisms responsible for bioenhancing effect

Borneol’s known brain permeation-enhancing ability has led to further investigations
into its possible role as a permeation enhancer across other physiological barriers,
such as gastrointestinal and nasal mucosa, skin, and even corneal epithelium. Inter-
action with lipophilic cell membranes, inhibition of efflux pumps like P-gp, MDR,
MRP (multidrug-resistant proteins), etc., and modulation of tight junction proteins
are some of the key mechanisms by which borneol enhances the drug transport
across the aforementioned barriers via trans as well as paracellular routes [69]. Bor-
neol has been explored to enhance the anticancer activity of various plant-sourced
and synthetic chemotherapeutic agents. These agents, when delivered with borneol
either in conventional vehicles or after encapsulation in nanocarriers, have shown
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promising anticancer activity in preclinical studies. There are a few in vitro cell line
studies that indicate anticancer activity of borneol in combination with other natural
or synthetic cytotoxic agents. However, there has been no reported study proving the
anticancer effect of borneol alone.

5.3.3.2 In vitro studies demonstrating bioenhancing effect

PTX, though preferred in treating various cancers, faces the challenge of multidrug
resistance mediated by overexpression of P-gp efflux transporters in cancer cells.
Borneol with its known P-gp inhibitory action was, hence, incorporated along with
PTX in nanoparticles comprising pegylated-polyamidoamine (PAMAM) dendrimer
(PB/NPs). Appreciably higher cytotoxicity and apoptosis were observed for PB/NPs
compared to PTX nanoformulation plus free borneol (P/NPs + B) in A2780/PTX cells.
The IC50 of 4.10 and 5.72 μM was observed for PB/NPs and P/NPs + B. Similarly, stud-
ies in the rat model of ovarian cancer revealed 3.68- and 3.22-fold higher drug accu-
mulation in the tumor, when administered as PB/NPs and P/NPs + B, respectively, as
compared to free drug. I.V. administration of PB/NPs and P/NPs + B showed 1.77 and
1.62 times higher total apoptosis rate, compared to the P + B group (free PTX plus bor-
neol group) [70].

5.3.3.3 In vivo studies demonstrating bioenhancing effect

Glioma is a notably malignant, aggressive, and a predominant brain tumor in hu-
mans. It is surgically as well as medically difficult to access and, hence, shows poor
prognosis and lower survival rates. Standard chemotherapeutic agents rarely achieve
desired therapeutic concentrations in the brain, owing to their restricted delivery
through BBB. This often necessitates the administration of higher drug dose that fur-
ther leads to increase in the dose-related side effects. Borneol, with its established
brain permeation-enhancing activity, has shown significant promise as a bioen-
hancer for the treatment of brain tumors. By improving the brain distribution of the
drugs, it can improve their efficacy and reduce the dose and dose-related side effects.
The work done by Cao et al., strongly propagates the role of borneol as a bioenhancer
as well as a chemosensitizer in improving the therapeutic outcome of DOX in the
treatment of glioma [71]. Studies in U 251 human glioma cells indicated 1.5 times
higher uptake of DOX in the presence of 80 μg/mL borneol and subsequent higher
cell death. In the mouse model of glioma, injection of a combination of borneol
(40 mg/kg) and DOX (2 mg/kg) on alternate days, during the 21 days of study dura-
tion brought about a 50% reduction in the tumor volume and 30% reduction in
tumor weight. The combination therapy was twice as effective as DOX treatment
alone, which could be attributed to better brain permeation of DOX in presence of
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borneol. Borneol-induced excess synthesis of ROS was responsible for synergizing
the anticancer effect of DOX. Combination of DOX and borneol resulted in significant
DNA damage and arrest of cancer cell growth in G2/M phase.

DOX was incorporated into the phospholipid micelles of 1, 2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (DOX-PM) [72].
The formulation was also prepared by incorporating borneol along with the drug
(DOX BO-PM). All the formulations were administered intravenously at the DOX dose
of 5 mg/kg on every 3rd day on five successive occasions. Higher antitumor efficacy
was confirmed in DOX BO-PMs, compared to DOX-PMs and plain DOX solution in the
glioblastoma mouse model. DOX BO-PMs group showed the highest apoptosis, fol-
lowed by the DOX PMs group, with the least being reported by the DOX solution
group. DOX BO- PM showed the least tissue necrosis, hemorrhage in the brain tissue,
and tumor volume among all the treatments (Figure 5.3). There was no indication of
metastasis to the liver and lung tissues among the DOX BO- PM-treated animals,
whereas, in saline-, DOX solution-, and DOX- PMs-treated mice, liver metastasis was
observed. The DOX BO- PM showed very low weight loss among the treatment mice,
whereas, the plain solution showed a rapid decline in weight.

Borneol, due to its BBB and tumor permeation-enhancing effects, could achieve
a higher distribution of DOX in the brain and the tumor. This aided in enhancing
the anticancer efficacy of the drug and, at the same time, reducing the side effects
in other tissues. Carmustine (CMS), an alkylating agent, is often used in the treat-
ment of glioma. The half-life of merely 15–30 min offsets its efficacy by reducing the
retention at the site of action. The drug is also associated with high systemic toxic-
ity. Guo et al., conjugated borneol and short peptide protein (Pep-1) with distearoyl
phosphoethanolamine-polyethylene glycol to create a nanomeric micellar formula-
tion (Bor-DSPE-PEG-Pep-1) [73]. Borneol aided in swift brain permeation of the
drug, whereas Pep-1, with its high affinity towards IL 13 receptors, expressed abun-
dantly on glioma cells assisted in targeting the glioma. The formulation (Pep-1/BO/
CMS-PM) containing 2 mg/kg dose of CMS was administered by i.v. route on every
third day on five successive occasions in mice bearing orthotopic glioma. The ani-
mals displayed the longest survival period of 53 days, whereas all the animals in
CMS-treated group showed 45 days of survival. The micellar formulation exhibited
three times higher tumor uptake and, hence, higher cytotoxicity than the free CMS
treatment. This could be attributed to borneol-assisted improved penetration and
pep-1-induced higher drug retention and higher tumor targeting. Most importantly,
the formulation did not result in body weight loss or damage to the liver and
spleen, or any abnormal alterations in biochemical assays indicating the safety of
CMS therapy in the form of the novel formulation. In another study conducted by
Wu et al., intragastric administration of 5 mg borneol in mice, 15 min prior to the i.v.
administration of DOX liposomes, increased the brain-to-plasma ratio of the drug by
almost 2.5-fold and enhanced the brain bioavailability of DOX to 114.54%, respec-
tively, in comparison with only liposomes administration [74]. Borneol, owing to its
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Figure 5.3: Combination of borneol and doxorubicin nanoparticles in the treatment of brain tumor
in mice (A) Brain tissue of the mice treated with saline, DOX solution, DOX PMs and DOX BO-PMs
compared with the control group; scale bar = 1 cm. (B) Body weight of the tumor-bearing mice in
the different groups (n = 8). The control group consisted of mice without tumors treated with
normal saline during surgery. Reprinted with permission from Improving glioblastoma therapeutic
outcomes via doxorubicin-loaded nanomicelles modified with borneol by Meng, L. et al [72].
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brain permeation enhancing ability, could be a great aid in achieving higher efficacy
in the treatment of brain tumors.

Xu et al., [75] designed an i.v. formulation of DOX (5 mg dose) for glioma target-
ing. PAMAM dendrimer conjugated with borneol (BO) and folic acid (FA) was chosen
as a vehicle (FA-BO-PAMAM/DOX) to incorporate the drug, apart from improving the
brain permeation, helped in reducing the toxicity of the vehicle by reducing the net
positive charge on the dendrimer. Folic acid conjugation led to 3 times reduction in
IC50 of DOX compared to FA-unmodified DOX dendrimers, by improving its uptake in
C6 glioma cells. FA-BO-PAMAM significantly improved the pharmacokinetics and
brain distribution of DOX. The overall bioavailability of the novel formulation was
11.7-fold higher, compared to the DOX solution. DOX delivery in FA-BO-PAMAM car-
rier resulted in elimination half-life of 12.6 h and mean residence time of 16.58 h,
which were 2.5 and 2.9 times higher, compared to free DOX. The AUC of the drug in
the tumor was 127.38 ± 10.87 µg h/g as compared to negligible concentration when
administered as a free drug. I.V. administration of FA-BO-PAMAM/DOX (5 mg dose) 4
times at 3 days interval in the rats bearing glioma resulted in a 57.44% inhibitory
ratio of tumor growth, as compared to 17.70% for free DOX. The median survival re-
corded for the treated mice was 28 days in comparison with 18 days in the group
treated with DOX solution. The bioenhancing effect of borneol was thus pronounced,
when combined with nanotechnology-based delivery of anticancer drugs.

5.3.4 Quercetin

Quercetin, an aglycone form of flavonoid glycosides, has a ubiquitous and high
quantity presence in natural sources, which makes it easy to obtain; it offers effec-
tive antioxidant action within the family of flavanols due to its singular chemical
structure. Some of the top sources include apples, peppers, red wine, dark cherries,
tomatoes, cruciferous and leafy green veggies, citrus fruits, whole grains, legumes,
herbs, and more. It has been used as a nutritional supplement and has shown to
have anticancer, anti-inflammatory, antiallergic, and cardioprotective properties
[76–80]. It has also demonstrated antidiabetic, immunomodulatory, and antihyper-
tensive activities in some reported studies [81–85].

5.3.4.1 In vivo studies demonstrating bioenhancing effect and its mechanism

Quercetin is an inhibitor of CYP3A4 and a modulator of P-gp and MDR transporters
[12, 86, 87]. The bioavailability of PTX and its water-soluble prodrug (7-mPEG 5000-suc-
cinyloxymethyloxycarbonyl-PTX) along with quercetin after the oral administration
was studied in rats [88]. PTX (40 mg/kg) and an equivalent amount of prodrug were
administered orally to rats pretreated with quercetin (2, 10, 20 mg/kg). The AUC of PTX
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and the peak concentrations Cmax of PTX pretreated with quercetin were significantly
higher than the control with significantly longer half-life and mean residence times.
The relative bioavailability of PTX after administration of the prodrug to rats pretreated
with quercetin was 1.25- to 2.02-fold higher than the prodrug control. The absolute bio-
availability of PTX was increased significantly by quercetin (2, 10, 20 mg/kg) from 8.0
to 10.1 and 16.2%. Hence, it seems that the development of oral PTX preparations with
quercetin is feasible, which is more convenient than the i.v. dosage forms.

Etoposide, a semisynthetic anticancer drug, is used to treat SCLC, lymphoma, and
acute leukemia [89]. It is also a substrate for efflux pumps like cytochrome P450
(CYP) 3A and P-gp. The pharmacokinetics of etoposide in the presence of quercetin
were investigated in rats [90]. Etoposide was given to rats i.v. (3 mg/kg) or orally
(9 mg/kg), with or without quercetin (1, 5, or 15 mg/kg). The pharmacokinetic param-
eters of etoposide were not significantly altered in the presence of quercetin in the i.
v. group but showed significant enhancement in the oral group. This enhanced oral
bioavailability could be due to suppression of CYP3A-catalyzed metabolism in the
intestine and inhibition of P-gp-mediated efflux by quercetin. The presence of
quercetin notably increased the AUC of orally administered etoposide from 43.0%
or 53.2%. Quercetin also showed significant decrease in the total body clearance of
oral etoposide. The absolute bioavailability of etoposide was significantly increased
(13.6%) as compared to the control group (8.87%) in the presence of quercetin.

Table 5.2: Pharmacokinetic parameters of tamoxifen following the oral administration of tamoxifen
(10 mg/kg), with or without quercetin (2.5, 7.5, or 15 mg/kg) in rats.

Parameters Tamoxifen control Quercetin coadministration (mg/kg) i.v. ( mg/kg)

. . 

AUC (ng h/mL) , ±  , ± * , ± * , ±  , ± 

Cmax (ng/mL)  ± .  ± .*  ± .*  ± .

Tmax (h)    

Ka . ± . . ± .* . ± .* . ± .

T/ (h) . ± . . ± . . ± . . ± . . ± .

AB (%) . ± . . ± .* . ± .* . ± . 

RB (%)    

Mean ± S.D. (n = 6). AUC, area under the plasma concentration–time curve from 0 h to infinity;
Cmax, peak concentration; Tmax, time to reach peak concentration; Ka, absorption rate constant;
t1/2, terminal half-life; AB (%), absolute bioavailability; RB (%), relative bioavailability; compared
AUCcoadmin to AUCcontrol. *Statistically significant at p < 0.05 when compared with the control.
Reprinted from Enhanced bioavailability of tamoxifen after oral administration of tamoxifen with
quercetin in rats, by S. C Shin et al. [91].
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Orally, bioavailability of tamoxifen is limited (~15%) due to the first-pass me-
tabolism; also, it is a substrate for MDR transporters, which leads to efflux in the
intestines and liver. A study investigated the bioavailability and pharmacokinetics
of tamoxifen and one of its metabolites, 4-hydroxytamoxifen, in the presence of
quercetin in rats [91]. The oral coadministration of quercetin (2.5 and 7.5 mg/kg)
with tamoxifen (10 mg/kg) significantly (p < 0.05) increased the Cmax, absorption
rate constant, and the AUC of tamoxifen (Table 5.2). The absolute bioavailability of
tamoxifen was markedly high (~1.5 times higher) in the presence of quercetin than
in the control group. However, no significant changes were observed in Tmax and t1/
2 of tamoxifen, when administrated with quercetin. The AUC of 4-hydroxytamoxifen
was increased significantly by coadministration of 7.5 mg/kg quercetin. Since the
ratio of AUC of 4-hydroxytamoxifens to tamoxifen (metabolite ratios) was signifi-
cantly lower, this indicated that quercetin inhibits both first-pass metabolism of ta-
moxifen and MDR transporters efflux.

The effect of oral quercetin on the bioavailability and pharmacokinetics of DOX
was studied by oral (50 mg/kg) and i.v. (10 mg/kg) administration in rats [92]. Quer-
cetin showed notable increase in the AUC, Cmax, while t1/2 and Tmax of DOX showed
no significant changes. Quercetin increased the absolute bioavailability of DOX,
and the relative oral bioavailability was increased 1.32- to 2.36-fold. However, i.v.
DOX pharmacokinetics was not affected by quercetin. These results were again at-
tributed to quercetin inhibition of P-gp and CYP3A, which increases the oral bio-
availability. Hence, this study suggested that oral DOX formulation can potentially
be used as a more convenient alternative to i.v. dosage form.

Epigallocatechin gallate (EGCG), a main anticancer component in green tea,
has poor bioavailability in rats and humans due to oxidation, metabolism, and ef-
flux. Supplementation of green tea extract with quercetin (4.33 g + 9.6 mg, respec-
tively) in rats almost doubled the plasma Cmax. The AUC0–24 h was raised by around
55%, indicating quercetin increased the bioavailability of EGCG in rats [93].

5.3.5 Capsaicin

Capsaicin, an active component found in chili peppers (Capsicum annum), shows
analgesic properties. The “heat sensation” of capsaicin arises due to the binding of
capsaicin to transient receptor potential vanilloid (TRPV) ion-channel receptors.
Capsaicin has been used as a ligand to activate several types of ion-channel recep-
tors. Exposure to high doses of capsaicin (above 100 mg capsaicin per kg body
weight) for a prolonged time has been shown to cause peptic ulcers, accelerate the
development of prostate, stomach, duodenal, and liver cancers, and enhance breast
cancer metastasis. However, several convergent studies have indicated that low
doses of capsaicin display a cancer-chemopreventive, antineoplastic activity. Apart
from anticancer activity, the oral or local administration of capsaicin has been
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shown to reduce inflammation and pain from rheumatoid arthritis, fibromyalgia,
and chemical hyperalgesia [94].

5.3.5.1 In vitro studies demonstrating bioenhancing effect and the underlying
mechanisms

The anticancer effect of capsaicin was studied in the DDP-resistant human gastric
cancer cell line SNU-668. The results indicated that the treatment of cells with DDP
in combination with capsaicin showed increased cell death via apoptosis, as com-
pared to mono treatment of either capsaicin or DDP [95]. Moreover, the combination
also helped overcome Aurora-A protein-mediated DDP resistance.

SCLC, which shows a good response to chemotherapy and radiation therapy in
early stages, suffers the drawback of remission with no response to the first-line
treatment. Recent clinical studies have investigated the possibility of camptothecin-
based combination therapy as a first-line treatment for SCLC patients. The synergis-
tic activity of camptothecin and capsaicin is observed in both classical and variant
SCLC cell lines, in vivo and in human SCLC tumors xenotransplanted on chicken cho-
rioallantoic membrane models. The concentration of 10 µM capsaicin selected did not
induce any cell death in SCLC, but when combined with varying concentrations of
camptothecin, showed synergistically enhanced apoptosis, within a range of concen-
trations. The synergistic activity of capsaicin and camptothecin is mediated by the
elevation of intracellular calcium and the calpain pathway [96].

The recurrence of bladder cancer after surgery, with or without chemotherapy,
remains a major challenge in bladder cancer treatment. Long Zhen et al., deter-
mined the function of transient receptor potential vanilloid 1 (TRPV1), a known
tumor suppressor in T24 and 5,637 (human bladder carcinoma) cell lines. Capsaicin,
which is known to act on TRPV1 as agonist, was screened at various amounts (0–
200 μM) for the period of 48 h [97]. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay showed that 5,637 cells were sensitive to capsaicin
treatment (IC50 = 149 μM), while T24 cells were insensitive (IC50 = 266 μM). The 5,637
cells that highly express TRPV1C showed significant growth inhibition with capsai-
cin, while T24 cells which express TRPV1 at low levels failed to show a significant
inhibition. The cell viability assay showed that IC50 values dropped to 335 nM, with
co-treatment of capsaicin and pirarubicin, one of the main drugs used in urinary
bladder topical therapy, while the group treated with pirarubicin alone showed IC50
value of 566 nM. Therefore, activation of TRPV1 enhanced the cytotoxic effects of pi-
rarubicin and sensitized bladder cancer cells to pirarubicin.

In another combination study of capsaicin along with 5-FU on gastric cancer
cells, capsaicin was shown to be capable of causing multifold decrease in the IC50
value of 5-FU in the gastric cancer cell line, HGC-27 [98]. The effect of capsaicin on
the sensitivity of cholangiocarcinoma (CCA) cells to 5-FU is analyzed in vitro and in
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vivo in a xenograft model [99]. The combination of capsaicin and 5-FU was found to
be synergistic in QBC939 cells (CI < 1). A combination of 40 µM 5-FU with 80 µM cap-
saicin showed IC50 of 35 µM, as compared to IC50 value of 126 µM with just 5-FU.
The combined treatment also suppressed tumor growth (~75% reduction as compared
to control) in the CCA xenograft to a greater extent, than 5-FU alone. Further investi-
gation revealed that capsaicin activates the phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT)/mammalian target of RPM (mTOR) pathway in CCA cells. Hence, cap-
saicin can be used synergistically as co-therapy in CCA.

The effect of the combination of capsaicin with DDP has been studied in osteo-
sarcoma (OS) cells in vitro and in vivo [100]. The combination of DDP with capsaicin
showed synergy in OS cell cytotoxicity by significant effects on cell cycle arrest, ap-
optosis induction, and cell invasion inhibition. The co-treatment also showed to
trigger pro-survival autophagy through ROS/JNK (c-Jun N-terminal kinase) and
p-AKT/mTOR signaling in OS cells.

5.3.5.2 In vivo studies demonstrating bioenhancing effect

The in vivo studies on xenograft model included 20 mice randomized into the 4
groups (each group having 5 mice) and given the following regimen: oral gavage of
200 μL of PBS containing capsaicin (20 mg/kg), i.p. injection of 200 μL of 0.9% sa-
line solution containing DDP (4 mg/kg), and a combinational group where both
capsaicin and DDP were administered as mentioned above, respectively, and con-
trol group where mice were left untreated. The regimen consisted of seven treat-
ments and groups were treated every 3 days. All treated groups showed around ~
80% reduction in tumor volume, as compared to the control group. However, the
greatest inhibition was observed with combination of DDP and capsaicin synergisti-
cally, as compared to monotreatment with either.

5.3.6 Allicin

Allicin is sourced from cloves of Allium sativum, commonly known as white garlic.
A. ampeloprasum L., A. ursinum L., A. vineale L., and A. victorialis L., respectively,
known as elephant garlic, wild garlic, field garlic, and alpine leek are also some of
the major sources of allicin. It is a volatile oil that comprises sulfur-containing dia-
llyl thiosulfinate. It attributes a characteristic pungent smell and taste to the garlic,
with its mere presence of about 4–5 mg in a clove. Allicin is not present as such in
the garlic but is formed in situ by the reaction between allin and allinase when the
clove is crushed. Being hydrophobic in nature, it can easily permeate physiological
barriers in vivo and hence shows various pharmacological activities. Strong antibac-
terial, antifungal, antiparasitic, and antiviral activities have been established for
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allicin. It has a plethora of cardiovascular activities like vasorelaxation, prevention
of hyperlipidemia, cardiac hypertrophy, angiogenesis, and platelet aggregation.
The potent antioxidant property of allicin helps it exhibit a substantial role in the
treatment of inflammatory and neurodegenerative disorders. Besides this, preclini-
cal studies of allicin have shown its application in reversing insulin resistance and
controlling blood sugar levels, in the case of type 2 diabetes mellitus. Several pre-
clinical studies have indicated protective activities of allicin against several drugs
and chemicals. A recent study in the murine model demonstrated the potential role
of allicin pretreatment in preventing DOX-associated cardiac toxicity [101].

5.3.6.1 Mechanisms responsible for bioenhancing effect

A number of in vitro cell lines and in vivo animal studies have indicated anticancer
activity for allicin. The major mechanisms by which it elicits its antiproliferative
and apoptotic effects include p53-mediated autophagic cell death, generation of
ROS and subsequent DNA damage, modulation of extracellular signal-regulated
protein kinase/MAP, mitogen-activated protein pathway, Bcl2/Bax mitochondrial
pathway, and activation of p38 MAP kinase pathway. Immunomodulating effects
of allicin have been exploited in improving the outcome of standard and immune-
based chemotherapy. Though the bioenhancing effect of allicin is not strongly
evident through the reported literature, several studies have shown the synergis-
tic effect of combination therapy of standard drugs and allicin as an adjuvant
[101].

5.3.6.2 In vivo studies demonstrating bioenhancing effect

Wang et al., performed a study in the rodent pancreatic cancer model. It involved indi-
vidual and combined treatment of recombinant interleukin 2 (rIL2) and allicin [102].
Weekly once i.v. injection of 10 µg/kg rIL2 and 10 mg/kg allicin over 4 weeks led to a
noteworthy reduction in tumor weight and volume. Though rIL2 treatment led to
63.3% tumor size reduction and 39.1% apoptosis rate of tumor cells, as compared to
control, combined treatment resulted in 77.9% tumor size reduction and 60.9% apopto-
sis rate. Also, 60% of mice in the combination treatment group showed 55 days’ sur-
vival whereas none from the rIL2 group survived on day 55. Pancreatic cancer is
known to suppress the innate and adaptive immune response of the body and hence
proliferates. Immune therapy plays a vital role in treating this cancer. Hence, allicin
with its established immune-boosting effect, when combined with the rIL2 therapy, led
to significant enhancement in the innate immunity, as confirmed by 129% higher num-
bers of natural killer cells compared to the tumor control group. About 87.2% higher
concentration IFN-gamma, and 106.6% and 131.4% higher CD4 and CD8 cells in the
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peripheral blood confirmed the boosted adaptive immune response in the group of ani-
mals treated with a combination of allicin and rIL-2.

Gao et al., [103] studied allicin (10 mg/kg/day, gastric administration) as an ad-
juvant to CPM i.v. therapy (60 mg/kg, weekly once) in neuroblastoma-bearing mice
[103]. The treatment continued for 4 weeks during which the weights of tumor,
liver, spleen, and thymus tissues were monitored besides the blood levels of CD3,
CD4, CD8, and VEGF. The combination therapy compared to monotherapy was
more effective in reducing the tumor weight and improving the liver, spleen, and
thymus tissue weights. The model group showed close to 600 pg/mL level of VEGF,
whereas the CPM treatment alone and CPM + allicin therapy exhibited 200 and
100 pg/mL levels, respectively. The VEGF levels of combination therapy were com-
parable to that of the normal nontumor-bearing animals. CD3, CD4, and CD8 levels
in the combination therapy group were notably higher compared to the monother-
apy group. All these results indicated better management of neuroblastoma by the
chemotherapy in the presence of allicin as an adjuvant.

Combination therapy of allicin (5 mg/kg/day, every 2 days a week, for 3 weeks)
and 5-FU (20 mg/kg/day; 5 consecutive days) led to a significant reduction in HCC in
the mouse model [104]. At the end of 3 weeks of the study, the average tumor volume
and weight in the 5-FU + allicin group showed more than 50% reduction compared to
that of the 5-FU treatment group (Figure 5.4A–C). Similarly, the combination treatment
showed a 30% higher extent of apoptosis than the 5-FU monotherapy. Allicin-induced
ROS generation, downregulation of the Bcl2 pathway, and induction of caspase-3 activ-
ity were the major mechanisms responsible for the synergistic effect of the allicin + 5-
FU therapy. Hepatoprotective effect of allicin may further provide a greater advantage
to allicin as an enhancer in the treatment of HCC [105].

Combination treatment of allicin (10 mg/kg/day) orally for 4 weeks along with
1 mg/kg tamoxifen i.p. injection on weekly basis led to synergistic antitumor activ-
ity in a mouse model of Eherlich ascites carcinoma [105]. The combination therapy
resulted in 82% tumor inhibition as compared to 70% inhibition in tamoxifen-
treated animals. Oral treatment of rats with 45 mg/kg/day tamoxifen for 17 consecu-
tive days produced liver intoxication, as confirmed by elevated levels of alanine
transaminase, aspartate amino transferase, alkaline phosphatase, lactate dehydroge-
nase, total bilirubin, and TNF-α (tumor necrosis factor α) levels, along with depleted
levels of endogenous antioxidants – superoxide dismutase, GSH (glutathione), and
total protein. Concomitant allicin administration (50 mg/kg/day) significantly im-
proved the levels of antioxidants and reduced oxidative stress and inflammation, as
confirmed by lowered levels of the liver enzymes as well as TNF-α.
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Figure 5.4: Co-treatment of allicin and 5-FU significantly inhibited HCC tumor growth in vivo
(A) Treatments with DMSO (as control), allicin, 5-FU, or with a combination of allicin and 5-FU,
tumors isolated from each group on day 21. (B) Continuous quantification of tumor volumes of
each group during the experiment. (*P < 0.05, **P < 0.01). (C) The weight of xenograft tumors were
showed as the mean ± SD of five tumors excised from each group. (*P < 0.05). Reprinted with
permission from Allicin sensitizes hepatocellular cancer cells to anti-tumor activity of
5-fluorouracil through ROS-mediated mitochondrial pathway by Zou, X. et al. [104].
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5.3.7 Cumin

Nigella sativa (family: Ranunculaceae) is commonly known as black cumin or black
seed. Cumin seeds and extracts thereof show several pharmacological properties,
such as anti-inflammatory, anticancer, antifertility, antidiabetic, antimicrobial, an-
tihistaminic, and hypotensive effects. 2-Methyl-5-isopropyl-1, 4-benzoquinone (TQ)
is a monoterpene that constitutes 30–48% of cumin’s bioactive composition. TQ
has a promising anticancer and chemosensitizing effect. ROS generation, cell cycle
arrest, immunomodulation, and promotion of apoptosis are the mechanisms that
govern the anticancer activity of this phytoconstituent. It exhibits anticancer activ-
ity by regulating different targets, such as NF-ĸB, peroxisome proliferator-activated
receptor-γ (PPARγ), and c-Myc, which lead to caspases protein activation. TQ has
shown to express tumor suppressor genes (TSG), such as p53, phosphatase, and
tensin homolog (PTEN). It also controls angiogenesis and cancer metastasis through
activation of JNK and p38. Additionally, it boosts the immune system and reduces
the side effects associated with conventional anticancer therapy [106, 107].

5.3.7.1 In vitro studies demonstrating bioenhancing effects and underlying
mechanisms

A combination of DTX (10 nM) with TQ (60 μM) exhibited a synergistic cytotoxic
effect in DU-145 (Human prostate cancer cells) [108]. The treatment of DTX alone
and TQ alone showed a 43.5% and 15% reduction in cell proliferation, respectively,
whereas the combination resulted in a 68.5% decrease in cell proliferation. The
combination, DTX alone, and TQ alone showed 20-, 8.2-, and 3.3-fold higher DNA
fragmentation, respectively, compared to the untreated controls. The apoptotic and
cytotoxic effect of the combination was attributed to the blockage of the PI3K/Akt
signaling pathway in DU-145 cells. The human pancreatic cancer cell lines-BxPC-3,
HPAC, and COLO-357 were pretreated with 25 mmol/L of TQ for 48 h. Further treat-
ment of cells with gemcitabine or oxaliplatin culminated in 60–80% growth inhibition
[109]. Gemcitabine or oxaliplatin treatment alone showed only 15- 25% inhibition.
Also, TQ aggravated drug-induced activation of NF-ĸB. Antineoplastic activity of TQ
alone, and more importantly, in combination with DDP was evident against non-SCLC
(NCI-H460) and small lung cancer cell line (NCI-H146) [110]. TQ and DDP together at
100 and 5 μM concentration, respectively, could prevent the growth of NCI-H460 cells
by about 89% at 72 h. After 24 h, TQ was shown to bring apoptosis in both cell lines,
viz. NCI-H460 (87.59%) and NCI-H146 (88.1%). TQ was found to be instrumental in
bringing down the levels of ENA-78 and Gro-alpha, the cytokines related to neo-angio-
genesis. The in vitro studies of TQ in different types of cancer cell lines, thus, helped
in understanding the mechanistic role of cumin as a bioenhancer.
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5.3.7.2 In vivo studies demonstrating bioenhancing effect

The chemosensitizing effect of TQ to chemotherapeutic agents, gemcitabine or oxali-
platin, has been studied in vivo by Banerjee et al., using an orthotopic model of pan-
creatic cancer [109]. In vivo studies involved intragastric administration of 3.0 mg/
day TQ in mice bearing pancreatic tumors. Oxaliplatin (5 mg/kg) and gemcitabine
(50 mg/kg) were intraperitoneally administered on once-a-week basis, up to 5 weeks.
Administration of TQ, oxaliplatin, or gemcitabine alone caused 38%, 58%, and 66%
reduction in tumor weight, respectively, while the combination of TQ with either
gemcitabine or oxaliplatin caused close to 85% and 71% reduction compared to the
model group. Additionally, both the combination treatments showed 50% lower
lymph node metastases in mice, compared to the monotherapy. These results suggest
that TQ treatment with gemcitabine or oxaliplatin caused greater antitumor activity
and could reduce gemcitabine and oxaliplatin-induced NF-kB activation, resulting in
higher chemosensitization of pancreatic tumors towards the drug therapy.

In a non-SCLC (NCI-H460) xenograft study, female SCID mice treated with once
weekly i.p. dose of DDP (2.5 mg/kg), in conjunction with subcutaneous doses of TQ,
showed a significant reduction in tumor volume, after 26 days. TQ monotherapy
was ineffective and mildly effective in reducing the tumor volume at 5 and 20 mg/
kg doses, respectively. Treatment with DDP at 2.5 mg/kg dose could reduce the
tumor volume appreciably (p < 0.001). The combination of TQ and DDP in 5 and
2.5 mg/kg doses suppressed the tumor volume by 59%, compared to control. Higher
dose of TQ (20 mg/kg), when coupled with 2.5 mg/kg DDP further reduced the
tumor volume by 79%, without additional toxicity to the mice. Also, mice treated
with this combination showed a notable reduction in the ratio of phosphor-Ser529
NF-kB/NF-kB. TQ-induced inhibition of NF-kB expression aided in overcoming DDP
resistance and improving its efficacy in treating lung cancer.

Azoxymethane-induced colorectal cancer model in rats was selected for the
evaluation of the therapeutic efficacy of TQ, 5-FU, and their combination therapy
[111]. TQ (35 mg/kg/day, 3 day/week) was administered during the 7th and 15th

weeks post-azoxymethane injection, while 5-FU was given during the 9th and 10th

weeks (12 mg/kg/day for 4 days; then four doses of 6 mg/kg every other day). The
untreated rats showed a significant number of tumors (29.16 ± 2.92) in the colon,
whereas the rats treated with 5-FU or TQ alone showed a significantly decreased
number of the grown tumors (16.66 ± 4.4 and 17.5 ± 2.1). The combination of 5-FU/
TQ resulted in the least number of tumors (13.8 ± 2.8). Similarly, 5-FU/TQ combina-
tion therapy showed 16.4 ± 3.1 number of aberrant crypts foci (ACF), which were no-
tably lower than 23.2 ± 3.7 and 25.0 ± 4.0 foci seen after 5-FU or TQ monotherapy.
Similarly, the highest attenuating effect on the development of preneoplastic large
ACF and mucin-depleted foci, as well as tubular adenomas was observed with 5-
FU/TQ dual therapy. Both 5-FU and TQ worked in tandem to lower the expression
of β-catenin, Wnt (Wingless-related integration site), COX-2, inducible nitric oxide
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synthase (iNOS), NF-kB, thiobarbituric acid reactive substance (TBARS), and VEGF.
The duo enhanced the levels of antitumorigenic constituents like dickkopf-like pro-
tein 1 (DKK-1), cyclin-dependent kinase inhibitor 1A (CDNK-1A), transforming growth
factor β1 and β II, Smad4, and glutathione peroxidase (GPx).

5.3.8 Glycyrrhizin

Glycyrrhizin is a triterpenoid saponin glycoside obtained from dried, peeled or un-
peeled, root and stolon of Glycyrrhiza glabra. It comprises two glucuronic acid mol-
ecules and one molecule of glycyrrhetinic acid. It is used often as a sweetener and a
flavoring agent in the food and pharma industry. Glycyrrhizin is known to have di-
verse pharmacological actions such as expectorant, diuretic, laxative, immunity-
boosting, antioxidant, and anti-inflammatory [20]. Scientific literature also indicates
its role in hepatoprotection and the treatment of hepatic steatosis, viral hepatitis, and
hepatoma [112]. Several in vitro and preclinical studies suggest an inhibitory effect of
glycyrrhizin on lung cancer, colon cancer, leukemia, and glioma [113]. Glycyrrhizin
demonstrates bioenhancing activity when combined with various antimicrobial and
anticancer agents.

5.3.8.1 Mechanisms responsible for bioenhancing effect

Glycyrrhizin primarily improves the oral absorption of the drugs by inhibiting the
P-gp efflux transporters present in the intestinal lining. Absorption-enhancing ac-
tivity of glycyrrhizin depends upon its conversion to glycyrrhetic acid by the action
of β-glucuronidase, an intestinal bacterial enzyme. A number of in vitro and preclin-
ical studies have shown the improved efficacy of anticancer therapy in the presence
of glycyrrhizin.

5.3.8.2 In vitro studies demonstrating bioenhancing effect

Treatment of triple-negative breast cancer cells (MDA-MB-231) with 20 μM/L glycyr-
rhetinic acid (GA) 6 h prior to the treatment with etoposide helped in lowering the
IC50 of etoposide from 2.5 to 1.32 ± 0.29 μM/L. GA-induced GSH depletion and modu-
lation of MAPK and AKT pathways accounted for enhancement of topoisomerase
IIα expression [114]. Enhanced topoisomerase improved the chemo sensitization of
the cancer cells to etoposide, resulting in a better antineoplastic effect. Glycyrrhi-
zin, however, did not show this effect.

The co-treatment with glycyrrhizin inhibited the DDP efflux from the HCC cells
and altered the DDP resistance. DDP-resistant Huh7 HCC cell line exhibited 14.1-
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fold higher resistance to DDP due to 6.29-, 3.2-, 11.3-, and 3.39-fold higher expres-
sion of MRP2, MRP3, MRP4, and MRP5 proteins [115]. Treatment with DDP (5 µg/
mL) + glycyrrhizin (100 µg/mL) decreased the Huh7 HCC cell viability to 76.8%,
compared to DDP treatment alone that resulted in 100% viability. Glycyrrhizin, by
acting as the competitive substrate for MRP2 and MRP3, reversed the effects of DDP
resistance by inhibiting DDP efflux from the resistant HCC cells.

5.3.8.3 In vivo studies demonstrating bioenhancing effect

Mouse model of lung adenocarcinoma was studied for the effect of co-treatment of
glycyrrhizin (15, 45, and 135 mg/kg/day) and DDP (2.5 mg/kg/day) over a period of
30 days. The combination of 135 mg/kg glycyrrhizin and DDP reversed the tumor-
induced cachexia and brought the treated animals’ body weight to normal, as com-
pared to 13.6% lower average weight in case of untreated animals. The glycyrrhizin
co-treatment even restored the conditions of the renal and liver toxicities, as indi-
cated by the normal serum levels of creatinine, urea, aspartate aminotransferase,
and alanine aminotransferase. Glycyrrhizin treatment was found to inhibit the
thromboxane synthase (TxAS)-induced production of thromboxane A2 (TxA2). TxA2
is responsible for tumor growth, metastasis, as well as the multiple tissue toxicity,
and resistance to the chemotherapy. Proliferating cell nuclear antigen (PCNA) is
also responsible for tumor progression. Mice bearing lung cancer showed overex-
pression of both TxA2 and PCNA. Though DDP could effectively suppress PCNA, it
was unable to regulate the TxA2 pathway. Increased concentration of TxA2 in the
tumor environment, thus, posed resistance to the DDP chemotherapy and also led
to cachexia, liver and lung toxicity. On the other hand, glycyrrhizin treatment re-
duced the TxAS serum levels by 30.6%, 50.2%, and 72.45% in a dose-dependent
manner, as compared to model control. The lung tissue of tumor-bearing mice
treated with a blend of 2.5 mg/kg/day DDP and 15 mg/kg/day glycyrrhizin demon-
strated 11% lower TxAS levels, compared to the treatment with 15 mg/kg/day gly-
cyrrhizin alone (p < 0.05). The combination of glycyrrhizin and DDP with a potential
reduction in both TxAS and PCNA levels remarkably improved sensitivity of tumor
cells toward DDP that resulted in better anticancer effect. Lower levels of these two,
especially the TxAS, helped in lower tissue and organ toxicity [116].

PTX-loaded glycyrrhizic acid (GZA) nanomeric micelles prepared in a 1:10 weight
ratio enhanced the oral bioavailability of PTX using GZA as a carrier. The oral absorp-
tion of PTX from the PTX-loaded GZA micelles and Taxol® were investigated in rats,
after administering a dose of 20 mg/kg. The Cmax and AUC0→24 h of PTX-loaded GZA
micelles were 0.460 ± 0.10 μg/mL and 3.42 ± 1.02 μg · h/mL, appreciably greater than
that of Taxol®. (0.095 ± 0.01 μg/mL, 0.573 ± 0.12 μg h/mL). A notable improvement in
oral bioavailability of PTX from PTX-loaded GA micelles could be attributed to the
influence of GZA, which effectively inhibited the drug efflux caused by the P-gp in
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the intestine. Since both GZA and PTX are terpenoids, GZA micelles enhanced the sol-
ubility of the drug based on the “like dissolves like” theory. The clearance of the drug
from the micellar formulation was almost six times lower than that from Taxol. Micel-
lar formulation, thus, protected the drug from rapid clearance and thus improved its
systemic exposure [117].

5.3.9 Genistein

Genistein, belonging to the class of isoflavones, is found majorly in soy-based plants
like kudzu (Pueraria lobata) and soybean (Glycine max). With a molecular weight of
270.24 Da, it is a pale yellow dendritic needle-like powder that is almost insoluble in
water. It is a known phytoestrogen, which has been studied for several potential health
effects including anti-inflammatory and anticancer benefits [118, 119]. A few studies
have also shown its bioenhancer potential with cancer chemotherapeutic agents.

5.3.9.1 In vivo studies demonstrating bioenhancing effect

Genistein is also known to be an inhibitor of ABC transporters and metabolizing en-
zymes like CYP 3A4 and 2C8. PTX, as, like most anticancer drugs, is also a substrate
for ABC transporters such as P-gp and is majorly metabolized by CYP 3A4 and 2C8.
A study investigated the effect of orally administered genistein on the pharmacoki-
netics of PTX administered through oral and i.v. route in rats [120]. The presence of
10 mg/kg genistein significantly (p < 0.05) increased AUC (54.7% greater) of orally
administered PTX, which was due to the significant (p < 0.05) decrease in total
plasma clearance of PTX (35.2% lower). Genistein at 3.3 mg/kg increased the Cmax

of PTX (66.8% higher), whereas at 10 mg/kg it led to 91.8% higher Cmax. Conse-
quently, the absolute and relative bioavailabilities of PTX were increased in the
presence of genistein, on oral administration (Table 5.3). Genistein also signifi-
cantly enhanced the AUC (40.5% greater) and lowered the total clearance (30%
lower) of PTX on i.v. administration. Hence, the presence of genistein improved the
PTX activity systemically.

5.4 Clinical studies involving bioenhancers

Encouraging in vitro and preclinical results of various herbal bioenhancers in can-
cer chemotherapy tempt us to speculate favorable clinical outcomes of these combi-
nation treatments. However, very few of the aforementioned bioenhancers have
been subjected to clinical studies to evaluate their impact on the outcomes of the

Chapter 5 Herbal bioenhancers in cancer drug delivery 133

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



cancer therapeutics. MB-6, a combination of green tea, soybean, grape seed, spiru-
lina, Antrodia camphorata mycelia, and curcumin was given to 72 patients with
metastatic colorectal cancer. The patients received leucovorin, 5-FU, and oxaliplatin
treatment for 16 weeks [121]. The disease progression rate and incidence of adverse
events were significantly lower in the group of patients who received MB-6. In an-
other study involving 199 prostate cancer patients, the group of patients who re-
ceived a dietary supplement containing green tea, pomegranate, broccoli, and
curcumin for 6 months showed lower prostate-specific antigen levels compared to
patients who received the placebo supplement [122]. These studies highlight the
benefits of coadministration of herbal-based enhancers like green tea, soybean
(containing genistein), broccoli (source of quercetin), and curcumin. Curcumin is
the most clinically researched bioenhancer (Table 5.4). Several phase 1 and 2 stud-
ies of curcumin in patients with various cancers like pancreatic or biliary tract can-
cer [123], prostate cancer [124], colorectal liver metastatic cancer [125], breast cancer
[126]), or pancreatic cancer [127] have been reported in the literature. Poor bioavail-
ability of curcumin has compelled researchers to use high doses. However, at oral
doses as high as 8 g/day, curcumin has demonstrated excellent tolerability, lack of
toxic effects or adverse events, and, most importantly, patient acceptance and compli-
ance [124, 127]. Nanotechnology-based formulation approaches such as nanosuspen-
sion [123], solid lipid nanoparticles [128], micellar preparations [129], and phytosomes

Table 5.3: Mean (±S.D.) pharmacokinetic parameters of paclitaxel after oral administration of
paclitaxel (30 mg/kg) to rat in the presence or absence of genistein.

Parameters Control Paclitaxel + genistein

. mg/kg  mg/kg

AUC (ng h/mL)  ±   ±  , ± *

CL/F (mL/min kg)  ±   ±   ± *

Cmax(ng/mL) . ± . . ± .* . ± .**

Tmax (h) . . .

Kel (h
−) . ± . . ± . . ± .

T/ (h) . ± . . ± . . ± .

F . . .

Fr  . .

Mean ± S.D. (n= 6), *p < 0.05, **p < 0.01 compared to control. AUC, area under the plasma
concentration–time curve from 0 h to infinity; CL/F, total plasma clearance; Cmax, peak concentration;
Tmax, time to reach peak concentration; Ke1, elimination rate constant; t1/2: terminal half-life; F,
absolute bioavailability; Fr, relative bioavailability. Reprinted from Effect of genistein on the
pharmacokinetics of paclitaxel administered orally or intravenously in rats, by Xiuguo Li et al [120].
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[130] have helped in a significant reduction of the curcumin doses from grams to even
up to a few hundred mg, while notably improving the pharmacokinetic parameters.
Coadministration of such novel curcumin formulations with standard chemotherapeu-
tics has shown variable improvement in response rate, overall survival, quality of life,
and reduction in toxic effects in patient population. A prospective phase 2 study in-
volving 53 patients suffering from pancreatic cancer were treated with gemcitabine
(1,000 mg/m2) on days 1, 8, and 15 days of a 28 days cycle. During the entire cycle,
patients were simultaneously subjected to 2 g/day oral phytosomal curcumin formula-
tion. The study showed a 27.3% of response rate, absence of disease progression
among 34% of patients, and improvement in overall progression-free survival from
8.4 M (gemcitabine monotherapy) to 10.2 M [130]. A clinical study initiated by Maham-
medi and group involved 30 patients suffering from castration-resistant prostate can-
cer [124]. The subjects received DTX (75 mg/m2) infusion on days 1 and 21, for 6 cycles,
along with oral 5 mg prednisone twice daily, throughout the study duration. The sub-
jects also received 6 g curcumin/day in divided doses for 7 consecutive days (4 days
prior to and 3 days post the chemotherapy) in each cycle. Within the first three cycles,
65% of the subjects showed > 80% reduction in PSA, and 36% of them reached normal
levels. Beneficial effects of curcumin therapy were evident in the first three cycles of
chemotherapy. Table 5.4 gives an account of various clinical studies that have in-
cluded curcumin as a complementary therapy. Most of the studies have proven the
nontoxic and innocuous nature of curcumin, at various doses. The therapeutic benefit
of curcumin, however, is either inconclusive or needs to be confirmed by incorporat-
ing larger number of subjects.

The clinical studies of piperine as a bioenhancer in anticancer activity include
two main studies. The pilot studies conducted by Shoba et al., showed the effect of
piperine on the pharmacokinetics of curcumin in healthy human volunteers [55].
These studies were followed by in vivo studies in rats. In humans, concomitant ad-
ministration of piperine, 20 mg, produced much higher serum concentrations from
0.25 to 1 h post-drug, and the increase in bioavailability was as great as 2,000%.
Another ongoing phase 2 clinical study is investigating whether the supplementa-
tion of curcumin plus piperine can prevent or delay the progression of prostate can-
cer, monoclonal gammopathy of unknown significance, or low-risk smoldering
myeloma into a more aggressive cancer that requires treatment. The investigators
evaluated a marker in the patient’s blood called MIC-1 to determine if it could be a
useful predictor of whether the disease is improving or progressing. The study
would be complete by May 2023.

Piperine coadministered with a formulation containing pyrazinamide, rifampi-
cin, and isoniazid has been tested in human volunteers, which showed that the bio-
availabilities were higher in the presence of piperine. The patent claims the use of
piperine in the range of 0.4-0.9% by weight of the antituberculosis or antileprosy
drugs. The administration of 20 mg of piperine alongside antitubercular regimen of ri-
fampicin (450 mg), isoniazid (300 mg), pyrazinamide (1,500 mg) resulted in increased

Chapter 5 Herbal bioenhancers in cancer drug delivery 137

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



plasma concentration of each drug by around 2-, 5-, and 2-fold respectively. This can
potentially result in the development of efficient antileprosy and antituberculosis for-
mulations, which can be prohibitively costly [131].

Bioperine®, a formulation by Sabinsa Corporation, has also been reported for
its bioenhancing effects on nutrients. It is a standardized extract of fruits of P. lon-
gum Linn, which contains 95% of piperine. This claims to enhance the bioavailabil-
ity of many nutrients like coenzyme Q10, beta-carotene, selenium, vitamin C, vitamin
B6, amino acids, and herbal extract of curcumin [32].

Apart from the bioenhancers described so far, phytoconstituents like lysergol
[145, 146], stevia [147], naringin [148], aloe vera [149], ginger [150], niaziridin [151],
and caraway [152] have also been explored as bioenhancers. They have shown en-
couraging effects of antitubercular and antibiotic drugs, during in vitro and preclin-
ical studies. Of note, is that these herbal constituents are not much explored in
cancer chemotherapy. Thus, they hold the potential to be researched in the pursuit
of improving the bioavailability of cancer therapeutics, in the future.

5.5 Summary and future perspectives

The hitherto reported in vitro and in vivo preclinical studies indicate that naturally oc-
curring bioenhancers have the potential to improve outcomes of chemotherapy and
can be explored as adjuncts. However, a few studies have demonstrated the anticancer
activity of the bioenhancers at concentrations that are otherwise deemed to be biologi-
cally inactive. This discrepancy certainly poses hurdles to isolate between the inherent
bioactivity and bioenhancing activity of the bioenhancer. Additionally, a few in vivo
studies have shown that coadministration of bioenhancers with anticancer agents sig-
nificantly diminished the chemotherapeutic outcomes in these preclinical studies [153,
154]. These preclinical outliers, while insignificant in terms of number, need to be ac-
counted for, while considering the clinical translation of bioenhancers. Furthermore, it
should be noted that most of the bioenhancers discussed in this chapter are rapidly
metabolized on oral administration in humans. While the bioenhancers that undergo
rapid metabolism on oral administration can act as a sacrificial agent to improve the
pharmacokinetics of anticancer drugs, it may be difficult to achieve other bioenhancing
advantages, such as P-gp efflux in the solid tumor tissues in the case of these bioen-
hancers. To date, no clinical trials have demonstrated the ability of natural bioen-
hancers to modulate P-gp efflux and reverse the resistance to anticancer drugs in
humans. Poor aqueous solubility is another limiting factor for the clinical translation
of bioenhancers. It should be noted that most of the preclinical studies have not re-
ported the solubilization strategies used to deliver the desired dose of the bioen-
hancer, either orally or systemically. This lack of information certainly impacts the
clinical translation of bioenhancers. Given these limitations, it is not so surprising to
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see that a clinical trial involving a curcumin dose as high as 8 g/day has not been
very successful in the patients. Thus far, clinical studies have demonstrated the abil-
ity of piperine to improve the oral bioavailability of curcumin, and a trial is ongoing
to evaluate the impact of piperine on the chemotherapeutic activity of curcumin in
cancer patients. Furthermore, clinical trials involving bioenhancers encapsulated
into suitable delivery systems have shown some promise in improving chemothera-
peutic outcomes, although extensive studies are still required. While many clinical
trials can be found in the clinical trials registry, the results of these studies largely
remain unpublished. To summarize, naturally occurring bioenhancers have shown
promise to augment chemotherapy in preclinical studies and a few clinical trials.
However, extensive and systematically designed clinical trials are still required to
fully unravel the potential of natural bioenhancers in chemotherapy.
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List of abbreviations

-FU -Fluorouracil

ABC ATP-binding cassette

ADM Adriamycin

Bax Bcl--associated X protein

Bcl- B-cell lymphoma 

CI Combination Index

CNS Central nervous system

CPM Cyclophosphamide

CYP  Cytochrome P

CYPA Cytochrome P A

DDP Cisplatin

DNA Deoxyribonucleic acid

DOX Doxorubicin

DTX Docetaxel

GSH Glutathione

HepG Human hepatoma cell line

IL Interleukin

JNK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase

MDR Multidrug resistant

MMC Mytomycin C

MMP Matrix metalloproteinase 
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MRP Multidrug-resistant proteins

NF-κB Nuclear factor-kappa light chain enhancer of activated B cell

Nrf Nuclear factor-erythroid  p-related factor 

NSAIDs Nonsteroidal anti-inflammatory drugs

P-COX - PGE p mitogen-activated protein – cyclooxygenase - prostaglandin E

PARP Poly (ADP-ribose) polymerase

PEG  Polyethylene glycol 

P-gp P-glycoprotein

PTX Paclitaxel

ROS Reactive oxygen species

TNF-α Tumor necrosis factor α
UDP-GDH UDP-glucose dehydrogenase

UDP-GT Uridine diphosphate-glucoronyl transferase

VCR Vincristine
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Pharmacotherapeutics and pharmacokinetics
of herbal bioenhancers

Abstract: Novel chemical substances with high therapeutic efficacy are revealed,
but, due to low solubility and/or membrane permeability, numerous substances of
these have unfavorable pharmacokinetic properties. The lipid-like barrier created
by the epithelial mucosal layers limits membrane permeability, which must be tra-
versed by therapeutic molecules. Another reason for low bioavailability is the pre-
systemic metabolism of drugs, principally by cytochrome P450 enzymes situated in
the intestinal enterocytes and liver hepatocytes. Herbal bioenhancers are the agents
that have no intrinsic pharmacological activity at their therapeutic doses used but
when coadministered with various classes of drugs such as anticancer, antibiotics,
antifungal, antituberculosis, antiviral, antihypertensives, and antihyperlipidemic,
are capable of enhancing their bioavailability and bioefficacy. This chapter accentu-
ates the numerous natural compounds that can be exploited as an effective bioen-
hancer, such as sinomenine, lysergol, quercetin, and glycyrrhizin that are capable
of enhancing pharmacokinetic parameters of various drugs, mainly by improving
the absorption and reducing the metabolism. They have also been shown to help
with nutraceutical absorption, such as amino acids, minerals, vitamins, and few
herbal compounds. Often, poor bioavailable drugs are administered by parenteral
route. Bioenhancers can be used to improve the bioavailability of these poor bio-
available drugs and their administration by an alternative route such as the oral,
nasal, buccal, pulmonary route can be explored. This results in a reduction in dos-
age of small drug molecules and treatment costs. There is an extensive variety of
untouched plants that can be tested for their ability to enhance drug bioavailability.
These herbal bioenhancers’ toxicity characteristics must not be overlooked. Further
research is needed to address these concerns and give a safe and effective therapeu-
tic dose to produce the intended pharmacological response.
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6.1 Introduction

6.1.1 Introduction to bioenhancer

All aspects of pharmaceutical science are focused on discovering new dosage forms
with different modes of action. New drug development strategies have emerged as a
result to reduce the cost and the treatment linked to drug dosage. As a result, treat-
ments are becoming more accessible to a wider range of people, including those
who are financially disadvantaged. Increased drug bioavailability is one way to re-
duce drug dosage and, as a result, drug toxicity and expense [1].

Bioavailability is defined as the rate and extent to which any substance reaches
the systemic circulation and triggers the desired action. Various classes of drugs have
diverse potent therapeutic activity, but their use has always been a critical feature of
drug development programmers due to their low bioavailability. Physiochemical
properties of the drug such as poor solubility and membrane permeability, first-pass
metabolism, stability issues of the drug in the gastrointestinal tract [GIT], biological
barriers such as hepatic and metabolizing enzymes present in the intestine, and drug
transporters are major factors responsible for poor bioavailability of a drug. In addi-
tion to this, P-glycoprotein(P-gp) is also responsible for reduced bioavailability of the
therapeutically active drugs, especially anticancer drugs. The drugs administered
through oral route undergo various steps such as incomplete drug absorption and
first-pass metabolism, which ultimately leads to low bioavailability [2].

Herbal medicine has been practiced for hundreds of years. There is an increas-
ing interest in combining potent drugs with natural bioenhancers to increase their
bioavailability [1, 3]. A bioenhancer does not have any pharmacological activity,
but, when combined, it is able to improve the bioavailability and effectiveness of a
medication. In 1929, Bose reported the potential of Adhatoda vasaka as antihista-
minic when he combined it with long pepper [3].

The “bioavailability enhancer” concept, which uses the component of natural or-
igin was derived from Ayurveda. One example is “Trikatu“ which is well known to
everyone. Trikatu is an ancient Ayurvedic preparation. A drug’s ability to cross bio-
logical membranes is hampered by many factors such as zwitterionic characteristics
observed at physiological pH, weak aqueous solubility, or the presence of P-gp on
the outer surface. As a result, natural bioenhancers such as genistein, sinomenine,
curcumin, and piperine are increasingly being used to boost the pharmacokinetic
and pharmacodynamic profile of medications, and hence the bioavailability of differ-
ent potent drugs [4].
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6.1.2 Classification of bioenhancers [5, 6]

Table 6.1: Classification of natural bioenhancer.

Based on plant origin Based on animal
origin

Based on mechanism of action

Piperine [black pepper] Cow urine distillate
[Kamdhenu ark]

P-glycoprotein
(P-GP) efflux pump
and other pump
inhibitors

Caraway, quercetin,
naringin, Cuminum cyminum
(black cumin), genistein and
sinomenine

Gingerol (ginger) Inhibitors of
enzyme including
CYP- enzyme
and its isoenzymes

Sinomenine, naringin,
quercetin, gallic acid

Glycyrrhizin (liquorice) Regulates function
of gastrointestinal
tract to increase
absorption

Niaziridin (drumstick pods),
glycyrrhizin (liquorice), Aloe
vera (aloe), Zingiber
officinale (ginger).

Caraway (cumin)

Black cumin

Quercetin

Niaziridin

Capsaicin

Stevia

Allicin (garlic)

Curcumin (turmeric)

Aloe vera

Lysergol (morning glory
plant)

Simomenine

Genistein

Naringin

Ocimum sanctum (tulsi)

Ammannia multiflora
(jerry-jerry)

Tribulus terrestris
(gokhru)
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6.1.3 Ideal properties of a bioenhancer

A bioenhancer should have the following properties, ideally:
1. It should not be toxic when administered to a human or an animal.
2. It should show effect at very low concentrations.
3. It must be simple to formulate.
4. The most significant property of any bioenhancer is to increase the absorption

of the drug and, thereby, its pharmacological activity. [7]

6.1.4 Bioavailability enhancing effect of a bioenhancer

In order to enhance bioavailability, pharmaceutical industry focuses on factors such
as poor absorption, long-term administration, toxicity, and cost of drug. Increase in
bioavailability is directly related to the therapeutic efficacy of drug. The cost of the
drug and its toxicity, by minimizing the concentration of drug, can be reduced by
improving the bioavailability. Drugs with poor bioavailability remain sub-therapeutic
as the required dose is not able to reach the systemic circulation, whereas a large
dose of drug can lead to serious side effects. Poor water solubility, poor permeability,
drug degradation in the gastric or intestinal fluids, and drug metabolism are prob-
lems associated with poor oral bioavailability. Using the bioavailability approach,
lowering a dose and the dose frequency can be achieved for a specific drug.

Bioenhancers improve the pharmacological activity of various drugs and nutra-
ceuticals by improving their bioavailability/bioefficacy.

Various approaches of bioenhancers for improvement of bioavailability are as
follows:
1. They promote drug absorption by the gastrointestinal tract.
2. They inhibit metabolism of the drug by the liver or the intestinal enzyme.
3. They modify the immune system to substantially reduce the dose of the drug.
4. They promote penetration of drug into pathogen even when pathogens become

persistors within the macrophages, as in the case of Mycobacterium tuberculosis
and other pathogens.

5. They inhibit pathogen capability of the tissue in order to reject the drug, such
as antimicrobial and anticancer agents.

6. They modify the signaling process between the pathogen and the host, which
improves the route of the drug to reach to the pathogen.

7. They also increase the binding property between the drug and the target sites,
such as RNA, receptors, and DNA, and increase the bioavailability of the drug.

Bioenhancers may also assist in the movement of nutrients and medications to the
brain, crossing the BBB, which is helpful in the treatment of CNS disorders, including
epilepsy and cerebral infections. Bioavailability enhancement has gained widespread
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acceptance since the olden days, by combining primary and secondary medicinal
agents. Hence, employing herbal bioenhancers is a modern approach based on Ayur-
veda literature, and it involves enhancing the bioavailability of drugs [5, 8].

6.1.5 Mechanism of bioavailability enhancement
by a bioenhancer

Several mechanisms are involved in improving the bioavailability of drugs by natu-
ral bioenhancers. Herbal enhancers can have similar or dissimilar modes of action
(Figure 6.1).
1. Bioenhancers act on the gastrointestinal tract, which improves drug absorption,

whereas antimicrobial bioenhancers act by altering the metabolic process of
the drug.

2. Bioenhancers inhibit the transit, emptying, and motility of GIT. They also
enhance the uptake of the amino acid by increasing the activity of gamma-
glutamyl transpeptidase (GGT).

Figure 6.1: Bioavailability improvement approaches.
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3. Bioenhancers increase the blood circulation and, thereby, improve the oral bio-
availability of drugs.

4. Bioenhancers also act by inhibiting efflux pump P-gp to move out the drug so
as to prevent the drug from reaching the targeted site [8–10].

6.2 Piperine as model bioenhancer

Biological source [] Piperine is a perennial shrub (family: Piperaceae) found in black
pepper and long pepper.

IUPAC name [] ‐[‐[,‐Benzodioxol‐‐yl]‐‐oxo‐,‐pentadienyl] piperidine

Chemical constituent [] Piperine, sarmentosine, piperamide, piperamine, trichostar,
sarmentine, chavicine

Biological/pharmacological
activity []

Antihistaminic, antioxidant, antitumor, antipyretic, antifungal,
antihypertensive, antidiabetic, antidiarrheal, antiobesity,
hepatoprotective, larvicidal, antiasthmatic, and bioavailability
enhancer

Mechanism of action as
bioenhancer []

Inhibition of the efflux pump of the drug and receptor binding of
DNA

Piperine

Piperine (Piper nigrum) is a common household spice. Its major constituent is 1-pe-
peroyl piperidine, has a pungent taste, and has a majority of pharmacological ac-
tions. It was discovered by Hans Christian in the eighteenth century. It is known as
Kali mirch in Hindi, Marich in Nepali language, and Pippali in Sanskrit. Piperine is
used in the traditional Unani and Ayurveda medicine for a long time [11].

6.2.1 Pharmacokinetics of piperine

Piperine has been used in many studies to explore its pharmacokinetic profile in
both humans and laboratory animals.
1. In the first investigation to find the pharmacokinetic parameters of Piperine

was coadministered with Benjakul formulation, a Thai traditional medicine
made up of herbs that can be used as a complementary medicine alongside
other herbal medicines to treat cancer. Benjakul formulation composed of five
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plats including Piper chaba Hunter is a fruit, Piper sarmentosum Roxb and
Plumbago indica Linn. roots, Piper interruptum Opiz steam, and rhizome of Zin-
giber officinale Roscoe.

Healthy male and female Thai subjects (n = 20) distributed equally, with
age group 20–38 years, weighing between 42 and 84 kg, and with body mass
index between 17.9 and 25.9 kg/m2 were selected in the study. Two dosage regi-
mens, 100 mg (6 mg piperine) and 200 mg (12 mg piperine) of Benjakul formu-
lation were selected.

After an oral dose of Benjakul formulation, piperine exhibited good absorption
through the gastrointestinal tract. Following a 200 mg Benjakul dose, the first Cmax

of piperine was 1,078 ng/mL, which was significantly higher than the 100 mg (467
ng/mL). In Tmax, the first maximum concentration was found to be approximately
1 h. Following a 200 mg dose, the area under the curve 0–48 h was 10,216 ng h/
mL, which was substantially higher than the 100 mg dose (4,288 ng h/mL) [13].

2. The pharmacokinetic study of piperine carried out in rats using single oral dose
of Piper longum 12 mg/200 mg weight showed that piperine was well absorbed,
rapidly distributed, and slowly eliminated. Mean Cmax was 4,292 ng/mL, tmax

was 2.45 h, AUC0–α was 23.10 µg/mL, and t1/2 was found to be 4.10 h. Piperine is
well absorbed in humans compared to rats [14].

3. Piperine metabolites, including piperonyl alcohol, vanillic acid, piperonylic
acid, and piperonal were found in the unbounded form in urine within 96 h,
but piperic acid was found within 6 h in the bile, when administered orally at a
dose 170 mg/kg. Piperine was mainly excreted from urine and bile by the glu-
curonidation–sulfation pathways [15].

4. Piperine absorption was around 96% when administered at a dose of 170 mg/kg
body weight in rats, according to tissue distribution and elimination studies. Pip-
erine is spread across different tissues after absorption, including the kidney,
spleen, liver, small intestine, and the stomach [16].

6.2.2 Inhibition of drug metabolizing enzymes by piperine

Study of piperine on the biotransforming action due to the effect of different en-
zymes in the hepatic tissue has been carried out outside and inside the body.

Piperine inhibits aryl-hydrocarbon hydroxylation, ethylmorphine N-demethyla-
tion, O-de-ethylation of 7-ethoxycoumarin, and 3-hydroxybenzo[a]pyrene glucuroni-
dation in rats. Hepatic microsomal aryl hydrocarbon hydroxylase (AHH) is inhibited
by piperine in treated and nontreated rats. Similarly, ethylmorphine-N-demethylase
noncompetitive inhibition was observed from the microsomal enzyme of rat liver
with an apparent Ki = 35 mM and Km = 0.8. Piperine is a nonspecific metabolism regu-
lator drug. Hepatic AHH and uridine diphosphate-glucuronyl transferase activity
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were inhibited by piperine in rats when given orally. Maximum inhibition of AHH
was observed within an hour, which returned to normal within 6 h. The possibility of
this is due to the inhibition of transferase enzyme. Hence, it was found that piperine
inhibits the metabolism of the drug.

Piperine inhibition activity is because of the presence of conjugated double
bonds when compared with SAR of its analogues; the presence of a side chain in
the molecule serves a major role in piperine inhibition. Piperine, on the other hand,
was less efficient in reducing UDP-GA levels in isolated rat hepatocytes than in
guinea pig small intestinal enterocytes. Piperine is a significant inhibitor of UDPGDH
because of the presence of the double bond in the structure, and it also has a stronger
effect on intestinal glucuronidation in rats. Piperine also inhibits P-gp and CYP: 450
causing first-pass elimination of many drugs. Examples of enzymes metabolized by
piperine include CYP 1-A1, CYP 1-B1/B2, CYP 3- A4, and CYP 2-E1 [21].

6.3 Impact of piperine as bioenhancer
on pharmacokinetics of other drugs
and nutraceuticals

6.3.1 Piperine and pentobarbitone

In comparison to the controls, the effect of piperine on pentobarbitone-treated hyp-
notic rats considerably increased their sleeping time. No significant change was ob-
served in sleeping time induced by barbital sodium. Piperine may block microsomal
enzyme present in the liver and increase the sleeping time when pentobarbitone is
taken [22].

6.3.2 Piperine and β-carotene

A crossover study design was carried out to study the ability of Piperine to improve
the serum response of β-carotene. Subjects were administered a daily dose of 15 mg
of β-carotene along with 5 mg of piperine. Intersubject variability was minimized by
selecting healthy adult male volunteers with β-carotene serum value < 0.0001. Phar-
macokinetic values of β-carotene administered along with piperine were found to
be 49.8 pg/dL compared to β-carotene alone. Coadministration of β-carotene along
with piperine showed a 60% greater increase in AUC as compared to β-carotene
alone [23].
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6.3.3 Piperine and curcumin

Curcumin is rapidly metabolized by the liver and the intestinal wall, and hence it
has low oral bioavailability. Piperine was combined with curcumin to increase its
bioavailability and was orally given to healthy human volunteers and also in rats.
At a dose of 2 g/kg, curcumin was administered to rats, resulting in moderate
serum curcumin concentration for 4 h. When piperine 20 mg/kg was administered
along with curcumin, the serum curcumin concentration increased. The time to
reach Cmax significantly increased and t1/2 significantly decreased with a 154% in-
crease in the bioavailability. Hence, Piperine can be administered in rats as well as
humans without any adverse effects in order to increase bioavailability, serum con-
centration, and absorption of curcumin [24].

6.3.4 Piperine with rifampicin, isoniazid, and pyrazinamide

A combination of drugs, including 100–300 mg of isoniazid, 100–300 mg of rifam-
picin and 100–300 mg of pyrazinamide, at a dose of 5–29 mg was studied for the
effect of piperine on its pharmacokinetic parameter in human volunteers. AUC0–∞
(μg · h/mL) of rifampicin, isoniazid, and pyrazinamide, increased from 104.6 ± 4.38,
41.0 ± 1.72, 318.6 ± 8.05 to 143.95 ± 5.85 94.95 ± 3.98 435.41 ± 9.7, respectively. Cmax

(μg/mL) of rifampicin 8.20 ± 0.46, isoniazid 2.56 ± 0.17, and pyrazinamide 27.0 ± 2.0
were increased to 17.6 ± 1.09, 10.07 ± 0.90, 40.0 ± 1.64, respectively [25].

6.3.5 Piperine with amoxicillin trihydrate and cefotaxime

Beta-lactam antibiotics, including amoxicillin trihydrate and cefotaxime sodium
bioavailability, were found to be greatly increased in rats when administered along
with piperine. The enhanced bioavailability of these antibiotics is reflected in their
pharmacokinetic parameters, such as tmax, Cmax, t1/2, and AUC. The effect of piper-
ine on microsomal metabolizing enzymes or the enzyme system may explain the in-
creased bioavailability [26].

6.3.6 Piperine with EGCG (epigallocatechin gallate)

Piperine enhances tea polyphenol EGCG (cardioprotective) bioavailability in mice.
Intra gastric administration of EGCG at a dose of 163.8 μmol/kg and of piperine at a
dose of 70.2 μmol/kg in mice increased the Cmax and AUC as compared to adminis-
tering alone. The mechanism of the action of piperine to increase bioavailability is
due to the inhibition of glucuronidation. When EGCG was administered alone, the
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resulting Cmax was found to be 37.50 nmol/g at 60 min, which then decreased to
5.14 nmol/g at 90 min. When piperine and EGCG are coadministered, Cmax in-
creased to 31.60 nmol/g at 90 min, and maintained up to 180 min [27].

6.3.7 Piperine and oxytetracycline

To study pharmacokinetics of oxytetracycline (10 mg/kg), White Leghorn birds were
used, after 7 days of piperine oral treatment (15 mg/kg). Bacillus cereus var. mycoides
was used to study plasma oxytetracycline concentrations using the microbial assay
technique. The plasma levels of oxytetracycline showed that animals administered
with piperine have significantly higher AUC, MRT, and AUMC. The clearance de-
creased by 21%. Treatment with piperine also reduced the loading dose by 33.3% and
maintenance dose by 39% [28].

6.3.8 Piperine and ciprofloxacin

Rabbits were used to observe the change in the pharmacokinetic parameter of cip-
rofloxacin, when combined with piperine. Piperine has a statistically important ef-
fect on the pharmacokinetics of ciprofloxacin, as shown by changes in Cmax, tmax,
AUC, and Kel. The study showed that ciprofloxacin absorption and ciprofloxacin
metabolism inhibition are two effects of piperine administration. Piperine increased
the bioavailability of ciprofloxacin. Piperine’s potentiating effect, in combination
with ciprofloxacin, using Staphylococcus aureus was investigated, as well as its pos-
sible function as an efflux pump inhibitor. Piperine decreased the mutation preven-
tion concentration and MIC, i.e., minimum inhibitory concentration of ciprofloxacin
for S. aureus, when used in conjunction with ciprofloxacin [29].

6.3.9 Piperine and nevirapine

Nevirapine [potent non-nucleoside inhibitor of HIV-1 reverse transcriptase] was also
studied for the effect of piperine administration on eight healthy male subjects
using randomized crossover-controlled design. Nevirapine was rapidly absorbed in
both the groups that are treated with nevirapine 200 mg + placebo (group I) and ne-
virapine 200 mg + piperine 20 mg (group II). tmax for group I was found to be 4.13 h
and for group II, it was 6.0 h. Nevirapine Cmax increased by 120%, AUCt by 167%,
AUC∞ and Clast values increased by 170% and 146%, respectively in group II sub-
jects. Other pharmacokinetic parameters of nevirapine such as tmax, t1/2 were not
changed when coadministered with piperine [20].
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6.3.10 Piperine with diclofenac sodium and pentazocine

The effect of piperine on the analgesic activity of pentazocine and diclofenac so-
dium was evaluated using healthy albino mice (25–30 kg) divided into four groups
(n = 8). Acetic acid-induced writhing model was used to evaluate the peripheral an-
algesic activity, using 5 mg/kg of diclofenac sodium along with piperine extract
from P. nigrum at a dose of 10 mg/kg and a combination at a dose of (5 + 10 mg/kg),
both orally. The tail flick method was used to check the central analgesic activity at
a dose of 5 mg/kg for pentazocine. Administration of P. nigrum extract per se. No
significant analgesic activity was observed. When the extract was used in combina-
tion with diclofenac sodium, a significant decrease (78.43%) in acetic acid-induced
writhing model was found, in comparison with the drug alone. The results indicate
that the extract of P. nigrum can be used to improve pentazocine and diclofenac so-
dium’s analgesic activity [30].

6.3.11 Piperine with ampicillin and norfloxacin

To study the effect of piperine on ampicillin and norfloxacin bioavailability, piper-
ine at a concentration of 20 mg/kg was given orally along with the drugs. The bio-
availability increased after the oral administration of ampicillin and norfloxacin in
the animal model. An increase in the Cmax of ampicillin was observed, from 44.6 ±
0.27 to 251.2 ± 0.28 μg/mL, when coadministered with piperine. Similarly, an in-
crease in Cmax of norfloxacin was observed, from 11 ± 0.26 to 16.1 ± 0.27 μg/mL,
when co-administered with piperine. The AUC for ampicillin increased from 103.7 ±
0.52 to 350.49 ± 0.47 μg · h/mL. For norfloxacin, there was a significant increase in
AUC, from 63.98 ± 0.51 to 111.69 ± 0.54 μg · h/mL [31].

6.3.12 Piperine and fexofenadine

On a rat model, the pharmacokinetic characteristics of fexofenadine at a dose of
10 mg/kg along with piperine at 10–20 mg/kg were investigated. The combination
of fexofenadine and piperine enhanced fexofenadine’s AUC by 180% to 190%,
while Cmax and t1/2 remained unchanged. With the coadministration of piperine
with fexofenadine, the bioavailability increased by around twofold. In the presence
of piperine, tmax appears to be higher, which could be owing to the delayed stom-
ach emptying. Therefore, piperine significantly increased fexofenadine oral expo-
sure in rats. P-gp cellular efflux inhibition during absorption through the intestine
suggests that using piperine/piperine-containing food with fexofenadine is neces-
sarily required in order to avoid possible drug-diet interactions [32].
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6.3.13 Piperine and metronidazole

Male rabbits weighing between 2 and 5 kg were used to study the effect of bioavail-
ability of metronidazole using piperine. The rabbits were divided into three groups;
one group was treated with an oral administration of distilled water, and the other
two groups were administered with metronidazole alone and in combination with
piperine, respectively. Cmax ng/mL of metronidazole increased from 3,805.89 ± 233.8
to 6,007.07 ± 348.8 (combined with piperine) and AUC from 45,073.75 ± 713.7 to
84,980.98 ± 345.6 ng · h/mL, when given in combination. Hence, piperine can be
used to improve the bioavailability of metronidazole [33].

6.3.14 Piperine and ibuprofen

Coadministration of piperine at a dose of 10 mg/kg with ibuprofen enhanced the
antinociceptive activity in the Writhing and Formalin test. The amount of piperine
in plasma increased, when combined with ibuprofen, because of the synergistic
anti-nociception effect of the two drugs. This study suggests the combination of pip-
erine as a bioenhancer with ibuprofen [34].

6.3.15 Piperine and oxyresveratrol

The bioenhancing property of piperine on oxyresveratrol (stilbenoid) was studied
using 8–12 weeks aged Wistar rats (male), administered with 100 mg/kg oxyresveratrol
and oxyresveratrol 100 mg/kg plus piperine 10 mg/kg via the oral route. Within 1–2 h
after oral administration, the coadministration with piperine showed a significantly
higher Cmax (roughly 1,500 g/L), and increased the oxyresveratrol bioavailability 2-
fold. After the administration of oxyresveratrol per se or with piperine, oxyresveratrol
glucuronide showed in urinary excretion – the primary route of excretion. After the
IV treatment of oxyresveratrol 10 mg/kg plus piperine 1 mg/kg, the generation of glu-
curonide metabolites from oxyresveratrol appeared to be reduced [18].

6.3.16 Piperine with propranolol and theophylline

Pharmacokinetics and bioavailability of propranolol (beta-blocker) and theophylline
(phosphodiesterase inhibitor) are checked along with its administration with piper-
ine using crossover study design. Twelve healthy nonsmoking subjects (18–45 years;
45–66 kg) were selected for the study. Six subjects were placed in each group and
they received a single oral dose of propranolol (140 mg) or theophylline (150 mg)
alone or in combination with piperine 20 mg daily for 7 days. An earlier tmax, and a
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higher Cmax and AUC were observed in the subjects who received piperine and pro-
pranolol. Cmax of propranolol increased from 45 to 95 ng/mL whereas AUC increased
from 561 to 1,140 µg/mL. No significant change in was observed t1/2. It produced a
higher Cmax, i.e., from 4.55 to 7.36 ng/mL, a longer elimination half-life, i.e., from
6.55 to 10.78 ng/mL h, and a higher AUC, from 43 to 85 µg/mL with theophylline due
to reversible inhibition of drug metabolism enzyme [17].

6.3.17 Piperine and metformin

Adult Swiss albino mice (20–30 kg) were selected to study the improved pharmacoki-
netic parameters of metformin (antidiabetic) using piperine as a bioenhancer. Mice
were administered with alloxan monohydrate 150 mg/kg body weight to induce diabe-
tes. A combination of piperine 10 mg/kg with a standard dose of metformin at a dose
of 250 mg/kg showed better results in lowering blood glucose levels at mid-study inter-
val and end of the study; day 14 and 28 levels were compared for metformin alone,
which indicates that piperine significantly enhanced the activity of metformin. When a
reduced dose, i.e., 125 mg/kg of metformin was used along with piperine, low concen-
tration of blood glucose level was observed as compared to the control. This combina-
tion showed greater result in decreasing blood glucose level by 17% as compared to
12.5% by metformin (250 mg/kg) alone [19]. Bioenhancement of drugs by piperine and
animals or humans on which the study has been conducted are listed in Table 6.2. Nu-
traceuticals bioenhanced by piperine are listed in Table 6.3.

Table 6.2: Drugs bioenhanced by piperine [21].

Drug Animals/humans on which the study has been
carried out

Vacisine Rat model

Phenytoin, theophylline, sulfadiazine,
tetracycline

Human volunteer

Pentobarbitone Human volunteer

Curcumin Human volunteer and rat model

Nimesulide In vivo study

Indomethacin Rat

Oxyphenylbutazone Mice model

Phenytoin Rabbit model

Rifampicin Rat model

Amoxycillin trihydrate and cefotaxime Rat model
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Table 6.2 (continued)

Drug Animals/humans on which the study has been
carried out

EGCG [[−]-epigallocatechin--gallate] Mice model

Oxy-tetracycline WLH hens

Ciprofloxacin Rabbit model

Nevirapine In vitro study

Diclofenac sodium and pentazocine Human model

Pefloxacin Albino mice

Carbamazepine Gaddi goats

Fexofenadine Rabbit

Metronidazole In vitro study

Ampicillin trihydrate Rat

Resveratrol Rabbit

Gatifloxacin Human model

Atenolol Rat

Ibuprofen In vitro study

Losartan potassium Rat model

Table 6.3: Nutraceutical bioenhanced by piperine [35, 36].

Class of
nutraceuticals

Example

Fat/water vitamins Vitamin A, vitamin B, vitamin B, vitamin B, vitamin C, vitamin D, vitamin
E, vitamin K, provitamin

Amino acid Lysine, isoleucine, leucine, phenylalanine, threonine, valine, tryptophan,
methionine

Minerals Zn, I, Ca, Cu, Mg, K, iron, selenium, and manganese

Herbal products Boswellic acid: Boswellia serrata
Pycnogenol: Pinus pinaster
Withanaloids: Withania somnifera
Curcuminoides: Curcuma longa
Ginsenosides: Gingko biloba
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6.4 Impact of other herbal bioenhancers
on pharmacokinetics of some drugs
and nutraceuticals

6.4.1 Allium sativum (garlic): allicin

Biological source Organosulfur allicin is compound obtained from garlic, a species in
the Alliaceae family.

IUPAC name S-[-Propenyl]--propene--sulfinothioate

Chemical constituents Alliin, allicin, E-ajoene, Z-ajoene, -vinyl-H-,-dithiin, diallyl
sulfide, diallyl disulfide, diallyl trisulfide, allyl methyl sulfide

Biological/pharmacological
activity []

Antibacterial, antiviral, antioxidant, anti-inflammatory, anticancer,
immunomodulatory

Mechanism of action as
bioenhancer [, ]

. Allicin inhibits transport of ergosterol between the cytoplasm and
the plasma membrane.
. Allicin inhibits ergosterol trafficking from the plasma vacuole
membrane but enhances membrane damage by amphotericin B.

Allicin

6.4.1.1 Pharmacokinetics of allicin

Alliinase is a garlic amino acid conversion enzyme that transforms allicin to allyl sul-
fenic acid. Allicin is a chemical that decomposes rapidly into other oil- and water-sol-
uble organosulfur compounds when 2 molecules of allyl sulfenic acid spontaneously
condense to produce one molecule. At pH 7.0 and 35 °C, the pure alliinase enzyme is
most active, while it becomes inactive at pH values below 3.5 or when heated. A lot
of factors affect allicin absorption, including its steric structure, solubility, pKa, mo-
lecular size, and hydrophilicity. Because of its reactivity with thiol groups in proteins,
such as those found in enzymes, allicin has a significant antibacterial impact.

Volunteers’ breath contained allyl methyl sulfide, diallyl sulfide, diallyl disul-
fide, diallyl trisulfide, and dimethyl sulfide within 2–3 h after consuming 38 g raw
garlic. The [AUC] of the primary breath Allicin metabolite [Allyl methyl sulfide] was
checked in healthy people after 32 h of ingestion [6 female and 7 males]. BA/BE
values of allicin were found to be (36–104%) in enteric tablets, nonenteric tablets
(80–111%), and garlic powder capsules (26–109%) [39].
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6.4.1.2 Pharmacokinetics of allicin administered with another drug

1. Allicin and omeprazole
Eighteen healthy Chinese male volunteers were administered with 180 mg of alli-
cin for 14 days to see how it affected omeprazole [a proton pump inhibitor],
and CYP2C19 and CYP3A4 activities. The study used HPLC and a two-phase ran-
domized crossover trial. Treatment with allicin increased omeprazole’s peak
plasma concentration [Cmax] by 54.29% and AUC 0-∞ by 48.19%. The Cmax and
AUC 0-∞ of omeprazole showed no significant change. This study concluded that
allicin is helpful to reduce the metabolism of omeprazole by inhibiting CYP2C19
activity [40].

2. Allicin and Cu2+

Cu2+ has fungicidal activity for S. cerevisiae cells, and its action increased with
allicin. Cu2+ fungicidal action was unaffected by substances such as l-cysteine,
N-acetyl-cysteine, or dithiothreitol. Cu2+ produced deadly ROS, i.e., reactive oxygen
species in Saccharomyces cerevisiae cells; however, intracellular oxidative stress dur-
ing the time of cell death was seen when Cu2+ and allicin were combined [41].

3. Amphotericin B with allicin
The effect of allicin on the fungicidal action of amphotericin B against the yeast Sac-
charomyces cerevisiae shows considerably enhanced activity. Amphotericin B and al-
licin concentrations were observed to be increased, i.e., 0.5 + 120 g/mL In addition to
modifying the permeability of the plasma membrane, amphotericin B induced disrup-
tion to the vacuole membrane, resulting in the organelles to be recognized as little
separate particles. Allicin improved Amphotericin B-induced damage to the structure
of the vacuole membrane. Allicin can improve antifungal activity of amphotericin B
against C. albicans and Aspergillus fumigatus, two dangerous fungi [42].

6.4.2 Aloe barb adensis (Aloe vera)

IUPAC name S-[-Propenyl]--propene--sulfinothioate

Chemical constituent [] % aloin is present in aloe (mixture of barbaloin, isobarbaloin,
and β-barbaioin)

Biological/pharmacological
activity

Moisturization, anti-acne, skin rejuvenation, skin hydration, anti-
inflammatory, wound healing, hail inflammation, athletes’ foot, skin
repair, antiaging, protection from radiation

Mechanism of action as
bioenhancer []

Facilitator of absorption and regulator of GIT function
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6.4.2.1 Aloe vera and vitamin C, E

Aloe vera gel consists of vitamin C and vitamin E. It increases the plasma concentra-
tions and enhances absorption. The Aloe vera gel extract was particularly successful
in increasing ascorbate absorption. Its plasma concentration was substantially pro-
longed, even after an overnight fast of 24 h. Vitamin E absorption and plasma concen-
tration were improved by both the gel and whole-leaf extracts, particularly after 8 h.
AUC of vitamin C (339 ± 124 µMh) increased up to (272 ± 144 µMh) and (1,031 ± 513
µMh) when administered along with aloe leaf extract and aloe gel, respectively.
AUC of vitamin E (19.3 ± 23.2 µMh) increased (38.3 ± 17.0 µMh and 71.3 ± 22.5 µMh)
when administered along with aloe leaf extract and aloe gel, respectively [45].

6.4.2.2 Aloe vera and protein peptide drug

The leaf extract of Aloe vera improved the transport of FITC-dextran with a molecular
weight of 4 kDa [FD-4], with not more than 10 kDa molecular weight, demonstrating
lowest drug absorption in terms of molecular size. Confocal laser scanning micros-
copy imaging revealed an accumulation of FD 4 in Caco-2 cells after treatment with
the Aloe vera gel and whole-leaf extract, implying that FD-4 was transported paracell-
ularly after the interaction of Aloe vera gel and whole-leaf extract with epithelial cell
monolayers. Fluorescence labeling revealed changes in F-actin distribution in the cy-
toskeleton of Caco-2 cell monolayers, showing that the Aloe vera gel and whole-leaf
extract’s absorption-increasing impact is due to close junction remodeling [46].

6.4.3 Ammannia multiflora (jerry-jerry)

Biological source [] Leaves of the plant of Ammannia genus belonging to the Lythraceae
family

Chemical constituent [] Glycoside, flavonoids, carbohydrates, steroids, phenol, and sterols

Aloe emodin Aloesin Aloin Barbaloin Emodin

(continued)
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Biological/pharmacological
activity []

Antipyretic, antidiuretic, antimicrobial, antirheumatic, anticancer,
rubefacient, antimalarial

Mechanism of action as
bioenhancer

Under investigation

Ammannia multiflora extract (methanolic) shows bioenhancing activity when adminis-
tered with nalidixic acid. Using methanolic extract, researchers were able to isolate a
novel chemical called 2,5-bis-[3,3′-hydroxyaryl] tetrahydrofuran, also known as amma-
niol, as well as nine other recognized chemicals. In addition, 4-hydroxy-tetralon was
transformed into five semisynthetic acyl derivatives – 1A, 1B, 1 C, 1D, and 1E – which
were investigated for bioenhancing action in conjunction with nalidixic acid against
two Escherichia coli strains, CA8000 and DH5. The methanolic extract of A. multiflora
as well as compounds 1 and 9 had considerable bio enhancing effect and lowered the
dose of nalidixic acid 4-fold, whereas compounds 5, 6, 10, and semisynthetic deriva-
tives 1A-1E lowered the dose of Nalidixic acid 2-fold. Compound 5 was further
evaluated for anti-mycobacterial activity against Mycobacterium H37Rv, which
showed moderate action (MIC 25 g/mL) [48].

6.4.4 Capmul

Glyceryl caprate, i.e., capmul is made from edible oils and fats. It is a common ingre-
dient in lip balms. Capmul MCM C10 increased ceftriaxone bioavailability by 55–79%
in rats [49].

6.4.5 Capsicum annum (chili peppers): capsaicin [50]

Biological source Capsaicin is the active phenolic compound found in Capsicum annum

IUPAC name -Methyl-N-vanillyl--nonenamide

Causes irritation to humans, mammals and produces a feeling of
tissue burning when it comes in contact with tissues

Capsaicin

(continued)
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6.4.5.1 Capsaicin and theophylline

Sustained-release gelatin capsule of theophylline was used to investigate the ab-
sorption and bioavailability in rabbits (n = 10, male) with oral administration of the-
ophylline (20 mg/kg), along with capsaicin and the drug alone. Coadministration of
capsicum increased AUC to 138.32 mg × h/L, Cmax to 8.78 mg/L, mean residence
time (MRT) to 20.98 h. Each rabbit showed increase in theophylline plasma levels
after receiving the next dose of the capsicum suspension 11 h after the first dose.
This meant that theophylline bioavailability increased with capsaicin [51].

6.4.5.2 Capsaicin and aspirin

According to the study carried out by Cruz et al., capsaicin reduces the oral bio-
availability of aspirin in rats [52].

6.4.5.3 Capsaicin and ciprofloxacin

A study involving the effect of capsaicin on ciprofloxacin concluded that there is no
or very little effect of capsaicin on the bioavailability of ciprofloxacin [53].

6.4.6 Cow urine distillate

The urine/gomutra of a cow (Bos indicus) has been extensively explained in Ayurveda
and classified as a beneficial medicinal substance/secretion of animal origin, with
multiple therapeutic capabilities, in the “Sushruta Samhita,” “Ashtanga Sangraha,”
and other Ayurvedic literatures. In Ayurveda, Gomutra is referred to as “Sanjivani”
and “Amrita.” Gomutra is a nontoxic waste product made up of 95% water, 2.5%
urea, and the remaining 2.5% includes salts, hormones, minerals, and enzymes.

Cow urine has two US patents for its pharmaceutical properties, especially as a
bioenhancer and as an antibiotic, antifungal, and anticancer agent (nos. 6,896,907
and 6,410,059].

Mechanism of action as bioenhancer: Increases drug absorption across cell
membrane [54].

6.4.6.1 Cow urine distillate and cadmium toxicity, bioenhancer of zinc

Antimicrobial, antifungal, and anticancer medications work better using cow urine
distillate as a bioenhancer. Cow urine exhibits antitoxic effect on the toxicity of
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cadmium chloride and is used as zinc bioenhancer. Cadmium chloride has no effect
on the fertility of mature male mice. Cadmium chloride, zinc sulfate, and cow
urine-treated animals had a 90% reproductive rate, 100% viability, and 100% lacta-
tion indices. The fertility index in the cadmium chloride, zinc sulfate, and cow
urine-treated animals was estimated to be 88%. Cow urine distillate was found to
be effective against cadmium chloride toxicity and it also reduced the amount of
cadmium chloride in the body [54].

6.4.6.2 Cow urine and gonadotropin-releasing hormone

Cow urine distillate has great effect in increasing the activity of gonadotropin-re-
leasing hormone on the motility and count of sperm, gonado-somatic indices, and
morphology of sperm in male mice. Cow urine distillate has immunomodulatory
characteristics; hence it boosted this effect [55].

6.4.6.3 Cow urine and rifampicin

The absorption of antibiotics, including rifampicin, tetracycline, and ampicillin
through the gut wall improved 2–7 times when cow urine distillate was used. Rifam-
picin bioavailability increased 80 times when cow urine was used (0.05 µg/mL),
ampicillin bioavailability increased 11.6 times at 0.05 µg/mL, and cotrimoxazole
bioavailability increased 5-fold at 0.88 µg/mL Cow urine improves bioavailability
by promoting drug absorption through the cell membranes [56].

6.4.7 Curcuma longa (turmeric): curcumin

Biological source [] Turmeric consists of (Curcuma longa L. syn C. domestica Val.) and
rhizome belongs to the Zingiberaceae family

IUPAC name [] Curcumin [diferuloylmethane; ,-bis[-hydroxy--methoxyphenyl]-
,-heptadiene-,-dione]

Chemical constituent [] Curcumin, dimethoxy curcumin and bisdemethoxycurcumin,
collectively known as curcuminoids (–%)

Biological/pharmacological
activity []

Anti-inflammatory, antiparasitic, antispasmodic, anticarcinogenic,
anticancer, antitumor, antioxidant, antiprotozoal, and wound
healing property.
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Biological source [] Turmeric consists of (Curcuma longa L. syn C. domestica Val.) and
rhizome belongs to the Zingiberaceae family

Mechanism of action as
bioenhancer [, ]

. Curcumin has the ability to suppress liver CYPA.
. Curcumin induces changes in the drug transporter
P-glycoprotein.
. Curcumin suppresses nonspecific drug metabolizing enzyme

Curcumin

Turmeric (Curcuma longa) is one of the most widely used spices and condiments in
Indian cuisine. It is a primary orange hydrophobic polyphenol pigment that is used
in pharmaceutical ointments and creams to impart color. Curcumin is used in anti-
microbial and anticancer medicines as a bioenhancer [3].

Demethoxy-curcumin, bisdemethoxycurcumin, and volatile oils have also been
classified as curcumin constituents. Commercially, curcumin contains 75% curcu-
min, 15% dimethoxy-curcumin, and 5% bisdemethoxycurcumin [60].

6.4.7.1 Pharmacokinetics of curcumin

Curcumin oral supplement has been used in many studies to explore its pharmaco-
kinetic profile in both humans and laboratory animals.
1. A single dose of curcumin-standardized powder extract was given to 24 healthy

people at a dose of 0.5–12 g. Curcumin was not identified in the serum of partic-
ipants who were given 8 g dose of Curcumin. Increase in dose to 10 g in 2 out of
24 subjects showed curcumin level of about 30 ng/mL (1 h), 40 ng/mL (2 h),
and 50 ng/mL (4 h). After a dose of 12 grams, the level of curcumin was found
to be about 30 ng/mL (1 h), 60 ng/mL (2 h), and 50 ng/mL (4 h) ng/mL [61].

2. Curcuma extract (36–180 mg) of pure curcumin was given to 15 patients with che-
motherapy-resistant colorectal cancer for up to 4 months. Curcumin was found
in feces only after 29 days, with concentrations ranging between 64 and 1,054
nmol/g. Curcumin or its metabolites were not detectable in blood and urine [62].

3. A study of pharmacokinetics of curcumin was carried out using four human
participants for pharmacokinetics parameters when foods such as sandwich,
soup, and oat bar were consumed. Each subject consumed 3 g (100 mg of cur-
cumin). Curcumin was studied in three different ways. Dimethoxy curcumin
glucuronide, curcumin glucuronide, and curcumin sulfate were observed in all

(continued)
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four volunteers with a Cmax of 47.6, 1.9, and 2.1 nM, respectively within 30 min
post-food [62].

4. Colorectal cancer patients having hepatic metastases were treated with 0.45–3.6 g
of curcumin before surgery. Curcumin and its conjugates, curcumin glucuronide
and curcumin sulfate, were present in trace amounts (<0.01 µM) in the portal
circulation and live. [63].

5. To study the pharmacokinetics of curcumin after an oral dose of 10–12 g, healthy
volunteers were selected and a study was performed. Only one subject showed
free curcumin in the plasma after 30 min of administration. The amounts of cur-
cumin glucuronide and curcumin sulfate at Tmax at 10 g were 2.04 µg/mL and
1.06 µg/mL, respectively, and at 12 g, were 1.40 µg/mL and 0.87 µg/mL, respec-
tively [64].

6. Curcumin is able to cross BBB because of its lipophilicity. As a consequence, it
can enter the brain in biologically effective amounts, resulting in neuroprotec-
tion. Curcumin concentration in the brain was discovered in a study on murine
models. At 30, 60, and 120 min after receiving an oral dose of curcumin of
50 mg/kg, mice had a brain concentration below the limit of detection. In com-
parison, when 100 mg/kg of curcumin was injected intraperitoneally, the con-
centration varied from 4–5 µg/g tissue in 20–40 min [65].

6.4.7.2 Effect of curcumin on pharmacokinetics of coadministered drugs

6.4.7.2.1 Curcumin with tamoxifen and endoxifen in patients with breast cancer
A study of pharmacokinetics of tamoxifen and endoxifen(antiestrogen), alone and ad-
ministered along with curcumin alone and curcumin-piperine, on 17 patients with
breast cancer was conducted in three cycles. Patients were given tamoxifen (20–30 mg)
monotherapy in cycle 1, curcumin concomitantly with tamoxifen (1,200 mg, 3 times/
day) in cycle 2, and tamoxifen concomitantly with curcumin and piperine in cycle 3.
AUC0–24 h and Cmax of tamoxifen decreased to 8.4% and 7.1% in patients treated with
tamoxifen plus curcumin, compared to tamoxifen per se. Furthermore, endoxifens
AUC0–24h and Cmax decreased to 7.7% and 7.1%, respectively, with concomitant
curcumin treatment. Along with curcumin and piperine, tamoxifen AUC0–24h and
Cmax decreased 12.8% and 11.1%. The endoxifen AUC0–24 h and Cmax decreased to
12.4% and 9.8%, respectively. Patients should be informed to discontinue con-
suming turmeric-rich food during tamoxifen treatment, or the treatment effective-
ness of tamoxifen should be closely checked, according to the findings [66].

6.4.7.2.2 Curcumin and marbofloxacin in chicken
A study of curcumin on chickens divided into four groups (n = 7) was carried out.
Groups I and II were administered marbofloxacin (category: broad-spectrum
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bactericidal agent) (5 mg/kg) iv and orally, while animals in groups III and IV
received a similar dose of Marbofloxacin IV and orally, after oral pretreatment
with curcumin (100 mg/kg/day for 10 days). Marbofloxacin MRT were 10.11 and
8.8 h and the elimination half-lives (t½) were 7.26 and 6.43 h after IV administra-
tion, in curcumin pretreated and normal chickens, respectively. The maximal
serum concentrations [Cmax] of marbofloxacin after oral administrations were
1.92 and 1.32 µg/mL, with time-to-peak concentration [Tmax] values of 0.39 and
1.11 h and absolute bioavailability were less than 100% and 71.10% in curcumin
pretreated and normal chickens, respectively. Delay in the excretion of marbo-
floxacin in chickens may be due to suppression of CYP3A4 drug metabolizing en-
zymes. Increased absorption may be due to the ability of curcumin to influence
drug transporter protein [P-gp] in the intestine [67].

6.4.7.2.3 Curcumin and loratadine
Effects of coadministration of curcumin on the pharmacokinetics of loratadine
(category: antihistaminic) were studied in 8 weeks old male Sprague Dawley
rats, divided into seven groups (n = 6). The oral group was administered without
or with 2–8 mg of curcumin and 4 mg/kg of loratadine dissolved in water; IV
group also received with or without the same amount of curcumin and 1 mg/kg
of loratadine dissolved in 0.9% NaCl solution. Curcumin coadministration im-
proved absorption and other pharmacokinetic parameters of loratadine as com-
pared to loratadine treatment alone. Curcumin increases AUC0–∞ of loratadine
by 39.4–66.7%. Cmax was enhanced by 34.2–61.5%. Loratadine’s absolute and
relative bioavailability values were significantly increasing to 40.0–66.1% and
1.39–1.67%, respectively. In the presence of curcumin, however, there were no
major improvements in Tmax and t1/2 of loratadine. Increase in the oral bioavail-
ability of loratadine can be observed by the inhibition of metabolism character-
ized by CYP3 A4 enzyme and P-gp efflux pump inhibition in the small intestine
by curcumin [68].

6.4.7.2.4 Curcumin and talinolol in healthy Chinese volunteers
A study was carried out involving eighteen healthy subjects according to their A-B-
C-B-1 multidrug resistance genotype. They were grouped as follows: wild-type ho-
mozygotes, C-34-35-C [CC, n = 6]; variant heterozygotes, C-34-35-T [CT, n = 6]; and
variant homozygotes, T-34-35-T [TT, n = 6]. AUC0–48 h and AUC0–∞ of talinolol (cate-
gory: β1-selective adrenoceptor blocking agent) increased by 67.0% and 80.8%, re-
spectively, when administered with curcumin. Cmax of talinolol was found to be
increased with curcumin administration, whereas clearance was decreased by 25.9%
without any change in tmax and t1/2. Talinolol AUC0–48 h and AUC0–∞ Cmax were signif-
icantly increased and CLoral/F decreased in TT subjects [69].
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6.4.8 Zingiber officinale (ginger): gingerols

Biological source [] Ginger is a tuberous or nontuberous rhizome belonging to the
family Zingiberaceae.

IUPAC name [] -Methyl--[-methylhept--en--yl]cyclohexa-,-diene

Chemical constituents [] Zingiberene, camphene, zingiberole, citral, cineole, bisabolene,
phellandrene, borneol, limonene and camphene, citronellol, geraniol,
and linalool are important constituents of ginger. Other active
constituents are vitamin B, vitamin C, mucilages, proteins, calcium
magnesium, phosphorus, potassium, sulfur, and linoleic acid.

Biological/pharmacological
activity []

Antiulcer, antimutagenic, antimicrobial antibiotic, antifungal,
anticarcinogenic, antidiabetic, antiemetic thrombotic, and fertility
enhancer

Mechanism of action as
bioenhancer []

Regulates intestinal function and facilitates absorption

Zingiberene Zingiberole

1. Z. officinale extract enhanced the bioavailability of pharmaceutical compounds.
Piperine increases bioavailability by 10–85%, when combined with Z. officinale,
whereas Z. officinale alone has a bioenhancing impact of 30–75%. The extracts of Z.
officinale maintain their bioenhancing activity, whether piperine is present or not.
Ginger’s bioactive fraction increased the bioavailability of the anticancer drugs,
such as methotrexate, by 87% to 110%. It was also discovered that it improved the
Acyclovir [Antiviral drug] concentration in blood by 82%. Herbal preparations and
nutraceuticals’ bioavailability is also improved by the bioactive fraction. Vitamin A
bioavailability was enhanced by 30% when combined with ginger extract. As a re-
sult, ginger can be used per se or in conjunction with piperine to increase the bio-
availability of a variety of essential therapeutic groups of drugs, such as antibiotics
and nutraceuticals [71].

2. The percentage enhancement in bioavailability of certain drugs in combination
with extracts of Z. officinale alone and in combination with piperine [21, 72] is
shown in the next table (Table 6.4).
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Table 6.4: Percentage enhancement in the bioavailability of certain
drugs in combination with the extracts of Z. officinale alone and with
piperine [21].

Compound Percent enhancement in bioavailability

Z. officinale Z. officinale + piperine

Erythromycin  

Amoxycillin  

Kanamycin  

Ciprofloxacin  

Fluconazole  

Alprazolam  

-Fluorouracil  

Doxorubicin  

Propranolol  

Nimesulide  

Rifampicin  

Salbutamol  

Bromhexine  

Ethionamide  

Diclofenac  

Dexamethasone  

Cyclosporin A  

Ranitidine  

Retinol  

Vitamin E  

Folic acid  

β-Carotene  

Curcumin  

Tinospora cordifolia  

Asparagus racemosus  
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6.4.9 Glycyrrhiza glabra (Liquorice): glycyrrhizin

Biological source It is a glycoside. It is obtained from stolon and roots of liquorice,
belonging to family Glycyrrhiza glabra.

Chemical constituents Glycyrrhizin, a triterpenoid saponin, is the primary component of
roots. Liquorice contains proteins, simple sugar, amino acids, and
polysaccharides, as well as mineral salts such as Ca, K, Mg, I, Na,
silicon, selenium, manganese, Zn, Cu, as well as resins, sterols,
pectins, gums, and starches.

Pharmacological activity [] It has an expectorant effect and can help with bronchitis, gastritis,
sore throat, allergies, asthma, peptic ulcers, and rheumatism. It
aids in the detoxification of drugs by the liver and is used to treat
liver disease. It is a diuretic and laxative, as well as strengthens the
immune system and stimulates the adrenal gland. Glycyrrhizin’s
main applications include the treatment of peptic ulcers and
stomach disorders as well as the treatment of respiratory and
intestinal passages. Antihepatotoxic, anti-inflammatory, anticancer,
and antiviral actions are some of the properties of glycyrrhizin.

IUPAC name [] [β,β]--Carboxy--oxo--norolean--en--yl-O-β-D-
glucopyranuronosyl-α-D-glucopyranosiduronic acid

Mechanism of action as
bioenhancer

Glycyrrhizin is converted by β-glucuronidase present in intestine to
glycyrrhetic acid and, thereby, enhances absorption.

Table 6.4 (continued)

Compound Percent enhancement in bioavailability

Z. officinale Z. officinale + piperine

Lysine  

Potassium  

Zinc  
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6.4.9.1 Glycyrrhizin and aconitine

The effect on the pharmacokinetics of aconitine in rats through three different
routes was assessed using diammonium glycyrrhizinate. Oral administration of gly-
cyrrhizinate with aconitine, the Cmax, AUC and bioavailability increased 1.64-fold,
1.63-fold, and 1.85-fold, respectively, while the half-life, and clearance (Cl) did not
alter significantly. No changes in the pharmacokinetic parameters were observed
during the Tail vein and Hepatic vein administration of glycyrrhizinate. This in-
crease in absorption is due to the suppression of the P-gp efflux transporter in the
intestine [74].

 
Glycyrrhizin [74]

(continued)
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6.4.9.2 Glycyrrhizin and paclitaxel

An experiment involving MCF-7 cell line, enhancement in activity because of glycyr-
rhizin, was observed in “taxol” (paclitaxel). Taxol’s anticancer activity increased 5-
fold in terms of inhibiting MCF-7 cancer cell growth and multiplication. Taxol at a
dose of 0.01 g/mL in the presence of glycyrrhizin at a dose of 1 g/mL inhibits cancer-
ous cell growth more effectively than Taxol (0.05 g/mL) treatment alone [75, 76].

6.4.9.3 Glycyrrhizin and antibiotic

Khanuja et al. also revealed the effectiveness of the glycyrrhizin. It increased the
efficacy and bioavailability of a few anticancer drugs, antibiotics, and anti-infec-
tives. Glycyrrhizin facilitates the absorption of antibiotic and other agents through
biological membranes, increasing their levels in plasma and, thereby, their bio-
availability. It increases the effectiveness of antibiotics such as rifampicin 3.8-fold,
ampicillin 12.6-fold, tetracycline 1.9-fold, and nalidixic acid against Escherichia coli.
It also enhances the bioavailability of rifampicin 6.5-fold, tetracycline 1.5-fold and
Nalidixic acid 6.8-fold against Gram-positive bacteria such as B. subtilis and M.
smegmatis. Glycyrrhizin also makes antifungal drugs such as clotrimazole more ef-
fective against Candida albicans [77].

6.4.10 Ipomoea spp.: Rivea corymbosa, ipomoea
violacea, and Ipomoea muricata [morning glory plant):
lysergol

Biological source Morning glory plant (Ipomoea spp.)

Biological/pharmacological
activity

It enhances the antibiotic activity and is a promising herbal
bioenhancer.

IUPAC ,-Dihydro--methylergoline-methanol

Mechanism of action as
bioenhancer []

Still under investigation

Lysergol [80]
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A dose of 1–10 g/mL of lysergol is effective as a bioenhancer is; however, 10 g/mL is
preferable. Rifampicin, tetracycline, and ampicillin are all bioenhancers. Lysergol
boosts an antibiotic’s antibacterial properties. It works against E. coli, B. subtilis,
and M. smegmatis, as well as Gram-positive and Gram-negative microorganisms. It
enhances the antibacterial activity of rifampicin [10 g/mL] 6–12 times against E. coli
and 3–4.6 times against B. subtilis. Rifampicin increases the activity against M.
smegmatis 4.5–6 times when used at a concentration of 0.4 g/mL [78]. Oral adminis-
tration of lysergol to SD rats improved the bioavailability of berberine [79–81].

6.4.11 Peppermint oil

Biological source [, ] Peppermint oil is extracted from perennial herb leaves, M. arvensis
var. piperascens and Mentha piperita L. (family: Labiatae).

Chemical constituent
[, ]

Cineole .–.%, menthone .–.%, limonene .–.%,
isomenthone .–.%, menthofuran .–.%, menthyl
isopulegol max. .%, acetate .–.%, menthol .–.%,
pulegone max. .%, and carvone max. .%.

Biological/pharmacological
activity []

Hot flushes in women, irritable bowel syndrome, antimicrobial,
antiplasmid, larvicidal, and mosquito-repellent action, and
treatment of nervous disorders and indigestion

Mechanism of action as
bioenhancer

Under investigation

Menthol Menthone Menthyl acetate 1,8 cineole

The effect of peppermint oil on D-tocopheryl polysuccinate [TPGS] and ketocona-
zole on the oral bioavailability of cyclosporine was studied in rats. Peppermint oil,
100 mg/kg, increased Cmax and the area under the concentration versus time curve
of cyclosporine from 0.60 to 1.6 g/L and from 8.3 to 24.3 g h/mL, respectively. Tmax

increased from 2 to 6 h. Coadministration of D-tocopheryl polysuccinate at a dose of
50 mg/kg with cyclosporine in a saline vehicle-enhanced AUC0 from 28.5 to 59.7
g h/L and increased the Cmax of cyclosporine from 1.3 to 2.9 g/mL. The tmax re-
mained the same [3 h]. The terminal half-life increased by 44% [15.4 h compared
10.7 h] and the MRT increased by 24%. Use of Ketoconazole in range of 10–20 mg/
kg had no effect on the absorption of cyclosporine. Poor cyclosporine metabolism
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in rat intestinal tissue indicates that cytochrome P450-3A inhibition is not the sole
way peppermint oil improves cyclosporine oral bioavailability [82].

6.4.12 Sinomenium acutum (Cocculus divers): sinomenine

Biological source [] Sinomenine (alkaloid) found in climbing plant Sinomenium acutum,
located near Japan and China.

Biological/pharmacological
activity []

Sinomenine is used in Japan and China for the treatment of
rheumatic and arthritic diseases.

IUPAC [] ,-Didehydro--hydroxy-,-dimethoxy-methylmorphinan--one

Mechanism of action as
bioenhancer []

Sinomenine is P-glycoprotein Inhibitor

Sinomenine [84]

The activity of sinomenine on the augmentation of paeoniflorin absorption in the
gut was investigated using co-incubate tissue culture experiments. Coadministra-
tion of paeoniflorin and Sinomenine increased paeoniflorin absorption against Can-
dida albicans. Administration of a 150 mg of paeoniflorin per kg body weight alone
and with 90 mg/kg sinomenine hydrochloride to SD rats found that, sinomenine ad-
ministration increases the Cmax of paeoniflorin and AUC0 −∞, delays tmax, and de-
creases CL and Vd. sinomenine has been postulated as a strategy for improving
paeoniflorin bioavailability by decreasing paeoniflorin efflux transport via P-gp [84].

6.4.13 Stevia rebaudiana (Stevia)

Biological source [] Stevia rebaudiana sweetener (Stevia) obtained from honey leaf
available in South America.

Biological/pharmacological
activity []

This is widely used in China and Japan for rheumatic arthritis
treatment and also in other arthritic diseases.

Chemical constituents [] It consists of a glycoside known as steviol, which is sweeter than
sucrose ( times). Rebaudioside, austroinulin, steviol, and
dulcoside are also present.

178 Rupali A. Patil et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



Mechanism of action as
bioenhancer []

Under investigation

Steviol

When taken alone or in combination with piperine, stevia extracts improve the bio-
efficacy of pharmaceutical compounds. Stevia in 1–80% amount is used as a bioen-
hancer. Bioenhancer obtained from stevia plant is around 30 mg/kg, while piperine
is in the range of 8 mg/kg. Stevia increases the bioavailability of antibiotics, cardio-
vascular agents, anti-inflammatory, antitumor, antiulcer, and antidiabetic drugs [87].

6.4.14 Pod of drumstick (Moringa oleifera) niaziridins

Biological source [] Niaziridins is novel glycoside, which is obtained from drumstick
pods (Moringa oleifera) after fractional distillation.

Biological/pharmacological
activity []

Antifertility, spasmolytic, antimicrobial, diuretic, antioxidant and
hepatoprotective, anticancer, anti-inflammatory, antifungal, and
antiulcer.

Niazirin [89] Niaziridin [89]

Niaziridin enhances the bioavailability of antibiotics such as tetracycline, rifampi-
cin, Nalidixic acid, and ampicillin, when used against Mycobacterium smegmatis
and Bacillus subtilis. It improves the antibiotic facilitation against Escherichia coli.
It also enhances 5-fold the effectiveness of antifungal drugs from the category of
azole such as clotrimazole against Candida albicans. It also enhances and facilitates
the absorption of cyanocobalamin vitamin. As a result, niaziridin, in conjunction
with antifungal and antitubercular medications, can be used to improve pharmaco-
logical effects. Hepatitis, jaundice, peripheral neuritis, gastric inflammation, and
other serious side effects are caused due to antitubercular drugs such as rifampicin

(continued)
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and isoniazid at higher doses. As a bioenhancer, niaziridin lowers the overall dose of
such medications, allowing it to be used to minimize drug-related side effects [88, 89].

6.4.15 Cuminum cyminum (jeera): oil

Biological source [] Caraway (cumin) obtained from dried ripe fruits of Carum carvi
(Umbelliferae)

IUPAC [] Carvone [R]--methyl--prop--en--ylcyclohex--en--one and
limonene [R]--methyl--prop--en--ylcyclohexene

Biological/pharmacological
activity []

Antioxidant, antidiabetic, anti-inflammatory, anticonvulsant,
diuretic, antimicrobial, and carminative activity.
Various antitubercular, antibiotic, antifungal, anticancer, antiviral,
antihistaminic, and anti-inflammatory medicines have been shown
to increase bioavailability.
It contains essential oil [–%], protein [%], fatty acids
[–%], carbohydrate [%], phenolic acids, and flavonoids. Its
aqueous extract contains tannins, alkaloids, and terpenoids.

 

Carvone

The capacity of the caraway to enhance permeability through mucosa and its effect on
the P-gp transporter could explain its bioenhancing properties [93]. Caraway was stud-
ied as a bioenhancer to improve the bioavailability of fixed-dose combination of antitu-
bercular drugs in humans. A capsule containing the caraway extract [100 mg] was
coadministered with a combination of a drug containing 450 mg of rifampicin, 300 mg
of isoniazid, and 100 mg of pyrazinamide, orally, and their various pharmacokinetic
parameters were studied. Bioavailability indices such as Cmax, and the AUC for rifampi-
cin, isoniazid and pyrazinamide increased by 32.22% and 32.16%, 36.01% and 29.06%,
and 33.22% and 27.92%, respectively, while the half-life remained unchanged [92, 93].
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6.4.16 Quercetin

Biological source [] Quercetin is a derivative of flavonoid glycosides present in citrus
fruits, apples, vegetables, peppers, leaves, red wine, tomatoes,
dark cherries, grains, etc.

IUPAC name [] Quercetin [-[,- dihydroxyphenyl]-,,-trihydroxy- H-chromen-
-one]

Biological/pharmacological
activity []

It has been used as a dietary supplement and exhibits antioxidant,
anticancer, cardiovascular protection, antiviral, anti-inflammatory,
antidiabetic, antiallergic, antiulcer, antihypertensive, anti-infective,
gastroprotective effects, and immunomodulatory activities

Quercetin

Quercetin not only exhibits poor and extremely variable bioavailability [0–50%]
but also gets rapidly eliminated [half-life: 1–2 h] after ingestion. The pharmacologi-
cal response predicted from in vitro studies are unlikely to be mirrored when the
study is done on actual animal models because quercetin is quickly and thoroughly
metabolized. In rats, there is no substantial phase I metabolism of quercetin. Quer-
cetin produces metabolites that are more polar than the parent molecule and are
eliminated faster due to the conjugation reaction.

It acts by inhibiting the cytochrome P3A4 and modulating the P-gp that results
in the enhancement of bioavailability of numerous API [94].

Various pharmacokinetic properties of tamoxifen at a dose of 10 mg/kg were
investigated in plasma, with and without quercetin, after oral administration. The
dose of quercetin administered was 2.5, 7.5, and 15 mg/kg of body weight. When
quercetin was coadministered with tamoxifen, Ka, Cmax, AUC increased to 21.5 ± 5.4
per h, 85 ± 24 ng/mL, 2161 ± 572 ng/mL h, respectively. Absolute bioavailability of
Tamoxifen was in the range of 18–24% when compared with the control group
[15%]. Similarly, the relative bioavailability of tamoxifen along with quercetin im-
proved by 1.20–1.61-fold when compared to tamoxifen alone. Quercetin increased
the bioavailability of tamoxifen by enhancing its absorption through the intestine
and reducing its first-pass metabolism [95].
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6.4.17 Ocimum sanctum (tulsi)

Biological source [] Eugenol is obtained from fresh and dried leaves of Ocimum
sanctum Linn. (family: Labiatae), commonly known as Tulsi.

Biological/pharmacological
activity []

Antidiabetic, anticoagulant, antioxidant, antimicrobial, antifertility,
antioxidant, anti-inflammatory, immunomodulatory, antistress and
anthelmintic.

Eugenol

Administration of metformin at a dose of 100 mg/kg, alone and along with a combi-
nation of O. sanctum at a dose of 100–150 mg/kg, orally, increased Cmax from 15.96
± 1.066 ng/mL to 19.8 ± 0.825 and 18.76 ± 0.328 ng/mL AUC increased from 156.09
[ng/mL h] to 219.075 and 194.66 [ng/mL h], and Tmax decreased from 4.0 to 3.027
and 3.51, respectively, as compared to the control group [97, 98].

Future perspectives

The idea of bioenhancers, originated from the use of “Trikatu“ a formulation com-
posed of Piper nigrum, Piper longum, and Zingiber officinale in 1:1:1 ratio in Ayur-
veda, has promoted the enhancement of bioavailability in a variety of medicines
[99]. Many scientists and pharmaceutical companies are now focusing on improv-
ing the bioavailability of potent drugs having poor bioavailability. Naturally avail-
able bioenhancers offer a revolutionary concept for lowering the medication doses
and making care more affordable and accessible to a wider group of people. Natural
bioenhancers also help to prevent bacteria from developing drug resistance, which
is a big concern for humans. A potent bioenhancer, quercetin, has been used for
several classes of drugs but is still not able to show its action in the analgesic cate-
gory of drugs and drugs acting on CNS. Naringin acts as a bioenhancer of CVS, anti-
cancer drugs and steroidal medications, although, research on its efficacy against
antiviral, anti-inflammatory, and CNS medications is yet to be conducted. Similarly,
some other bioenhancers such as genistein, Niaziridin, and sinomenine, have not
been thoroughly investigated in a variety of drugs. These bioenhancing agents can
be employed for improving the pharmacokinetics of a wide range of pharmaceuti-
cals, including respiratory, gastrointestinal, and steroid medications. To demonstrate
the influence of natural bioenhancers, the bulk of recent studies have centered on
the oral route. The only bioenhancer studied extensively with wide classes of drugs is
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Piperine. There are a number of other herbal bioenhancers that are yet to be fully
utilized in a number of key areas. Many disorders such as Alzheimer’s disease and
Parkinson’s disease have grown increasingly and there is a significant requirement
for drugs that can directly affect the central nervous system (CNS). In order to work
on the CNS, medicines must be able to pass the blood–brain barrier. Experiments
with these bioenhancers to boost the bioavailability via various modes of drug ad-
ministration are required. The use of herbal bioenhancers in novel drug delivery sys-
tems is in high demand due to the advances in technology [100].

This chapter focused on various pharmacokinetic parameters of herbal bioen-
hancers along with several examples of drugs whose bioavailability is enhanced
using herbal bioenhancers. More experimental studies need to conducted in order
to isolate and study the active constituent from a wide range of unknown plants,
which can act as bioenhancer for several classes of drugs and nutraceuticals. The
exact mode of action of several bioenhancers is still under investigation. They are
also assessed to find out the true mode of action of bioenhancers. Several bioen-
hancers have been linked to toxicity when used in high doses or over long periods
of time. Research is needed to overcome these natural bioenhancers’ toxicity char-
acteristics and administer a safe dose [101].

List of abbreviations

µg Microgram

µM Micromolar

AHH Aryl hydrocarbon hydroxylase

AUC Area under curve

AUC∞ AUC (from zero to infinity)

AUCt Area under the curve over a time interval

AUMC Area under the first moment curve

BA Bioavailability

BE Bioequivalence

CLoral/F Oral clearance

Cmax Maximum concentration

CNS Central nervous system

CVS Cardiovascular system

CYP- Cytochrome P

DNA Deoxyribonucleic acid

EGCG Epigallocatechin Gallate

GDH Glucose -dehydrogenase

GGT Gamma-glutamyl transpeptidase

GIT Gastrointestinal tract

HPLC High-performance liquid chromatography

h Hour
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IUPAC The International Union of Pure and Applied Chemistry

Kel Elimination rate constant

kg Kilogram

m Square meter

MCF Michigan Cancer Foundation

mg Milligram

MIC Minimum inhibitory concentration

mL Milliliter

MRT Mean residence time

ng Nanogram

nM Nanomolar

pg/dL Picogram/deciliter

P-gp P-glycoprotein

RNA Ribonucleic acid

SAR Structure–activity relationship
SD rats Sprague Dawley rats

t/ Half-life

tmax Time to maximum plasma concentration

TPGS Tocopheryl polyethylene glycol succinate

UDP-GA Uridine diphosphate glucuronic acid

μmol/kg Micromole per kilogram
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Chapter 7
Growing impact of herbal bioenhancers
in pharmaceutical industries

Abstract: Ayurvedic expertise has made a significant contribution to drug research
in the world, with new methods of identifying active compounds. In comparison to
modern medicines, herbal medicines have succeeded to emphasize the world for
their use, with advantageous therapeutic effects and fewer adverse effects. How-
ever, in vitro/in vivo findings for these herbal drugs or extracts are not so impres-
sively correlative. Poor lipid solubility, improper molecular size, and prolonged
therapy of phytoconstituents leads to poor absorption, followed by poor bioavail-
ability and treatment expenses. Herbal bioenhancers are nontherapeutic active phy-
tomolecules that, when co–administered at low doses, improve the bioavailability,
bioefficacy, and biological activity of different drugs without having a synergistic
impact with medication. Since herbal bioenhancers are healthy, nontoxic, inexpen-
sive, easy to obtain, nonaddictive, pharmacologically inert, and nonallergenic, they
are enticing pharmaceutical industries as a valuable and most effective means of
bioavailability enhancement. Nowadays, industries are focusing on improvement in
pharmacokinetic parameters of potent active pharmaceutical ingredients using var-
ious bioenhancing mechanisms that can help through alteration in enzyme activity,
phytosomal formulation system, escape protein modifications, effects of cholagogic
or choleretic agent, and heat production in the organism. An emphasis is made to
tackle multidrug resistance in the treatment of infectious diseases. Bioenhancers
significantly contribute to the drug development process, with innovative methods
for identifying active compounds, using natural drugs and products. Herbal bioen-
hancers are becoming increasingly popular as a paradigm-shifting technology for
improving the bioavailability and bioefficacy of various classes of drugs, nutraceut-
icals, and veterinary medicines, thanks to recent advances in drug delivery.
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7.1 Introduction

Bioenhancers are substances that do not possess any pharmacological activity but
have the capability to increase the bioavailability and bioefficacy of an active phar-
maceutical ingredient (API). Numerous researchers have succeeded in enhancing the
bioavailability of antibiotics, anti-inflammatory, drugs acting on the central nervous
system, drugs for the treatment of cancer, cardiovascular drugs, vitamins, nutrients,
etc. Bioenhancers serve by promoting maximum concentration of the drug reaching
the blood stream, thereby augmenting the effectiveness of the drug. Increased bio-
availability of API can significantly reduce the dose and the cost of the active drug,
benefitting the dose economy toward the poorer segment of the society. A substantial
bioefficacy alteration will drive safety, tolerance, compliance, and drug resistance [1].

7.2 History and concept of bioavailability enhancers

In 1929, Bose was the first scientist to document the elevation of antihistaminic effect
of Vasaka by combining with long pepper [2]. In a research on traditional medicine,
Indian scientist Prof. Dr. Atal C. K. (former director of the Indian Institute of Integra-
tive Medicine, previously known as the Regional Research Laboratory, Jammu) pro-
posed the hypotheses of increased drug bioavailability upon co-administration of the
principal drug in low doses and, thereafter, in 1979, the term bioavailability enhancers
was coined. Following this, Dr. Atal and his team has scientifically established the
term “bioenhancers” with numerous researches at RRL Jammu. Piperine was the first
bioenhancer in the world, which was discovered and validated for the bioavailability
enhancing effects using sparteine and vasicine. Due to the results of the research,
sparteine and vasicine became the first experimentally bioenhanced drugs in the
world. The world’s first bioenhanced antitubercular drug formulation containing ri-
fampicin was the glorious output of research work initiated by Dr. Atal [3]. DCGI ap-
proved the bioenhanced rifampicin antitubercular formulation after Phase IIIb clinical
trial, which was officially released in 2011 by the Government of India on the occasion
of World Tuberculosis Day, and also presented it to Mr. Bill Gates.

The discovery of the most potent, safe, effective, easy to manufacture, and ex-
tremely economical bioenhancer piperine has amplified global interest and it has
added a new chapter in medical science [4–6].

Ayurvedic expertise has made a significant contribution to the impression of
the ‘bioavailability enhancers’ concept and is being used in medicinal system over
the centuries. Therefore, the concept of bioavailability enhancer is immemorial. In
600 BC, a combination of three acrid drugs, namely, Maricha, Pippali, and Shunthi,
was referred to as Trikatu, which boosts the bioavailability of drugs, nutrients, vita-
mins, etc. [7].
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The extensive research in the field has triggered the discovery of many other
bioenhancers. The novel lipid technology base formulation, where drug is en-
trapped along with bioenhancers, has proven effective when administered via var-
ious routes. Table 7.1 summarizes some of the recent advances associated with
bioenhancement.

7.3 Classification of bioenhancers

Bioenhancers can be classified on the basis of their origin and on the basis of the
mechanism of action [13, 14].

The first step in the classification of the bioenhancers is dependent on the
source from which it originates. Table 7.2 shows the various plant and animal sour-
ces that can produce effective bioenhancers.

The second step in the classification of the bioenhancers is the mechanism of
action by which they act, as shown in Table 7.3. There are various mechanisms of
action, which signal the possible ways by which herbal bioenhancers reflect their
utility as bioavailability enhancers.

7.4 Methods used for amplification of absorption
of orally administered drugs

Numerous approaches have been used to enhance the absorption of poorly ab-
sorbed drugs (Figure 7.1). Particle technology, activation or inactivation of drug
molecules, in vivo complex formation, and the use of biomolecule have proven to
be effective tools.

7.4.1 Working of bioenhancers

In accordance with the mechanism of action by which bioenhancers work and looking
at the significance they can produce, several marked working styles are [15, 16, 23],
– Encouraging gastrointestinal tract absorption of the medicines.
– Barring or lowering the proportion of hepatic or intestinal bioconversion of drugs.
– Immune system modification in order to reduce the overall drug requirement.
– Though pathogens emerge as persistors inside the macrophages, bioenhancers

will increase the penetration of the active drug, ensuring desirable killing of the
causative pathogens.
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– Impeding the functionality of the infectious agent or atypical tissue to reject the
drug.

– Altering the signaling technique amongst the host and the infectious agent, en-
suring improved approachability of the medicines to the infectious agent.

– Potentiating and prolonging the drug effect against the pathogen by enhancing
drug binding with the target site.

– Bioenhancers may promote transport of drugs and nutrients across the blood–
brain barrier, helping the treatment and control of diseases associated with the cen-
tral nervous system.

Table 7.2: Bioenhancers classified on the basis of origin [13, 14].

Plant origin Animal origin

Examples: capsaicin, ginger, aloe vera, curcumin, Stevia,
genistein, naringin, caraway, turmeric, pepper, peppermint oil

Example: cow urine distillate
(Kamdhenu ark)

Table 7.3: Bioenhancers classified on the basis of mechanism of action [13, 14].

Inhibitors of P-glycoprotein
(P-gp) efflux pump and other
efflux pump

Suppressors of cytochrome
P- (CYP-) enzyme
and its isoenzymes

Regulators of gastrointestinal
tract characteristic to
facilitate higher absorption

Examples: caraway, genistein,
sinomenine, black cumin,
naringin, quercetin

Examples: naringin, gallic
acid and its ester,
quercetin

Examples: aloe vera, niaziridin,
ginger, liquorice

Figure 7.1: Methods of bioenhancement by bioenhancer [15–22].
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Figure 7.2 summarizes the influential mechanisms of actions in accordance with the
most popular routes through which herbal bioenhancers can be administered. Bio-
enhancers can potentiate systemic delivery of poorly bioavailable drugs via alterna-
tive route of administrations. Herbal bioenhancers are advantageous due to their
improved oral bioavailability, being noninvasive, due to the painless local and sys-
temic nasal drug delivery, and due to the copious blood supply in lungs, resulting
in rapid drug delivery.

7.5 Herbal bioenhancers and novel pharmaceutical
approach

Various updates have been observed with regard to the biopotentiation using natural
options. Herbal bioenhancers has proven their value in the enhancement of bioavail-
ability and by virtue of which, pharmaceutical industries have made significant

Figure 7.2: Mechanism of action of bioenhancers in accordance with the route of administration [24].
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contributions by developing various approaches to synergize the role of herbal bioen-
hancers [25, 26].

7.5.1 Nasal spray

Aromatic constituents extracted from natural oil have proven efficient in the treat-
ment of nasal congestion. Nouveau Technologies has come up with an improved
herbal-based decongestant and antihistamine nasal spray, which have a combina-
tion of triterpenesaponins and aromatic constituents selected form natural oils or
extracts. The results were surprisingly curative in the treatment of nasal congestion
[27, 28].

7.5.2 Antibody purification

An antibody preparation with reduced host cell protein can be produced using
herbal bioenhancers. Host cell protein and antibody blend is subjected to an ion
exchange material, wherein ion exchange separation can lead to HCP-reduced anti-
body preparation [29].

7.5.3 Novel herbal formulation as brain tonic

Seed oil of Sesamum indicum and the fresh leaves alcoholic extract of Centella asiat-
ica have a potential memory enhancing role [27, 30].

7.5.4 Bioenhancers in pulmonary drug delivery

Bioenhancers can be crucial for improved drug delivery via the pulmonary route of
administration by passive paracellular transport where chloride–bicarbonate ex-
changers are activated and cytochrome P450 isoenzyme plus UDP glucuronyl trans-
ferase are used in combination to inhibit metabolism [31].

7.5.5 Nutritional bioenhancers

Various studies have revealed that a nonspecific mechanism and thermogenic prop-
erties of some herbal bioenhancers lead to increased bioavailability and retention
of nutrients in alimentary canal and serves as nutritional bioenhancers [32, 33].
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7.5.6 Cosmeceutical approach

Healthy appearance and skin well-being are the areas that concern consumers. Topical
antioxidant supplementation is increasingly becoming popular and has shown im-
proved beneficial effect in the treatment of skin aging. Green extract of Camellia sinensi
were able to address the skin damage due to the deleterious effects of sunlight [34].
Silibinin, extracted form Silybum marianum, has shown potent antioxidant activity
against molecular changes caused by skin exposure to xenobiotics [35]. Trans-isomer
of resveratrol found in grapes is more stable [36] and a biologically active antioxidant
with antiproliferative properties [37]. Several potent antioxidants such as chlorogenic
acid, condensed proanthocyanidins, quinic acid, and ferulic acid can be extracted
from the berries of Coffea arabica [38]. An extract obtained from juice, peel, or seed of
the Punica granatum fruit is rediscovered as a medicine, which for centuries has been
used in various cultures for its many beneficial effects [39].

7.5.7 Bioenhancers with Ayurveda

Various herbs having action as bioenhancers and different strategies have been
adopted for bioenhancement using P. longum, Z. officinale, and G. glabra and many
other puranaaushadhies. Samshodhana, i.e., biopurification is very much appreci-
ated activity as medications and penetration enhancers. The definite investigation
of these ideas clarifies the idea of bioenhancers [40].

7.5.8 Herbal bioenhancers for veterinary

Several examples are available in literature where herbal extracts and phytoactive
compounds are proven to have potential in the veterinary medicine. Due to the spe-
cific differences in major microsomal enzyme for drug metabolism/detoxification,
bioenhancement of veterinary medicine might not show the same enhancement as
in humans. Piperine or its blend with rhizomes of ginger, homeopathic tinctures of
Ginkgo biloba, grapefruit juice, curcumin, Nigella sativa Linn methanolic extracts,
and many more have resulted in an increase in bioavailability and in modification
of pharmacokinetics of veterinary medicines [41].

7.5.9 Bioenhancers for respiratory illness treatment

Nearly 200 antigenic viruses from different virus families cause serious respiratory ill-
nesses in mammals. Andrographis extract and turmeric extract, in combination, pro-
vides synergistic anticholinergic effect and enhanced immunomudulatory activity
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against virus. The said combination is beneficial in the prevention and treatment of
several respiratory illness as well as existing symptoms [42].

7.5.10 Bioenhancers in a detoxifier herbal formulation

Extract or powder of Berberis aristata stem and Tinospora cordifolia stem were found
beneficial for the bioavailability enhancement of synergistic detoxifier composition.
A synergistic herbal detoxifier composition, comprising Echinacea purpurea leaves,
Andrographis paniculata leaves, Boerhaavia diffusa whole plant, Arctium lappa root,
and Rubia cordifolia root, is effective in the handling and management of disorders
due to the accretion of toxins in the body. An effective amount of the said bioen-
hancers renders high solubility and high bioavailability of the said active ingredient,
in comparison to solubility and bioavailability of said active ingredient alone [43].

7.5.11 Herbal bioactive compounds and metabolic syndromes

Metabolic syndromes play an important role in the spread of noncommunicable dis-
eases. Multiple comorbidities caused by various risk factors and the related health-
care costs show how the population is being affected with this syndrome. A natural
and side effect-free characteristic of the herbal bioactive compound is a beneficial
tool to tackle the causes of metabolic syndrome. Looking to the effects and the pa-
tient compliance associated with the clinical management of metabolic syndrome,
herbal bioactive compounds are proving to be valid and influential tools.

Figure 7.3 highlights the pivotal role of herbal bioactive compounds via modi-
fied eating habits and pharmacological therapy. Bioactive compounds can delay or
alter the comorbidities associated with metabolic syndrome and exert long term ef-
fects. Antiobesity action, modulatory functions, hypotensive functions, and lipid
metabolism modulation are key roles that bioactive compounds play in the manage-
ment of metabolic syndromes.

7.5.12 Drugs bioenhanced by various bioenhancers

Capacious research and simultaneous animal or human in vitro studies have proved
effective applications of herbal bioenhancers. Their bioenhacing effects along with
drugs and vitamins are visible. Examples are drugs such as antiviral, anticancer, peni-
cillin’s, anti-inflammatory, antiarthritic, antifungal, cardiovascular, immunosuppres-
sants, antiulcer, antituberculosis, antileprosy, and vitamin A, vitamin E, vitamin C,
and folic acid [45–47].
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7.6 Patents in the field

Nearly 40% of drugs fail to reach the market as a result of failure to achieve ade-
quate bioavailability and bioefficacy. Herbal bioenhancers play a crucial role in the
rectification of this issue and they have become the preferred choice for various re-
searchers throughout the globe. Table 7.4 summarizes the various patents granted
for the successful implementations of herbal bioenhancers and bioactive com-
pounds in the field of bioavailability enhancement.

The emerging trend of bioavailability enhancement using herbal bioenhancers
has set an impact in the formulation development, and various herbal bioenhancers
are under investigation in several vital areas.

7.7 Herbal bioenhancers captivating pharmaceutical
industries

Researchers have planned their studies and worked on stepwise protocol, produc-
ing significant data and have published in wide-reaching journals. Prolonged and
expensive studies have been reported using various herbal compounds sourced
from different plants and animal sources. The summary of literature findings are
tabulated in Table 7.5.

Figure 7.3: Beneficial effects of herbal bioactive compounds on metabolic syndromes [44].
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Various drugs and herbal bioenhancer combinations have added astonishing
benefit levels. The toxicity profile (if any) must not be overlooked, and research
should be carried out in solving the issues and contributing to the unexploited
roles of herbal bioenhancers in pharmaceutical industries.

7.8 Conclusion

Bioenhancement is a crucial aspect that the field of pharmacy is continuously dealing
with. Various approaches and methods have successfully contributed with appropri-
ate impact on economy. Use of natural resources as bioenhancers has multiplied
their significance and applications in formulation development. With the aid of Ayur-
veda, systematic innovative means have merged in solving the problems of bioavail-
ability, safety, and cost. Compounds derived from nature can augment the therapeutic
activity of the active ingredient. A combination of herbal bioenhancers and new medi-
cal science can offer a paradigm changing drug delivery system.
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Chapter 8
Herbal bioenhancers and improvement
of the bioavailability of drugs

Abstract: Recent research has suggested that several natural substances could in-
crease the bioavailability of therapeutic compounds and phytochemicals. It resulted in
excellent effectiveness and decreased dosage regimen. These compounds are bioavail-
ability enhancers and consist of several herbs such as cumin liquorice, aloe, genistein,
naringenin, rutin, and Withania somnifera. They help increase the bioavailability of
the compounds using different mechanisms. In addition, several nanocarrier-loaded
bioenhancers also play an essential role in improving the bioavailability of therapeutic
actives. Numerous phytoconstituents are being researched and tested for success and
better drug delivery for increased bioavailability at the lowest effective dose. Future
research could concentrate on marine herbal bioenhancers, obtained from seaweeds
and plants, to delve deeper into their new principles and mechanisms. Future novel
carriers are in the pipeline, which could potentiate bioavailability for low bioavailable
drugs. The herbal bioenhancer-loaded nanocarriers have proven synergistic effects for
the improvement of the bioavailability of hydrophobic drugs.

8.1 Bioenhancer

8.1.1 Introduction

Bioenhancers, also called bioavailability enhancers, are substances capable of in-
creasing the absorption and bioavailability of certain compounds. The increase in
the effectiveness in the body of these compounds is observed when they were co-
administered with bioenhancers [1, 2]. Bioenhancers could reduce the dose of the
active compound and also the adverse effects associated with it. However, a com-
bined dose of the drug with a bioenhancer is also cost-effective [3]. Hence, scientists
are more interested in identifying novel bioenhancers from herbal origin for drugs
suffering from low bioavailability or significant unwanted reactions. Recent re-
search has suggested that several natural substances such as genistein, quercetin,
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curcumin, naringenin, sinomenine, piperine, glycyrrhizin, and nitrite glycoside were
capable of increasing the bioavailability of therapeutic compounds and phytochemi-
cals [4].

Bioavailability is the rate and extent to which any compound enters the blood
circulation and is made available at the desired site of action [5]. The drugs admin-
istered by the oral route showed poor bioavailability due to incomplete absorption
and first-pass metabolism. Maximum bioavailability of the drugs is achieved via the
intravenous route of administration. Such drugs resulted in unwanted effects and
drug resistance. Hence, there is a requirement of substances with no therapeutic
potential, but when complexed with other compounds/molecules, increases their
bioavailability. Most natural substances from natural origin can enhance the bio-
availability, when co-administered with other compounds [6]. The process of en-
hancing the total availability of any chemical substance (drug substance or nutrient)
in systemic circulation or biological fluid or systemic circulation is known as “biopo-
tentiation or bioenhancement.” The main component’s secondary compounds capable
of this increment of plasma concentration are known as “bioavailability enhancers or
biopotentiers” [7].

For example, the bioavailability of curcumin was enhanced by 154% in rats, and
200% in humans, post co-administration of piperine [8]. The absorption of poorly sol-
uble drugs was increased by developing suitable pharmaceutical formulations, and
natural bioenhancers might be helpful for enhancing their bioavailability [1, 9].

8.1.2 Role of bioenhancer in bioavailability enhancement

Several herbal compounds (bioenhancers) are responsible for improving the bioavail-
ability of therapeutic substances and phytopharmaceuticals. These bioenhancers in-
crease the bioavailability through various metabolic enzymes and intestinal absorption
[4]. The positive effect resulting in enhancing the bioavailability of therapeutic com-
pounds may ultimately cause excellent effectiveness and decrease the dosage regimen
[10]. The various bioenhancers may work in a similar or dissimilar manner. Nutritional
bioenhancers function on the gastrointestinal tract to promote absorption. Antimicro-
bial enhancers principally work on drug metabolism:
1. Enhancement in the gastrointestinal blood supply and decrease in gastric acid

secretion.
2. Suppression of emptying time (gastric), gastrointestinal transit, gastrointestinal

transit, and intestinal motility.
3. Alteration of GIT epithelial cell penetration potential.
4. Cholagogous impact.
5. Bioenergetics and thermogenic characteristics.
6. Prevention of first-pass effect and inhibition of acids and enzymes responsible

for drugs metabolism [11].
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In addition to these, biopotentiators might be of clinical significance as they may
act by inhibiting the drug degradation enzymes transporter that mediates transcel-
lular transport [1, 9].

The bioenhancer role for drugs administered via various routes of administra-
tion for their enhance delivery is as shown in Table 8.1.

8.2 Oral bioavailability improvement
by bioenhancer

The drug must be in the form of an aqueous solution at the absorption target site
for it to be absorbed. Any compound’s aqueous solubility and dissolution rate as
well as their impact on oral bioavailability are critical features [22]. A major objec-
tive of the formulation development process is to enhance bioavailability for poorly
water-soluble compounds. Water solubility is estimated to be poor in 70% of all
new chemical entities (NCEs) and is not commercially viable due to their limited
bioavailability [23]. To reach blood circulation, drug molecules must pass through
the biological layer at the absorption site. As a result, the substance’s gastrointesti-
nal penetrability is also a key determinant in estimating the rate and amount of
drug absorption [24]. For the Biopharmaceutics Classification System (BCS), solubil-
ity and penetration ability have been proposed to be used in bioavailability moni-
toring. BCS is a scientific classification system for medicinal substances, based on
solubility and intestinal permeability, which have proved significant in determining
the absorption profile of drug substances when combined with data on the rate of
dissolution [25–27].

Based on the BCS classification system, drug substances are classified into four
types as follows:
1. BCS class I compound (high solubility, high permeability)
2. BCS class II compounds (low solubility, high permeability)
3. BCS class III compounds (high solubility, low permeability)
4. BCS class IV compounds (low solubility, low permeability) [28]

It is critical to evaluate a compound’s BCS class to decide the best strategy to use
when increasing a drug’s bioavailability. In humans, drug permeability may be di-
rectly related to the amount of pharmacological compounds absorbed through the
digestive tract. It can also be assessed indirectly using in vitro or in vivo models to
determine the mass transfer rate across the intestinal membranes. When a mass
balance shows that the systemic bioavailability or extent of absorption in humans
is 85% or more of an administered dosage (along with proof indicating drug stabil-
ity in the gastrointestinal tract) or compared to a reference dose administered via
intravenous route, the actives are considered highly permeable [29].
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8.2.1 Techniques for improvement of bioavailability

There are various methods used for bioavailability improvement of orally adminis-
tered compounds such as
Absorption enhancers
Prodrugs
Dosage form and other pharmaceutical modes
P-glycoprotein inhibitors

8.2.1.1 Absorption enhancers

Several absorption enhancers, including fatty acids, bile salts, chelating com-
pounds, salicylates, and polymers, can improve intestinal absorption [30, 31]. Chito-
san, specifically, trimethylated chitosan, enhances medication absorption via the
paracellular pathway by redistributing cytoskeletal F-actin, resulting in tight junc-
tion opening. Surfactants such as bile, bile salts, and fatty acids help lipophilic
medicines dissolve in water and improve the fluidity of the apical and basolateral
membranes, making them more absorbable [32]. Several substances of herbal ori-
gin, comprising naringenin, quercetin, sinomenine, piperine, glycyrrhizin, genis-
tein, and nitrile glycoside have shown potential to improve the bioavailability [2].

8.2.1.2 Prodrug

Prodrugs and more permeable analogs are made by chemically altering active compo-
nents. It has been intensively investigated by various researchers as a critical tech-
nique for improving absorption and bioavailability. One of the most popular examples
of enhancing the lipophilicity of compounds to increase absorption of a polar drug
substance by prodrug approach is different ampicillin derivatives [33]. Because of its
hydrophilic nature, ampicillin absorbs only 30–40% of its dose via the gastrointesti-
nal tract. Hence, prodrugs of ampicillin such as bacampicillin, talampicillin, and piv-
ampicillin were synthesized using esterification of the carboxyl group of ampicillin.
As a result, prodrugs were more lipophilic than the parent molecule and had higher
bioavailability after oral administration than ampicillin [34].

8.2.1.3 Dosage form and other pharmaceutical modes

Aside from chemical alterations, one of the most common methods of increasing the
intestinal absorption of poorly absorbed compounds is to use permeability-improving
dosage forms. Different formulations, such as liposomes, were used to improve the
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intestinal absorption of insoluble medicinal compounds [35] and emulsions [36]. In
addition to this, particle diameter reduction strategies such as micronization, com-
plexation, nanoparticulate carrier, complexation, and liquid crystalline system need
to be studied to elicit absorption [37, 38].

8.2.1.4 P-glycoprotein inhibitors

Many studies have suggested that P-gp inhibitors, which block P-gp-mediated ef-
flux, could be utilized to improve drug transport across epithelia and increase oral
bioavailability. P-gp inhibitors may affect the absorption, distribution, metabolism,
and elimination of P-gp substrates, when used to influence pharmacokinetics [39].

Verapamil’s potential to reverse P-gp-mediated resistance to vincristine and
vinblastine was demonstrated in early trials, paving the way for its clinical usage as
a P-gp inhibitor [40]. Additionally, orally administered verapamil has been proven
to improve doxorubicin distribution, extend elimination half-life, and boost peak
plasma levels, following oral intake [41].

8.2.2 Mode of action of herbal bioenhancer

Herbal bioenhancers have many different mechanisms of action. Antimicrobial bio-
enhancers primarily work on medication metabolic activities, while nutritional bioen-
hancers promote absorption through acting on the gastrointestinal system. Several
distinct modes of action for herbal bioenhancers have been proposed, including
a) Reduction of hydrochloric acid secretion and improvement of gastrointestinal

blood supply [42].
b) Inhibition of gastrointestinal transit, gastric emptying time, and intestinal

movement [43, 44].
c) Cholagogous impact [45]
d) Bioenergetics and thermogenic characteristics [45, 46]
e) Inhibition of drug-metabolizing enzymes and suppression of first-pass metabo-

lism [46]
f) Stimulation of glutamyl transpeptidase (GGT) activity, which increases amino

acid absorption [47]. The mechanism of natural bioenhancer in bioavailability
enhancement is as shown in Figure 8.1.
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8.2.3 Need for bioavailability enhancers

The major limiting characteristics for compounds passing through the cellular
membrane and being absorbed systemically after oral or topical treatment are lipid
solubility and molecular size.

Despite having excellent biological activity in vitro, many plant extracts and
phytoconstituents have inadequate lipid solubility, inappropriate molecular size, or
both, resulting in poor absorption and bioavailability. When certain elements of a
plant are isolated, a reduction of biological activity is always observed. Occasion-
ally, few components are isolated from plant extract are degraded in gastric fluid
upon oral consumption. They decrease the dose, decrease the drug duration of ther-
apy, and issues associated with drug resistance. As a result of dosage economy,
they reduce drug toxicity and side effects, making treatment more cost-effective [2].

Figure 8.1: Mechanism of natural bioenhancer in bioavailability enhancement.
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8.2.4 Herbal bioenhancer role in oral bioavailability improvement

8.2.4.1 Cumin (Cuminum cyminum)

The main ingredients of C. cyminum oil are p-mentha-1,4-dien-7-al, cuminaldehyde,
γ-terpinene, and β-pinene [48]. C. cyminum has several activities such as hypolipi-
demic [49], estrogenic [50], antimicrobial [51], and antifungal [52], antinociceptive,
anti-inflammatory, anticonvulsant, anticancer activity [53], antioxidant activity, and
antitussive effect [54]. Its components, including volatile oils, luteolin, and other flavo-
noids, are thought to have biostimulant properties. Luteolin works by blocking the ef-
flux transporter P-gp [55]. Qazi et al. studied the efficacy of a C. cyminum extract or
bioactive fraction on increasing the systemic bioavailability of several medicines, es-
sential minerals, and herbal formulations. To investigate the synergistic bioenhancing
activity, a small quantity of an extract from C. cyminum is mixed with several pharma-
ceutically acceptable excipients and, sometimes, piperine. C. cyminum extract (10–30
mg/kg), while bioactive fraction doses range from 2 to 20 mg/kg. Therefore, the compo-
sition comprising C. cyminum extract increases the bioavailability by 25–335% [56].

8.2.4.2 Liquorice (glycyrrhizin)

Glycyrrhizin is a saponin glycoside produced by Glycyrrhiza glabra’s roots and sto-
lon. Because of its expectorant properties, it is commonly used in cough medicines.
It is a laxative and diuretic that boosts the immune system and stimulates the adre-
nal gland. It increases the effectiveness of antimicrobials, such as nalidixic acids,
rifampicin, and doxycycline, against Gram-positive bacteria. Glycyrrhizin may work
by inhibiting the efflux transporter, P-gp, which is found in the intestinal part [57].
The ability of glycyrrhizin to improve absorption is dependent on its conversion to
glycyrrhetic acid by the intestine bacterial enzyme, β-glucuronidase. This bioen-
hancer’s effective concentration ranges from 0.05% to 50%, 0.1% to 10%, and
0.25% to 20% of the overall weight of the nutraceutical, antibacterial, and antifun-
gal compounds, individually [58]. With the administration of glycyrrhizinate with
aconitine orally, the peak plasma concentration, area under the curve, and the ab-
solute bioavailability of aconitine increased. At the same time, the half-life and
clearance did not change significantly. The pharmacokinetic parameter of aconitine
at 0.2 mg/kg dose did not significantly alter the administration of glycyrrhizinate via
a hepatic vein and tail vein. The intestinal suppression of efflux transporter, P-gp,
may be responsible for the increased absorption [57]. Khanuja et al. have revealed the
usefulness of glycoside “glycyrrhizin” in improving the efficacy and bioavailability of
several antibiotics, anti-infectives, and anticancer medicines.

Glycyrrhizin enhances the antibiotic and other agent absorption through bio-
logical membranes, increasing blood levels, and thus, bioavailability. It boosts
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medicines’ effectiveness, including ampicillin, rifampicin, nalidixic acid, and tetra-
cycline, against Gram-negative bacteria such as E. coli. It also promotes tetracy-
cline, nalidixic acid, and rifampicin bioactivity against gram-positive bacteria such
as Mycobacterium smegmatis and Bacillus subtilis. Glycyrrhizin, similarly, makes
antifungal medications such as clotrimazole more effective against Candida albicans.
Taxol (paclitaxel) was also researched to see whether it improves its anticancer effi-
cacy by inhibiting cell division. Taxol works by preventing MCF-74 cancer cells from
proliferating and multiplying. Glycyrrhizin increases the activity of taxol by a factor
of five. With the administration of taxol (0.01 g/mL) with glycyrrhizin (1 g/mL), the
action is elevated than when taxol (0.05 g/mL) is administered alone. Because of its
usefulness and harmless nature at minimal concentrations, glycyrrhizin has a lot of po-
tential as a bioavailability enhancer for various drugs such as anticancer, antifungal,
antibacterial, and nutraceuticals. It also supports minimizing the dose-dependent side
effects of chemotherapeutic medicines and developing antimicrobial resistance [59].

8.2.4.3 Aloe

Aloe vera gel and whole-leaf extracts have improved vitamin C and vitamin E absorp-
tion in the mouth [60]. The polysaccharide ingredients of these products are assumed
to be responsible for their bioenhancing properties. Natural polysaccharides, such as
chitosan, operate as penetration enhancers by opening the strong connections be-
tween neighboring epithelial cells for a brief period. As a result, they can improve the
intestinal absorption of medications given at the same time. The use of Aloe vera gel
and leaf extract improved the transportation of the peptide drug insulin through
monolayers of Caco-2 cell substantially [61]. There is currently limited evidence on
the effects of Aloe vera extracts on drug absorption.

8.2.4.4 Genistein

Genistein is an isoflavone flavonoid, extracted from Pueraria lobata and Glycine
max, having phytoestrogen anticancer and anti-inflammatory action [62]. It shows
its action mostly by the inhibition of P-gp [63] and MRP21 [64], and BCRP2 [65] ef-
flux roles. The outcome of orally treated genistein on the pharmacokinetics parame-
ters of paclitaxel (anticancer drug) given via oral and intravenous (i.v.) routes was
explored by [66]. Paclitaxel was administered orally once (30 mg/kg) or IV (3 mg/
kg) alone or 30 min after the oral treatment of genistein (10 mg/kg) in rats. In oral
administration of paclitaxel, the inclusion of genistein (10 mg/mL) led to a rise in
the area under the curve (AUC) and peak plasma concentration (Cmax), with an in-
crease in the absolute bioavailability and relative bioavailability.
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The addition of genistein (10 mg/kg) to intravenous paclitaxel resulted in a signifi-
cant rise in AUC of 40.5%. The combined suppression of CYP3A and P-gp by genistein
may explain the enhanced bioavailability of paclitaxel [66]. As epigallocatechin-3-
gallate (EGCG) is combined with genistein in the mice colon cancer cells, the concen-
tration of cytoplasmic EGCG rises, compared to cells treated with EGCG alone. In the
treatment of mice with genistein (200 mg/kg) and with EGCG (75 mg/kg), there was an
increase in AUC and plasma half-life (t1/2). This research shows that genistein can im-
prove the bioavailability of EGCG. In male mice, on the other hand, a combination of
EGCG (0.01%), in drinking water, and genistein (0.2%), in the diet increased, intesti-
nal carcinogenesis. As a result, careful administration of this combination is required
[67]. Genistein is a dietary supplement that is found in many people’s everyday diets.
Genistein can be used to improve the bioavailability of anticancer medicines by inhib-
iting CYP3A and P-gp.

8.2.4.5 Naringin

Grapefruit, apples, onions, and tea contain the flavonoid, glycoside naringin [68]. It
has antioxidant, antiallergic, antiulcer, and anticancer properties, and blood cho-
lesterol-lowering properties [69]. Naringin blocks CYP 3A4 [70] and P-gp [71], lead-
ing to a decrease in the dose of the drug and a rise in plasma drug concentration of
several drugs, such as verapamil, diltiazem, and paclitaxel. Choi et al. studied the
activity of naringin on the oral bioavailability of paclitaxel in rats. The rats were
orally treated with either paclitaxel (40 mg/kg) alone or in combination with narin-
gin (3 mg/kg). This resulted in higher paclitaxel peak plasma concentrations, Cmax,
and AUC. After coadministration with naringin, the absolute bioavailability of pacli-
taxel was significantly higher than in the control group. In comparison to the con-
trol group, relative bioavailability was also improved. The increased bioavailability
of paclitaxel may be due to the inhibition of CYP-450 and P-gp in the gastric mucosa
[72]. Oral pretreatment of rats with naringin (5 mg/kg) and with diltiazem (15 mg/
kg) determined the absorptive behavior of diltiazem. The AUC and Cmax of diltiazem
were dramatically enhanced two times, although the Tmax and plasma t1/2 of diltiazem
did not alter appreciably. Cmax and AUC were also found to be increased. Furthermore,
diltiazem’s relative bioavailability and absolute bioavailability were significantly im-
proved. As a result, it may be stated that naringin reduces the dose and side effects of
diltiazem by the inhibition of intestinal metabolism of the drug and P-gp [73].

8.2.4.6 Rutin

Rutin, commonly known as quercetin-3-rutinosoid or sophori, is a flavonol glyco-
side consisting of the flavanol, quercetin, and the disaccharide, rutinose. It can be
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found in various plants, particularly citrus fruits, and is frequently sold as herbal
supplement. Quercetin, the active component of rutin, has been shown to have
multiple pharmacological properties, including anti-inflammatory, antidiabetic,
cardiovascular effects, and antioxidant. It has been used to treat capillary fragility and
various chronic conditions [74–76]. Because of the flavonoids’ size and polarity, some
medicinal chemistry laws predict that they will have trouble crossing biomembranes.
Flavonoids are often poorly absorbed from the small intestine. Their high molecular
weight additionally limits rutin’s intestinal permeability. According to studies, rutin’s
trans-epithelial transport is low, relying primarily on passive diffusion [77, 78]. Meth-
ods that promote solubility and intestinal permeability are encouraging methodolo-
gies to increase bioavailability for this family of drugs. Human investigations have
revealed that rutin’s bioavailability on oral administration is very low (only 20–30%)
[79]. Numerous researches have been published that use various excipients and strate-
gies to improve bioavailability, such as surfactants, cyclodextrin complexation, chito-
san, nanoemulsions, and nano-phytosomes [80–82]. The metabolism of rutin in the
gut is one factor that contributes to its poor oral absorption. The bacteria hydrolyze
rutin in the lower stomach to quercetin and isoquercetin [83]. Heim et al. stated that
the enzyme uridine diphosphate-glucoronosyl transferase (UGT) conjugates a portion
of the free quercetin with glucuronide, resulting in a bulky and inert adduct that is
unabsorbable, lowering quercetin absorption [84]. Since piperine has been found to
inhibit UGT, this bioenhancer has been shown to boost the neurocognitive potential
of quercetin in mice [85], implying that piperine increases quercetin bioavailability.
Piperine has also been proven to boost quercetin’s anti-inflammatory and antioxidant
activities, and quercetin has been demonstrated to have higher neuroprotective bene-
fits, when combined with piperine [86]. Since rutin and similar chemicals are not sub-
strates for efflux transporters, piperine is unlikely to have increased bioavailability
and, thus, the effectiveness of quercetin or rutin by modifying P-gp action [79].

8.2.4.7 Boswellia serrata

Boswellia serrata is commonly known as salai guggul, belonging to the family Bursera-
ceae, predominantly found in Africa and Asia. The dried exudate from this tree’s bark
is an oleo-gum-resin with a broad variety of pharmacological actions that have been
reported to help with bronchitis, cough, asthma, inflammatory diseases, and different
digestive disorders [87–89]. Terpenoids make up most gum-resin, with boswellic acid,
a pentacyclic triterpene acid, the most physiologically active phytoconstituent [90].
The first to be isolated were α- and β-boswellic acids, pursued by some of its deriva-
tives, such as 3-acetyl-α-boswellic acid, 3-acetyl-11-keto-β-boswellic acid, 11-keto-β-
boswellic acid, and 3-acetyl-β-boswellic acid [88]. Furthermore, due to the first-pass
metabolic effect, the keto derivatives of boswellic acid promote their low oral bioavail-
ability [91, 92]. Numerous efforts have been made to develop enhanced absorption
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drug delivery systems, including solid lipid nanoparticles (SLN), loading boswellic
acids into liposomes, nano-micelles, niosomes, and phytosomes [93]. As piperine is a
CYP3A4 inhibitor, co-administration with it could boost keto-boswellic acid bioavail-
ability. When piperine and boswellia extracts were given together, the bioavailability
of the extracts was dramatically increased [94].

8.2.4.8 Gingko biloba

Ginkgo biloba is a huge tree growing all over the world. The leaf extract has been
utilized in conventional medication to treat blood ailments, tinnitus, cognitive
problems, asthma, and vertigo for ages. It is one of the widely used phytomedicines
worldwide [95, 96]. The components of terpenoids, flavonoids, and proanthocyani-
dins are responsible for this HMP’s pharmacological activities [97]. Bilobalide, gink-
golides A, B, C, kaempferol, isorhamnetin, rutin hydrate, and quercetin are the
active ingredients [98]. As a result, many techniques for improving the bioavailabil-
ity of Ginkgo extract have been examined, including the usage of solid dispersions
and phospholipid complexes [99]. Hydrolysis in the intestinal microflora is the pri-
mary pathway for flavonoid metabolism in humans, followed by phase II conjuga-
tion reactions, with UGTs playing a pivotal role [100].

They are built on our understanding of piperine’s bioenhancing activity and
the fact that UGT inhibitor, a concomitant dose of piperine with Ginkgo flavanols, is
expected to improve oral absorption. Furthermore, investigations have revealed
that the flavonols, kaempferol, quercetin, and isorhamnetin, found in the plant are
P-gp substrates. This efflux pump supports flavanol bioavailability and is limited
[101]. Because piperine inhibits the function of P-gp, it can also improve the bio-
availability of Ginkgo flavanols by this mechanism. According to research, piperine
significantly increased the Ginkgo extracts bioavailability, when supplied simulta-
neously [94]. Ginkgo terpene lactones (bilobalide and ginkgolides) have distinct
physicochemical features and metabolic fates than flavanols. The intermediate
membrane permeability of terpene lactones determines their intestinal absorption
[102, 103]. Thus, piperine’s process of raising the blood supply in the intestinal
channel due to piperine’s local vasodilatory impact could plausibly be enhancing
the oral absorption of these terpene lactones [104].

8.2.4.9 Withania somnifera

The herb is commonly known as Indian ginseng or ashwagandha, belonging to the
family Solanaceae and has long been used in Indian traditional medicine. Its roots
are the principal portions of the plant that are used medically. The herb is used to
treat several pharmacological activities such as neurological disorders, anxiety,
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cognitive, hyperlipidemia, Parkinson’s disease, and inflammation, and has been
supported by preclinical and clinical studies [105]. Immunomodulatory, aphrodi-
siac, and sedative effects are among its many pharmacological qualities [106]. With-
ania somnifera root extracts are primarily composed of steroidal lactones known as
withanolides, which are thought to be responsible for the herbal product’s thera-
peutic qualities [107]. Withanolide A and D and Withaferin A and its derivatives are
the most important withanolides. Alkaloids are other physiologically active chemical
compounds; withanine as the primary constituent and lesser alkaloids such as som-
niferine, cuscohygrine, isopelletierine, anaferine, and anahydrine as minor constitu-
ents [108]. Because steroidal lactones, such as withanolides, have limited water
solubility, they have bioavailability issues.

Several techniques have been established to enhance this high melting phenyl-
ephrine oxazolidine’s bioavailability and, thus, its pharmacological action. These
include the creation of polymeric nanoparticles [109], phytosomes [110, 111], and
enteric-coated dosage forms of herbal extracts that preserve the content from hydro-
lysis in the stomach’s acidic environment, hence improving absorption [112]. When
ginger is added to the extract of Withania somnifera, it enhances absorption by 64%
[1]. A well-known activity of ginger mediates this impact as a bioavailability en-
hancer that works by regulating the function of the intestine and increasing GIT
medication absorption [48].

8.2.4.10 Picrorhiza kurroa

Picrorhiza kurroa is commonly called Kutki, belonging to the family scrophularia-
ceae. This plant’s roots and rhizomes are used in traditional medicine to treat liver
and upper respiratory tract diseases, diarrhoea, dyspepsia, and dysentery, among
other ailments [113]. Other pharmacological effects of the HMP have been discov-
ered, including antioxidant and anti-inflammatory properties [114, 115]. The main
bioactive ingredients responsible for its therapeutic actions are irioid glycosides
[116]. Due to the hydrophilic nature of picrosides, they have low intestinal penetra-
bility. Because of its low absorption, it is suggested to be given in larger doses, re-
sulting in higher costs of therapy [117].

A review of the literature reveals that only a few techniques have been devised
to increase the bioavailability of these biomolecules, one of which is a plant ex-
tract nano-encapsulation formulation [118]. Another study reported the formation
of phytosomes of picroside II with phospholipid, which dramatically enhances
picroside II bioavailability [119]. The bioavailability of the Picrorhiza kurroa prod-
uct was raised by as much as 56% when the ginger extract was added to the for-
mulation, and this was improved even more, to 87%, when administered with
piperine [48]. Both are bioenhancers, although they work in distinct ways. The
various herbs explored in bioavailability enhancement are as shown in Figure 8.2.
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8.3 Nanocarrier-loaded bioenhancer in
bioavailability improvement

8.3.1 Nanoparticles

Bioenhancers, along with nanoparticles, were found to be an effective and synergis-
tic combination for bioavailability improvement of drugs. The piperine enhanced
the bioavailability of nisoldipine 4.9-fold in poly(lactic-co-glycolic acid) polymeric
nanoparticles [120]. Rathee P et al. evaluated the pharmacokinetic profiles of nisoldi-
pine nanoparticles and conventional nisoldipine formulation. Nanoparticles showed
a significantly larger magnitude of absorption (255.545.92 g/mL/h) than conventional
formulation (52.093.76 g/mL/h).

Kumar et al. developed eudragit-coated SLNs (coated SLN) and lipoid (glycerol
monostearate and soy lecithin) containing isradipine, with rutin as a bioenhancing
agent. When compared to a coated formulation of isradipine without rutin and conven-
tional drug suspension, the pharmacokinetic study revealed a 3.2- to 4.7-fold increase
in oral bioavailability of coated SLN of isradipine with rutin. In vivo investigations
demonstrated a considerable increase in oral absorption, showing a high degree of en-
trapment (97.85%) that could boost biological activity against hypertension. As a re-
sult, isradipine-loaded nanoparticles against hypertension have been successfully
developed, resulting in a reduction of dose with improved bioavailability [121].

The bioavailability of curcumin is enhanced with SLNs. The studies carried out
by Gupta et al. revealed that the relative bioavailability of free curcumin was in-
creased 70 times in the presence of SLNs [122].

Figure 8.2: Representation of compounds explored in bioavailability enhancement.
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8.3.2 Liposomes

Liposomes are biocompatible, spherical, lipid bilayers vesicles assembled with an
inner core comprising an aqueous phase. Liposomes showed significant advan-
tages, such as efficacy, affordability, accessibility, and economical tuberculosis
treatment [123]. Various herbal bioenhancers, along with liposomes, have demon-
strated the improvement of bioavailability for drugs. The reported bioenhancers-
loaded liposomes, namely, piperine [124], genistein, resveratrol [125], quercetin
[126], thymoquinone [127] have shown significant improvement in bioavailability.

Takahashi et al. developed and evaluated the curcumin-encapsulated liposome
using lecithin. The animal studies using Sprague−Dawley (SD) rats confirmed the
high bioavailability of curcumin when given orally. A curcumin liposome also
showed faster absorption rate vis a vis other forms [128]. Hong et al. demonstrated
improved bioavailability of curcumin- and catechin-loaded liposomes, which were
prepared using microfluidic technique [129].

8.3.3 Phytosomes

Phytosomes are the advanced phytolipidic carriers embedded with plant extracts
and phytoconstituents. The phytosomes significantly increase the absorption rate
compared to the plain phytoconstituents, thus enhancing bioavailability [130, 131].
The bioavailability of many poorly absorbed polyphenols, namely terpenoids, flavo-
noids, and phenolics, were found to be enhanced with their phytosomal carriers
[131]. The Meriva, a trademark product of Thorne contains curcumin phytosomes
which have proven a 29-fold increase in absorption than curcumin alone.

8.3.4 Transfersomes

Transfersomes are ultra-deformable elastic vesicular carriers composed of phospholi-
pids and an edge activator. Edge activators, namely sodium deoxycholate, Tweens,
and Spans, intercalate with phospholipid bilayer and are responsible for the vesicle’s
elasticity [132, 133]. Transfersomes can transport both low and high molecular weight
drug molecules. With more than 50% transport efficiency, transfersomes transfer hy-
drophilic and lipophilic molecules through the skin [134]. Sana et al. developed and
characterized curcumin-loaded transfersomes. The curcumin transfersomes were
found to be therapeutically more efficacious for rheumatoid arthritis treatment when
studied on in vivo arthritic animal models [135].

Chapter 8 Herbal bioenhancers and improvement of the bioavailability of drugs 225

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.3.5 Microspheres

Microspheres are potential drug carriers for enhancing the bioavailability of poorly
bioavailable drugs. The combined effect of penetration enhancers with polymeric
microspheres could enhance bioavailability synergistically [136].

The drug targeting, as well as bioavailability of acyclovir, was enhanced with
piperine containing floating microspheres. The added piperine showed enhanced
bioavailability of acyclovir in the microspheres [137].

The 4-fold increase in area under the curve was observed when Boddupalli
et al. evaluated the omeprazole microspheres, along with piperine, compared to
omeprazole alone. The pharmacokinetic parameters and bioavailability were signif-
icantly enhanced with piperine in microspheres [138].

The bioavailability of curcumin microspheres was improved with the addition
of ascorbic acid, when studied on Wistar rats. The colon-targeting and bioavailabil-
ity of curcumin were observed due to the antioxidant effect of ascorbic acid [139].

The bioenhancers (hydroalcoholic extracts of Carum carvi and Ocimum sanc-
tum) were used to formulate antitubercular microspheres. These bioenhancers po-
tentiated isoniazid’s bioavailability and rifampicin-loaded microspheres [140].

8.3.6 Self-nanoemulsifying drug delivery system (SNEDDS)

Self-nanoemulsifying drug delivery systems (SNEDDS) are homogenous mixtures
consisting of oil, surfactant, drug, and co-emulsifier, which spontaneously form
aqueous nanoemulsion (< 200 nm) upon dilution with water and with stirring [141].
The SNEDDS are commonly used to improve the oral bioavailability of hydrophobic
drugs by various mechanisms.

Kazi et al. developed SNEDDS containing piperine, curcumin, and black seed
oil. The SNEDDS, containing black seed oil, performed well in self-emulsification,
droplet size, and bioavailability [142].

Kanwal et al. effectively incorporated permeation enhancers and curcumin in
the development of SNEDDS. Curcumin anticancer activity and cellular uptake in
colon cancer cells were increased by including an absorption enhancer in the
SNEDDS. Similarly, when drugs were administered orally in developed SNEDDS,
their bioavailability increased significantly [143].

In another case study, Usmani et al. developed SNEDDS of doxorubicin and Ni-
gella sativa oil for hepatic carcinoma. An optimized formulation showed improved
efficacy in HepG2 cells, by cytotoxicity and IC50 value of 2.5 μg/mL. In human hepa-
tocellular cancer, the delivery of doxorubicin and Nigella sativa oil in SNEDDS
proved to be an effective carrier for oral delivery [144].

The list of nanocarriers loaded bioenhancers in bioavailability improvement is
mentioned in Table 8.2.
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Table 8.2: List of nanocarriers loaded bioenhancer in bioavailability improvement.

Nanocarriers Drug/herbal
bioenhancers

Key observations References

Solid lipid
nanoparticles

Isradipine/rutin Enhanced oral bioavailability (. times) with
rutin

[]

Nanostructured
lipid carriers

Curcumin/
hydrolyzed
ginsenoside

Higher drug release flux with bioenhancer []

Chitosan
nanoparticles

Piperine High cytotoxicity on human brain cancer cell
line (Hs)

[]

Guar gum
nanoparticles

Amphotericin B/
piperine

Nanoparticles revealed good efficacy in
golden hamster L. donovani model, high
bioavailability

[]

Poly(lactic-co-
glycolic acid)
nanoparticles

Nislodipine/
piperine

Pharmacokinetic studies showed a .-fold
increase in oral bioavailability and a >.
± .% reduction in systemic blood pressure
by using nanoparticles as compared to
control (nisoldipine suspension)

[]

SMEDDS Curcumin/
curcumin
oleoresins

 times higher bioavailability was obtained
with bioenhancers

[]

Liposomes Curcumin/
piperine

Enhanced bioavailability []

Liposomes Silymarin Improved bioavailability []

Niosomes Resveratrol Improved bioavailability of the drug []

Niosomes Methotrexate/
piperine and
curcumin

Improved bioavailability []

Phytosomes Domperidone/
piperine

Increased bioavailability of domperidone []

Ethosomes Curcumin Improved transdermal delivery []

Transethosomes Resveratrol Enhanced permeation []

Nano-
transferosomes

Naringenin/
pravastatin

Reduced side effects and improved
bioavailability

[]
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8.4 Conclusion and future perspectives

In pharmacotherapy, phytomedicine has played a significant part. However, nu-
merous medicinal plant extracts and phytoconstituents obtained from them have
been reported to have limited bioavailability, leading to diminished in vivo activity.
Enhancing the bioavailability of these herbal medicinal products (HMP) will go a
long way toward improving the products’ efficacies. Although much has been re-
searched to improve the oral bioavailability of inadequately absorbed traditional
drugs, this review found that HMPs have received significantly less attention in this
area. The purpose of this review was to highlight the several ways of increasing
HMP bioavailability, with a focus on the use of herbs-derived bioenhancers. It was
determined that identifying the bioactive phytoconstituents of HMPs was necessary
so that information on their metabolic fate, physicochemical properties, and factors
affecting their intestinal absorption could be observed and used as a guide for im-
proving the bioavailability of other HMPs with low bioavailability of active constituent.
Before choosing a suitable method or bioenhancer, it is critical to understand why bio-
active moieties have poor bioavailability. The advantages of incorporating appropriate
bioenhancers into drug products with low bioavailability cannot be overstated since
this is linked to a decrease in dose, medication toxicity, and overall therapy cost.

As a result, more significant research efforts on combining HMPs with appropri-
ate bioenhancers are needed, as this can improve efficacy while also lowering med-
ication treatment costs. Numerous phytoconstituents are being researched and
tested for success and better drug delivery, with increased bioavailability at the
lowest effective dose. Future research could concentrate on marine herbal bioen-
hancers obtained from seaweeds and plants, with the goal of delving deeper into
their new principles and mechanisms. Combinatory bioenhancers and their bioen-
hancing potential, mechanism, and toxicity can be investigated soon for significant
improvement in bioavailability. Plants, such as Artemisia anuua, Rauwolfia serpen-
tine, Taxus baccata, Catharanths roseus, and Bacopa monnierie, can be studied for
their bioenhancing properties in the upcoming years. Future novel carriers are in
the pipeline, which could potentiate bioavailability for low bioavailable drugs.
Herbal bioenhancer-loaded nanocarriers have proven synergistic effects for the im-
provement of the bioavailability of hydrophobic drugs.
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Chapter 9
Case study: Indian herbal bioenhancers

Abstract: Herbal bioenhancers have a herbal origin, and the concept of herbal bio-
enhancer is mentioned in Ayurveda as “Yogvahi,” which acts as a “carrier” for the
macromolecules of bulk drugs to transport them to the site of action, without
changing their inherent properties, while also being a catalyst to increase the rate
of a chemical reaction, without undergoing any change during the process. Yogvahi
is used to increase the effect of drugs given orally by increasing their bioavailabil-
ity, decreasing side effects, and avoiding the parenteral route of drug administra-
tion. Herbal medicines have been used and accepted worldwide because of their
good therapeutic benefits and lesser toxic effects than modern medicines. In devel-
oping countries like India, the major concern for formulation scientists is the over-
all treatment cost of formulations, so it becomes necessary to develop a modern
system of medicine by systematic innovative means that can help reduce the treat-
ment cost, by using natural bioenhancers. In India, in identifying a new compound,
a key contribution in the drug development and discovery process was made by Ay-
urveda. Recent development in bioavailability augmentation of many medicines by
herbal bioenhancers has been an innovation in use of drugs in the treatment of
many diseases. The world’s first bioavailability enhancer, piperine, was discovered
and authorized by scientists at the Indian Institute of Integrative Medicine, Jammu,
in 1979. Bioavailability and bio efficacy of many drugs like antineoplastic agents,
antihypertensive, antiviral, antitubercular, and antifungal were increased at low
doses by the use of herbal bioenhancers. They enhanced the oral absorption and
bioavailability of a few herbal and essential nutraceutical compounds. Piperine,
ginger, garlic, stevia, ghee, and cow distillate urine, etc. are used as herbal bioen-
hancers in the preparation of medicines. Nowadays, with the advancement in tech-
nology, herbal bioenhancers are a new approach used in the development of modern
system of drug delivery systems to improve the bioavailability of many drugs. Herbal
bioenhancers are economical, safe, easily available, decrease drug toxicity, lower
drug resistance problems, and reduce the treatment period in therapy. This chapter
presents a detailed study about various aspects of Indian herbal bioenhancers, col-
lects information of all herbal bioenhancers with their mechanism of action and stud-
ies conducted on them to improve the drug bioavailability.
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9.1 Introduction

Many medicinal plants are used as a main component in formulation of all indige-
nous or alternative systems of medicines like Ayurveda, homeopathy, naturopathy,
Siddha, and Unani. The demand and acceptance of herbal drug and natural plant-
based medicines has increased throughout the world, owing to their good therapeutic
efficacy, lesser side effects, and low cost, compared to modern system of medicines.
Many herbal and synthetic origin of drugs have low oral bioavailability because of
poor membrane permeability, low lipophilicity, ionic characteristics, and poor water
solubility [1–2].

Bioavailability is the rate at which an amount of drug reaches systemic circula-
tion in its unchanged form and becomes bioavailable at the site of action. Drugs
administered via intravenous route achieve higher bioavailability, compared to
drugs administered orally, as they are poorly bioavailable due to first-pass effect,
erratic, and incomplete absorption. Poorly absorbed drugs in the body may lead to
adverse drug reactions and resistance to pharmacological activity. Therefore, there
is need for use of bioenhancers with drugs or molecules to augment the bioavail-
ability, without showing therapeutic activity of their own [3]. Coadministration of
many herbal compounds obtained from a variety of medicinal plants have shown
enhancement of bioavailability of drugs. The phenomenon of increasing the total
systemic bioavailability of any drug is called biopotentiation effect, and the agents
responsible for increase in plasma concentration of drug are bioenhancers [4].

Bioavailability enhancers act as drug facilitators; these are the substances that
do not show any pharmacological activity when used in combination with drug or
nutrient at the dose used; they increase the bioavailability of drug across the bio-
logical membrane, through conformational interaction due to potentiation of a
drug molecule, acting as a receptor and also making target cells more approachable
to the drug molecules [3]. This concept is somewhat new to the modern system of
medicines; many drug studies have shown improvement in bioavailability when co-
administered with herbal bioenhancers. This development has led to new promis-
ing approaches, such as developments in prodrugs, micronization, delayed-release
products, sustained-release capsules, bioavailability enhancers in transferosomes,
ethosomes, emulsions, and liposomal formulations [4].
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9.2 History

In 1929, the use of herbal bioenhancer was studied for the first time by Bose, a well-
known author of the book Pharmacographia Indica; he reported that vasaka (Adhatoda
vasica), when coadministered with long pepper showed enhancement in anti-asth-
matic activity of Ayurvedic formulation. In 1979, piperine was the world’s first exposed
herbal bioenhancer that was scientifically discovered at the Regional Research labo-
ratory (RRL), Jammu, by Indian research scientists. Development and isolation of
plant-based herbal molecules like piperine and quercetin, is considered a scientific
revolution in the modern system of medicine. Risorine, a fixed drug combination of
rifampicin, isoniazid, and piperine, is the result of this research. It prevents the resis-
tance of rifampicin and also decreases its dose by almost 60% because of increase in
bioavailability [5].

9.2.1 Bioenhancers in Ayurveda

In Ayurveda, the idea of bioavailability enhancement called “Yogvahi” was used
for many years. It intended to use medicinal herbs like piperine to increase the
plasma concentration of drug in biological fluid. The thought of herbal bioavailabil-
ity enhancers from plant origin can be traced back to the Ayurvedic system of medi-
cine. “Trikatu” was a very famous word in a Sanskrit meaning three acrids, used in
the seventh century B.C. and the sixth century A.D. in many ancient Ayurvedic for-
mulations to treat many diseases. Trikatu was a mixture of piperine, black pepper,
and ginger, with piperine as an active component that has the potential to augment
bioavailability of various drugs, vitamins, and nutrients. They are used in many for-
mulations as ingredients, even though many times, they do not have a direct role to
play in the disease indicated [6–9].

The Director of RRL Jammu, C. K. Atal, examined and studied 370 Ayurvedic
formulations of Indian origin used in the treatment of many diseases and reported
that Trikatu or mainly Piper longum Linn was used in about 210 formulations. Piper-
ine, the active constituent was extracted from the P. longum and its use as an oral
herbal bioenhancer was established in research carried out on various drugs like
antifungal, antitubercular, antibiotics, NSAIDs, and cardiovascular showing similar
bioenhancement effects. It has shown enhancement of 20–200% in bioavailability
of almost all drugs. In the current modern system of medicine, the importance of
use of different herbal bioenhancers like genistein, sinomenine, and curcumin, has
been extended to improve the pharmacokinetic and pharmacodynamic profile of
drugs with narrow therapeutic indices [10–12].
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9.2.2 Bioenhancers in modern system of medicine

The term bioavailability enhancer is defined as “a substance when combined and
administered with a drug or nutrient at low dose improves amount of drug in the
body resulted in reduction of the consumption of both with enhanced therapeutic
efficacy.” To maximize bioavailability of therapeutically administered drug is im-
portant, because the amount of drug bioavailable in systemic circulation directly
affects drug concentration in plasma and, thus, its therapeutic effect [5]. Bioavail-
ability augmentation can reduce the toxic effects of drugs and makes them more
affordable by reducing cost.

The great importance of the use of bioenhancers to advance the bioavailability
of drugs is due to their
– poor oral bioavailability
– use for long periods in treatment
– toxicity and
– cost

Therefore, many herbal drugs and extracts have shown excellent in vitro effect and
very poor in vivo effect, because of poor lipid solubility or improper molecular size,
resulting in low systemic availability of the drug. Since traditional times, bioavail-
ability enrichment has gained a wide popularity, using secondary agent as a sup-
plement along with the main active ingredient. Ayurvedic literature surveys have
revealed the use of herbal bioenhancers as a new approach to improve the absorp-
tion of poorly bioavailable drugs. Currently, the development of expertise in novel
drug delivery system (NDDS) has opened the doors to use of bioenhancers in herbal
drug delivery systems. This concept was witnessed in the last decade for many po-
tent drugs that require immediate effects using novel carriers like liposomal prepa-
rations, microspheres, nanoparticles, transferosomes, ethosomes, and lipid-based
formulations for successful modified delivery [5].

The herbal bioenhancers used should possess following ideal characteristics:
– It should be nontoxic, nonirritating and nonallergic.
– It should be easy to formulate into a various dosage form.
– It should be pharmacologically inert.
– It should be unidirectional with rapid onset of action.
– It should be well-suited with drugs.
– It should be stable.
– It should be easily available and cost effective.
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9.3 Barriers of drug absorption

Orally administered drug crosses the biological membrane of the gut wall mucosae
during its passage through the lumen into the systemic circulation, to produce its
pharmacological action. There are several biological and structural barriers like
presence of lipid bilayers at cell surroundings, aqueous pore channels, and P-glyco-
protein (P-gp) efflux pump system in the gastrointestinal tract (GIT), which stick
around the passage of aqueous stagnant layer shown in Figure 9.1. Penetration of
the drug through the epithelial membrane, acts as a barrier for the passage of drug
from the GIT to the systemic circulation. A drug reaches systemic circulation by
traveling through the GIT through the epithelial membrane wall and proceeding via
hepatic metabolism. Due to the hydrophilic nature, the aqueous stagnant layer
present in the epithelium membrane serves as a possible barrier for the absorption
of many drugs. The transport of drugs through the biological membrane takes place
either by passive or carrier-mediated diffusion and active transport mechanism,
which involves the expenditure of energy. Small water-soluble molecules like etha-
nol are absorbed through the aqueous pore channels present in the proteins of lipid
bilayers. Drug molecules larger than 0.4 nm in size will not pass easily through
these aqueous pore channels.

Current research work has shown that P-gp is an ATPase energy-dependent trans-
membrane drug efflux system mechanism that belongs to the members of ABC
transporters and plays a vital role in the inhibition of drug entry into the systemic
circulation. It has molecular weight of − 170 kDa in the presence of 1,280 amino

Figure 9.1: Drug absorption barriers.
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acid residues; therefore, it has gained importance in absorption enhancement of
many drugs. More research work has been done to study the variation of the efflux
pump system, owing to its substrate selectivity and distribution at the absorption
site. Many herbal bioenhancers work by inhibiting this efflux pump system to aug-
ment the absorption of drugs administered orally [3–4, 13].

9.4 Methods to enhance the bioavailability of drugs

The various approaches and methods that have been used to improve intestinal
absorption of drugs are as follows.

9.4.1 Absorption enhancers

Bile salts, surface-active agents, fatty acids, chelating agents, salicylates, and poly-
mers are used as effective enhancers to increase the intestinal absorption of poorly
soluble drugs. Chitosan, chiefly trimethylated chitosan, increases the drug absorp-
tion of many drugs through the paracellular route due to reformation of the cyto-
skeletal F-actin responsible for opening the tight junctions. The absorption of
lipophilic drugs was improved by surfactants, bile salts, and fatty acids by enhanc-
ing the solubility and increasing their fluidity in the aqueous layer, apical, and baso-
lateral membranes, respectively. Calcium chelators such as ethylene glycol tetraacetic
acid and ethylenediaminetetraacetic acid, increase the absorption of drugs by decreas-
ing the cellular concentration of calcium, which causes disruption in cell–cell contacts
[13–15].

9.4.2 Prodrugs

Chemical alteration of drug into a more permeable analogue prodrug is commonly
studied and available as an alternative method for increasing the absorption and
bioavailability of many drugs. Ampicillin derivatives are examples of augmenting
the lipophilicity of agents in the form of prodrug to increase absorption of drug.
Due to hydrophilicity of ampicillin, its oral bioavailability is only 30–40% from the
GIT. Prodrugs are synthesized by esterification of carboxyl group of ampicillin, piv-
ampicillin, bacampicillin, and talampicillin. Prodrugs have higher lipophilicity
than the parent drug ampicillin, provided better oral administration, and showed
higher absorption and bioavailability.
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9.4.3 Different dosage forms and other pharmaceutical
approaches

Of late, the greatest important practical approach is to increase the intestinal absorp-
tion of poorly absorbed drugs by formulating them into dosage forms like liposomes
and emulsions. Also, the other approaches that include reduction of drug particle
size by micronization, nanoparticular carriers, complexation, and liquid crystalline
phases are used to enhance bioavailability [16].

9.4.4 P-glycoprotein inhibitors

Many research findings have confirmed the use of P-gp inhibitors in enhancing the
absorption of many drugs through peroral delivery. They mediate increase in oral
bioavailability through reverse P-gp efflux of drug transport across the epithelium
membrane (Figure 9.2). They also influence the overall systemic availability of
drug, distribution, biotransformation, and elimination of P-gp substrates in the pro-
cess of controlling pharmacokinetics of drugs [17].

9.5 Mechanism of action of herbal bioenhancers

Herbal bioenhancers exert their properties of increasing bioavailability of the drug mol-
ecule by several mechanisms of actions. Depending on the type of enhancer selected
for the purpose, they show similar or different mechanism of action. Nutritive and anti-
microbial bioenhancers improve the bioavailability of drugs by acting on GIT and drug
metabolizing processes, respectively.

Amongst the several mechanisms of action suggested for most of the herbal bio-
enhancing agents, some general mechanisms are as follows:

drugs

limited transport due
to efflux pumps Improved  transport due to

evasion of efflux process

drugs
P-gp/MRPs

Figure 9.2: P-glycoprotein inhibition process.
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– Encouraging the absorption of drugs administered orally from GIT through in-
creasing supply of blood.

– Alterations in the permeability of biological membrane of GIT.
– Decrease in hydrochloric acid secretion.
– Inhibition of gastrointestinal transit time and gastric emptying time of drug

through improvement in intestinal motility.
– Increasing the bile secretion termed as cholagogous effect.
– Bioenergetics and thermo genic properties.
– Inhibiting the total systemic clearance by prevention of glomerular filtration

rate and active tubular secretion due to inhibition P-gp efflux that facilitates
passive tubular reabsorption.

– Modification of the immune system to reduce the total necessity of the drug.
– Increasing the permeability or improving the accessibility to the active drug due

to improved killing of organisms.
– Increasing the availability of the drugs to the pathogens by modification in the

signaling process among host and pathogen.
– Improving the requisite binding capacity drug and targeting sites like receptors,

proteins, deoxyribonucleic acid (DNA), and RNA that potentiates and prolongs
antibiotic activity against pathogens.

– Herbal bioenhancers are the agents used to improve the pharmacological action
of many active pharmaceutical ingredients. Piperine, which was used as the
first herbal bioenhancer in the form of Trikatu by Ayurveda, has the following
mechanisms of action [18].

– Inhibits the drug metabolizing pathways: Piperine inhibits the drug metaboliz-
ing enzymes and produces drug degradation and biotransformation during their
passage through the liver. It hinders the P-gp efflux system and cytochrome P450
(CYP) enzyme. Piperine also inhibits or induces some of the other CYP class metab-
olizing enzymes present in GIT like CYP3A4, CYP1A1, CYP1B1, CYP1B2, or CYP2E1,
which facilitates overcoming the first-pass effect of the administered drug.

– Modulating effect of P-glycoproteins: P-gp is a major efflux pump of the bio-
logical membrane, throws out the administered drug, and avoids it to reach at
the target site to exert its pharmacological action. In such a situation, herbal bi-
oenhancers act by preventing the P-gp efflux system and enhance the bioavail-
ability of drugs like antimalarial or antineoplastic agents.

– Inhibits presence of glucuronic acid: It inhibits the glucuronidation present in
the GIT and lowers the content of the UDP-glucuronic acid. Experimental studies
carried out on rats using piperine have shown the strong inhibition of UDP-
glucoronyl transferase by inhibiting the transferase activity.

– Stimulation effect on gamma glutamyl transpeptidase (GGT): Stimulation of
GGT raises the absorption of drug conjugates with amino acids due to increase
in uptake of amino acids.

246 Dattatraya M. Shinkar, Sunil V. Amrutkar, Prashant L. Pingale

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



In addition to these, the bioenhancers may be beneficial in improving the transport
of drugs and nutrients that cross the blood–brain barrier, which plays a vital role in
controlling epilepsy, cerebral infections, and central nervous system (CNS)-related
disorders. Therefore, metabolism of drugs by hepatic enzymes will be influenced in
terms of increase in their bioavailability by use of bioenhancers. A few other pro-
posed mechanisms such as making target receptor more receptive to drugs, vasodila-
tion of GIT, and changes in cell membrane dynamics enhance the passage of drugs
through cell membranes to increase the drug absorption and bioavailability [19–20].

9.6 Classification of herbal bioenhancers

Classification of herbal bioenhancers based on their origin and mechanism of action
is represented in Table 9.1.

9.7 Herbal bioenhancers

9.7.1 Piperine

Piperine is regarded as the world’s first herbal bioenhancer and as a milestone in
the field of biopotentiation of poorly absorbed drugs. It is a major alkaloid compo-
nent present in plants of long pepper and black pepper belonging to family Pipera-
ceae. It is obtained from the stem, leaf, or pods of the plant. It is the most widely

Table 9.1: Classification of herbal bioenhancers [21].

Classification based on source

Plant-based bioenhancers Animal-based bioenhancers

Piperine, glycyrrhizin, cumin, ginger, niaziridin. allicin, caraway,
curcumin, Stevia, Ammannia multiflora, gallic acid, Callistemon
rigidus, capsaicin, lysergol, Aloe vera, sinomenine, Stevia,
capmul, quercetin, genistein, naringin, and peppermint oil.

Cow urine distillate, ghee, and
honey

Classification based on mechanisms of action

P-glycoprotein efflux pump and other
efflux pump inhibitors

Cytochrome P and
its isozyme
suppressors

Regulators to facilitate GIT
function for enhanced absorption
of drugs

Piperine, curcumin, genistein,
Cuminum cyminum, naringin,
quercetin, etc.

Piperine, naringin,
quercetin, and gallic
acid.

Aloe, drumstick pods, liquorice,
and Zingiber officinale (ginger)

Chapter 9 Case study: Indian herbal bioenhancers 247

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



studied herbal bioenhancer and known to augment the bioavailability of many
drugs. It is approved by FDA as a generally recognized as safe material (GRAS). Pip-
erine comprises two ingredients of Trikatu out of three. Piperine also shows various
pharmacological effects like anti-inflammatory, antipyretic, antifungal, antidiar-
rheal, antioxidant, antithyroid, antidepressant, analgesic activities, etc. The coupled
aromatic bonds present in side chain structure of piperine are mainly responsible for
its activity. The daily dose of piperine is 15–20 mg/kg. Piperine alone or with a mixture
of other herbal components, helps augment the bioavailability of various drugs by in-
creasing the level of drug in blood. It also helps increase the therapeutic efficiency of
many drugs like sparteine, rifampicin, phenytoin, sulfadiazine, propranolol, and
drugs containing components of leaves of vasaka, vasicine, etc. It was found to in-
crease the bioavailability for various classes of drugs like NSAIDS, cardiovascular sys-
tem, CNS antitubercular, antileprosy, and antibiotics in the range of 30–200% [22–23].

Piperine shows its biopotentiation action by encouraging rapid absorption of
many drugs and nutrients and also inhibits the enzymes that are responsible for
metabolism of drugs during their passage through the liver. It interacts with micro-
somal enzyme system (aryl hydrocarbon hydroxylase enzymes) present in the gas-
trointestinal tract and enzymes like uridine diphosphate glucose dehydrogenase
(UDP-GD), uridine diphosphate glucoronyl transferase (UDP-GT), 5-lipoxegenase
(5-LOX), cyclo-oxygenase-I (COX-I), ethyl morphine-N demethylase, and 7-ethoxy-
coumarin-O-de-ethylase and inhibits the in vitro and in vivo metabolism and deg-
radation of drugs. Many research findings prove that it is a nonspecific inhibition of
the drug metabolism process [24]. It also inhibits the potent P-gp efflux transport sys-
tem present in the gastrointestinal wall. Binding to the DNA receptor and change in
cell signal transduction are the other actions performed by piperine. Its oral adminis-
tration inhibits the hepatic aryl hydrocarbon hydroxylase (AHH) and UDP-glucoronyl
transferase activities [24–25] in rats.

Piperine showed enhancement in bioavailability of many classes of drugs in-
cluding antimicrobial, antiprotozoal, antihelminthic, cardiovascular, CNS, NSAIDs,
vaccines, vitamins, herbal compounds, antihistaminic, respiratory, anticancer, cor-
ticosteroids, muscle relaxants, and hormones. Coadministration of piperine as an
herbal bioenhancer has shown improvement of bioavailability of many drugs as
shown in studies mentioned below [26–27].

9.7.1.1 Piperine and rifampicin

Rifampicin is used as first-line remedy for tuberculosis and leprosy. It has shown a
very huge effect on this drug, and hence is thought to be more useful in lowering
the dose and reducing the time period of treatment. Piperine acts directly on RNA poly-
merase enzyme present in human cells by inhibiting the transcription of polymerase
catalyzed by Mycobacterium smegmatis and increases the activity of rifampicin several
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folds. Similarly, it stimulates the binding capacity of resistant strains of rifampicin to
RNA polymerase. During tuberculosis treatment, when used in the weight ratio of 24:1
(drug: piperine), it has shown great effect. It augments rifampicin bioavailability by
60% and reduces the dose from 450 to 200 mg. At higher doses, piperine shows antag-
onistic effect, and it decreases the plasma concentration of rifampin [28].

9.7.1.2 Piperine and β-lactam antibiotics

Hiwale and his coworkers coadministered piperine with β-lactam antibiotics like
amoxicillin trihydrate and cefotaxime sodium to rats to study the effect of bioen-
hancer on bioavailability of both drugs. The absorption and bioavailability of both
drugs was enhanced due to inhibition of the microsomal metabolizing enzyme sys-
tem. Pharmacokinetic parameters such as peak plasma concentration, elimination
half-life, and AUC of the drug were studied to determine bioavailability [29].

9.7.1.3 Piperine and ciprofloxacin

Studies on coadministration of piperine with ciprofloxacin in rabbits confirmed the
increase in bioavailability due to inhibition of the metabolism and changes in the
absorption kinetics of drug [30].

The biopotentiation effect of piperine in combination with ciprofloxacin against
Staphylococcus aureus ATCC 29213 was studied by Khan et al. It significantly re-
duces the mutation inhibition concentration of drug against S. aureus and their
methicillin-resistant strain. Piperine, at a concentration of 100 μg/mL, did not show
any antibacterial activity. MIC of ciprofloxacin was reduced twofold for Staphylococ-
cus aureus, when verified at concentration of 12.5 and 25 μg/mL. If given at 50 μg/mL,
it reduced MIC 4-fold due to inhibition of the efflux of drug ciprofloxacin and ethi-
dium bromide from bacterial cells and hence improves the bioavailability of drug [31].

9.7.1.4 Piperine and oxytetracycline

Singh et al. evaluated the influence of piperine on bioavailability of orally adminis-
tered oxytetracycline on White Leghorn birds weighing in the range of 2.0–2.8 kg.
The pharmacokinetic data of the study has shown significant increase in absorption
of drug and residence time in animals treated with piperine. This increase in bio-
availability of drug declined the initial and maintenance dose of oxytetracycline by
33.3% and 39%, respectively [32].
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9.7.1.5 Piperine with nevirapine

The effect of piperine on nevirapine pharmacokinetic parameters in fasting condi-
tions using eight healthy human male volunteers of age between 20 and 40 years by
crossover, placebo-controlled design was studied by Kasibhatta et al. All the selected
volunteers were randomly on therapy with placebo, and in the morning, were given
piperine 20 mg every day, for 6 days, coadministered with piperine (20 mg) and ne-
virapine (200 mg), or nevirapine plus placebo on day 7, using crossover design. Re-
quired amount of blood samples were drawn and collected for 1–144 h, after
administering the dose of drug to calculate pharmacokinetic parameters. The re-
sults of the study showed evidence of enhanced bioavailability of nevirapine due
to piperine with increase in maximum plasma concentration, with AUCt, AUC0,
and Clast values at about 120%, 167%, 170%, and 146%, respectively [33].

9.7.1.6 Piperine and analgesic drug

Interaction of piperine with analgesic drugs such as pentazocine and diclofenac so-
dium was studied in albino mice. The study revealed that acetic acid-induced writh-
ing reduced to 54.90% and 78.43%, when diclofenac sodium was administered
alone and coadministered with piperine, respectively. Similarly, increase in tail
flick latency was shown compared to pentazocine administered alone. The out-
comes of the study showed that the extract of piperine coadministered with both
drugs showed significant increase in activity [34].

9.7.1.7 Piperine with ampicillin and norfloxacin

Coadministration of piperine (20 mg/kg) with ampicillin and norfloxacin in rabbits
showed increased oral bioavailability of both drugs in animal model [35].

9.7.1.8 Piperine and fexofenadine

Jin et al. studied the influence of coadministration of piperine with oral fexofenadine
in rats. Results of pharmacokinetic study in rats concluded that piperine augmented
the AUC of drug by 180–190%, compared to the control group. About 2-fold increase
in bioavailability of fexofenadine was seen due to inhibition of P-gp-produced cellu-
lar efflux system mechanism by piperine, throughout its intestinal absorption [36].
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9.7.1.9 Piperine and metronidazole

A. Singh et al. studied the combination of piperine with metronidazole in healthy
male New Zealand white rabbits, and results of all pharmacokinetic parameters re-
vealed that bioavailability of metronidazole was increased, compared to drug ad-
ministered alone [37].

9.7.1.10 Piperine and ibuprofen

The ibuprofen-induced antinociception activity was evaluated after coadministra-
tion with piperine by Venkatesh et al. The results of pharmacokinetic parameters
using acetic acid writhing and formalin test methods showed that antinociceptive
activity of drug was increased significantly. The increase in plasma concentration
of drug was due to its synergistic antinociception activity with piperine as a herbal
bioenhancer [38].

9.7.1.11 Piperine with losartan potassium

Losartan potassium was coadministered with piperine to healthy male white albino
rats. All the pharmacokinetic parameters were evaluated and compared to study
the efficacy of losartan potassium (100 mg/kg) administered alone, and that when
combined with 10 mg/kg piperine, to the rats. The results of study showed that los-
artan potassium bioavailability was increased significantly due to the effect of pip-
erine as an herbal bioenhancer [39].

9.7.1.12 Piperine and propranolol HCl

Bano et al. studied the pharmacokinetics of propranolol and theophylline on healthy
human volunteers by oral administration of 40 mg propranolol or 150 mg theophyl-
line alone and combined with 20 mg piperine divided into each group of six for
7 days. The pharmacokinetics study concluded improvement in oral bioavailability of
both drugs due to beneficial effects of piperine in attaining better therapeutic efficacy
and patient compliance [40].
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9.7.1.13 Piperine with nimesulide

Coadministration of piperine with nimesulide at dose of 10 mg/kg enhanced the
blood plasma concentration of drug from 8.03 ± 0.99 μg/mL to 11.9 ± 0.23 μg/mL, in
mice. This increase in concentration of nimesulide was due to inhibition of metabo-
lism of drug [41].

9.7.1.14 Piperine and curcumin

Shoba and coworkers evaluated the combined influence of piperine and curcumin,
on inhibition of hepatic and intestinal glucuronidation in rats and healthy human
subjects. The investigations in the study revealed that piperine increases the sys-
temic bioavailability of curcumin [42].

9.7.2 Ginger

The rhizome extract, a major component of Zingiber officinale, belonging to family
Zingiberaceae, contains gingerols as active constituent transformed to shogaols,
zingerone, and paradol. The content of volatile oil varies from 1% to 3% and de-
cides the odor of ginger. The gingerol showed increase in the motility of gastrointes-
tinal tract when administered to animals; it also acts as an analgesic, antipyretic,
antibacterial, and sedative agent. 6-Gingerol is the main component of ginger, and
its chemopreventive potential presents a promising and cost-effective substitute for
the toxic therapeutic agents. Ginger shows powerful action on GIT mucous membrane.
Ginger plays an important role as a bioenhancer in regulating the intestinal absorp-
tion of drug for better therapeutic effect and provides increase in bioavailability by
30–75%. It has significantly increased the bioavailability of drugs, mainly azithromy-
cin, erythromycin, cephalexin, cefadroxil, amoxycillin, and cloxacillin [43–45].

9.7.3 Niaziridin

A nitrile glycoside, niaziridin is obtained from the leaves, pods, and bark of the
drumstick (Moringa oleifera) plant. It also acts as antimicrobial, diuretic, anticancer,
antifertility agent, analgesic antifungal, antiulcer, antioxidant, hepatoprotective, hy-
polipidemic, antiteratogenic, and antiarthritic agent. It augments the absorption
and bioavailability of the antibiotics rifampicin, ampicillin, and tetracycline. The
bioavailability of nalidixic acid was enhanced 1.2–19-fold against gram-negative E.
coli and gram-positive bacteria Bacillus subtilis and Mycobacterium smegmatis by
niaziridin. The antifungal activity of clotrimazole was augmented 5–6-fold, if used at
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high concentration (10 μg/mL) against Candida albicans. Niaziridin, in combination
with nutrients like vitamin B12, helps to facilitate its uptake in the GIT, as a function
of a bioavailability enhancer [46–57].

9.7.4 Glycyrrhizin

A plant glycoside, glycyrrhizin, is gained from the root, stolon of Glycyrrhiza glabra
L. (family: Fabaceae). It is used as an expectorant in the treatment of bronchitis and
also used to treat inflammation, allergy, peptic ulcer, rheumatoid arthritis, and
throat infection. It acts a detoxifier for the drugs in the treatment of liver disorders.
It stimulates the function of the adrenal gland and supports as an immune modula-
tor. It is nearly 50 times sweeter compared to sugar. Glycyrrhizin also exhibits activ-
ities like antihepatotoxic, analgesic, antineoplastic, and antiviral agent. It acts as
bioenhancer in the concentration range from 0.05% to 50% w/w and 0.10% to 10%
w/w of the antibacterial and nutraceutical compounds, respectively. It shows im-
provement in bioavailability of antifungal agents, when used in concentration
ranges 0.25–20% w/w.

Coadministration of glycyrrhizin (1 μg/mL) with “Taxol” (0.01 μg/mL), antican-
cer agent-induced inhibitory action on cancerous cell line MCF-7 markedly en-
hanced fivefold, compared to Taxol administered alone at dose of 0.05 μg/mL. It
enhanced the absorption and bioavailability of nalidixic acid, rifampicin, ampicil-
lin, tetracycline, and clotrimazole against the Candida albicans species [58–65].

9.7.5 Cumin

Cumin aldehyde obtained from C. cyminum oil belonging to family Apiaceae has
β-pinene, p-mentha-1,4-dien-7-al, and γ-terpinene as the main constituents. The
doses of its parts like C. cyminum extract or its fractions at 0.5–25 mg/kg body
weight enhanced bioavailability of many drugs by 25–335%. Combination of polar
and nonpolar extracts of cumin and piperine showed augmented bioavailability
between 25% and 435% [66, 67].

9.7.6 Caraway

Caraway oil (carvone) and limonene are the main constituents acquired from dry
and crushed seeds of Carum carvi L., belonging to family Apiaceae. The color and
flavor of caraway are mainly attributed to its seeds [68]. It is effective as a bioen-
hancer at a dose of 5–100 mg/kg and 1–55 mg/kg w/w of total body weight, for the
bioenhancer extract and the dose of bioactive fraction, respectively. It augments
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the bioavailability of drugs like antibiotics, antifungal, antiviral, and antineoplastic
agents. If cumin is combined with Z. officinale and piperine, it enhanced bioactivity
in the range of 20–110% and 25–95%, respectively [69,70].

9.7.7 Garlic (allicin)

It holds the allyl sulfur compound derived from the garlic (Allium sativum L.) be-
longing to family Amaryllidaceae. Cupric ions (Cu2+) showed tremendous improve-
ment in fungicidal activity, in the presence of allicin against Saccharomyces cerevisiae
cells [71].

Allicin when used in combination with amphotericin B enhanced the fungicidal
activity. It acts as a cellular protective mechanism against amphotericin-produced
vacuole disruption in S. cerevisiae and also inhibits transport of ergosterol from the
plasma membrane to the cytoplasmic reticulum. Therefore, it increases the effect of
amphotericin B as a fungicidal agent in controlling serious fungal infections, against
Candida albicans and Aspergillus fumigatus species [72, 73].

9.7.8 Lysergol

Lysergol is an ergoline alkaloid, obtained from morning glory plants (Ipomoea sp.),
belonging to family Convolvulaceae which improves the pharmacological activity
of antibiotics on bacteria and is used an effective herbal bioenhancer. Lysergol is
also obtained from mind-blowing seeds of plants ololiuhqui (Rivea corymbose), Ha-
waiian baby woodrose, and Ipomoea violacea belonging to family Convolvulaceae.
Lysergol presents a minor component of species of fungi Claviceps. It is effective as
a bioenhancer at dose of 1–10 μg/mL and augments the absorption and bioavailabil-
ity of rifampicin, tetracycline, and ampicillin [74].

9.7.9 Aloe vera gel

Aloe vera gel is obtained from the whole leaf extracts of plant Aloe vera L. belonging
to family Asphodelaceae. It has shown enhancement in plasma concentration of as-
corbic acid (vitamin C) and tocopherols (vitamin E), and significantly improved the
bioavailability. It prolongs the residence time of ascorbate in plasma, even after
24 h of overnight fast and hence increased the absorption of ascorbate. Due to its
unique capability to augment the absorption and bioavailability of both vitamins, it
should find its use as a dietary herbal bioenhancer [75] in the days to come.
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9.7.10 Curcumin

It is a key component of the Indian spice, turmeric, i.e., Curcuma longa L. belonging
to family Zingiberaceae. Curcumin shows bioenhancing properties similar to piper-
ine. It enhances the systemic availability of celiprolol and midazolam in rats due to
suppression of CYP3A4 drug metabolizing enzyme in the liver and inhibition of P-
gp efflux mechanism. Curcumin increases the absorption of many drugs due to
modification in the physiological activity of the gastrointestinal tract and suppres-
sion of amount of UDP-glucuronyl transferase in the intestine and hepatic tissue
[76,77].

9.7.11 Capmul

Capmul is obtained from edible fats and oils and contains two medium chain fatty
acids, primarily, caprylic and capric. It increases the bioavailability of ceftriaxone
in rats in the range of 55–79% [78].

9.7.12 Callistemon rigidus

Callistemon rigidus R.Br. is a crude extract of leaves belonging to family Myrtaceae.
At a very low concentration of 39.06 μg/mL, it was active against ciprofloxacin-re-
sistant Staphylococcus aureus, when combined with drug. It produced synergistic
effect with resilient drug ciprofloxacin and showed improvement in in vitro activity
against control as well as mutant strain of S. aureus [79].

9.7.13 Ammannia multiflora

Ammaniol is an innovative compound of Ammannia multiflora along with other
compounds belonging to family Lythraceae. Its methanolic extract has shown in-
creased bioenhancing activity against the two strains of Escherichia coli, namely
CA8000 and DH5α, for the antibiotic nalidixic acid [80].

9.7.14 Stevia

Stevia rebaudiana is called stevioside, and is the main component of the glycoside
stevia, and is also present in constituents like steviol, austroinulin, rebaudioside,
and dulcoside; it is 200 times sweeter than sucrose. In South America, it is used as
a sweetener called honey leaf. If used in combination with piperine at doses of
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0.01–50 and 0.01–12 mg/kg w/w of total body weight, respectively, it showed in-
crease in bioavailability of nutraceutical formulations, drugs, and herbal formula-
tions. Stevia and piperine are bioactive at doses of 30 and 8 mg/kg body weight,
respectively, and are used as bioenhancers. Stevia increases the absorption and bio-
availability of many classes of drugs, mainly antineoplastic agents, anti-inflammatory,
antibiotics, antidiabetic, antifungal, antiviral, anticancer, cardiovascular, analgesic,
antiarthritic agents, antitubercular drugs, antihelminthic, antiulcer drugs, and herbal
formulations [81].

9.7.15 Genistein

It is an isoflavone obtained from alimentary plants such as soybean (Glycine max)
and kudzu (Pueraria lobata). It is used as a well-known phytoestrogen and shows
many beneficial effects, like antineoplastic and analgesic activities [82–83].

9.7.15.1 Genistein and paclitaxel

Genistein showed improvement in the absorption and bioavailability of paclitaxel
administered orally and intravenously in rats. The occurrence of genistein as herbal
bioenhancer showed enhancement in bioavailability of paclitaxel in the study [84].

9.7.15.2 Genistein and epigallocatechin gallate (EGCC)

If genistein is coadministered with EGCG, it increases the concentration of HT-29
human colon cancer cells 2- to 5-fold, compared to treatment with EGCG alone.
When coadministered with genistein at 200 mg/kg (75 mg/kg) and EGCG 75 mg/kg
to mice, it increases the biological half-life and duration of action of drug. It in-
creases the maximum peak plasma concentration of EGCC in the small intestine
2.0- to 4.7-fold and half-life 1.4-fold. It proves that genistein can be used to enhance
the oral bioavailability of drug [85].

9.7.16 Capsaicin

Capsaicin is a main component obtained from chili peppers, Capsicum annum L. be-
longing to family Solanaceae. It produces burning sensation to mammals when it
comes in contact with any tissue. Its biopotentiation effect was examined after oral
administration of fruit suspension, with and without a ground capsicum in 10 male
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rabbits, and showed improvement in bioavailability of theophylline from sustained
release gelatin capsule [86].

9.7.17 Peppermint oil

It is obtained from Mentha piperita L. belonging to family Lamiaceae. Coadministra-
tion of peppermint oil (100 mg/kg) augmented the plasma concentration and area
under the curve of drug cyclosporine 3-fold [29]. Studies concluded that due to inhi-
bition of cytochrome CYP3A enzyme, peppermint oil increases the oral bioavailabil-
ity of cyclosporine [87].

9.7.18 Sinomenine

It is an alkaloid found from Sinomenium acutum, family Menispermaceae, com-
monly used to treat rheumatoid arthritis in China and Japan. Studies of administra-
tion of sinomenine alone and combined with paeoniflorin (150 mg/kg) through
gastric gavage in rats were conducted by Chan et al. All the pharmacokinetics pa-
rameters results have shown significant improvement in the bioavailability of paeo-
niflorin [88]. The proposed mechanism of action involved in the enhancement of
paeoniflorin’s bioavailability was, inhibition of P-gp efflux pumps [89].

9.7.19 Gallic acid

Gallic acid is a main component present in gallnut, sumac, witch hazel, tea leaves,
and oak bark. Esters of gallic acid showed the enhancement of bioavailability of
drug nifedipine [90]. Coadministration of gallic acid with piperine exerts a synergis-
tic effect and produces a greater therapeutic potential in reduction of beryllium-in-
duced hepatorenal dysfunction and the moments of oxidative stress [91].

9.8 Bioflavonoids used as herbal bioenhancers

Bioflavonoids are the biologically active components of the group flavonoids and
were first discovered in 1936, by Nobel Prize winner and pioneer of vitamin C re-
search, Albert Szent – Gyorgi. The prominent bioflavonoids, quercetin, genistein,
and naringin are presented abundantly in paste and wools of citrus fruits and foods
such as soybeans and root vegetables containing vitamin C. They are used to en-
hance the biological activity of certain drugs.
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9.8.1 Quercetin

It is a plant-based flavonoid present in fruits, vegetables, leaves, and grains and
has shown effects as an analgesic, antineoplastic agent, antioxidant, radical scav-
enging, and antiviral agent. It exhibits action by inhibition of CYP3A4 enzyme and
P-gp efflux pump. If it is coadministered with drugs such as diltiazem, digoxin,
doxorubicin, epigallocatechin gallate, fexofenadine, verapamil, etoposide, tamoxi-
fen, and paclitaxel, it showed an increase in bioavailability of drugs [92–96].

9.8.1.1 Quercetin with paclitaxel

J. S. Choi studied the effect of administration of drug paclitaxel 40 mg/kg alone and
its prodrug with dose of at 280 mg /kg to the pre-treated rats administered with
quercetin (2, 10, 20 mg/kg) shown increase in bioavailability of drug paclitaxel [97].

9.8.1.2 Quercetin and verapamil

Choi studied the effect of coadministration of quercetin and norverapamil in rab-
bits. Results showed that oral absorption of verapamil was significantly increased
when pretreated with quercetin. The study concludes that pretreatment of quercetin
enhanced the absolute and relative bioavailability of verapamil [98].

9.8.1.3 Quercetin and diltiazem

J. S. Choi studied the influence of quercetin pretreatment on the absorption of dilti-
azem in rabbits, following oral administration. Results indicated that only the con-
centration of diltiazem in the rabbit plasma was increased when pre-treated with
quercetin, compared to the control, whereas coadministration with quercetin was
not enhanced significantly [93].

9.8.1.4 Quercetin with tamoxifen

Quercetin increases the relative bioavailability of tamoxifen by 1.20–1.61 times higher
than the control group after its oral administration at dose of 10 mg/kg. Coadminis-
tration of quercetin promotes the duodenal absorption, reduces the first-pass hepatic
metabolism of drug, and leads to increase in absorption and bioavailability [94].
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9.8.1.5 Quercetin with fexofenadine

Kim and his coworkers studied the influence of quercetin on absorption and bio-
availability of fexofenadine given orally at a dose of 60 mg in combination with
quercetin to 12 healthy human volunteers. The results of the study showed increase
in plasma concentration of fexofenadine in humans [99].

9.8.1.6 Quercetin and doxorubicin

Choi et al. studied the influence of coadministration of quercetin in rats with
50 mg/kg oral dose or 10 mg/kg by intravenous administration. The results of phar-
macokinetic parameters showed increase in absolute bioavailability of drug com-
pared to control, and the relative bioavailability of doxorubicin enhanced 1.32- to
2.36-fold. However, drug administered intravenously could not affect any pharma-
cokinetic parameters of drug due to coadministration of quercetin [95].

9.8.2 Naringin

It is the main glycoside of the flavonoid class existing naturally in citrus fruit,
grapefruit and also in apple, onion, and tea. It shows many pharmacological ef-
fects like antioxidant, antiulcer, antiallergic, anticancer, and blood lipid lowering
activity. It exhibits bioenhancer effect by inhibition of CYP3A4 enzyme and acts as
a P-gp modulator [100–103].

9.8.2.1 Naringin and diltiazem

Choi et al. studied the effect of coadministration of naringin with diltiazem at a
dose of 15 mg/kg and drug alone in rats. Study concluded that absolute and relative
bioavailability of diltiazem was enhanced with increase in peak plasma concentra-
tion and duration of action of drug 2-fold when pretreated with bioenhancer [104].

9.8.2.2 Naringin and paclitaxel

Lim et al. reviewed the influence of naringin given orally 30 min before the intrave-
nous administration of paclitaxel at 3 mg/kg body weight on the pharmacokinetic
parameters using rats. AUC was found to be significantly more than control group
after intravenous administration of paclitaxel, due to inhibition of CYP3A1/2 drug
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metabolizing enzyme, due to oral gavage of naringin. Oral naringin inhibits the he-
patic metabolism by P-gp and increases the AUC of intravenous paclitaxel [105].

9.8.2.3 Naringin and verapamil

Yeum and his coworkers studied the absorption of verapamil in rabbits pretreated
with herbal bioenhancer, naringin, at concentration of 1.5, 7.5, and 15 mg/kg. The
study concluded that absorption and bioavailability of verapamil increased signifi-
cantly in rabbits after oral administration. Thus, pretreatment of bioenhancer, nar-
ingin, augmented the absolute bioavailability and relative bioavailability 1.26- to
1.69-fold in a dose-dependent manner [106].

9.8.3 Genistein

It is also a flavonoid phytoestrogen that belongs to the isoflavones class present in
a variety of nutritional plants such as lupin (Lupinus albus L.), fava beans (Vicia
faba L.), kudzu, and soybean. It shows its biopotentiation activity by acting on P-gp
and breast cancer resistant protein efflux pump inhibitor. Coadministration of bio-
enhancer genistein with paclitaxel concurrently enhanced the drug bioavailability
by increasing the amount of drug in systemic circulation by 54.7% and decreasing
the total plasma clearance by 35.2%. It also enhanced the cytosolic epigallocatechin
gallate 2- to 5-fold compared with epigallocatechin gallate alone, when coadminis-
tered with HT-29 human colon cancer cells [107].

9.9 Bioenhancers of animal origin

The following are a few bioenhancers of animal origin useful in enhancing the bio-
availability of drugs due its own incredible pharmacologic effects.

9.9.1 Cow urine

It is responsible for modifying various body functions, including immunity. Cow
urine distillate was found to be more effective than cow urine, when used as a
bioenhancer. It enhances the absorption of many drugs like antimicrobial, anti-
fungal, and anticancer due to its probable action by enhancing the permeation
through the gastrointestinal tract membrane as well as across artificial membrane.
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The bioavailability of rifampicin was enhanced against Escherichia coli and Gram-
positive bacteria 5- to 7-fold and 3- to 11-fold, respectively, by cow urine.

Cow urine increases B- and T-lymphocyte blastogenesis effect and immuno-
globulin antibody titers in mice. Mature male mice showed increase in fertility
rate, 90–100% feasibility and lactation index, when they were exposed to cow
urine distillate with zinc sulfate and cadmium chloride, compared to 0% fertility
rate if cadmium chloride administered alone. Animals given treatment with cad-
mium chloride and cow urine showed increase in Fertility index. Therefore, the
study concludes that cow urine distillate shows antitoxicity and is used as a bio-
enhancer for zinc against cadmium chloride. It has been observed that potency of
“Taxol” (paclitaxel) was increased against MCF-7, a human breast cancer cell line,
due to administration of cow urine distillate.

The immunomodulatory properties of cow urine enhance the concentration of
generative hormones and estrous cycle of mice like gonadotropin-releasing hor-
mone conjugates. There was significant improvement observed in sperm motility
rate, sperm count, gonadosomatic index, and morphology of sperm for male mice
in 90–120 days for the treated group of animals (P < 0.05) due to effect of gonadotro-
pin-releasing hormone by administration of cow urine distillate [108, 109].

9.9.2 Ghee

Ghee is also called as tup, ghi, ghio, or neyy. Cow ghee is mostly used in Ayurveda; it
is satvik in nature, i.e., sattva guni. It shows its biopotentiation effect as bioenhancer
in many Ayurvedic formulations such as Brahmi ghrita and Trikatrayadi Lauha.

9.9.3 Honey

It is also called madhu. Honey is a sweet food obtained from bees using nectar of
flowers. In modern practice of medicines, it is used in crystallized, pasteurized, raw,
strained, filtered, ultrasonicated, creamed, or dried forms; nowadays honey decoc-
tions are also available. It is mainly used a bioenhancer in Trikatrayadi Lauha [110].

9.10 Recently introduced bioenhancers

9.10.1 Resveratrol

It is a stilbenoid (3, 5, 4′-trihydroxy-trans-stilbene) produced as a result of an attack
or response to injury on plants by pathogens like bacteria and fungi that originate
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from the coating of grape, blueberry, raspberry, mulberry etc. If it is coadministered
with apigenin (a natural anti-inflammatory agent), it exhibited increase in plasma
drug levels by 2.39 times, compared to administration of apigenin alone [42]. This
result indicated that resveratrol helps enhance the absorption of apigenin to bypass
the hepatic metabolism [111].

9.10.2 Lutein

Lutein is a xanthophyll, plentifully found in green vegetables such as spinach,
kale, and yellow carrots. It shows opthalmoprotective, anti-atherogenic, and anti-
carcinogenic activities [112].

9.10.3 Friedelin

Friedelin is a biologically active constituent obtained from plant species such as
Azima tetracantha Lam. (Salvadoraceae), Orostachys japonica A. Berger (Crassula-
ceae), and Quercus stenophylla Blume. (Fagaceae). If friedelin (50 mg/kg) is coadmi-
nistered with apigenin orally in rats, it enhances the absorption of apigenin. The
suppression of ATPase enzyme activity of P-gp indicates increase in bioavailability
of apigenin due to inhibition of P-gp [113].

9.11 Applications of herbal bioenhancers

Recently many researchers have studied bioenhancers of herbal origin by using var-
ious lipid-based technologies such as microspheres, liposomes, transferosomes,
ethosomes, nanoemulsions, microemulsions, other vesicular herbal formulations,
and polymeric micelle formulations. These techniques of bioenhancement are basi-
cally targeted for the group of toxic drugs, expensive drugs, drugs with poor bio-
availability, and drugs used in chronic therapy for long durations. Piperine is
marketed in India as the first mono-preparation bioenhancer and as a constituent
of nutritional inert material that contains different vitamins, curcumin resveratrol,
or coenzymes. Piperine, used as an herbal bioenhancer in humans, was first approved
in India as a fixed dose combination product to treat tuberculosis with 200 mg of ri-
fampicin IP, 300 mg of isoniazid IP, and 10 mg of piperine, instead of high amount of
rifampicin 450 mg and isoniazid 300 mg. Herbal bioenhancers reduce the dose and
cost of expensive medication, while making treatment safer. The recent advancements
in formulation development as a part of innovation and use of bioavailability
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enhancers of herbal origin have led to several NDDS and some of the patented
formulations represented in Tables 9.2 and 9.3.

Table 9.2: Some scientifically documented formulations using herbal bioenhancers.

Type of dosage
forms

Drug Use or
application of
bioenhancer

Pharmacological
effect

Administration
route

References

Quercetin
liposome

Quercetin Reduction in
dose, enhanced
permeability in
blood–brain
barrier

Antioxidant, anti
cancer

Intranasal []

Liposome Silymarin Enhances
bioavailability

Hepatoprotective Buccal []

Alginate
chitosan
microspheres

Rutin Target to
cardiovascular
and
cerebrovascular
system

Cardiovascular
and
cerebrovascular

In vitro []

Microspheres Zedoary oil Prolongs release
of drug and
Improves
bioavailability

Hepatoprotective Oral []

Triptolide
nanoparticles

Triptolide Increases the
permeability of
drug through skin

Anti-
inflammatory

Topical []

Nanoparticles Radix salvia Increases the
bioavailability

Antihypertensive
effect

In-vitro []

Transferosomes Capsaicin Increases skin
permeability of
drug

Analgesic Topical []

Transferosomes Colchicine Increases skin
permeability of
drug

Antigout In-vitro []

Ginseng lipid-
based
preparations

Flavonoids Increases
absorption

Nutraceutical
immune
modulator

Oral []

Green tea lipid-
based
formulation

Ginsenoside Improves
absorption and
bioavailability

Nutraceutical,
antioxidant, and
anticancer agent

Oral []
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9.12 Hurdles with herbal bioenhancers

Bioenhancers have made a great revolution in the field of drug delivery systems, but
then there are also various hurdles that need to be overcome, in order to meet with
success. Although, some of the challenges have to be modified or solved, which in-
cludes improvement in the properties of drug preparations like blood circulation, in-
crease in effective surface area, avoiding the degradation of encapsulated drug,
improvement of drug permeability through biological membranes, and site-specific
targeting of the drug. To scale up techniques and pilot techniques for commercializa-
tion of all, the development of formulations at large-scale productions is also another
challenge before the scientist. Large-scale production is another problem associated
with use of herbal bioenhancers, which includes low concentration of nanomaterials,
glomeration, and chemistry processes, which can be easily modified at laboratory
level. Present advancements in herbal bioenhancers have brought in a new challenge
for regulatory control of formulations, because there are no regulatory standards
available, yet, for determination and evaluation of physical, chemical, and pharma-
cokinetic parameters of drug products containing herbal bioenhancers by US-FDA
and EMEA. Therefore, regulatory authorities should take the initiative to set stand-
ards for drug products containing herbal bioenhancers [124].

Table 9.3: Patented formulations with herbal bioenhancers [123].

US patent no. Drug Type of formulation

 Opioid analgesic and aloe Nasal spray

 B Ginsenoside Microencapsulated DDS

 B Isoflavone Microcapsules

 B Alkaloids of aconitum specie Transdermal patch

/ A Oleaginous oil of Sesamum indicum and
alcoholic extract of Centella asiatica

Brain tonic

/ A Glycine max containing s globulin
Protein extract, curcumin, Zingiber officinale

Herbal tablet

/A Opioid analgesics Transdermal patch

 Flavonoids – quercetin and terpene Microgranules
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9.13 Future scope

The concept of “Trikatu” in Ayurveda used an herbal bioenhancer has successfully
taken the lead in improving bioavailability of many modern medicines. The re-
searchers now aim at using bioenhancers along with the main pharmacological ac-
tive ingredient as a method for reduction of the dose and hence low treatment cost
for financially challenged people in society. Various research works related to the
development of bioenhancers of herbal and nonherbal origin are in process. Nowa-
days, various research studies are going on in pain management, stress, obesity,
anticancer, etc., related to development of bioavailability enhancers of herbal and
nonherbal origin. Unexplored areas of traditional system of medicines and Ayur-
veda could be an additional area where new breakthroughs can be expected. Stud-
ies on all categories of drugs along with knowledge of the exact mechanism of
bioenhancers could be the next step in research. Modern dosage forms can be pre-
pared by using Yogvahi, like conventional dosage forms.

9.14 Conclusion

The innovative concept of use of herbal bioenhancers in traditional system of medicines
has resulted in a great revolution in the field of medicines. However, the knowledge of
bioenhancers as an integral part of drug design and development process in Ayurveda is
somewhat novel to Western medicine. They are safe, effective, easily available, nonad-
dictive, and have an effect on many classes of drugs. This will lead to reduction in drug
dosage, toxicity, and cost and benefit the national economy. Developing countries like
India have a major concern regarding the use of modern medicines – the overall cost of
disease treatment. A major concern of a new drug development process is the economics
of drug development. Therefore, the scientific community has its eyes on development of
effective and optimized formulations to meet the requisite pharmacokinetic parameters
of dietary components to expand in vivo absorption and exploit their use as an effective
bioenhancers. This strategic development would lead to the reduction in cost of dosage,
and hence the entire allopathic treatment must be made inexpensive and cost effective
to each and every section of the society, including the financially challenged.

The oral bioavailability of many poorly bioavailable drugs was found to be en-
hanced due to biopotentiation effect of nature originated agents. Various research
works have been done using piperine derivatives and other novel bioenhancers.
The existing scientific research on use of herbal bioenhancers like piperine, ginger,
etc. has shown significant improvement in the bioavailability of many drugs and nutra-
ceuticals when coadministered or pre-treated with them. Animal-originated cow urine,
ghee, and honey are also breakthroughs in the medical field. Herbal bioenhancers de-
crease the normal dose of potent drugs and nutraceuticals, leading to reduction in
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drug resistance and toxicity, and cuts the treatment period. This combination of tradi-
tional system of medicine and technology satisfies all essential criteria for safe, ideal,
and effective drug delivery system. Hence, there is a need for more multicenter trials
with a combination of new drugs and natural bioenhancers, in order to take advantage
of higher potency with a lower drug toxicity.

List of abbreviations

A.D. Anno Domini

B.C. Before Christ

CNS Central nervous system

CYP Cytochrome P

DNA Deoxyribonucleic acid

FDA Food Drug Administration

GGT Gamma glutamyl transpeptidase

GIT Gastrointestinal tract

GRAS Generally recognized as safe material

NDDS Novel drug delivery system

NSAIDS Nonsteroidal anti-inflammatory drugs

P-gp P-glycoprotein

RRL Regional research laboratory

RNA Ribonucleic acid

UDP Uridine diphosphate
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Abstract: Bioavailability is the key parameter for efficient execution of the thera-
peutic action of a drug. Multiple chemical entities with significant therapeutic po-
tential struggle with inadequate pharmacokinetics, which is the result of its poor
solubility and permeability. Bioenhancer is the innovative concept to alter the phar-
macokinetics of low bioavailability of drugs. Ayurvedic system of medicines reported
the first use of a herbal bioenhancer since time immemorial. Herbal bioenhancers are
superior in terms of safety, efficacy, and availability. Ginger, caraway, aloe, piperine,
quercetin, curcumin, etc. are some of the most widely used herbal bioenhancers.
Modern drug delivery science has shown growing interest in the use of herbal bioen-
hancers to improve the bioavailability, safety, and efficacy of active pharmaceutical
ingredients. Herbal bioenhancers are often used for bioavailability enhancement of
nutraceuticals, antibiotics, anticancer, antitubercular, and cardiovascular agents,
which result in their rapid onset of action. Bioenhancers acts by modulating the drug
membrane permeation and presystemic metabolism, which hamper the clinical suc-
cess of multiple potent drugs. In this current scenario, the use of herbal bioenhancers
is not only limited to conventional dosage forms, but they are also used in multiple
novel drug delivery systems and nanotechnology. The modern applications employ
herbal bioenhancers to improve the bioavailability of drugs through various novel
drug delivery techniques, such as liposomes, transferosomes, ethosomes, nanopar-
ticles, etc. by various routes of administration. This chapter provides some novel in-
sights to the current trends in herbal bioenhancers, their biomedical applications,
and the current patent scenario.
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10.1 Introduction

Bioavailability is the important parameter governing drug action. Drugs with better
bioavailability provide efficient therapeutic action with minimum dose. Better bio-
availability decreases the hepatic and nephrotic load as there is a decrease in the
amount of dose required for therapeutic action [1]. Improvement in bioavailability
can provide opportunity for multiple active pharmaceutical entities to execute
promising therapeutic effects. Hence, bioavailability enhancement is a major area
of research across the globe [2].

The factors that majorly affect the bioavailability are solubility, permeability,
and first-pass metabolism. Herbal bioenhancers efficiently increase the absorption
of drugs without a significant alteration and interference in the physiology of the
body and action of drug [3]. The addition of bioenhancers provides additional ad-
vantage of easy availability, economy, and lesser side effects. In the current sce-
nario, herbal bioenhancers are used to improve the absorption and, ultimately, the
bioavailability of various drugs activities used to treat the diseases and disorders
associated with the central nervous system (CNS), gastrointestinal tract, and the
cardiovascular system (CVS) [4]. Nutraceuticals such as vitamins are also a class
facing the challenge of inadequate bioavailability and, hence, herbal bioenhancers
have great demand for bioavailability enhancement of nutraceuticals [5].

10.2 Classification and mechanism of action

Improvement in bioavailability is the ultimate purpose in the use of herbal bioen-
hancers. They are classified into three classes according to their mechanism of ac-
tions (Figure 10.1). Herbal bioenhancers improve the bioavailability of various drug
molecules by inhibiting P-glycoprotein (P-gp) drug efflux, inhibition of cytochrome
P-450 (CYP-450),, and enhancement of permeation [6].

Figure 10.1: Classification of herbal bioenhancers.
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10.2.1 Inhibition of P-glycoprotein drug efflux

P-gp is the efflux membrane transporter that regulates the intracellular uptake and
distribution of various xenobiotics and toxins. This P-gp limits the permeability and
absorption of various drugs due to the efflux mechanism, which ultimately results
in low bioavailability. For efficient delivery and optimum bioavailability of drug, it
is important to inhibit the P-gp efflux. The inhibition of P-gp efflux can be achieved
by the blocking of the drug binding site of P-gp, alteration of the integrity of lipids
in the cell membrane, and by disturbing the hydrolysis of adenosine triphosphate
(Figure 10.2) [7]. Multiple bioenhancers, such as piperine, naringin, curcumin, etc.
improve the bioavailability of drugs by inhibiting the P-gp drug efflux [8].

10.2.2 Inhibition of cytochrome P-450 (CYP-450) enzymes

The enzymes from CYP-450 family are largely responsible for the first-pass metabolism
and elimination of multiple drugs. To improve the bioavailability of such drug mole-
cules, it is important to inhibit these enzymes and to prevent the first-pass metabolism.
Several herbal bioenhancers, such as piperine, curcumin, etc. inhibit the multiple en-
zymes CYPA1, CYP1B1, CYP1B2, CYP3A4, and CYP2E1, prevent the first-pass elimination
of various drug molecules, and improves their bioavailability (Figure 10.3) [9, 10].

10.2.3 Absorption enhancers

Membrane permeability is the limiting factor for multiple drugs from the Biophar-
maceutical Classification System (BCS) class III and BCS class IV. The inadequate
permeation of these drugs reduces their absorption as well as therapeutic efficiency
[11]. Improvisation in permeability can trigger the absorption of these lesser perme-
ating drugs. This permeability-enhancement mechanism is executed by multiple
herbal bioenhancers, such as aloe vera, ginger, niaziridine, and Carum carvi. These
bioenhancers increase the permeation of drug molecules through biological mem-
branes, resulting in better absorption and improved bioavailability (Figure 10.4) [12].

10.3 Current trends

Bioenhancers are mainly intended to be coadministered with active pharmaceutical
ingredients to improve their bioavailability. Currently, herbal bioenhancers are the
preferred choice of researchers working on bioavailability enhancement. Of late,
herbal bioenhancers are used in bioavailability enhancement of drugs from multiple
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Figure 10.2: P-glycoprotein (P-gp)-mediated drug efflux inhibition mechanism of herbal
bioenhancers delivered using novel drug delivery system.
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categories as well as neutraceuticals (Table 10.1). Piperine, curcumin, and ginger are
the easily available substances across the world. These substances are milestone bio-
enhancers and they have been proved through various research studies. In most of
the recent researches it is found that these herbal bioenhancers are administered in
the form of novel drug carriers, such as liposomes, microspheres, transferosomes,
and ethosomes. The nanoformulations of herbal bioenhancers are also gaining popu-
larity in biomedical applications [13, 14].

Table 10.1: Herbal bioenhancers for bioavailability improvement of various drugs.

Route of
administration

Herbal
bioenhancer

Drug candidate for
bioavailability
enhancement

Mechanism of action References

Oral Curcumin Efflux transporter
(P-gp) inhibition;
metabolism
(CYPA) inhibition

Midazolam: benzodiazepine []

Oral Emodin
(anthraquinone
derivative)

Efflux transporter
(P-gp) inhibition

Digoxin: digitalis glycoside []

Oral Genistein
(flavonoid)

Efflux transporter
(MRP) inhibition

Epigallocatechin--gallate
(EGCG): phenolic antioxidant

[]

Oral Gallic acid ester
(organic acid)

Metabolism
(CYPA) inhibition

Nifedipine: calcium channel
blocker

[]

Oral Moringa oleifera
pods (traditional
herbal medicine)

Metabolism
(CYP) inhibition

Rifampicin: semisynthetic
rifamycin derivative

[]

Oral Naringin
(flavonoid
glycoside)

Metabolism
(CYPA) inhibition

Tamoxifen: selective
estrogen receptor modulator
(SERM)

[]

Oral Peppermint oil
(herbal)

Metabolism
(CYPA) inhibition

Cyclosporine:
immunosuppressant

[]

Oral Piperine
(alkaloid)

Metabolism
(CYP) inhibition

– Nimesulide: nonsteroidal
anti-inflammatory

– Carbamazepine:
carboxamide derivative

[, ]

Oral Quercetin
(flavonoid)

Metabolism
(CYPA) inhibition

– Verapamil: Calcium
channel blocker

– Pioglitazone:
thiazolidinedione

[, ]
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10.4 Herbal enhancers used in novel drug delivery
and nanotechnology

Active pharmaceutical agents possess excellent in vitro therapeutics activity but
poor in vivo activity due to poor membrane permeability and efflux by cell trans-
porters such as p-gp, substrate for cytochrome P-450 metabolizer, which hamper
target site entry and eventually decrease absorption, oral bioavailability, and thera-
peutic effect [5, 28]. However, when herbal enhancers are coadministered with ac-
tive pharmaceutical ingredients, they play a very significant role in increasing the
bioavailability or bio efficacy of various classes of drugs, such as anticancer, protein,
peptide, antitubercular, antifungal, antiviral, nutraceuticals, and antihypertensives
as reported in the literature [29, 30]. Development of several nanotechnology-based
formulations offers an excellent platform for improvement in the bioactivity of drugs
[31]. Liposomes, transferosomes, microspheres, nanoparticles, transdermal patches,
nasal sprays, microcapsules, etc. are important novel drug delivery carriers and have
been reported in literature along with herbal enhancer for improving therapeutics ef-
fects. Literature study report that different types of herbal enhancers have been used
for enhancing the bioavailability of drugs. They are piperine, quercetin, naringin, gly-
cyrrhizin, sinomenine, genistein, and nitrile glycoside [14]. In the literatures that are
validated, piperine is used as the first oral bioavailability enhancers for nutrients and
active pharmaceutical ingredients. This herbal enhancer improves the therapeutic ef-
fect of active pharmaceutical agents with poor solubility or permeability, when in-
corporated into novel drug delivery carries such as liposomes, transferosomes,
microspheres, nanoparticles, transdermal patches, nasal sprays, microcapsules,
and other novel drug delivery carriers, which is discussed in further section in de-
tail [32, 33]. Herbal enhancer used for drug delivery and nanotechnology is as
shown in (Figure 10.5).

Table 10.1 (continued)

Route of
administration

Herbal
bioenhancer

Drug candidate for
bioavailability
enhancement

Mechanism of action References

Buccal Aloe vera
(gel, whole leaf)

Intercellular
modulation

Didanosine: antiviral reverse
transcriptase inhibitor

[]

Pulmonary HPBCD,
CRYSMEB
(cyclodextrin
derivatives)

Tight junction
modulation

– Mannitol: sugar alcohol []
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10.4.1 Liposome

Liposomes are phospholipid vesicular carriers made up of a lipid bilayer system
composed of phospholipids and cholesterol. Phospholipids used for liposomes are
DSPE, DEPE-PEG-2000, DOPC, DPPG, cholesterol, and triolein. Various conven-
tional methods for formulation of liposomes are reported in literature reports. They in-
clude, thin-film hydration (Bangham method), reverse-phase evaporation technique,
freeze drying of double emulsions, injection technique, detergent depletion, heating
method, hydration methods, microfluidic method, membrane extrusion, electroforma-
tion methods, etc. These method have some disadvantages; they have poor stability,
poor monodispersing of solvent, some organic solvents may cause environmental
problem, etc. To overcome all these problems, alternative methods of preparation are
developed based on supercritical fluids such as rapid expansion of supercritical solu-
tions process, supercritical fluid extraction, super critical anti-solvent, depressurization
of an expanded liquid organic solution-suspension, supercritical assisted liposome for-
mation, and particles from gas saturated solutions [34]. Liposomes have some unique
properties with potential to encapsulate hydrophilic or hydrophobic material at the in-
terface of phospholipid double layer interface. They improve the aqueous solubility,
intracellular uptake, as well as oral bioavailability of herbal substances or a combina-
tion with drug. Stability and biodistribution of liposomes increases the therapeutic

Figure 10.5: Novel drug delivery and nanotechnology-based carriers with herbal enhancers.
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activity of phytopharmaceuticals agents [35]. Liposomes have major limitation in the
form of instability in plasma and premature leakage of drug content from its lipid ma-
trix. Literature study shows different types of formulations are developed for encapsu-
lation of herbal enhancers into liposomal system for enhancing the bioactivity of
phytopharmaceuticals agents. Quercetin and curcumin have poor water solubility to
overcome such formulation barrier, author loaded quercetin and curcumin in lipo-
somal vesicular carrier for the anti-inflammatory activity via transdermal drug delivery.
In this work anti-inflammatory activity performed in murine model, in this work
liposomal vesicle carrier system enhances the penetration of quercetin and curcumin
significantly in one platform. Quercetin and curcumin inhibit O-tetradecanoylphor-
bol-13-acetate induced at the wound site and also show better anti-inflammatory ac-
tivity [36, 37]. In another literature study, Silymarin-loaded liposome was successfully
evaluated for hepatoprotective activity. Results demonstrate significant increase in
the bioavailability of Silymarin [38]. Artemisia arborescens L. essential oil was loaded
in liposome and was evaluated for various physicochemical and biological characteri-
zation. In a literature study, Artemisia arborescens L. essential oil showed antiviral ac-
tivity. This liposome carrier system was developed by the film hydration and simple
sonication technique. This study reports that liposomal carrier system improves the
penetration in cytoplasmic barrier, resulting in efficient targeting to cells [39]. In
another literature study, a formulation of quercetin-loaded liposome carrier sys-
tem was developed for antianxiety or cognitive improvement by the reverse evapora-
tion method. In this study, the author and co-worker observed that quercetin-loaded
liposome carrier system decreases the dose of quercetin and also improves the pene-
tration of the bioactive component across the blood–brain barrier [40].

10.4.2 Transferosomes

Transferosomes are also known as transformable liposomes. They are similar to lip-
osomes except in their structure. Due to the composition of the surfactant on the
lipid bilayer, they form an elastic structure which significantly improves the cellular
uptake of carrier-loaded drugs. Surfactant composition ranges between 10% and
25% and the ethanol composition ranges between 3% and 10%. Transferosomes
have the potential to pass stratum corneum by virtue of osmotic pressure. Due to
the easy penetration of the skin and the elasticity of the structure, they are widely
used in transdermal drug delivery system for enhancement of the bioavailability of
phytopharmaceuticals [41]. Various patented methods are reported in the prepara-
tion of transferosomes. Transferosomes are prepared on basis of stability, composi-
tion of vesicle, drug-carrying capacity, etc. Some conventional methods are reported
in literature review for the formulation of transferosome, such as thin film hydra-
tion method, also called the rotary evaporation-sonication technique, as well as
some novel techniques such as high-pressure homogenization technique, suspension
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homogenization, vortexing-sonication, centrifugation process, modified handshaking
process, reverse-phase evaporation method, ethanol injection method, etc. [42]. In a
literature, the author formulated vincristine-loaded transferosome to improve the an-
timitotic effect and enhance the lymph targeting of vincristine with minimal side ef-
fects [43]. In another literature study, capsaicin transferosome was developed by the
high shear dispersing method. The evaluation of the formulation results indicates
that capsaicin-loaded formulation enhances the penetration of the cell membrane
[44]. In another study, the author formulated curcumin transferosome gel for anti-
psoriatic activity, which was developed by the de-solvation method. This study re-
ported significant improvement in skin penetration [45]. Colchicine is a bioactive
component used in the treatment of antigout therapy. Colchicine has poor pene-
tration. To overcome this problem, colchicine transferosome has been success-
fully developed. The study results demonstrate that the transferosome carrier
system improves the skin penetration of colchicine [46].

10.4.3 Microspheres

Microspheres are a spherical morphology of the biodegradable polymer matrix of
polylactic acid or the copolymer of lactic acid as well as glycolic acid. Their radii
range between 1 and 1,000 μm. They can be prepared by the spray-drying tech-
nique, extrusion technique, emulsification or gelation technique, etc. The phyto-
pharmaceuticals-loaded microparticulate system is administered via I.V injection.
The major advantage of microspheres is its site-specific drug delivery [47, 48]. In
literature, several herbal enhancers are incorporated in the form of microspheres
for enhancing the bioavailability. Isoniazid and rifampicin are widely used in the
treatment of tuberculosis therapy. In a literature report, the author prepared isoniazid
using the rifampicin drug-loaded microsphere carrier system by the complex co-acer-
vation and modified emulsion technique simultaneously. In this system, hydro-alco-
holic extracts of Carum carvi and Ocimum sanctum are encapsulated as a herbal
bioavailability enhancer. The formulation results confirm increased encapsulation ef-
ficiency and sustained drug release due to the incorporation of herbal enhancer [49].
Cynara scolymus microspheres have been formulated by the spray drying technique
for nutraceutical purposes. In this study, results show that Cynara scolymus-loaded
microspheres demonstrate controlled release of the active component [50]. In another
literature report, the authors formulated piperine and curcumin-loaded alginate mi-
crospheres by the emulsification and gelation method. Piperine was used as a herbal
enhancer for improving the bioavailability of curcumin. This study demonstrates that
encapsulation efficiency increased by the emulsification gelation method and in-
creased the curcumin bioavailability by coadministration with a bioavailability en-
hancer [51]. Zedoary oil microspheres have been prepared by the emulsion solvent
diffusion method for hepatoprotective activity. In this study report, the microsphere
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carrier system gave a controlled release of the active component and an increase in
the bioavailability was observed [52].

10.4.4 Nanoparticles

Nanoparticles can be formulated with carbohydrate, lipid, proteins, natural, syn-
thetic, and semi-synthetic polymers with size ranges between 10 and 1,000 nm.
Polymer-based nanoparticles prepared by various methods are used in modern
drug delivery applications. In the literature, the methods used for nanoparticle for-
mulation have been divided into two groups: (1) polymerization of monomers, includ-
ing emulsion method, miniemulsion, microemulsion, interfacial polymerization, and
controlled living radical method; and (2) preformed monomers methods enlisted as
emulsification solvent evaporation method, emulsification solvent diffusion, salting
out, nanoprecipitation, dialysis, and supercritical fluid technology. They have several
advantages such as increased therapeutic index, preventing degradation from vari-
ous enzymes, reducing toxicity, etc. [53, 54]. In literature, herbal enhancers are incor-
porated in the nanoparticulate system for improving the bioavailability of the drug.
Oleanolic acid is a pentacyclic triterpenoid, obtained from the Oleaceae family. It
shows several pharmacological activities, such as immunomodulatory, cardiovas-
cular, antidiabetic, hepatoprotective, anti-inflammatory, or anti-HIV action. In a
literature study, the author developed oleanolic acid. The author incorporated
chitosan-coated poly-(lactide)-co-glycolide nanoparticles and polyphenolic was
used as bioenhancer. In this study, the author and coworkers observed that the
codelivery of oleanolic acid and a bioenhancer, after administration, prevent fer-
tility in a female patient. This administration gave a sustained release effect in the
breast cancer cells treatment. The author concluded that this is the best approach
for a safe chemotherapy in a female patient with various promising results [55].
Triptolide is an herbal constituent, traditionally well-known for its anti-inflamma-
tory, antifertility, antineoplastic, or immunosuppressive activity. However, it
shows poor water solubility as well as severe toxicity. In a literature report, the
author formulated a triptolide nanoparticle for the anti-inflammatory activity via
transdermal drug delivery. Results of this study confirmed that triptolide nanopar-
ticle improve the penetration of the drug via stratum corneum by an increase in
hydration [56]. In the literature report, green tea catechin (–)-epigallocatechin gal-
late (EGCG) was loaded in chitosan-tripolyphosphate nanoparticles. EGCG is a
well-known anticancer, neuroprotective, and antioxidant agent. This developed
formulation was analyzed in Swiss Outbred mice. In this study, result confirmed
oral administration of EGCG chitosan-tripolyphosphate nanoparticles increased
oral absorption [57]. In another literature report, radix salvia miltiorrhiza nano-
particles were formulated by the spray drying technique. Radix salvia is used in
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the treatment of various heart diseases. In this study, the author demonstrates
that radix salvia miltiorrhiza-loaded nanoparticles carrier system improve the bio-
availability of radix salvia [58].

10.4.5 Transdermal patches

Transdermal patches are one of the most widely used approaches for delivery of
drugs across the skin by maintaining a controlled release profile of the drug to the
systemic circulation, to avoid first-pass metabolism. Transdermal patches are divided
into different types based on their therapeutic application, such as single-layer adhe-
sive patch, multi-layer adhesive path, reservoir system, and microreservoir system. In
the matrix system, transdermal patches are classified as drug-in-adhesive system,
and matrix dispersion system. These transdermal drug delivery patches can be for-
mulated by numerous methods, such as mercury substrate method [59], circular tef-
lon mold method, glass substrate method, IPM membranes method, ethylene vinyl
acetate copolymer membrane method, asymmetric TPX membrane method, alumi-
num-backed adhesive film method, etc. They have some key properties. For example,
they avoid frequent dosing due to the continuous release of the drug, avoid first-past
effect, improve patient compliance, etc. [60]. In literature, various herbal enhancers
are incorporated in the transdermal patches to increase the bioavailability of the
drug. Zidovudine (retrovir) is an antiviral agent, coadministered with antiretroviral
agents used for the HIV-1 infection therapy. In a recent study, the author developed
zidovudine transdermal patch using the solvent casting method, where T-anethole
was incorporated as a herbal permeation enhancer. The author evaluated the physi-
cochemical parameter as well as ex-vivo drug release in the study. Results indicate
that an optimized concentration of transdermal patches enhance the drug release
[61]. In another literature report, the olanzapine matrix-type of transdermal patch
was formulated with natural oil, such as corn oil. A vegetable oil was used as a per-
meation enhancer. The author concluded that natural oil incorporated in transdermal
patches significantly improves the olanzapine permeation across the skin [62]. Amlo-
dipine besylate is a class of calcium channel blockers used in the treatment of hyper-
tension therapy. The author prepared a transdermal patch by the solvent casting
method. In this system, amlodipine besylate was used as an active ingredient and
olive oil was used as an herbal enhancer [63]. In this study, the author observed a
better release of the drug from the transdermal patch as compared to the control. In
another literature study, indomethacin transdermal patch was developed for anti-in-
flammatory activity by the solvent evaporation method. Patchouli oil was used as a
herbal enhancer. The study results indicate that increasing the concentration of
patchouli increases the penetration of the drug [64].
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10.4.6 Nasal sprays

Nasal spray is a novel drug delivery approach for the administration of a drug
through the nasal cavity. Compared with the conventional drug delivery system,
nasal spray has numerous advantages such as accurate dose of drug required to be
administered to the patient by a metered dose valve. They delivered small as well
as macromolecular drug for systemic or local therapy; prevent postnasal dripping
and anterior leakage of the nasal droplets in the nasal cavity due to the dispersion
of the liquid formulation; increase the dispersed area in the nasal cavity, etc. [65].
In a literature study, different types of herbal enhancers were incorporated in the
nasal sprays for enhancing the bioavailability by improving the absorption in the
nasal cavity. Raloxifene hydrochloride was used in the treatment of osteoporosis.
For this, the author formulated raloxifene hydrochloride nasal spray. This study
showed an improvement in the penetration of raloxifene hydrochloride via bovine
nasal mucosa [66].

10.4.7 Microcapsule

Microcapsule can be developed by the encapsulation of the drug in polymeric mi-
crocapsules. The therapeutic drug molecule is coated by a thin film. Their size
ranges between 1 and 100 µm. In a literature review, a microcapsule was developed
by spray drying, sol–gel encapsulation method, supercritical CO2, layer-by-layer,
self-assembly, microfluidic techniques, in situ polymerization method, interfacial
polymerization, etc. Natural, synthetic, and semisynthetic polymers can be used for
the formulation of the shell material. Microcapsules can be used for targeted drug
delivery with a sustained drug release of the drug. The core material used for the
formulation also gives a unique feature to the microcapsule like solid or liquid par-
ticles can be encapsulated to gives protection from some reactive material, and safe
or easy handling of toxic material [67, 68]. Galactagogue extract is used for nutra-
ceutical purposes. In a literature report, the author developed an optimized chito-
san/ triphosphate galactagogue-loaded microcapsule by ionotropic gelation and
optimization by Box-Behnken design. In this study, the author observed that galac-
tagogue encapsulated in a microcapsule carrier system increases its stability [69].
Thymoquinone chemically, known as monoterpenoid quinone, is a bioactive com-
ponent obtained from the natural source of Nigella sativa L. seeds oil. Numerous
therapeutical and biological activities reported in literature study include, gastro-
protective, antioxidant, hepatoprotective, immunomodulator, anti-inflammatory,
bronchodilator, anti-diabetic, anti-inflammatory purpose, etc. In a literature study,
the author prepared thymoquinone-encapsulated microcapsule for functional yo-
gurt preparation in nutraceutical application by the spray drying technique. The author
concluded that this herbal active ingredient incorporated in the yoghurt production for
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functional food gave several health benefits. The thymoquinone microcapsule gave
high stability to food preparation [70]. Morinda citrifolia L. is a class of Rubiaceae fam-
ily used for various therapeutical purposes. In a literature study, the author formulated
Morinda citrifolia L. microcapsule by the spray-drying method using different propor-
tions of κ-carrageenan and maltodextrin, where the latter is a binding agent. In this
study, the author and co-worker evaluated the prepared formulation. The result indi-
cates that micro-encapsulated herbal food extract has high antioxidant activity. Spray
drying temperature is good drying aid for κ-carrageenan or maltodextrin. The author
suggestedMorinda citrifolia L. fruit as a food additive for health benefit [71]. Propolis is
a resin obtained from bees from the species Apis mellifera. It is used as a food additive.
In another literature report, the author encapsulated propolis as a food additive
by the complex co-acervation method. In this study, the author successfully devel-
oped formulation in powder form, free from alcohol, showing significantly release
in food. The encapsulation process stored the antioxidant activity of the propolis-
active component [72].

10.4.8 Self-emulsifying drug delivery (SEDDS)

Self-emulsifying drug delivery system (SEDDS) is a novel technological approach. It
depends on the lipid, isotropic mixture of the solvent, the co-solvent, the concentra-
tion of the surfactant, the drug, the oil, and the oil-to-surfactant ratio. It forms a
milky type of emulsion, with droplet size starting from sub-micrometric, followed
by slight agitation in water or in the gastrointestinal fluid. This system differenti-
ated the droplet size and the surfactant composition. The self-emulsifying drug de-
livery system droplet size is above 300 nm, while the self-nano emulsifying drug
delivery system droplet size is below 100 nm and they contain less concentration of
the surfactant. Numerous approaches are reported in the literature review for the
delivery of herbal enhancers, such as self-emulsifying capsules, solid SEDDS, self-
emulsifying controlled/sustained-release pellets, dry emulsion, self-emulsifying
suppositories, self-emulsifying beads, self-emulsifying nanoparticles, etc. These
drug delivery systems are formulated by different method, such as high-pressure
homogenizer method, high energy approach, microfluidization, and sonication
method. These systems also having some advantages over the conventional dosage
form. They enhance the oral bioavailability of the drug, decrease the manufacturing
cost, increase stability, and improve patient compliance in the administration of
the drug delivery application [73, 74]. To improve the solubility of piperine and en-
hance its oral bioavailability, the author developed an optimized formulation of
piperine SEDDS. It optimizes the formulation with ternary phase diagram and test of
solubility. Intestinal permeability of formulation was analyzed by in vitro, in vivo,
and in situ study. In this literature report, the author observed improvement in the
dissolution rate, oral bioavailability, and the intestinal permeability of piperine [75].
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In another literature study, the author developed an optimized formulation of Raloxi-
fene drug-loaded in SEDDS and drug-loaded formulation with the incorporation of
herbal bioavailability enhancers, piperine and quercetin. The results demonstrate
that the drug-loaded SEDDS formulation increases the bioavailability of the drug,
while, herbal enhancer-incorporated SEDDS showed no additionally increased oral
bioavailability. From this result, the author concluded that the in vivo performance
of susceptible active ingredient does not always improve the bioavailability by incor-
porating herbal enhancers in the drug delivery system [76]. Phyllanthin is a bioactive
chemical component obtained from Phyllanthus amarus. It has shown numerous ther-
apeutic effects. However, it exhibits poor oral bioavailability. The author formulated
phyllanthin in SEDDS by the high-pressure homogenizer technique. In this study, the
author concluded that SEDDS is the best approach for the oral delivery of phyllan-
thin. It may enhance the oral bioavailability as well as increase the therapeutic per-
formance [77]. Isoliquiritigenin is a flavonoid component obtained from the root of
Glycyrrhiza uralensis. It has various therapeutic properties reported, such as anti-
asthmatic, anti-inflammatory, antianaphylaxis, antitumor, antioxidant, but shows
poor bioavailability. An optimized formulation of isoliquiritigenin SEDDS was pre-
pared by the high-pressure homogenizer technique for use in the treatment of ovalbu-
min-induced asthma. In this study, results demonstrate a significant increase in the
bioavailability of Isoliquiritigenin compared with suspension, and used for asthma
therapy [78].

Table 10.2: Herbal enhancers used in novel drug delivery and nanotechnology.

Formulation Active
ingredient

Category Advantage Development
technique

References

Liposome
Catechin

Catechin Antioxidant,
antiobesity, anti-
inflammatory,
antidiabetic

Improved
bioavailability.

Reverse
phase
evaporation

[, ]

Liposome
Artemisia
arborescens

Artemisia
arborescens

into cytoplasmic
barrier, antiviral

Targeting of
essential oils to
cells, enhance
penetration into
the cytoplasmic
barrier

Film method
and
sonication

[]

Capsaicin
transferosome

Capsaicin Analgesic Good topical
absorption

High shear
dispersion

[]

Curcumin
transferosome
gel

Curcumin Anti-psoriatic Improvement
in skin
penetration

De-solvation
method

[]
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Table 10.2 (continued)

Formulation Active
ingredient

Category Advantage Development
technique

References

Cynara
scolymus
microspheres

Cynara
scolymus

nutraceuticals Controlled
release of
nutraceuticals

Spray drying
technique

[]

Zedoary oil
microspheres

Zedoary Hepatoprotective Sustained
release and
higher
bioavailability

emulsion
solvent
diffusion
method

[]

Taxol-loaded
nanoparticles

Taxol Anticancer Enhances the
bioavailability
and sustained
drug release

Emulsion
solvent
evaporation
method

[]

Radix Salvia
miltiorrhiza
nanoparticles

Radix Salvia Coronary heart
diseases, angina
pectoris and
myocardial
infraction

Improves the
bioavailability

Spray drying
technique

[]

Amlodipine
besyalte with
olive oil
transdermal
patch

Amlodipine
besyalte

Calcium channel
blocker

Better release
of drug.

Solvent
casting
method

[]

Indomethacin
with patchouli
oil transdermal
patch

Indomethacin Anti-inflammatory Increase in the
concentration
of patchouli oil
enhances the
penetration.

Solvent
evaporation
technique

[]

Opioid
analgesic and
aloe nasal spray

Opioid
analgesic and
aloe

Antihistamine Increase in
nasal
decongestant
activity

[]

Nasal delivery
of raloxifene
hydrochloride

Raloxifene
hydrochloride

Osteoporosis Increased
penetration in
the nasal
bovine mucosa

solvent
evaporation
technique

[]

Galactagogue
extract
microcapsule

Galactagogue Nutraceutical Increase in
stability

ionotropic
gelation and
Box-Behnken
design

[]
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10.4.9 Herbal enhancers for veterinary applications

Herbal medicine has the potential for bioavailability and is explored for veterinary
application. It reduces dose and side effects of the coadministered active pharma-
ceutical agent. Herbal enhancers reported in the literature in veterinary applica-
tions for improving therapeutic efficiency decrease the dose of various categories of
active pharmaceutical agents, such as antituberculosis, anticancer, antiviral, and
antibiotics utilized mostly for the treatment of animals in veterinary practice. Herbal
enhancers decrease the therapeutic concentration of the active pharmaceutical agents
by improving permeability across the cellular transporter, influx, affect solubility, and
metabolism [83]. In a literature, Dama et al. reported that the coadministration of pe-
floxacin with black pepper, long pepper, and ginger rhizome combination extract sig-
nificantly improve the plasma concentration and plasma concentration of Gaddi goat’s
as compared with control pefloxacin. The results of the present study confirm signifi-
cantly higher pharmacokinetic profile observed because of the herbal bioavailability
enhancement effect. Overall, results confirmed bioenhancing effect of trikatu on the
properties of pefloxacin used for the treatment of bacterial infection in animals [84].
Singh et al. reported in the literature that Piper longum significantly affects the phar-
macokinetics of oxytetracycline used for mycoplasmal, bacterial, and various infec-
tions associated for veterinary use. This coadministration of piper longum herbal
enhancer improves the therapeutic efficiency of oxytetracycline, with decreased
quantity of administration [85]3. Yan et al. studied curcumin herbal bioenhancer with
the coadministration of docetaxel. Results show significant improvement in the

Table 10.2 (continued)

Formulation Active
ingredient

Category Advantage Development
technique

References

Propolis
microcapsule

Propolis Nutraceutical Increase in
encapsulation,
increase in
antioxidant
activity

complex co-
acervation
method.

[]

Phyllanthin
SEDDS

Phyllanthin Hepatoprotective,
anti-
hyperuricemic
activity in animal

Increased
systemic
availability

High
pressure
homogenizer
method

[]

Isoliquiritigenin
SEDDS

Isoliquiritigenin Anti-asthmatic Improved
bioavailability,
improved
asthmatic
effect

High-
pressure
homogenizer
method

[]
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bioavailability of SEDDS. Results of this study confirmed curcumin has inhibitory ef-
fect on p-gp and cytochrome P450 [CYP] 3A, responsible for significant improvement
in the pharmacokinetics of docetaxel [86].

10.5 Recent case studies

Various nano/microcarriers have been used for the bioavailability enhancement of
poorly absorbed water-soluble herbal constituents, such as flavonoids, tannins, gly-
cosides, etc. (Table 10.3). Due to the large molecular size and poor lipid solubility,
their ability to transport across lipid-rich cell membrane will be severely limited.
Use of nano/microcarrier results in enhanced therapeutic action of poorly soluble
plant extract.

Table 10.3: Recent case studies utilizing nano/microformulations for delivery of herbal
bioenhancers/products.

Formulation Herbal product Method of
preparation

Application Route of
administration

References

Phytosome Bacopa Bacopa-phyto-
phospholipid
complex

Activity
enhancer

Oral []

Phytosome Rutin Rutin-
phospholipid
complex

Solubility
enhancement

Oral []

Phytosome Quercetin,
kaempferol and
isorhamnetin

Ginkgo biloba
extract-
phospholipid
complexes

Bioavailability
enhancement

Oral []

Silybin
Phytosome®

Silybin
Flavonoids

Silybin-
phospholipid
complexation

Absorption
enhancer

Oral []

Ginseng
Phytosome®

Ginsenosides Phospholipid
complexation

Absorption
enhancer

Oral []

Green tea
Phytosome®

Epigallocatechin Phospholipid
complexation

Absorption
enhancer

Oral []

Hawthorn
phytosome®

Flavonoids Phospholipid
complexation

Absorption
enhancer

Oral []

Curcumin
phytosomes®

Curcumin Curcumin–
phospholipid
complexation

Bioavailability
enhancement

Oral []
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10.6 Recently used in vitro, in vivo, and ex vivo
models for bioavailability enhancement study

Multiple in vitro, in vivo and ex vivo models are in practice to study the enhance-
ment in bioavailability using herbal bioenhancers. These study designs provide an
idea about the therapeutic efficiency of herbal bioenhancers during clinical applica-
tions. Multiple animal models used to study the bioavailability enhancement are il-
lustrated in Table 10.4.

Table 10.3 (continued)

Formulation Herbal product Method of
preparation

Application Route of
administration

References

Naringenin
phytosomes®

Naringenin Naringenin–
phospholipid
complex

Prolonged
action of
duration

Oral []

Ethosomes Artemisia
princeps
Pampanini

Rotary
evaporation
sonication
method

Enhanced
transdermal
delivery

In vitro []

Liposomes Persicae Semen
and Carthami
Flos

Rotary
evaporation

Bioavailability
enhancement

In vitro []

Liposomes Propolis
flavonoids

Ethanol injection
method

Activity
enhancement

In vitro []

Liposomes TOH, GTE,
epicatechin (EC)
and catechin (C)

Rotary
evaporation

Activity
enhancement

In vitro []

Microspheres Chelerythrine Emulsion cross-
linking method

Enhanced
tumor delivery

In vitro []

Microspheres Zedoary oil Emulsion solvent
diffusion method

Bioavailability
enhancement

Oral []

Microspheres Camptothecin Solvent
evaporation

Prolonged
release

Intraperitoneally
and
intravenously

[]

Microspheres Quercetin Solvent
evaporation

Dose
reduction

In vitro []

Microspheres Cynara
scolymus
extract

Spray-drying
technique

Controlled
release

Oral []
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10.7 Current patents on herbal enhancers
of pharmaceutical/nutraceutical agents

This section focuses on the current patents associated with herbal bioavailability
enhancers used to enhance the bioavailability of pharmaceutical or nutraceuticals
agents. Initially, several researchers filed US patent and European patent for the

Table 10.4: Recently used in vitro, in vivo and ex vivo models for bioavailability enhancement study.

Herbal
bioenhancer

Drug candidate for
bioavailability
enhancement

Study design model References

Menthol
(alcohol)

Dideoxycytidine Ex vivo (porcine buccal mucosa) []

Aloe vera (gel
and whole leaf)

Atenolol
Insulin
Indinavir

Ex vivo (rat intestinal tissue)
In vitro (Caco- cells)
In vivo (rat)

[–]

Curcumin
(flavonoid)

Mycohenolic acid
Norfloxacin
Midazolam

In vitro (rat microsomes)
In vivo (rabbit)
In vitro (human liver microsomes)

[]

Genistein
(flavonoid)

Paclitaxel In vivo (rat) []

Gokhru extract Metformin In vitro (goat everted sac)
In vitro (chicken everted intestine)

[, ]

Lysergol
(alkaloid)

Berberine
Curcumin

In vivo (rat)
In vitro (rat liver microsomes)

[, ]

Naringin
(flavonoid
glycoside)

Diltiazem
Clopidogrel
Verapamil

In vivo (rat)
Ex vivo (rat everted gut sac)
In vivo (rabbit)

[–]

Piperine
(alkaloid)

Phenol red
Resveratrol
Nevirapine

In vivo (rat, mice) [–]

Quercetin
(flavonoid)

Ranolazine
Irinotecan
Clopidogrel
Doxorubicin

In vivo (rat),
Ex vivo (rat and chick everted intestinal sac)
In vitro (Caco- cells)
In vivo (dog)
In vitro (human MCF- ADRr cells )

[–]

Resveratrol Methotrexate In vitro (Caco- cells), ex vivo (rat everted
intestine, rat kidney slices), in vivo (rat)

[]
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herbal ingredients associated with piperine as a herbal bioavailability enhancer. In
these patents, they disclosed the invention associated with the improvement of gas-
trointestinal absorption of the nutritional compound containing pure alkaloid, Pip-
erine. Piperine-based formulations have been delivered through several routes of
administration, such as oral, topical, and parenteral. Patents also disclosed the
method of extraction and purification of herbal bioenhancer alkaloid, piperine
[120–122]. Another patent contains the use of lysergol as a bioactive enhancer and
bioavailability facilitator for reducing the dose of broad-spectrum antibiotics as well
as enhanced absorption of nutritional elements [123]. Several US patents have been
filed related to the herbal extracts of Carum, Zingiber, and Moringa as bioavailability
enhancers. These extracts are used in combination with each other as a bioenhancer
[124–130]. Patents also disclosed a method for increasing the systemic exposure of
cells selected from tumor cells and normal cells to the orally administered drug by
administering the bioenhancer comprising an inhibitor of breast cancer resistance
protein [13, 131]. More recently filed patents contain a herbal extract, in combination
with several other bioenhancers, rather than single entity (Table 10.5) [132–134].

Table 10.5: Patent scenario of herbal bioenhancers.

Patent / Patent
application no.

Herbal bioenhancer Application References

USA Piperine Bioavailability enhancement
of nutritional compounds

[]

USA Piperine Bioavailability enhancement
of various drugs

[]

USA Piperine Bioavailability enhancement
antitubercular and antileprotic drugs

[]

EPB Piperine Bioavailability enhancement of
antitubercular and antileprotic drugs

[]

WOA Lysergol Bioavailability enhancement
of antibiotic

[]

USA Carum carvi extracts
extracts

Bioavailability enhancement
of various drugs

[]

US/A Zingiber officinale Bioavailability enhancement
of various drugs

[]

USB Moringa oleifera Bioavailability enhancement
of drug and nutrients

[]

EPB Moringa oleifera Bioavailability enhancement of drug
and nutrients

[]
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10.8 Future perspective

Drug delivery advancement is a never-ending area of research. Limitation of the ab-
sorption and bioavailability restrict the application of various drug molecules with
significant therapeutic potential. This limited use of drugs with low bioavailability
ultimately results in a rise in burden on healthcare for new drug development [136].
This problem of limited bioavailability of drugs provides great opportunity for re-
searchers to work on various bioavailability enhancement mechanisms, including
herbal bioenhancers. Bioenhancers from natural origin have various advantages of
ease and economic availability, lesser side effects, maximum efficacy, and many
more. Currently, bioenhancers are delivered in the form of various novel and nano-
carriers [137]. According to the insight, SLICE news report, herbal medicine market
is expected to reach 50 billion US dollars by 2030. The demand for herbal medica-
tion and ingredients is increasing across the globe, showing their importance [138].
The use of natural resources is due to their easy availability. Bioenhancers of natu-
ral origin will be the substances with incredible significance as they can bring mul-
tiple drugs back into the action by improving their pharmacokinetics [139].

Table 10.5 (continued)

Patent / Patent
application no.

Herbal bioenhancer Application References

USA Glycyrrhiza glabra Bioavailability enhancement of
pharmaceutical/nutraceutical agent

[]

USB Cuminum cyminum Bioavailability/bioefficacy
enhancement of various drugs

[]

USA Stevia rebaudiana Bioavailability/bioefficacy
enhancement of various drugs

[]

USB Camptothecin Bioavailability enhancement []

USB Cuminum cyminum Bioavailability/bioefficacy
improvement of nutrients and
vitamins

[]

USA Plant extracts of
curcumin, vanilla and
ginger

Bioavailability enhancement []

USB Curcumin Bioavailability enhancement []
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List of abbreviations

BCS Biopharmaceutical Classification System

CNS Central nervous system

CVS Cardiovascular system

CYP- Cytochrome P-

EGCG Epigallocatechin gallate

P-gp P-glycoprotein

SEDDS Self-emulsifying drug delivery system
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Chapter 11
Future perspectives of herbal bioenhancer

Abstract: Bioenhancers or drug facilitators are excipients that when added with
therapeutically active agents improve their absorption, permeation, solubility, and
bioavailability. Nowadays, bio-enhancers have secured a significant position in
drug delivery research and applications as they help in the reduction of dose, toxic-
ity, and drug resistance, as also improve potential use of drugs. Bioenhancers of
herbal origin have gained special attention as they are ecologically safe, inexpen-
sive, easily solicited, non-obsessive, pharmacologically dormant, and nonallergenic
nature. In the last five years, many reports have been published claiming cheaper,
safe, and good bioavailability of chemotherapeutic drugs, when used in combina-
tion with natural bioenhancers. At the same time, a few reports have also shown no
change in pharmacokinetic parameters, which might be due to the rapid metabo-
lism of bioenhancer or different target sites of active pharmaceutical ingredients.
However, almost 60–65% of findings showed improvement in pharmacokinetic/
pharmacodynamic parameters, and some of them are in clinical trial. This chapter
aims to compile literature on the future perspective of herbal bioenhancers. For this
purpose, information related to their novel delivery approaches such as liposomes,
transfersomes, ethosomes, and nanoparticles have been described. The ecological
benefits of these bioenhancers are discussed, along with several examples. Further,
their applications in a different category of diseases including viral diseases, cancer,
tuberculosis, ocular diseases, and gastrointestinal problems are compiled. Advances
in bioenhancers have also raised challenges in regulatory control. Therefore, a brief
of regulatory aspects of using herbal bioenhancers is also discussed in this chapter.
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11.1 Introduction

The concept of bioenhancer was derived from Trikatu, which means three acrids, men-
tioned in traditional Ayurveda . These three agents were long pepper, black pepper,
and ginger, which were used in a combination for treating different ailments. The role
of bioavailability enhancers was first identified by Bose in 1929. He reported the role of
long pepper when administered with adhatodavasaka leaves in increasing its activity
[1, 2]. However, in 1979, the world’s first bioenhancer was discovered by an Indian
scientist in Jammu at the Indian Institute of Integrative Medicine, formerly Regional
Research Lab. He discovered the role of piperine as a bioavailability enhancer, at that
time. After getting the international patent and completion of phase IIIb clinical trials,
the Drug Control General of India (DCGI) granted the license to the market drug “Ri-
sorine” in India, to be used for antituberculosis treatment. The formulation con-
tains 300 mg of isoniazid (INH), 200 mg of rifampicin, and 10 mg of piperine [3].
Similarly, the herbal Carum carvi L. was found to be a good bioenhancer and modi-
fies the kinetics of antitubercular treatment, favorably [4]. Piperine was also found to
boost the curcumin serum levels, absorption, and bioavailability in humans and ro-
dents with minimal toxicity [5]. Curcumin’s pleiotropic properties are due to its ca-
pacity to affect a variety of signaling molecules. Curcumin’s safety, tolerability, and
nontoxicity at large doses have all been proven in human clinical trials. Curcumin
has been shown to have therapeutic potential against a wide range of human ail-
ments when administered alone or in combination with other medicines [6].

After this progress, the Ayurveda concept of bioenhancers has merged with
synthetic medicines for many other benefits besides bioavailability enhancing. To
date, there are many unexplored areas of bioenhancers. These include interaction
with active molecules, possible mode of actions, possible combinations with other
therapeutic agents, their clinical outcomes, and evaluation of toxicity. Hence, ex-
ploring novel bioenhancers with versatile mechanisms and fewer side effects is the
need of the hour [7].

11.2 Application of different herbal bioenhancer

11.2.1 Bioavailability/bioefficacy-enhancing activity

To gain the maximum therapeutic efficacy of any drug, bioavailability should be
maximized, because the extent of bioavailability immediately impacts plasma con-
centrations. Therefore, for years, the development of a product with maximum bio-
availability has been of utmost interest, as most of them have unwanted poisonous
or aspect results, are expensive, and require frequent administration as well as ex-
tensive management.
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However, bioavailability enhancement by replacing the principal therapeutic
agent with a secondary agent has gained extensive recognition. However, as per data
from Ayurvedic literature, the usage of herbal bioenhancers as a secondary agent is a
very good option for increasing the bioavailability of poorly soluble drugs [8].

By enhancing bioavailability, highly priced tablets may become less expensive
and decrease in the toxic outcomes by reducing the specified dose of medicine may
be possible. Poorly bioavailable capsules remain subtherapeutic because a first-rate
part of a dose never reaches the plasma or exerts its pharmacological impact, ex-
cept when very huge doses are given, which can also lead to severe side effects.
Any big development in bioavailability will result in reducing the dose or the dose
frequency of that unique drug. Intersubject variability is a special concern for a
drug with a narrow safety margin. Incomplete oral bioavailability includes bad dis-
solution or low aqueous solubility, terrible intestinal membrane permeation, degra-
dation of the drug in gastric or intestinal fluids, and presystemic intestinal or
hepatic metabolism. Many healing treatments are also accompanied by a lack of es-
sential nutraceuticals within the direction of therapy. Bioenhancers improve nutri-
tional status through growing bioavailability/bioefficacy of diverse nutraceuticals,
which includes metals and nutrients [9].

Bioavailability enhancement may be accomplished by many mechanisms, to-
gether with promoting the absorption of the medication, inhibiting or decreasing
the charge of biotransformation of medication in the liver or intestines, modifying
the signaling method among host and pathogen, making sure elevated accessibility
of the medication to the pathogens, while adjusting the immune response in a man-
ner that the general requirement of the drug is decreased considerably. Besides the
above mechanisms, bioenhancers are also useful for promoting the transport of nu-
trients and medication across the blood–brain barrier, which is essential in many
cases including different central nervous system (CNS) disorders, cerebral infec-
tions, and epilepsy.

Fundamental classes of medicine that have shown increased bioenhancement
encompass respiratory, cardiovascular, gastrointestinal tract, CNS, antibiotics, and
anticancer. Some examples include sulfadiazine, tetracyclines, phenobarbitone, ri-
fampicin,vasicine, ethambutol, pyrazinamide, nimesulide, phenytoin, dapsone,
carbamazepine, coenzyme Q 10, indomethacin, β-carotene, amino acids, ciprofloxa-
cin glucose, curcumin, and numerous other medicines [10].

11.2.2 Antitubercular and antileprotic drugs

As mentioned earlier, the first reported bioenhancer, piperine, was employed in the
treatment of tuberculosis in humans. Rifampicin is one of the first-line drugs for the
treatment of both tuberculosis and leprosy. But this drug was effective in a much
higher dose due to low bioavailability and, therefore, exhibited toxicity. After
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combining piperine with this drug, the dose profile ( from 450 to 200 mg) was re-
duced along with the treatment period. Further, the bioavailability of rifampicin
was increased by 60%. Rifampicin inhibits the transcription of the polymerase by
acting on RNA polymerase in human cells, which is being catalyzed by Mycobacte-
rium smegmatis. Piperine enhanced this inhibition activity of RNA polymerase, sev-
eral folds. It also arouses the binding capacity of rifampicin in resistant strains of
bacteria [11, 12].

11.2.3 Medical adjuvants for antibiotics/chemotherapy

Nowadays, the use of antibiotics and antimicrobials has highly increased; there-
fore, the problem of drug resistance and addiction has increased. Hence, a high
dose of such drugs is required for exerting the same therapeutic effect due to re-
duced drug absorption and resisting efflux pumps.

Despite advances in the field of pharmacology and traditional chemistry, the
production of novel synthetic antibiotics, modification of antimicrobial compounds,
and identification of appropriate enzyme targets for inhibitor development, current
worldwide medicate advancement endeavors may not be sufficient to supply spear-
heading antimicrobials for the coming decade [13]. Given the rise in acquired resistance
to traditional antibiotics, it makes sense to attempt mixing traditional antibiotics with
bioenhancing plant extracts to achieve antimicrobial synergism [14]. The use of such a
conventional and herbal combination therapy against hard-to-eradicate bacteria may
open up newer avenues for infectious disease treatment. Combination therapy may be
used to broaden the antimicrobial spectrum, prevent resistant mutants from emerging,
and reduce side effects [15].

The use of bioenhancer along with the main drug has led to increased bioavail-
ability and minimized drug dosage. Piperine, the main alkaloid found in the plant’s
black piper (Piper nigrum Linn) and long pepper (Piper longum Linn) are well
known for increasing bioavailability and, hence, improving medication and nutra-
ceutical efficacy, in addition to being an efflux pump inhibitor [16–19]. Piperine
used in the antituberculosis medicine “Risorine,” has shown evidence of increasing
bioavailability [20]. The studies explored the anticancer and cancer-protective activ-
ity of a piperine-free P. nigrum extract against breast cancer cells. The resistance of
cancer cells to multiple chemotherapeutic agents and the side effects of some
agents pose a problem for the successful treatment of breast cancer. Currently, the
progress of multidrug resistance (MDR) is a major problem to chemotherapy. Over a
long-term treatment, several patients suffer from MDR, which can decrease thera-
peutic efficiency and lead to treatment failure and a decrease chance of survival.
Therefore, the search for new potent chemotherapeutic agents from natural com-
pounds is one way to detect new compounds for cancer treatment [21]. Piperine
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also reduced the cytotoxic aflatoxins by inhibiting CYP-P450 enzyme, which acti-
vates mycotoxins into harmful products [22].

Numerous medicinal plants have served as anticancer resources, and over 60%
of current anticancer drugs, such as topotecan, vinblastin, paclitaxel, and etotecan
are plant-derived compounds [23–25].

Antibiotics and an ethanolic extract of Ficus exasperata leaf have been shown
to have synergistic efficacy against E. coli and Staphylococcus albus [26]. The harm-
ful effects of an increasing number of mutagenic and environmental carcinogens
can be prevented or minimized by using herbal bioenhancers. The antimutagenic
properties of tulsi (Ocimum tenuiflorum) [27]; Haldi (Curcuma longa) [28]; amla
(Phyllamentus embelica) [29]; and neem (Azadirachta indica) [30] have been scientif-
ically established. These promising antimutagenic herbals could be applied to bacteria
to prevent spontaneous mutations, thereby reducing bacterial antibiotic resistance.
Certain Ayurvedic preparations such as Brahma Rasayana and Amalaki Rasayana
have been shown to enhance the DNA repair mechanism [31, 32]. These preparations
could be applied to counteract the spontaneous or induced mutations in bacteria. An-
other report revealed enhanced bioavailability for Nevirapine drug was found when
combined with piperine. Nevirapine, a nucleoside inhibitor, is used with other antire-
troviral agents for the treatment of HIV-1 [33].

11.2.4 Cardiovascular disease

Breviscapine, a familiar bioactive flavonoid extracted from traditional medicine,
has been widely used in ischemic cerebrovascular and cardiovascular diseases, to
prolong the duration of the drug in the circulation, reduce the frequency of injec-
tion administration, and subsequently afford patient compliance [34].

Ginkgo biloba phytosomes (GBP): It exhibits significant cardioprotective activity
by lowering the levels of serum marker enzymes and lipid peroxidation and elevat-
ing the levels of catalase, glutathione, glutathione peroxidase, superoxide dismu-
tase, and glutathione reductase [35].

11.2.5 Anti-inflammatory action

Triptolide (TP): It has been shown to have anti-inflammatory, antineoplastic, anti-
fertility, and immunosuppressive activity. However, its clinical use was limited due
to some serious toxicity. The mechanism for triptolide-induced hepatotoxicity was
related to reactive oxygen species (ROS)-inducing lipid peroxidation and DNA
damage.

Glycyrrhizic acid: It is a triterpene glycoside that possesses a wide range of biolog-
ical and pharmacological activities. When extracted from the plant, it can be obtained
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in the form of mono-ammonium glycyrrhizin and ammonium glycyrrhizin. Glycyrrhizic
acid has been used in China and Japan as a hepatoprotective drug in cases of chronic
hepatitis and it shows anti-inflammatory action [36].

11.2.6 Nutraceuticals

Bioenhancer has wide applications in the nutrition field in enhancing the absorp-
tion and bioavailability of foods or nutrients by acting on the gastrointestinal tract.
As per a reported clinical study, the herbal bioenhancer, piperine, can increase the
bioavailability of vitamins against placebo by 50–60%. Data suggested the reported
mechanism is owing to the thermogenic properties of piperine [3, 37].

11.3 Recent advances of bioenhancers

11.3.1 Bioenhancer: piperine

Drug: 18β-glycyrrhizic acid

Delivery system: transdermal patches
Alsaad et al. prepared and evaluated patches of glycyrrhizic acid with a synthetic
polymer, carbopol 934. It was a reservoir-type patch in which they used piperine as a
bioenhancer. The result showed that the patch containing herbal bioenhancer had
tremendous potential as compared to those without bioenhancer [38].

11.3.2 Bioenhancer: piperine

Drug: celecoxib

Delivery system: oral delivery
Srivastava et al. worked on the colon cancer cells to study the synergistic antiproli-
ferative effect of piperine with celecoxib. They reported that, by using bioenhancer,
oral bioavailability increased to 129%. Further, this formulation was expressively
cytotoxic to HT-29 cells. They suggested it is a novel approach for the treatment of
colon cancer [39].
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11.3.3 Bioenhancer: Artemisia annua L

Drug: vancomycin, erythromycin, chloramphenicol and kanamycin

Delivery system: oral delivery
Rolta et al. worked on A. annua as bioenhancer with different antibacterial and an-
tifungal agents to overcome the drug resistance. They found a methanolic extract
of artemisia had a greater antioxidant effect as compared to petroleum ether ex-
tract. In an antimicrobial study against Candida strains, both the extracts produced
potent inhibitory action as compared to plain drugs [40].

11.3.4 Bioenhancer: Dunaliella salina (D. salina)

Drug: β-carotene

Delivery system: oral delivery
El-Baz et al. developed oral tablets of D. salina powder by direct compression tech-
nique by using a novel solubilizer, Sepitrap™ 80, and crospovidone. Both these solu-
bilizers and crospovidone helped in reducing the disintegration time and enhanced
the dissolution rate of β-carotene. The authors found that the tablets of D. salina pow-
der had a promising antifibrotic potential in rats [41].

11.3.5 Bioenhancer: naringin

Drug: resveratrol

Delivery system: oral delivery
Chakraborty et al. worked on a combination of resveratrol and naringin, which ex-
hibited intense protection against ischemia injury-induced myocardial toxicity, as
compared to resveratrol alone. Both the results of pharmacokinetic and pharmaco-
dynamics were satisfactory [42, 43].

11.3.6 Bioenhancer: piperine

Drug: silybin

Delivery system: oral delivery
Bi et al. demonstrated the potential of piperine as a bioenhancer with silybin. This
product boosted the therapeutic effect in a liver-injured rat model. Piperine enhanced
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the absorption of silybin and inhibited the biliary excretion in sandwich–cultured rat
hepatocytes. Further, they mentioned piperine did not affect the phase-2 metabolism
of silybin [44].

11.4 The future of bioenhancers

11.4.1 Bioenhancing activity through different routes of drug
administration

The bioavailability can be increased by different mechanisms including increasing
the polarity of the drug through chemical modification, prodrug formation, film
coating, targeted delivery, encapsulation in suitable delivery systems, micro or
nanosization, etc. The mechanism of drug and bioenhancer, when administered
through different routes, is summarized in Figure 11.1.

11.4.2 New drug delivery systems for traditional bioenhancer

Table 11.1 depicts numerous examples of drugs and bioenhancers in different dos-
age forms for delivering through different routes [45–62].

Figure 11.1: Illustration of the main mechanisms of action of bioenhancers for different routes of
drug delivery.

314 Swarnali Das Paul et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



Many researchers have worked on new delivery systems for entrapping bioavailability
enhancers of herbal origin from a different route. New drug delivery systems like lipo-
somes, nanoparticle, transferosomes, and many others are reported to increase the bio-
availability of traditional bioenhancer. A few important examples are summarized here.
Catechins liposome when delivered through the transdermal route increased permeation
through the skin. It was prepared by the rotary evaporation sonication method with an
encapsulation efficiency 93.0 ± 0.1%. When delivered through oral route, the water solu-
bility of flavonoids and lignans nanoparticles, was increased. These nanoparticles were
prepared by the nanosuspension method with 90% encapsulation. Flavonoid was en-
trapped in phytosomes for antioxidant activity by phospholipids complexation and also
stabilized the ROS, when given by subcutaneous route. Similarly, when curcumin was en-
trapped in phytosomes, it increased antioxidant activity and bioavailability through the
oral route. However, to date, many other novel delivery systems are unexplored for their
efficiency in delivering bioenhancers. More researches should be focused on this area as
it has a wide scope of applications [63].

Table 11.1: Delivery of drugs by using natural bioenhancers through different routes.

S. no. Bioenhancer
(class)

Research
compound

Mode of action Study design
model

References

Intranasal route for delivery of drugs with bioenhancer

. Aloe vera (plant) Didanosine Intercellular
modulation

In vitro (Franz
diffusion cells)

[]

. Chitosan
(deacetylated
chitin)

FITC–dextran Mucoadhesion;
changes in lipid
organization

In vitro (T
cells )

[]

. Chitosan
(deacetylated
chitin)

Corticosteroid Mucoadhesion In vivo (pig), ex
vivo (porcine
buccal mucosa)

[]

. Cod-liver oil
extract (cod fish)

Ergotamine
tartrate

No mechanism
specified

Ex vivo (hamster
cheek pouch)

[]

. Oleic acid (cod
fish)

Insulin No mechanism
specified

In vitro
(dissolution
test),
in vivo (rat)

[]

Oral route for delivering drugs with bioenhancer

. Aloe vera Atenolol Tight junction
modulation

Ex vivo (rat
intestinal
tissue)

[]
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Table 11.1 (continued)

S. no. Bioenhancer
(class)

Research
compound

Mode of action Study design
model

References

Oral route for delivering drugs with bioenhancer

. Caraway Rifampicin,
isoniazid,
pyrazinamide

Local mucosal
tissue modulation

In vivo (human) []

. Curcumin Midazolam Efflux transporter
inhibition; CYPA
inhibition

In vivo (rat) []

. Emodin Digoxin Efflux transporter
inhibition

In vitro (MDR-
MDCKII cells ,
Caco- cells

[]

. Gallic acid ester Nifedipine CYPA metabolism
inhibition

In vitro (human
liver
microsomes)

[]

Buccal route for delivering drugs with bioenhancer

. Chitosan Endogenous
polypeptide
hormone

Tight junction
modulation

In vivo (sheep) []

. Chitosan Morphine Increased
mucoadhesion

In vivo (sheep,
human)

[]

. Chitosan–TBA
(thiolated
polymer

Insulin Increased
mucoadhesion

In vivo (rat) []

. TMC (chemically
modified
chitosan)

Mannitol, a
sugar alcohol

Tight junction
modulation,
increased
mucoadhesion

In vivo (rat) []

Pulmonary route for delivering drugs with bioenhancer

. Aprotinin,
bestatin
(protease
inhibitors)

Granulocyte-
colony
stimulating
factor

Metabolism
inhibition

In vivo (rat) []

. Chitosan
(chemically
modified
biopolymer)

Somatostatin
analog

Tight junction
modulation

In vitro (Calu-
cells ); in vivo
(rat)

[]
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11.4.3 Reduce the cost of drug development

The high cost of drug development, as well as the imminent patent expiration of
many bestselling drugs are major roadblocks to long-term commercial viability. In
addition, intellectual property (IP) specifications that are related to trade, such as
patenting of products have been extended to include a large number of countries,
where generics have previously dominated [37]. Bioenhancers is a novel phenome-
non discovered using Ayurveda, a traditional Indian medical method (as mentioned
by Charaka, Sushruta, and other apothecaries in the traditional system of medi-
cine). The idea may be useful not only in lowering the toxicity side effects but also,
importantly, the drug development costs, which could have a very positive impact
on the country’s economy, as desired by the WHO. Ayurveda can greatly aid the
drug discovery process by the use of reverse pharmacology. This may provide new
ways of detecting active compounds and reduced drug development costs. A reduc-
tion in the cost of medication could make treatment accessible to a more extensive
segment of society, including financially challenged patients [17]. When coadminis-
tered or pre-treated with a variety of medications and nutraceuticals, available scien-
tific research studies on bioenhancers have shown to have a significant improving
effect on bioavailability. Many natural agents such as piperine, curcumin, Zingiber
offcinale, glycyrrhizin, niaziridin, Aloe vera, Cuminum cyminum, allicin, Carum carvi,
lysergol, sinomenine, Stevia rebaudiana, genistein, Ammanniamultiflora, capmul,
capsaicin, quercetin, and naringin [15] are potential bioenhancing agents and, thus,
require urgent scientific attention.

Table 11.1 (continued)

S. no. Bioenhancer
(class)

Research
compound

Mode of action Study design
model

References

Pulmonary route for delivering drugs with bioenhancer

. Citric acid
(chelating
agents)

Insulin metabolism
inhibition

In vivo (rat) []

. Sodium
taurocholate
(bile salt)

Insulin Metabolism
enhancement,
enzymatic
degradation
inhibition

In vitro (Caco-
cells ), in vivo
(dog)

[]

. TMC (cationic
polymers)

Octreotide Tight junction
modulation

In vitro (Calu-
cells ); in vivo
(rat)

[]
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11.4.4 Ecological aspect

The dosage of anticancer chemotherapeutic drugs such as taxol can be decreased,
with the help of bioenhancers. This will also decrease the drug toxicity because of
the lower dose of taxol given for treatment. The ecological implication of this is
huge, as taxol is extracted from the bark of the Pacific yew tree, which is one of the
world’s slowest growing trees. Currently, several trees must be cut down for the
treatment of one patient. With the integration of bioenhancers, fewer trees need to
be sacrificed [3, 17].

11.4.5 Regulatory guidelines

The hurdles in the use of bioenhancers are that large-scale production of bioen-
hancers is not an easy task. Phytomolecules as bioenhancers are extracted in mea-
ger amounts from natural sources, and this imposes a big hurdle in their use. From
the commercialization point of view, large-scale use of bioenhancers is needed,
rather than laboratory scale. Secondly, it is important to get regulatory approval for
them. Detailed study of their physicochemical and pharmacokinetic properties is re-
quired to ensure their safety profile. And lastly, without sufficient clinical studies,
they cannot be incorporated into formulations and marketed directly for public use.
The bioenhancing effect of phytochemicals as natural bioenhancers of the wide va-
riety of drugs and nutraceuticals in animals and humans needs a lot of experimen-
tation on animals. Lack of information on the mechanism of action, adverse effects,
and evaluation of toxicity indices of the extracts have to be taken into account. Re-
search should be focused on all these parameters of safety, compatibility with
drugs and nutraceuticals, toxicity, efficacy, and mechanism of action of these bio-
enhancers. Finally, optimization of pharmacokinetics of these bioenhancers is re-
quired to establish them as effective bioenhancers.

Regulation is a difficult task when it comes to traditional drug products. The
Quality Council of India and the Department of AYUSH together have developed
two brands for traditional medicines: Premium mark and AYUSH mark [37]. This en-
actment of a product certification program initiated by the Department of AYUSH
for several AYUSH goods is to gain consumer trust. The program is based on proto-
col implementation. The two levels of this program are a) AYUSH Standard Mark,
based on compliance with domestic regulatory requirements; and b) AYUSH Pre-
mium Check, which is based on GMP prerequisites that comply with WHO rules and
having stricter guidelines. In the case of products containing bioenhancers, the US-
FDA and EMEA have set a few standards for physicochemical and pharmacological
properties. But no comprehensive standards have been set for medicines containing
herbal bioenhancers. The regulatory authorities should take the initiative to set
standards for such products.
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11.4.6 Industry and future of bioenhancers

In the last two decades, big pharmaceutical companies have become increasingly
interested in therapeutic herbs. This is due to the increased awareness and interest
in medicinal plants [64] among the public and scientific community. By 2050,
global trade in medicinal plants and their products is estimated to be worth $5 tril-
lion, with both China and India emerging as key players [65]. Looking to this projec-
tion, many biopharmaceutical giants have begun including herbal divisions in their
drug development efforts. On the other hand, many mini- and micro-sized Ayurve-
dic firms that lack good laboratories and skilled personnel are not indulging in pat-
ents or new drug discovery research. It is also true that many Ayurvedic drug
companies have avoided entering molecular research because they desire to remain
firm to the traditional path, brand loyalty, and specialized consumer base. The ma-
jority of Ayurvedic enterprises focus on producing traditional Ayurvedic products
(based on the classical Ayurvedic text). A novel proprietary product developed by a
firm gives them exclusive marketing rights in an unchallenged competitive environ-
ment, and they might even have a commodity monopoly, in some cases. Without
the required push from the big pharmaceutical companies, no medicine, be it tradi-
tional or herbal, can be successful in the market. Increased research work is, thus,
needed to convince the international scientific community on the efficacy of herbal
bioenhancers. Though many herbal bioenhancers do show tremendous promise in
the lab and preclinical studies, the real impetus comes after the success of a prop-
erly designed clinical trial. The knowledge of Ayurvedic remedies has already re-
sulted in many drugs or standardized extracts with identified active compounds,
viz., gum guggulu, brahmi, reserpine, flavopiridol, etc. [66]. Proper coordination of
the institution–industry-regulators may see many more herbal products getting in-
ternational recognition in the future.

11.5 Conclusion

By using bioenhancers, the dosage of the drug is reduced and the hazards of drug
resistance are curtailed. This concept is especially applicable for drugs like antican-
cer, antimicrobials, and other potent drugs. Herbal bioenhancer is less toxic, easily
available, and has a wide mechanism of action. However, development of herbal
bioenhancers has also created new challenges for regulatory control. Moreover,
nanodrug products that use bioenhancers need to have separate regulations as they
are different from traditional products. In this issue, the European Medicines Evalu-
ation Agency and United States Food and Drug Administration have taken the ini-
tiative to recognize possible regulatory and scientific challenges. Another point to
be considered is the evaluation of ecological aspects of using bioenhancer. This is
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important because herbal enhancer is one of the essential parts of the ecological
system, and therefore, may have a profound effect on it. Several researches are
being conducted with bioenhancers, but very few of them are entering into clinical
studies. To establish these products’ potential and use, more clinical trials should
be conducted. The reported data on bioenhancer research and clinical trial can fur-
ther help commercialize these products. To date, commercialization of these prod-
ucts is limited due to lack of proper data, insufficient clinical trial results, and
lower research interest among researchers and others. Proper coordination of the
institution–industry-regulators may see many more herbal products getting interna-
tional recognition in the future.

List of abbreviations

CNS Central nervous system

MDR Multidrug resistance

D. salina Dunaliella salina
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Chapter 12
Herbal bioenhancers in veterinary
phytomedicine

Abstract: “Yogvahi” is a Sanskrit term for the novel concept of Bioenhancers, avail-
able to enhance the efficacy of drugs, when used in combination. Bose, in 1929,
first used the term Bioenhancer for the increased antihistaminic activity of Vasaka
using long pepper. Some distinguished discoveries of Ayurvedic Yogvahi are Tri-
katu, bhasmas, and cow urine distillate. WHO also acknowledged the use of piper-
ine (PIP) as a bioenhancer and in modern medicines; it is used in tubercular
therapy, in combination with rifampicin and isoniazid. These beneficial compounds
in veterinary medicine reduce dosage, ensure better treatment rate, shorten treat-
ment time, and eliminate drug resistance or adverse effects, all of which have financial
consequences. There have been a few failures as a consequence of these develop-
ments, since the fundamental mechanisms of active substance intake (influence
on solubility, active substance efflux, and transport proteins, enhance gastroin-
testinal permeability) and active substance metabolism (inhibition/induction of
drug-metabolizing enzymes, thermogenic result) are still unknown. Data from lab-
oratory animals could not be attributed due to species-specific variations in these
processes. Plant products in veterinary patients have a mixed record of effective-
ness, ranging from good and stable to unsuccessful and risky. Most trials, on the
other hand, lack consistent endpoints, and observation periods are typically brief;
the clinical relevance of reported findings is not always apparent. Also, data com-
paring herbal therapies to well-known prescription medications are often unavail-
able. While the database on herbs is growing, veterinarians interested in prescribing
safe, effective, natural, plant-based compounds should look up information on the
compound or product in question in the most recent scientific literature. Bioen-
hancers used in veterinary phytomedicines include long pepper, black pepper, tur-
meric, ginger, caraway, black cumin, liquorice, aloe, and others. The importance of
bridging the gap between the ancient concept of Ayurveda and the current use of
herbal bioenhancers in veterinary medicine is highlighted in this chapter.
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12.1 Introduction

12.1.1 Bioenhancers/bioavailability enhancers/biopotentiers

Bioenhancers are compounds that enhance the bioavailability and efficacy of active
ingredients, when coupled with them, without having any activity of their own at
the quantity given [1]. Apart from antibiotics, anticancer medicines, cardiovascular
drugs, anti-inflammatory drugs, central nervous system medicines, and so on, they
also improve vitamin and nutrient absorption [2].

Increased bioavailability refers to the amount of medicine in the bloodstream
that is available for action. Increased Bio efficacy refers to a drug’s increased effec-
tiveness as a result of increased bioavailability as well as by other processes [3].

12.1.2 History

Bioenhancers or bioavailability enhancers did not exist as a term or a chapter in any
current scientific literature prior to 1979. The phrase “bioavailability enhancers” was
coined by Indian scientists in 1979 at the Indian Institute of Integrative Medicine,
Jammu, previously RRL (Regional Research Laboratory), Jammu [4]. Following that,
Dr. C. K. Atal, the Director of the Institute and his research team at RRL Jammu sys-
tematically explored and established the notion of bioavailability enhancers [1]. PIP,
the world’s first bioenhancer, was discovered and scientifically confirmed by the in-
stitute, which used sparteine and vasicine to create the world’s first experimentally
bioenhanced medication [5].

Using sparteine and vasicine, the institution found and systematically approved
PIP as the globe’s first bioenhancer, resulting in the world’s first experimentally bio-
enhanced medicines [5]. Dr. Atal led a rifampicin-based bioenhanced antitubercular
(anti-TB) medicine investigation, leading to the production of the world’s first bioen-
hanced anti-TB drug formulation. On World Tuberculosis Day 2011, the Indian gov-
ernment officially issued this Drugs Controller General of India-approved formulation
at the Anusandhan Bhawan in Delhi, and it was also delivered to Mr. Bill Gates,
Chairman of Microsoft, during a program at Le Meridian in Delhi on the same day [6].

PIP, a bioenhancer discovered in 1979, added a new section in medical science.
Since then it has sparked worldwide interest and research into the topic, resulting
in the discovery of a slew of novel bioenhancers. PIP is still the most powerful and
well-studied bioenhancer in the market. It is safe, effective, cost-efficient, and sim-
ple to synthesize for commercial use. It is also a broad-spectrum bioenhancer affect-
ing a variety of current drug classes (Figure 12.1) [7].
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12.2 Need of bioenhancers in veterinary
phytomedicines

Lipid solubility and molecular size are the crucial elements of substances passing
through the cellular membrane and getting absorbed systemically after oral or topi-
cal administration [8]. Despite having high bioactivity in vitro, several plant extracts
and phytoconstituents show low or no bioactivity in vivo with poor absorption and

Figure 12.1: Pictorial representation of history of bioenhancer.
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bioavailability due to inappropriate molecular size or insufficient lipid solubility, or
both [9].

After oral consumption, several elements of the plant extract containing multi-
ple constituents are sometimes degraded in the gastric environment. They lower the
dose, decrease the treatment time, and thereby lessen the risk of drug resistance.
They make the treatment cost-effective and reduce toxicity of the drug side ef-
fects due to dose economy [10].

12.3 Difficulties related to herbal bioenhancer

Although bioenhancers have been successful in drug delivery, not all approaches
have been equally successful. New bioenhancers provide a number of key issues
that are identified. Nanomaterials’ physicochemical properties have been modified
for the improvement of qualities such as lengthy blood circulation, improved useful
surface area, safeguarding integrated medication from degradation, passing biolog-
ical obstacles, and site-specific targeting [11].

Large-scale production is another problem in herbal bioenhancer research and
development. Scaling up laboratory or pilot technology for ultimate commercializa-
tion is always necessary [9]. Low concentrations of nanomaterials, agglomeration,
and the chemical process are all obstacles in scaling up. For better performance, it
is always easy to change nanomaterials at the laboratory scale than at the larger
scale. It is also a challenge to maintain the size and composition of nanomaterials
at a large level while increasing bioavailability [12].

New regulatory issues have arisen as a result of advancements in herbal bioen-
hancers. Regulations that take into account the physicochemical and pharmacokinetic

Figure 12.2: Pictorial representation of difficulties
associated with herbal bioenhancer.
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differences between nano drug products and conventional medicinal products are be-
coming increasingly relevant [10].

The FDA of the United States and the EMEA of European Medicines Evaluation
Agency have started to lead in recognizing some potential technical and monitoring
concerns [13]. Difficulties associated with herbal bioenhancers are represented in
Figure 12.2.

12.4 Natural compounds as bioenhancer
in veterinary care

12.4.1 Quercetin

12.4.1.1 Biological source

Quercetin, 3,3ʹ,4ʹ,5,7-pentahydroxyflavone, is the utmost plentiful nutritive flavonoid,
present in fruits (especially citrus), apples, barks, buckwheat, broccoli, dark cherries,
and berries, such as blueberries and cranberries, green leafy vegetables, green tea,
seeds, nuts, flowers, olive oil, onions, red grapes, and red wine.

It cannot be generated by the human body. The word “Quercetum” means “Oak
Forest” in Latin. It has a yellowish tinge [14].

12.4.1.2 Uses

Quercetin has antioxidant, radical scavenging, anti-inflammatory, anti-atherosclerotic,
anticancer, and antiviral properties [15].

12.4.1.3 Mechanism of action

It works as a cytochrome P 3A4 inhibitor as well as a modulator of P-glycoprotein
(P-gp), increasing the active pharmaceutical ingredient (API) bioavailability [16].

12.4.1.4 Combination of quercetin with other drugs

It is given in combination with drugs such as paclitaxel, verapamil, diltiazem, ta-
moxifen, fexofenadine, etoposide, and epigallocatechin gallate.
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12.4.1.5 Examples

– Pioglitazone
The effect of quercetins on the bioavailability of frequently used antidiabetic medi-
cation, pioglitazone (Pioglit), was studied in female rats. Quercetin was given pre-
treatment. Pioglit was given by oral (10 mg/kg) and IV (5 mg/kg) routes at different
timeslots. Bioavailability of Pioglit was increased by 75% after oral and 25% after IV
pretreatment by quercetin [17].

– Paclitaxel
Quercetin pretreatment (2, 10, 20 mg/kg) exhibited increased paclitaxel (Pacli) bio-
availability in rats after paclitaxel and prodrug as paclitaxel [18].

– Verapamil
Pharmacokinetics after verapamil and nor-verapamil was evaluated in rabbits with
and without quercetin (5.0 and 15 mg/kg). Quercetin pretreatment, 30 min before
verapamil dose had a significant impact on verapamil pharmacokinetics, whereas
simultaneous quercetin administration had little influence on the oral verapamil
exposure.

Twofold rise in the Cmax and AUC (area under the curve) of verapamil, without
major variations in Tmax (time taken to reach the maximum concentration) and t1/2
of verapamil, was experiential in rats treated with 15 mg/kg quercetin compared to
the control group. Significant rise in the absolute and relative bioavailability of ve-
rapamil when equated to the control group was experiential in quercetin pretreated
rabbits [19].

– Doxorubicin
Presence or absence of quercetin significantly affects the pharmacokinetic parame-
ters of doxorubicin. Significant rise in peak plasma concentration of doxorubicin
was observed in the presence of quercetin with AUC (31.2–136.0%) of oral doxorubi-
cin (p 0.05 for 0.6 mg/kg, p 0.01 for 3 and 15 mg/kg) when equated to the control
group [20].

– Etoposide
Rats received either etoposide per se orally or in combination with quercetin. High-
performance liquid chromatography (HPLC) with a fluorescence detector was used
to measure the plasma levels of etoposide. Pharmacokinetic characteristics of eto-
poside were considerably affected in the presence of quercetin. The inclusion of
quercetin resulted in a substantial (P 0.055; 5 mg/kg; P 0.01;15 mg/kg,) absolute
bioavailability between 12.7% and 13.6% [21] (Table 12.1).
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12.4.2 Stevia

12.4.2.1 Biological source

It consists of leaves of Stevia rebaudiana (family: Asteraceae), commonly known as
honey leaf [22].

12.4.2.2 Uses

Leaves are used to increase the bioavailability and efficacy of various medications,
including antibiotics, antiobese, antidiabetic, antifungal, antiulcer, antiviral, anti-
cancer, cardiovascular, anti-inflammatory, antiarthritic, anti-TB or anti-leprosy, anti-
histaminic, C-reactive protein inhibitors, cholesterol-lowering, immune-suppressants,
and immune-modulators [23].

12.4.2.3 Dose

The dose range of the extract of stevia as a bioenhancer is 0.01–50 mg/kg. The
dose range of bioenhancers prepared from fractions or pure components of stevia
ranges from 0.01 to 40 mg/kg, with a preference for 30 mg/kg, regardless of the
amount of medicine in the composition. When used as a bioenhancer, stevia leaf
dosage ranges from 0.01 to 250 mg/dose of medicinal, nutraceutical, or herbal
extract.

Table 12.1: Bioenhancement of drugs by quercetin [4].

Category Drug Route of administration Dose of quercetin

Anticancer Doxorubicin Oral ., , or  mg/kg

Antihypertensive Valsartan Oral  mg/kg

Antiplatelet Clopidogrel Oral  mg/kg

Anticancer Etoposide Oral  or  mg/kg

Cardiac glycoside Digoxin Oral  mg/kg
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12.4.2.4 Examples

Bioenhancing activity of S. rebaudiana extract containing 3-O-acetyl-11-keto-beta-
boswellic acid (AKBA), an active substance in 5-Loxin R (US Patent 2004/0073060A1),
was studied in Sprague Dawley (SD) rats.

5-Loxin R shows selectively enhanced bioavailability by 30% AKBA. It is now
being used as a treatment for osteoarthritis. It shows superior efficacy over standard
B. serrata extract. SD rats of either sex received either 100 mg of B. serrata extract
standardized to 30% 5-Loxin or a mixture of 100 mg of 5-Loxin and 10 mg of S. ru-
buadiana extract standardized to 33% steviosides. An addition of 10% bioenhancer
increased the serum AKBA concentrations substantially [24].

12.4.3 Piperine

12.4.3.1 Biological sources

PIP, a yellow crystalline alkaloid, is available in Piper nigrum Linn and Piper longum
Linn [25].

12.4.3.2 Uses

It increases the bioavailability of certain dietary substances and medications [1]. It
is used as a condiment and flavoring agent in a variety of savory dishes for a long time.
Piper species have been used to cure a range of diseases in folk medicine, including
seizure disorders activity. PIP is a frequently used bioenhancer that has been found to
improve the bioactivity of antibiotics, antivirals, antifungals, cardiovascular medica-
tions, anti-TB medications, anti-inflammatory medications, and nutraceuticals. PIP in-
creases the bioavailability of acyclovir by 70% [26].

12.4.3.3 Mechanism of action

Role of PIP in drug bioavailability can be explained in two ways:
1 Specific mechanism: Increase in the blood flow to the gastrointestinal tract and

decrease in the formation of hydrochloric acid inhibits the breakdown of cer-
tain drugs. Increase in gut emulsifying content and increase in the levels of en-
zymes such as- glutamyl transpeptidase have a role in both active as well as
passive transport of nutrients to the intestinal cell.

2 Nonspecific mechanisms that block enzymes involved in drug biotransforma-
tion to avoid drug inactivation and clearance [27].
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12.4.3.4 Dose

According to various rat studies, PIP’s bioenhancing dose is about 15 mg day−1, not
more than 20 mg per day in distributed doses, which is 10,000 to 40,000 times
lower than PIP’s lethal dose 50. Though variation in effective bioenhancing dose of
PIP is observed based on the pharmacological substance, around 10% (w/w) of the
active substance is acceptable for most drugs [28].

12.4.3.5 Drugs in combination with piperine

PIP augments bioavailability of various compounds used in veterinary practice, in-
cluding amoxycillin, curcumin, ciprofloxacin, nevirapine, oxytetracycline, pyrazi-
namide, phenytoin, propranolol, rifampicin, and theophylline [26].

12.4.3.6 Examples

Wistar rats received diet, regular, a high-fat, a high fat plus black pepper, and a
high-fat with PIP (the active ingredient in black pepper), for 10 weeks. Liver, kid-
ney, heart, intestine and aorta of rats with high-fat intake showed elevated levels of
thiobarbituric acid-reactive substances (TBARS) and conjugated dienes (CD), but
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), gluta-
thione-S-transferase (GST), and reduced glutathione (GSH) levels were significantly
decreased. Concurrent administration of PIP or black pepper decreased TBARS and
CD levels while keeping the levels of SOD, CAT, GPx, GST, and GSH near normal.
Consuming black pepper or PIP can assist cell recovery from oxidative damage
caused by a high-fat diet [29].

PIP is an antibiotic bioenhancer that improves the pharmacological bioavailabil-
ity and efficacy by modifying the drug metabolism. It is a nutritional bioenhancer
and stimulates the gastrointestinal tract by improving the nutrient bioavailability and
absorption. Inhibition of a variety of cytochrome p450 (CYP) (particularly CYP3A4)
and hepatic or duodenal UDP (uridine 5ʹ-diphosphate) glucuronosyl transferases de-
pends on the route of administration, dose, and period of exposure. PIP has a poten-
tiating effect on drug bioavailability and bioefficacy in laboratory animals as well as
human volunteers [26].
– Pefloxacin (fluoroquinolone antibiotic) plasma levels and bioavailability in

Gaddi goats was increased after oral treatment of an Ayurvedic formulation, Tri-
katu, a blend of black pepper, long pepper, and ginger rhizomes. In oxytetracy-
cline-treated chickens that are given oral Piper longum 7 days before therapy, a
similar increase in bioavailability and pharmacokinetic changes were found [30].
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– Beta-carotene: Effectiveness of black pepper fruit extract containing at least
98% pure PIP was studied for its potential to expand blood reactivity to β-
carotene through oral administration. Subjects received either a daily dose of
15 mg beta-carotene and PIP (5 mg) or a placebo for 16 days. Supplementing
with beta-carotene plus PIP led to a significant increase in serum beta-carotene.
After 1 day of beta-carotene plus PIP supplementation, AUC was 60% higher
than after one day of beta-carotene plus placebo treatment [31].

– Rifampicin, combined with PIP, decreases the dose of antiTB medicine by roughly
half while maintaining therapeutic efficacy with the regular dose (450 mg) [32].

– Piperine, cefotaxime, and amoxicillin trihydrate: PIP shows significant in-
crease in the bioavailability of β-lactam antibiotics such as amoxicillin and cefo-
taxime. Increased bioavailability of these antibiotics may be due to PIP’s effect
on microsomal metabolizing enzymes or the enzyme system [33].

12.4.4 Allicin

12.4.4.1 Biological source

Allium sativum L. (family: Amaryllidaceae), usually recognized as Garlic, is an aro-
matic herbaceous spice used in traditional medicine since ancient times. A. sativum
bulbs (diallyl disulfide) shows the presence of sulfur-containing substances, includ-
ing ajoenes (E-ajoene, Z-ajoene), thiosulfate (allicin), vinyl dithiins (2-vinyl-(4 H)-
1,3-dithiin, 3-vinyl-(4H)-1,2-dithiin), and sulfides. After that, slice off the garlic and
break down the parenchyma, the alliinase enzyme transforms allicin, the primary
cysteine sulfoxide to allicin [34].

12.4.4.2 Uses

Allicin shows antiplatelet, antioxidant, antibacterial, anticancer, immune-modulating
effect, antidiabetic, antiparasitic, antifungal, antioxidant and anti-inflammatory, and
antiviral properties [35].

12.4.4.3 Mechanism of action

Bioenhancing properties of garlic are mostly due to its inhibitory action on a num-
ber of CYP enzymes as well as physiological alterations in circulation that slow
drug clearance and elimination. Garlic extracts have been shown to inhibit CYP en-
zymes in vitro (CYP2C9, CYP2C19, CYP3A4, and CYP3A5). Garlic powder was found
to have no effect on CYP3A4 in a clinical investigation. Garlic oil, in particular, has
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been proven to reduce CYP2E1. In the presence of garlic extract, in an in vivo re-
search, stimulatory effects were seen on both efflux and uptake transporters [36].

12.4.4.4 Combination with other drugs

It is used in combination with amphotericin B, captopril, and propranolol.

12.4.4.5 Examples

– Cu2+

Cu2+ and allicin-Cu2+ show dose-dependent fungicidal action against Saccharomy-
ces cerevisiae, and the presence of allicin greatly amplifies its lethal effects [37].

– Amphotericin B
Fungicidal action of amphotericin B (AmB) increases in the presence of allicin [3].
By decreasing the ergosterol transit from plasma membrane to the vacuole mem-
brane, allicin facilitates AmB-induced vacuole membrane degradation. AmB’s fun-
gicidal impact, when combined with allicin, may be due to the induction of vacuole
disruption and not related to potassium ion efflux. AmB’s allicin-mediated action is
only manifested when ergosterol is present in the plasma membrane [38].

– Propranolol
Homogenate of garlic at moderate dosages in propranolol treatment may have a fa-
vorable effect in rats with cardiac arrhythmia during hypertension treatment by re-
ducing cholesterol, triglycerides, glucose levels, systolic blood pressure, cholesterol,
triglycerides, and sugar levels. It increases bioavailability and half-life, and lowers
propranolol clearance and elimination rate constant [39].

– Captopril
In rats, given captopril or hydrochlorothiazide after a myocardial infarction, garlic
increased survival and cardiac function [40].

12.4.5 Cyminum

12.4.5.1 Biological source

Cumin (Cuminum cyminum L.) is a spice made from the dried seeds of an aromatic
herb in the Apicaceae family [41].
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12.4.5.2 Uses

C. cyminum exhibits estrogenic, hypolipidemic, anti-nociceptive and anti-inflammatory,
anti-convulsant, anticancer, antibacterial, anti-tussive, antioxidant, and antifungal ac-
tivities. Oil shows the presence of p-mentha-1,4-dien-7-al, cumin aldehyde, -terpinene,
and -pineneas [42].

12.4.5.3 Dose

Dose range of Cyminum is from 2 to 20 mg/kg, and dose range of extract is from 10
to 30 mg/kg. Bioavailability increases by 25–335% after using Cyminum extract or
fractions [26].

12.4.5.4 Combination with other drugs

Cumin has a bioenhancing impact when combined with antibiotics, antivirals, anti-
fungals, cardiovascular medications, anti-TB medications, anti-inflammatory medi-
cations, and nutraceuticals [36].

12.4.5.5 Examples

Cuminum and cyminum extracts and fractions as well as medications from the cate-
gories of antibiotics, antivirals, antifungals, cardiovascular medications, anti-TB
medications, and anti-inflammatory medications, were examined for their bioavail-
ability/bioefficacy increasing function. Cumin was given orally, parenterally, nasally,
inhaled (including nebulizers), rectally, vaginally, and transdermally to improve bio-
availability [42]. Percent increase in bioavailability of some medicines due to bioac-
tive fractions from C. cyminum are enlisted in Table 12.2.

Table 12.2: Percent increase in bioavailability of some medicines in the presence of bioactive
fractions from C. cyminum [26].

Therapeutic category/class Drugs % Enhancement in bioavailability

. Antibiotics
a. Fluroquinolones

Ciprofloxacin 

P-floxacin 

O-floxacin 
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Table 12.2 (continued)

Therapeutic category/class Drugs % Enhancement in bioavailability

b. Macrolides Erythromycin 

Roxithromycin 

Azithromycin 

c. Cephalosporins Cefalexin 

Cefadroxin 

d. Penicillins Amoxycillin 

Cloxacillin 

e. Aminoglycosides Kanamycin 

. Antifungal Fluconazole 

Ketoconazole 

. Antiviral Acyclovir 

Zidovudine 

. CNS drugs Alprazolam 

. Anticancer Methotrexate 

-Fluorouracil 

Doxorubicin 

Cisplatin 

. Cardiovascular medications Amlodipine 

Lisinopril 

Propranolol 

. Anti-inflammatory/antiarthritic Diclofenac 

Piroxican 

Nimesulide 

. Anti-TB/anti-leprosy medications Rifampicin 

Dapsone 

Ethionamide 

Cycloserine 
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12.4.6 Caraway

12.4.6.1 Biological source

Caraway, dried and crushed Carum carvi (Caraway) seeds (family: Umbelliferae)
contains caraway oil [43].

12.4.6.2 Uses

It improves the bioavailability of antibiotic, antifungal, antiviral, and anticancer
medications [44].

12.4.6.3 Dose

The dose range of the bioenhancer extract is 5–100 mg/kg whereas the dose range
of bioactive fraction is 1–55 mg/kg [26].

12.4.6.4 Combination with other drugs

Antimicrobial, antifungal, antiviral, anti-TB, antileprosy, anti-inflammatory/anti-
arthritic, cardiovascular, anti-histaminic, respiratory distress relieving drugs,

Table 12.2 (continued)

Therapeutic category/class Drugs % Enhancement in bioavailability

. Anti-histamines/respiratory disorders Salbutamol 

Theophylline 

Bromhexine 

. Corticosteroids Dexamethasone 

Betamethasone 

. Immunosuppressants Cyclosporin A 

Tacrolimus 

. Anti-ulcer Ranitidine 

Cimetidine 
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Table 12.3: Percentage bioavailability augmentation of some medicines in the presence of
C. Carvi [42].

Category of drugs Compound Dose
(mg/kg)

% Enhancement by
Carum carvi

Antibiotics Macrolides Azithromycin  

Erythromycin  

Roxithromycin  

Cephalosporins Cefixime  

Cefdinir  

Penicillins Amoxicillin  

Cloxacillin  

Aminoglycosides Amikacin  

Ofloxacin  

Norfloxacin  

Antifungal Fluconazole  

Amphotericin B  

Ketoconazole  

Antiviral Acyclovir  

Zidovudine  

CNS drugs Haloperidol . 

Anti-cancer -Fluorouracil  

Cardiovascular Atenolol  

Propranolol  

Anti-inflammatory/anti-arthritic Nimesulide  

Rofecoxib . 

Anti-tuberculosis/anti-leprosy Rifampicin  

Pyrazinamide . 

Dapsone  

Ethionamide  

Antihistamines Salbutamol . 

Theophylline  

Loratadine  
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immunosuppressants, antiulcers, and nutraceuticals are some of the drugs that
are combined with caraway for bioenhancement (Table 12.3). Compositions can be
administered orally/parenterally, topically, through inhalation (including nebu-
lizers), rectally, and vaginally in veterinary medicine [45].

12.4.6.5 Examples

The extract or fractions of C. carvi were found to be 20–110% more active, and in
the range of 10–150 mg/kg, it has been shown to be highly efficient. In the presence
of PIP, C. carvi showed strong activity, ranging from 25% to 95%, with PIP dosages
in preparations ranging from 3 to 15 mg/kg. Bioactive fractions from C. carvi were
supplemented [26].

Table 12.3 (continued)

Category of drugs Compound Dose
(mg/kg)

% Enhancement by
Carum carvi

Corticosteroids Prednisolone  

Dexamethasone . 

Betamethasone . 

Immunosuppressants Cyclosporine A  

Tacrolimus  

Antiulcer Ranitidine  

Cimetidine  

Omeprazole  

Vitamins Vitamin A  

Vitamin B  

Antioxidants Β-carotene  

Silymarin  

Herbal products Curcumin  

Rutin  

Amino acids Methionine  

Lysine  

Valine  

Isoleucine  
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12.4.7 Black cumin

12.4.7.1 Biological source

It is dried Nigella sativa Linn. seed (family: Ranunculaceae). N. sativa is a South
and Southwest Asian annual blooming plant. Seeds are sometimes known as black
seeds or black cumin [46].

12.4.7.2 Uses

They are used in folk medicine throughout the world to cure and prevent bronchial
asthma, cough, diarrhoea, abdominal pain, and dyslipidaemia at a local level [47].

12.4.7.3 Mechanism of action

It acts by increasing the absorption of the drug by enhancing permeability of the
intestine. P-gp action in in silico tests in contrast to the primary amino acid se-
quence of P-gp from rats was reduced by fatty acids in black cumin (predominantly
eicosadeinoic acid [36].

12.4.7.4 Example

The transport of amoxicillin across the gut was examined in vitro using everted rat
intestinal sacs. Separately, 3 and 6 mg methanol and hexane extracts of Nigella
seeds were co-infused with amoxicillin (6 mg/mL). When compared to controls, in-
vitro tests utilizing Nigella extracts in methanol and hexane greatly increased amox-
icillin penetration. At the same dose levels, significant increase in permeation was
observed for hexane extract compared to methanol extract. In vivo studies of coad-
ministration of amoxicillin (25 mg/kg) and Nigella seed hexane extract (25 mg/kg)
in Wistar albino rats shows that with oral amoxicillin, alone or in combination with
other antibiotics, the Cmax of amoxicillin in rat plasma was higher [48].

12.4.8 Curcumin

12.4.8.1 Biological source

Curcumin is the main active constituent present in Curcuma longa (family: Zingiber-
aceae) [4, 49]. Curcumin, a polyphenol, is the major component of turmeric, an
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herbal medicine and nutritive spice. This bright yellow spice, which is made from
the plant’s rhizome, has a lengthy history of usage in Chinese and Indian tradi-
tional medicine [50].

12.4.8.2 Uses

Turmeric is one of the most popularly used spices and condiments in Indian cui-
sine. It is also used in ointments and creams as a coloring agent. Curcumin acts an
anti-inflammatory agent along with its conventional uses. Curcumin is used in anti-
microbial and anticancer medicines as a bioenhancer [4]. Curcumin is a polyphenol
with strong antioxidant properties. It protects the myocardium from free radical
damage by scavenging free radicals. Curcumin has cardiovascular, anti-ischemic,
anti-inflammatory, hepatoprotective, and antidiabetic properties [51].

12.4.8.3 Mechanism of action

Curcumin inhibits drug metabolizing enzymes such as CYP3A4 in the liver and likewise
works by modification of the drug transporter, P-gp. Curcumin works by suppressing
API-metabolizing enzymes, which results in an increase in celiprolol, midazolam Cmax,
and AUC [4, 26]. Curcumin’s reduction of nonspecific drug metabolizing enzyme could
be another method that improves medication bioavailability [4]. As a result, enhance-
ment of overall concentration (Cmax) and absolute bioavailability of concomitant drugs
(AUC) is observed [52]. The bioenhancing property of curcuma longa is identical to that
of PIP. The quantity of UDP glucuronyl transferase in the intestinal and liver tissues is
reduced by Curcuma longa. Moreover, it alters the physiological function of the gastro-
intestinal tract, resulting in improved drug absorption [53].

12.4.8.4 Examples

Curcumin enhances the pharmacokinetics of P-gp substrate drugs such as celiprolol,
midazolam, and paclitaxel in rats [54–56], and marbofloxacin in boiler chickens [52, 55].

– Docetaxel
Curcumin potentiates the anti-tumor activity of docetaxel in rats. Curcumin (100 mg/
kg) administration to a group of rats 30 min before docetaxel increases AUC 8-fold
and Cmax tenfold as compared to the control group, from 282.6 and 18.4 to 2,244.1 and
68.0 ng/mL and 102.5 11.5 to 1024.2 121.7 ng/mL, respectively. Docetaxel bioavailability
increased eightfold in the treatment group, with 5.5% and 43.7% bioavailability in the
control and treatment groups, respectively. Bioavailability of docetaxel was improved

342 Rupali Patil et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



by alterations in the role and expression of proteins involved in the transport and me-
tabolism [4].

– Norfloxacin
Norfloxacin is a broad-spectrum antibacterial often used to treat urinary tract infec-
tions, infections of the lungs, and gastrointestinal system. The absorption profile of
norfloxacin is very poor. Norfloxacin (100 mg/kg) was given to group 1, and group 2
received norfloxacin, following a curcumin (60 mg/kg) pretreatment. The concen-
trations of norfloxacin in the blood were measured at regular intervals. The AUC of
norfloxacin in Group-2 animals increased from 2.67-0.42 to 4.06-1.24 (g/mL h). Cur-
cumin doubles the activity of norfloxacin. Curcumin has been discovered to have anti-
cancer properties, removing carcinogens in the body. Combination of curcumin with
an anticancer drug like docetaxel boosts the drug’s anticancer effect [4, 26, 57, 58].

– Cyclophosphamide
A combination of curcumin with a bioenhancer such as PIP improved the therapeu-
tic effectiveness of curcumin against cyclophosphamide (CP)-induced cardiotoxicity
in rats. They tested curcumin alone and found that different doses of curcumin,
combined with PIP, have a strong protective effect against CP-induced cardiotoxic-
ity. With comparison to the curcumin alone-treated group, the combination groups
show a significant amount of synergistic activity. Curcumin (50 mg/kg, p.o.), com-
bined with PIP (20 mg/kg, p.o.), showed the most cardioprotection among the com-
bination classes and they concluded that curcumin and its combination with PIP
showed effective protection against CP-induced myocardial toxicity [51].

– Other examples/combination of curcumin and PIP
Curcumin, alone and in conjunction with PIP, showed only a mild antimalarial effect
and was unable to reverse the artemisinin-resistant phenotype or significantly impact
the growth of the tested clone, when administered in combination with artemisinin [59].

Curcumin, in a mixture with PIP, suppresses diethylnitrosamine (DENA)-
induced hepatocellular carcinoma (HCC) in rats better than curcumin alone [60].

Curcumin, in combination with PIP, provided neuroprotection against olfactory
bulbectomy-induced depression in rats, oxidative-nitrosative stress-induced modu-
lating neuro-inflammation and apoptosis [61].

– Piperine
Medicinal capabilities of C. longa are unavailable due to metabolism in the intesti-
nal wall and liver, as well as due its limited bioavailability. Hepatic and intestinal
glucuronidation is inhibited by PIP. Curcumin alone given to rats (2 g/kg) for 4 h,
results in modest serum concentrations. After 1–2 h of the drug, a concomitant dose
of PIP enhanced the serum levels of curcumin along with increased Tmax (154%),
decreased t1/2 and ClB (154%), and increased bioavailability (154%).
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Blood concentrations were either untraceable or very less in individuals after a sin-
gle dose (2 g) of curcumin. After administration of the drug, PIP exhibited considerably
greater levels, from 0.25 to 1 h (P 0.01 at 0.25 and 0.5 h; P 0.001 at 1 h); bioavailability
was increased by 200%. PIP improves the serum levels, bioavailability, and absorption
of curcumin in both humans and rats, with no significant side effects [26, 62].

12.4.9 Ginger

12.4.9.1 Biological source

Ginger consists of dried rhizome of Zingiber officinale Roscoe, which belongs to the
Zingiberaceae family [63–65]. Active components transformed from gingerols are
shogaols, zingerone, and paradol. Odor of ginger is primarily due to its volatile oil
components, ranging from 1% to 3% yield. 6-Gingerol is the main pungent compo-
nent of ginger [4, 26, 65].

12.4.9.2 Uses

Ginger works as a bioenhancer by boosting drug absorption via modulating the in-
testinal function [4]. Antiulcer action, antithrombotic action, antimicrobial action,
antifungal action, anti-inflammatory action, antidiabetic action, antiemetic action,
anthelmintic action, antipyretic and analgesic, antiapoptotic action, antioxidant,
anticancer action are some of the properties of ginger. The mucosal membrane of
the gastrointestinal tract responds strongly to ginger [4, 26, 63].

12.4.9.3 Mechanism of action

It impedes the metabolic related reactions, CYP2C9, CYP2C19, CYP2D6, and CYP3A4,
in humans [36].

12.4.9.4 Dose

Z. officinale extract and bioactive fractions improve the bioefficacy of a various
medicines, natural products, and vital nutraceuticals. In most cases, an adequate
amount of PIP or P. nigrum or P. longum extract is coupled with one or more additives
from medications, nutrients, antioxidant, or herbal remedies [66]. Bioavailability of
Z. officinale alone is 30–75%; however, PIP increases the bioavailability by 10–85%
when combined with Z. officinale. PIP is dosed at 4–12 mg/kg as a bioenhancer,

344 Rupali Patil et al.

 EBSCOhost - printed on 2/13/2023 1:43 AM via . All use subject to https://www.ebsco.com/terms-of-use



whereas Z. officinale extract is dosed at 10–30 mg/kg. PIP doses vary from 6 to 10 mg/
kg, while bioactive fraction dosages from Z. officinale range from 4 to 12 mg/kg.

By the inclusion or exclusion of PIP, the extracts or bioactive fractions of
Z. officinale maintain their bioenhancing effect [4, 26].

12.4.9.5 Examples

The antitumor medicines, methotrexate and 5-fluorouracil, had their bioavailability
increased by 87% and 110%, respectively, due to ginger’s bioactive component. It
was also revealed that it enhanced the bioavailability of acyclovir, an antiviral med-
icine, by 82%. The bioactive fraction improves bioavailability of herbal products
and nutraceuticals. Mixing of vitamin A with ginger extract, increases the bioavail-
ability of the vitamin by 30%. As a result, ginger, alone or in conjunction with PIP,
boosts the bioavailability of a wide range of pharmaceuticals, including antibiotics
and nutraceuticals [4]. When ginger was coadministered with pefloxacin in rabbits,
the pharmacokinetic profile of the antibiotic changed dramatically, with a rise in
the maximum concentration, AUC, and half-life. It has also been proven to improve
methotrexate, 5-fluorouracil, and acyclovir bioavailability (36). It boosts rifampicin
and ethionamide bioavailability by 65% and 56%, respectively (4). It also improves the
bioavailability of antibiotics, including cefadroxil (65%), cephalexin (85%), and amoxi-
cillin (85%). Cloxacillin (90%), azithromycin (90%), and erythromycin (105%) are the
antibiotics with the highest percentage of bioenhancement due to the herb [62, 67].

By a combination of PIP with rifampicin, the therapeutic efficacy of this anti-TB
medicine can be lowered by nearly half while maintaining therapeutic efficacy at
levels comparable to the usual dose (450 mg) [66]. Coadministration of ginger ex-
tracts maximizes the bioavailability of APIs, vitamins, and amino acids [68].

12.4.10 Glycyrrhizin

12.4.10.1 Biological source

Dried, unpeeled or peeled root, and stolon of liquorice, Glycyrrhiza glabra (family: Le-
guminosae) contain saponin glycoside, Glycyrrhizin [(3, 18)-30-hydroxy-11,30-dioxilean
-12-en-3-yl-2-o-glucopyranouronosyl-D-glucopyranosiduronic acid] [4, 53, 62, 69].

12.4.10.2 Uses

Glycyrrhizin, due to its expectorant effect, is commonly used in cough treatments
for bronchitis and sore throat conditions. It also has anti-inflammatory, antiallergic,
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anti-asthmatic, antiulcer, antirheumatoid activity. It is a diuretic and laxative that
strengthens the immune system and stimulates the adrenal gland. It is used to treat
liver illness and aids in the detoxification of drugs by the liver. Glycyrrhizin has 50
times more sweetness than sugar. It is predominantly used in the treatment of pep-
tic ulcers and stomach illnesses, as well as the treatment of respiratory and intesti-
nal channels. Glycyrrhizin shows anti-hepatotoxic, anti-inflammatory, anticancer,
and antiviral activities. Antimicrobial compounds and vitamins such as B1 and B12
are transported more efficiently across the intestinal membrane [4, 26, 36, 53, 65].

12.4.10.3 Mechanism of action

Glycyrrhizin may work by the efflux transporter P-gp inhibitor, which is found in
the intestine. The ability of glycyrrhizin to improve absorption is dependent on its
conversion to glycyrrhetic acid by the intestine bacterial enzyme- glucuronidase [4].

Glycyrrhizin had no effect on CYP3A4, but some compounds isolated from li-
quorice extract, viz. (3R)-vestitol, 4-hydroxyguaiacol apioglucoside and liquiritige-
nin 7, 4′ diglucoside, possess significant CYP3A4 action. Glycyrrhizic acid and other
liquorice metabolites may not decrease the in vitro activity of the intestinal efflux
transporter P-gp. Glycyrrhizin and glycyrrhetinic acid have activator effects on the
P-gp function. Glabridin, a liquorice metabolite, inhibits the enzymes CYP3A4, 2B6
and 2C9, according to a study. Another metabolite of liquorice, glycyrrhetinic acid,
inhibits CYP3A, 2C9, and 2C19 in vitro and in vivo, as well as activating UDP glucur-
onosyl transferases in the rat liver. Glycyrrhizin and glycyrrhetinic acid inhibited nu-
cleoside transporters, resulting in lower ribavirin bioavailability due to decreased
ribavirin transit in the digestive tract [36].

12.4.10.4 Dose

The effective concentrations of this bioenhancer range from 0.05% to 50%, 0.1% to
10%, and 0.25% to 20% of the total bulk of antifungal, antibacterial, and nutraceu-
tical chemicals, correspondingly [4, 70].

12.4.10.5 Examples

Diammonium glycyrrhizinate given orally in rats with aconitine shows increase in
Cmax (1.64 times), increased AUC (1.63 times), and improved absolute bioavailability
of aconitine (1.85 times), without any significant change in the half-life and clear-
ance (Cl). Glycyrrhizinate administration via tail vein and hepatic vein does not
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alter pharmacokinetic parameters of aconitine significantly. It may suppress P-gp
in the intestine, resulting in an increase in absorption [4, 71].

Significant improvement in the efficacy and bioavailability of anti-infectives, anti-
biotics, and anticancer drugs was observed with plant-derived glycoside ‘glycyrrhizin’.

Glycyrrhizin increases the intake of antibiotics and the added drugs crosses the
biological membranes. This increases their plasma concentrations and, consequently,
bioavailability. It makes antibiotics like rifampicin, ampicillin, tetracycline, and nali-
dixic acid more effective against Gram -ve bacteria, E. coli. Antibiotics like rifampicin,
tetracycline, and nalidixic acid, as well as antifungal medicines like clotrimazole, are
more effective against Gram +ve bacteria like Bacillus subtilis and Mycobacterium
smegmatis.

Taxol works by preventing the Michigan Cancer Foundation-74 cancer cells
from proliferating and multiplying. Glycyrrhizin increases the action of taxol (Pacli-
taxel) by a factor of five. Taxol, combined with glycyrrhizin, has more activity than
taxol given alone [4, 26]. Because of its nontoxicity and usefulness at low concen-
tration, glycyrrhizin has a lot of potential as a bioavailability enhancer for antitu-
mor drugs, antifungal drugs, antibacterial drugs, and nutraceuticals. It also aids in
reducing the dose-dependent contrary properties of chemotherapeutic drugs, as
well as in the development of antimicrobial resistance [4].

12.4.11 Aloe vera

12.4.11.1 Biological source

It is a dried juice made by cutting the bases of Aloe perryi leaves, Aloe vera or Aloe
barbadensis, and Aloe ferox, all of which belong to the Liliaceae family [72].

12.4.11.2 Uses

Aloe vera, a perennial and succulent xerophyte with immunomodulatory, wound
and burn healing, hypoglycaemia, antitumor, gastroprotective, antifungal, and
anti-inflammatory properties, is widely utilized in both human and veterinary med-
icine [36]. Aloe vera is high in phytochemicals and aids in the absorption of vita-
mins C and E [53, 73]. It is popularly referred to as Indian Aloe because it includes
Aloein and Emodin, which help to increase vitamin C and E intake. With aloes, ab-
sorption is gentler and vitamins last long in the bloodstream, increasing vitamin C
and E bioavailability in humans. Because of its future nutritional and therapeutic
significance as an herbal bioenhancer, Aloe vera is a very promising plant [62, 74].
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12.4.11.3 Mechanism of action

The bioavailability of vitamin C and E is increased in humans as they stay longer in
the plasma. It can also prevent activated human neutrophils from releasing reactive
oxygen free radicals.

12.4.11.4 Examples

Vitamin E and vitamin C were benefited by aloe vera. Gel of aloe vera and extracts
of the whole-leaf elevated vitamin C and E plasma concentrations and enhanced
absorption. The gel extract was mainly helpful in delaying and enhancing ascorbate
absorption. Its plasma concentration was greatly prolonged, even after an overnight
fast of 24 h. Vitamin E absorption and plasma levels were enhanced by both the gel
and whole-leaf extracts, notably after 8 h [26, 65].

Ethanolic extract of aloe vera improves hypoglycaemic result of glipizide in
streptozotocin-induced diabetic rats. Coadministration of aloe vera and pantopra-
zole in patients of mustard gas sufferers having symptoms of gastroesophageal re-
flux is better than individual therapy. This may be associated with the activation of
endogenous prostagland in the synthesis responsible for cytoprotective effects on
the gastric mucosa. In a rat model, aloe consumption was shown to increase P-gp
and CYP3A activities, lowering cyclosporine bioavailability; consequently, decreased
bioavailability of associated absorbed/metabolized medications could be expected
[36, 75, 76].

12.4.12 Lysergol

12.4.12.1 Biological source

It is an alkaloid found in certain species of fungi like ergot fungus and in the morn-
ing glory plants (Ipomoea sp.) (Family: Convolvulaceae), which include the halluci-
nogenic seeds of Rivea corymbosa, Argyreia nervosa, and Ipomoea violacea. It is
present in the Claviceps and Rhizopus genera of lower fungus (4). It’s also known
as clavine because it is a dimethylergoline derivative [65, 77].

12.4.12.2 Uses

Lysergol (9,10-Dihydro-6-methylergoline-8-methanol), a 5-hydroxytryptamine ago-
nist, is a vasoactive medication that maintains normal blood flow and effective
plasma concentrations (4). It is an excellent herbal bioenhancer because it improves
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the antibiotics’ ability to fight bacteria [9, 77]. Many antibiotics’ bactericidal activities
are improved by it [62].

12.4.12.3 Mechanism of action

It encourages the killing effects of certain antibiotics on bacteria. They promote
drug uptake from gastrointestinal membranes and cell membranes, which increases
the biological action of medicines at the target site [4, 69, 78].

12.4.12.4 Dose

The effective dosage level of lysergol as a bioenhancer and bioavailability enhancer
is 1–10 g/mL, although the optimum dose level is 10 g/mL [26].

12.4.12.5 Examples

Lysergol increases the bioavailability of antibiotics like rifampicin, tetracycline, and
ampicillin in Gram + ve and Gram –ve bacteria like B. subtilis, M. smegmatis, and
E. coli. Rifampicin activity against E. coli (Gram –ve bacteria) was increased 6–12
times after the addition of lysergol. Similarly, against B. subtilis (Gram + ve bacteria)
and M. smegmatis, lysergol shows increased rifampicin bioavailability 3- to 4.6-fold
and 4.5–6 times, correspondingly.

Use of lysergol as a bioenhancer in antibiotic preparations improves the antibi-
otic absorption in the body and cells, and also helps to reduce the overall antibiotic
dosage through a synergistic action that reduces antibiotic resistance development
[4, 26, 53, 79].

Lysergol increased berberine bioavailability in SD rats after oral therapy [26,
80, 81]. It also improved the bioavailability of curcumin. Curcumin’s effect on the
major efflux transporters, BCRP (breast cancer resistance protein) and P-gp, in hu-
mans was investigated by in situ permeation and in vitro pharmacokinetic studies
with particular substrates (digoxin for P-gp probe, sulfasalazine for BCRP probe)
and inhibitors to determine the mechanism of increased bioavailability (verapamil
for P-gp and pantoprazole for BCRP). Improvement in the bioavailability of lysergol
is due to the BCRP efflux transport mechanism [36, 82].
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12.4.13 Capsaicin

12.4.13.1 Biological source

Capsaicin is the active constituent in chilli peppers, namely Capsicum annum L.
(family: Solanaceae) [9, 65].

12.4.13.2 Uses

Capsaicin improves the bioavailability of a variety of medicines [83].

12.4.13.3 Mechanism of action

Absorption of capsicum enhances AUC of the drugs [69, 78].

12.4.13.4 Examples

It improved theophylline absorption and bioavailability from sustained-release gel-
atin capsules [53, 65, 84].

Capsaicin boosts theophylline and ciprofloxacin absorption [62]. In a rabbit
study, theophylline was given orally with or without capsaicin, and the second
maintenance dose of bioenhancer was administered after 11 h, increasing the the-
ophylline plasma levels [85, 86].

Penetration of naproxen through the skin was 4-fold increased after the appli-
cation of capsaicin–ethanol mixture [87].

No significant differences in the AUC, clearance, or distribution volume were
observed after theophylline administration, with and without oral ground Capsicum
fruit suspension. Single dose of capsicum shows significant variation in the elimi-
nation rate constant (kel) and it does not change after repeated dose.

Single oral dose of suspension of Capsicum fruit does not affect theophylline
and its metabolites 1,3-dimethyluric acid (1,3 DMU) and I-methyluric acid (I-MU).
The amount of I-MU, conversely, was considerably abridged following a 7-day re-
peated intake of Capsicum fruit. Finally, it was discovered that a single intake of
Capsicum fruit could have an effect on the theophylline kinetics, whereas a recur-
rent dose altered the xanthine oxidase metabolic route [84].

PIP and capsaicin were evaluated as modulators for drug transport over the
nasal epithelium. To test the special properties of the selected pepper constituents on
drug penetration, a nasal epithelial cell line (Roswell Park Memorial Institute 2650)
and excised sheep nasal tissue were utilized as models. Fluorescein isothiocyanate-
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dextran 4,400 (MW 4,400 Da) was employed as a huge molecular weight marker mol-
ecule for paracellular transport, whereas rhodamine 123 was used as a substrate for
P-gp-mediated efflux. Capsaicin reduced the P-gp efflux more than PIP, although PIP
increased drug penetration via other channels. Capsaicin was non-cytotoxic up to
200 M, while PIP was noncytotoxic up to 500 M, as evidenced by cell survival of
more than 80% in cell cytotoxicity assays [88].

12.4.14 Sinomenine

12.4.14.1 Biological source

Sinomenine, an alkaloid derived from the root of the climbing plant Sinomenium
acutum Thunb (family: Menispermaceae), is commonly found in China and Japan
[65, 69, 78].

12.4.14.2 Uses

Sinomenine is commonly used to treat rheumatic and arthritic conditions. It is used
to increase bioavailability of paeoniflorin [4, 26].

12.4.14.3 Mechanism of action

The rise in bioavailability of paeoniflorin may be correlated with inhibition of paeo-
niflorin efflux transport via P-gp in the small intestine by sinomenine. This combi-
nation has the potential to help with inflammation and arthritic pain [69].

12.4.14.4 Examples

According to co-incubative tissue culture assays of paeoniflorin and sinomenine in
an everted rat gut model, paeoniflorin per se shows linear association between in-
take and incubation time but the association became non-linear when combined
with sinomenine. After 45 min of incubation, paeoniflorin absorption increased sig-
nificantly. Coadministration of paeoniflorin with sinomenine at 16 and 136 M in-
creases absorption 1.5-fold and 2.5-fold, respectively [89].

In comparison to paeoniflorin alone, oral coadministration of sinomenine and
paeoniflorin raises sinomenine plasma concentration with a Cmax of 13.7 g/mL. Oral
bioavailability of paeoniflorin was increased 12-fold in rats given sinomenine con-
currently. Gastric gavage was used to administer a solitary dosage of paeoniflorin
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and with sinomenine hydrochloride to unrestrained conscious male SD rats. Simul-
taneous injection of sinomenine increases paeoniflorin Cmax and AUC, delays tmax,
and decreases CL3 and volume of distribution.

Combination of verapamil and quinidine, with paeoniflorin, resulted in in-
creased concentrations 2.1- and 1.5-fold, respectively, demonstrating that they func-
tion in the identical way as sinomenine.

The absorption profile of a P-gp substrate, showed digoxin increase 2.5-fold
when it was treated with sinomenine, presenting that paeoniflorin is probably a P-
gp substrate like digoxin. As a result, the mechanism causal to the improvement of
paeoniflorin bioavailability by sinomenine could be attributable to the suppression of
the efflux transporter, P-gp. As a result, sinomenine can be added to any P-gp sub-
strate to increase its bioactivity. Sinomenine has anti-inflammatory properties; thus,
when combined with a medicine like paeoniflorin, it has a higher anti-rheumatoid
arthritis effect.

12.4.15 Ammaniol

12.4.15.1 Biological source

Ammannia multiflora Roxb. (family: Lythraceae) contains ammaniol [26, 53, 65, 69, 78].

12.4.15.2 Mechanism of action

Ammaniol has the ability to boost glucose absorption. It also shows potent anti-
hyperglycemic properties [69, 78].

12.4.15.3 Examples

Combination of nalidixic acid with methanolic extract of A. multiflora exhibits sub-
stantial bioenhancing effect against two E. coli strains, CA8000 and DH5. Metha-
nolic extract of A. multiflora had strong bioenhancing effect and four times lower
dose of nalidixic acid. The antimycobacterial activity of the methanolic extract of
A. multiflora against Mycobacterium tuberculosis strain H37Rv was examined, and it
shows modest action against this microorganism [69, 78].
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12.4.16 Peppermint oil

12.4.16.1 Biological source

It is obtained fromMentha piperita L., (family: Lamiaceae).

12.4.16.2 Uses

The main component in peppermint is menthol and essential oil, and is mainly ac-
countable for the anti-spasmodic properties. Other constituents present in pepper-
mint oil are limonene, cineole, menthone, menthofuran, isomenthone, menthyl
acetate, isopulegol, menthol, and pulegone.

Peppermint leaf and oil are used all over the world in traditional medicine, fla-
voring, and cosmetic and pharmaceutical goods. Of all the volatile oils, peppermint
oil is the most often utilized. Peppermint is an antiseptic, astringent, carminative
anti-spasmodic, antiemetic, diaphoretic, mild bitter, analgesic, anticatarrhal, anti-
microbial, rubefacient, stimulant, and emmenagogue. For respiratory congestion,
peppermint oil vapor was utilized as an inhalant. Bronchitis, coughs, and irritation
of the throat and oral mucosa were all treated with peppermint oil-infused tea.

Peppermint oil also plays important role in the treatment of irritable bowel syn-
drome, Crohn’s disease, ulcerative colitis, biliary tract diseases, and gallbladder
and liver complications. Menstrual cramps can be relieved with peppermint oil. Ex-
ternally, peppermint oil helps with neuralgia, myalgia, headaches, migraines, and
chicken pox [90].

12.4.16.3 Mechanism of action

It acts mainly by CYP3A inhibition.

12.4.16.4 Examples

It boosts cyclosporine’s oral bioavailability. The Cmax and AUC of cyclosporine were
nearly tripled by the coadministration of 100 mg/kg peppermint oil [53, 55, 65, 91–
94]. In clinical investigations, caraway oil was used with peppermint oil or menthol
to treat functional dyspepsia [95].
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12.4.17 5ʹMethoxy-hydnocarpin (5ʹ- MHC)

12.4.17.1 Biological source

5ʹ- MHC is obtained from leaves of Barberis fremontii Torr. (Family: Berberidaceae).
It has no antimicrobial activities, but it blocks multidrug resistance -dependent ber-
berine efflux from S. aureus cells, essentially disabling the bacterial resistance
mechanism to the antimicrobial action of berberine [69, 78, 96–98].

12.4.17.2 Dose

The dose used is 100 μg/mL.

12.4.17.3 Example

Berberin is an example.

12.4.18 Resveratrol (RSV)

12.4.18.1 Biological source

Resveratrol (RSV) is a stilbenoid generated by plants in response to injury or dis-
ease attack by bacteria or fungi. Blueberries, grapes, raspberries, and mulberries
have it in their skin.

12.4.18.2 Uses

RSV aids apigenin bypassing hepatic metabolism. Apigenin (a natural anti-inflammatory
agent) and RSV combination increases plasma apigenin levels 2.39 times more than api-
genin alone [65, 99, 100].

12.4.18.3 Examples

Plasma diclofenac concentrations were shown to be higher after RSV therapy com-
pared to the control phase. RSV treatment increased maximum plasma concentra-
tion, Cmax, AUC, t1/2, and considerably reduced the elimination rate constant (kel),
apparent oral clearance (CL/F) compared to the control. The geometric mean ratios
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for diclofenac’s Cmax, AUC, t1/2, kel, and CL/F show that diclofenac and RSV have a
clinically significant interaction. RSV-mediated suppression of the CYP2C9 enzyme
may be responsible for diclofenac’s altered pharmacokinetics. Combination of di-
clofenac with RSV may be a method to lower dosage and also reduce gastrointesti-
nal adverse effects of diclofenac [99].

RSV substantially enhanced rat intestinal absorption of methotrexate (MTX).
RSV also blocked MTX efflux transport in multidrug resistance 1 (MDR1)-MDCK
(Madin Darby canine kidney cells) and multidrug resistance-associated protein 2
(MRP2)-MDCK cell monolayers, indicating that MDR1 and MRP2 in the gut were the
targets of drug interaction during the absorption process. Damage to intestine due
to MTX was not increased by RSV therapy.

RSV inhibited P-gp, MRP2, organic anion transporters (OAT)1, and OAT3, in-
creasing MTX absorption in the gut and decreasing MTX renal elimination. RSV re-
duced the effects of MTX on the kidneys without raising the risk of intestinal
toxicity [100].

Coadministration of PIP increased anti-inflammatory activity of RSV in arthritic
rats. RSV and PIP coadministration significantly reduces paw swelling and improves
histological changes. The combination treatment significantly lowered serum tumor
necrosis factor-alpha, IL-1b, TBARS, and NOx levels. Furthermore, coadministration
of PIP with RSV resulted in a largely negative expression of NF-kB p65 in synovial
tissue. Results of combined treatment were comparable to those of the diclofenac
treatment [101].

Combination of RES and Naringin (NAR) provided significant protection against
IRI-induced myocardial damage as compared to the RSV alone treatment. A phar-
macokinetic interaction produced results that are similar to those of a pharmacody-
namic interaction. The combination of RSV and NAR demonstrated significant
restoration of biomarker, antioxidant, and heart rate compared to a treatment of
RSV per se. There was a significant increase in bioavailability and half-life, as well
as a considerable reduction in clearance, when RSV, in combination, was compared
to RSV per se [102].

The effect of RSV, alone, or in combination with PIP on cerebral blood flow
measurements and cognitive function in healthy human subjects shows that adding
PIP to the polyphenol RSV improves its bioefficacy. While oral therapy with 250 mg
trans-RSV had no effect on the overall cerebral blood flow (total Hb) during cogni-
tively demanding activities, coadministration with 20 mg PIP led to a significantly
greater CBF (cerebral blood flow) for the 40-min post-dose task duration.

Findings of the RSV supplementation study are broadly similar to a prior
study’s dosage–response pattern of CBF seen following resveratrol administration,
in which a dose of 250 mg was mainly ineffective. Despite the PIP -mediated aug-
mentation of resveratrol’s CBF effects, neither active treatment showed significant
differences in cognitive task performance, blood pressure/heart rate, or mood rat-
ings [103].
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12.5 Recent advances in bioenhancers

Ayurveda is a 5,000-year-old Hindu traditional medicine that originated in India.
Yogvahi (synergism) is a technique for increasing bioavailability, tissue dispersion,
and drug efficiency that is frequently referenced in Ayurveda [104].

Mean particle size of the drug-loaded solid lipid nanoparticles (SLNs) decreased
for Ketoprofen-loaded SLNs made from beeswax and carnauba wax mixed with
Tween 80 and egg lecithin, and with increased total surfactant concentration. The
capacity of SLNs to integrate a low water-soluble medication like ketoprofen was
indicated by their high drug entrapment efficiency of 97%. After 45 days of storage,
differential scanning calorimetry thermograms and HPLC analysis revealed that
nanoparticles were stable with minimal drug leakage. Nanoparticles, with more
beeswax in their core, released drugs more quickly than those with having more
carnauba wax [105].

Easy, consistent, specific, and precise reversed-phase HPLC technique for de-
ciding camptothecin (CPT, current procedural terminology) in creature organs after
administration in SLNs was created and validated. This technique can be utilized to
decide CPT sum in rodent organ specimens after IV administration of CPT in sus-
pension [106].

Investigation of preparation and characterization of SLNs stacked with curcu-
minoids showed that at ideal method environments, lyophilized curcuminoids
stacked SLNs delivered round particles with a mean molecule size of 450 nm and a
polydispersity file of 0.4, with up to 70% (w/w) curcuminoids stacked SLNs, dis-
playing circular particles with a mean particle size of 250 nm [107].

Overall percentages of residual curcumin, bisdemethoxycurcumin, and deme-
thoxycurcumin were found to be 91, 96, and 88, respectively, after 6 months of stor-
age in the absence of daylight [107].

A result of investigation of Trikatu on the pharmacokinetic profile of indometh-
acin in rabbits showed that Trikatu-enhanced absorption of indomethacin, which
was believed to be because of an increase in the gastrointestinal blood stream and
a quicker pace of transport through the gastrointestinal mucosa [108].

PIP metabolism showed that the maximum level in the abdomen and small in-
testine was found at the 6th h. PIP traces were found in the spleen, kidney, and
serum from 0.5 to 24 h [109].

Gallic acid has a synergistic impact, in combination with PIP. This resulted in a
greater therapeutic potential for decreasing beryllium-induced hepato-renal dysfunc-
tion and oxidative stress. Individual dose of gallic acid and PIP moderately altered
the increased metabolic variables, according to the researchers. The combination of
these, on the other hand, was found to totally reverse the beryllium-induced meta-
bolic changes and oxidative stress effects [110].

Use of a solvent evaporation approach to encapsulate the plant-derived antioxi-
dant quercitrin on PLA (poly-D, L-lactide) nanoparticles increased its solubility,
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permeability, and stability. Quercitrin-PLA nanoparticles have a diameter of 68 nm.
According to HPLC and antioxidant assay results, nano-encapsulated quercitrin has
a 40% encapsulation effectiveness. Under physiological conditions, the in vitro re-
lease kinetics of quercitrin demonstrate an early burst followed by persistent re-
lease. These characteristics of quercitrin nanomedicine open up new possibilities
for the development of improved therapeutics for intestinal anti-inflammatory ef-
fects and nutraceutical substances using a fewer beneficial but extremely active an-
tioxidant molecule [111]. Some patents available for bioenhancers as veterinary
phytomedicines are enlisted in Table 12.4.

12.6 Future perspective of bioenhancers

The use of bioenhancers allows for a reduction in dosage while also reducing the
risk of drug resistance. Reduced dosage reduces medication toxicity, like taxol,
which is especially important for anticancer treatments. Additionally, there are eco-
logical benefits. Taxol is derived from the bark of the pacific yew tree, one of the
globally slowest growing tree, and is used to treat ovarian and breast cancer. Cur-
rently, six trees between 25 and 100 years old must be cut down to cure a single
patient. Fewer will be destroyed only due to bioenhancers.

Table 12.4: List of patents of bioenhancer as veterinary phytomedicines.

Name of
bioenhancer

Patent name Patent number References

Stevia Bioavailability/bioefficacy enhancing activity of
Stevia rebaudiana and extracts and fractions and
compounds thereof.

US/
A

[]

Piperine Use of piperine as a bioavailability enhancer. USA []

Cumin Bioavailability/bioefficacy enhancing activity of
Cuminum cyminum and extracts and fractions
thereof.

US . B []

Ginger Bioavailability enhancing activity of Zingiber
officinale Linn and its extracts/fractions thereof.

EPa []

Lysergol Antibiotic pharmaceutical composition with
lysergol as bioenhancer and method of treatment.

USA []
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List of abbreviations

% Percent
°C Degree Celsius
AKBA Acetyl--keto-β-boswellic acid
anti-TB Antitubercular
API Active pharmaceutical ingredient
AUC Area under the curve
BCRP Breast cancer resistance protein
CBF Cerebral blood flow
ClB Total body clearance
Cmax Maximum plasma concentration
CP Cyclophosphamide
CPT Current procedural terminology
CYPA Cytochrome P A
HPLC High-performance liquid chromatography
I.V. Intravenous
IL-b Interleukin  beta
IRI Ischemia reperfusion injury
Kg Kilogram
MDCK Madin Darby canine kidney cells
MDR Multidrug resistance 

mg milligram
MRP Multidrug resistance-associated protein 

MTX Methotrexate
MW Molecular weight
NAR Naringin
nm Nanometer
NOx Total nitrate/nitrite
OAT Organic anion transporters
Pg/dL Picogram/deciliter
P-gp P-glycoprotein
PIP Piperine
RRL Regional Research Laboratory
RSV Resveratrol
SD Sprague Dawley
t/ Half-life
TBARS Thiobarbituric acid-reactive substances
Tmax Time taken to reach the maximum concentration
UDP Uridine ʹ-diphosphate
w/w Weight by weight
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