
Drug Metab Drug Interact 2010;25(1-4):3–16 © 2010 by Walter de Gruyter • Berlin • New York. DOI 10.1515/DMDI.2010.006

       Review   

  P-Glycoprotein- and cytochrome P-450-mediated herbal drug 
interactions  

    Yamsani Shravan   Kumar,       Devandla     Adukondalu, 
      Dharani       Sathish,       Yamsani Vamshi   Vishnu,       Gannu     
  Ramesh      , Athukuri   Bharagavi   Latha      , Palem 
Chinna   Reddy,       Manda   Sarangapani       and Yamsani 
Madhusudan   Rao   *  

  Centre for Biopharmaceutics and Pharmacokinetics , 
 University College of Pharmaceutical Sciences, 
Kakatiya University, Warangal, AP ,  India     

  Abstract 

 P-Glycoprotein (P-gp), the most extensively studied ATP-
binding cassette transporter, functions as a biological barrier 
by extruding toxic substances and xenobiotics out of cells. 
Drug effl ux pumps such as P-gp play a functional role in de-
termining the pharmacokinetics of drugs administered by oral 
and parenteral routes. Determining the activity of drug effl ux 
transport proteins has important implications in the identifi ca-
tion of substrates and/or inhibitors. The signifi cant role of the 
small intestine in reducing the oral bioavailability of drugs is 
due to metabolic enzymes and effl ux transporters. The role of 
cytochrome P-450 3A (CYP3A) and P-gp in intestinal drug 
disposition has been highlighted. This review examines the 
structure, localisation and functional role of P-gp, the mecha-
nism of drug effl ux and drug-herb interactions.  

   Keywords:      cytochrome P-450 3A;   inhibitors; in vitro; in 
vivo;    P-glycoprotein .    

   Introduction 

 Oral administration has been the most common route for 
drug delivery for decades. The obvious advantages of oral 
dosage forms are high patient compliance and a simple, cost-
effi cient manufacturing process. Besides the development of 
formulations for newly developed drugs, optimisation of dos-
age forms for well-established drugs is another goal in the 
design of new oral drug products. Such optimisation can in-
clude an improvement in bioavailability, or a decrease in side 

effects or administration frequency. In general, the design of 
new dosage forms should be based on the pharmacokinetic 
and pharmacodynamic properties of a drug  (1) . Information 
should be provided on the absorption mechanism, which can 
be responsible for insuffi cient bioavailability. Passive diffu-
sion through biological membranes has been addressed as one 
important mechanism in drug absorption. Besides passive ab-
sorption, active transport processes mediated by transporters 
and pumps play an important role in the absorption of nutri-
ents from the intestine into the circulation. This may also be 
applicable for the absorption of drugs that show affi nity to 
intestinal transporters. 

 A considerable number of transporters may increase the 
absorption of drugs, in particular compounds for which pas-
sive diffusion is too low to be of relevance because of large 
molecular weight or a low partition coeffi cient. Moreover, a 
number of transporters facilitate transport in the opposite di-
rection by secreting drug molecules from the interior of en-
terocytes back into the intestinal lumen  (2) . This phenomenon 
is referred to as intestinal drug effl ux. The best-known effl ux 
pump in the human intestine is P-glycoprotein (P-gp). This 
transporter was originally studied because of its high expres-
sion in cancer cells, where it acts as a mediator for multi-drug 
resistance (MDR). Two clinically relevant aspects should be 
considered for drugs that are substrates of P-gp. On the one 
hand, intestinal secretion may result in decreased bioavailabil-
ity, and on the other hand, the transporters mediating intestinal 
drug effl ux are saturable, which can result in dose-dependent, 
non-linear absorption. Such phenomena should be addressed 
in the design of oral dosage forms for P-gp substrates. 

 The concept of poor drug absorption due to intestinal me-
tabolism was originally not considered clinically signifi cant. 
Later, Watkins and co-workers were the fi rst to report that a 
major cytochrome P-450 enzyme system, CYP3A, is relative-
ly abundant in the intestinal mucosa  (3, 4)  and the substrates 
for this enzyme may have poor oral bioavailability owing to 
extensive fi rst-pass metabolism in the intestine  (5) . The high 
levels of CYP3A in the intestine becomes of even greater im-
portance when it is recognised that more than 50 %  of human 
drugs may be substrates for this enzyme. 

 It has been demonstrated that P-gp-mediated substance 
transport is modifi ed not only by other P-gp substrates, but 
also by CYP3A-related compounds  (6) . Because there are 
some overlapping substrate specifi cities between CYP3A4 
and P-gp. Benet and Cummins proposed that the synergistic 
effects of CYP3A4-mediated metabolism and P-gp-mediated 
effl ux in gut epithelium may result in an unexpectedly high 
fi rst-pass effect in the gut after oral administration  (7) . It is 
believed that a better understanding of the physiology and 
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biochemistry of the interactive nature of intestinal CYP3A and 
P-gp will be important in defi ning, controlling and improving 
the oral bioavailability of CYP3A and P-gp substrates.  

  The phenomenon of intestinal drug effl ux 

 The cascade of events determining the systemic availability 
of drugs following oral administration has been extensively 
studied. Although many aspects are well-known, for some 
drugs the process leading to drug absorption and bioavail-
ability requires further examination since it is relatively com-
plex. Some of the mechanisms may involve poor compound 
solubility in gastrointestinal fl uid, poor permeability across 
the gastrointestinal epithelium, and insuffi cient stability in 
some gastrointestinal segments owing to enzymatic and non-
enzymatic degradation, complexation, and, in some cases, 
pronounced hepatic fi rst-pass extraction  (9) . 

 The possible mechanisms involved in drug permeation 
across the intestinal epithelium are well-defi ned in many 
cases. These include paracellular and transcellular pathways 
of membrane permeation, although the contribution of the 
paracellular pathway to the total transmembrane (TM) drug 
fl ux is regarded as being of limited relevance in most cases. 
The transcellular pathway involves partitioning of drugs into 
the lipophilic epithelium and diffusion across the membrane, 
and it is well-recognised that forces generated by transport 
systems intrinsic to the membrane can drive the epithelial 
transport of several drugs  (10) . In these cases, a substance 
seems to permeate a biological membrane at a different rate 
than anticipated from its molecular size and hydrophobicity 
alone. Such stoichiometric transport systems are carriers and 
pumps. Carriers may be involved in three types of transport 
process: facilitated diffusion, co-transport (symport) and 
counter-transport (anti-port). Co-transporters and counter-
transporters can perform secondary active transport using 
energy from the downhill transport of one substrate to drive 
the uphill transport of another. Pumps are distinguished from 
carriers by linkage of transport to an external energy source, 
provided by hydrolysis of a phosphate bond and leading to the 
generation of ADP from ATP. Pumps perform primary active 
transport. 

 Carriers and pumps in the intestinal epithelium may trans-
port substrates from the intestinal lumen to the blood com-
partment (absorptive transport). Other transporters have been 
discovered that operate in the reverse direction, i.e., from 
the blood side to the luminal side (secretory transport). Both 
pathways are illustrated in Figure  1  . 

 Carrier-mediated transport processes are saturable and 
inhibitable, and may be regulated by a variety of external 
and internal factors. Saturability of carrier-mediated trans-
port may lead to dose-dependent pharmacokinetics of drugs 
that are substrates of carriers. This is frequently observed 
as a deviation from the linear relationship between drug 
dose and systemic exposure. Both induction and inhibition 
of carriers involved in drug transport may lead to dimin-
ished or enhanced absorption of drugs with affi nity for these 
carriers.  

 Figure 1    Absorption and secretion of a P-glycoprotein substrate 
in human enterocytes.    

  The intestinal effl ux pump P-glycoprotein 

 The best characterised example of an effl ux pump located 
in the intestine is P-gp. In the mid 1970s, Juliano and Ling 
 (67)  reported that overexpression of a membrane protein in 
colchicine-resistant Chinese hamster ovary cells conferred 
resistance to a wide range of amphiphilic drugs  (11) . P-gp is 
a glycosylated membrane protein consisting of 1280 amino 
acids with 12 hydrophobic, helical TM segments, two intra-
cellular ATP-binding sites and a molecular weight of 170   Da 
 (7, 13) . Its structure is depicted in Figure  2  . 

  A low-resolution structure for P-glycoprotein 

 The 25  Å  resolution structure for P-gp was obtained by elec-
tron microscopy and single-particle image analysis of both 
detergent-solubilised and lipid-reconstituted P-gp  (12) . The 
structure was further refi ned by three-dimensional reconstruc-
tion of single-particle images and Fourier projection maps of 
small two-dimensional crystalline arrays. A diagrammatic 
representation of the structure is shown in Figure  3  .  

  Location and function of P-glycoprotein 

 P-gp is physiologically expressed in the apical membrane of 
mucosal cells of the small and large intestine, as well as at the 
luminal membrane of proximal tubular cells in the kidney, 
the biliary canalicular membrane of hepatocytes, at the blood-
brain barrier (BBB), in capillary endothelial cells of testis, the 
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 Figure 2    Topological map and domain organisation of P-
glycoprotein as predicted from its primary sequence.    
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adrenal gland, and the endometrium of the pregnant uterus. 
P-gp plays a role in the excretion of toxic substances in the 
kidneys and in the liver. At the BBB, it prevents entrance of 
drugs to the central nervous system (CNS). In the intestine, 
P-gp-mediated effl ux can reduce the bioavailability of drugs 
that are administered orally. 

 In addition, P-gp has been discussed in relation to interac-
tions between different P-gp substrates due to displacement 
from the carrier. Besides drug-drug interactions with food 
components, such as ingredients of grapefruit juice  (14)  and 
apricot extract  (18) , have been discussed. A recent review of 
interactions mediated by inhibition and induction of P-gp has 
been published. Before the current focus on biopharmaceuti-
cal research into P-gp-related drug effl ux was largely related 
to its involvement in the development of MDR in cancer che-
motherapy. P-gp, like the MDR-associated proteins (MRPs), 
belongs to the family of ATP-binding cassette (ABC) trans-
porters, members of which are also involved in  Plasmodium 
falciparum  resistance to chloroquine and the development of 
resistance to antibiotics in both prokaryotic and eukaryotic 
cells. The biochemistry, pharmacology and structure-activity 
relationships of P-gp and its substrates have been described in 
the literature  (45, 46) .  

  Mechanism of drug effl ux 

 Drug transport across the cell membrane occur by pas-
sive diffusion, fi ltration or by specialised transport  (8) . The 
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 Figure 3    Three-dimensional structure of P-glycoprotein deter-
mined to a resolution of 25  Å  by electron microscopy.    

ATP ATP
ADP ADP

A B C

ATP
ADP

R

R

R

R

 Figure 4    Models proposed to explain the mechanism of drug effl ux by P-glycoprotein.
(A) Pore model; (B) fl ippase model; and (C) hydrophobic vacuum cleaner model.    

mechanism of drug transportation via P-gp involves the fol-
lowing steps:   

 Step 1: Drug or substrate recognition by P-gp;  
 Step 2: ATP binding and subsequent hydrolysis; and   
 Step 3: Effl ux of substrate through the central pore.  

     Various models have been proposed to explain the mecha-
nism of xenobiotic extrusion by P-gp; however, the exact site 
of substrate interaction with the protein is not well-resolved. 
The three prevalent models, the  pore  model, the  fl ippase  
model and the  hydrophobic   vacuum   cleaner  (HVC) model, 
explain the effl ux mechanism to a certain extent (Figure  4  ) 
 (15) .   

   In the  pore model , drugs associate with P-gp in the cytoso-1. 
lic compartment and are transported out of the cell through 
a protein channel.
      In the  fl ippase model , drugs embed in the leafl et of the 2. 
plasma membrane, bind to P-gp within the membrane 
plane and are translocated to the outer leafl et of the bilayer, 
from which they passively diffuse into the extracellular 
fl uid.  
    The  HVC model  has gained wide acceptance. In this model, 3. 
P-gp recognises substrates embedded in the inner leafl et of 
the plasma membrane and transports them through a pro-
tein channel.   

     Rosenberg et al. reported that the three-dimensional con-
formation of P-gp changes on nucleotide binding to the in-
tracellular nucleotide-binding domain  (12) . In the absence of 
nucleotides, the two TM domains form a single barrel with a 
central pore that is open to the extracellular surface and spans 
much of the membrane depth. On nucleotide binding, the TM 
domains reorganise into three compact domains that open the 
central pore along its length in a manner that could allow ac-
cess of hydrophobic drugs directly from the lipid bilayer to 
the central pore of the transporter  (15) .  

  Substrates of P-glycoprotein 

 The most striking property of ABCB1 P-gp includes its 
broad substrate specifi city, so that it transports a large num-
ber of structurally diverse drugs used in a range of clinical 
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applications  (8) . Early studies suggested that the minimum 
requirements were hydrophobicity, a basic nitrogen atom 
and two planar aromatic domains, but no highly conserved 
elements of recognition have been found. Pharmacophore 
models of P-gp substrate affi nity have been proposed. These 
generally contain ring aromatic or hydrophobic functional-
ities, as well as hydrogen bond acceptor functional groups, 
that determine whether compounds act as substrates, modula-
tors, or both. Therefore, the only common structural feature 
in all transported P-gp substrates is that they are amphipathic. 
Compounds range in size from 300 to 2000   Da, and can be 
basic, uncharged or acidic  (11, 16, 17) . The TM sequence of 
P-gp shows a high degree of side chains that are hydrogen 
bond donors, and these are thought to interact with hydrogen 
bond acceptors in substrate compounds. Gombar et al. devel-
oped a P-gp quantitative structure-activity relationship model 
that provides an  in silico  screen to aid in compound selection 
and prioritisation of  in vitro  effl ux assays  (21) . 

 Clarke and colleagues used a variety of cysteine mutants 
of P-gp to demonstrate that, according to their reactivity with 
different thiol-reactive substrate analogues, the drug-binding 
site comprises multiple TM segments  (19) . This led to the 
hypothesis that P-gp binds substrates through an  induced 
fi t  mechanism, in which the size and shape of the substrate 
change the packing of TM segments. The ability of a sub-
strate to change the crosslinking pattern is consistent with the 
ability of TM segment to change their shape to accommodate 
structurally different compounds; each substrate can cause 
specifi c shifts in the different TM segments responsible for its 
binding (substrate-induced fi t), allowing common residues to 
be involved in the binding of diverse substrates  (19) .  

  Intestinal P-glycoprotein 

 Intestinal drug effl ux mediated by P-gp is widely accepted as 
a reason for low and variable oral absorption of drugs  (20) . 

The distribution of P-gp is not uniform among cells along 
the intestinal epithelial villi. Immunohistological studies of 
human jejunum and colon using antibody MRK 16 revealed 
that high levels of P-gp were only observed in the apical sur-
face of columnar epithelial cells, but not in crypt cells  (22) . 
The distribution of P-gp is also not uniform along the length 
of the intestine. Fojo et al. measured MDR1 mRNA expres-
sion over the total length of the human gastrointestinal tract. 
The levels of mRNA seemed to increase progressively from 
the stomach to the colon, with low levels in the stomach (5 
arbitrary units, a.u.), intermediate levels in the jejunum (20 
a.u.) and high levels in the colon (30 a.u.). Consistent with 
these observations, Mdr1a mRNA levels in rat intestine also 
increase progressively from the stomach to the colon (stom-
ach one, duodenum 20, jejunum 36 and ileum 100 a.u.)  (20, 
22, 23) . 

 The uneven distribution of intestinal P-gp and interin-
dividual variability in P-gp expression are major factors 
contributing to variations in drug absorption. Although 
inter individual variability in drug-metabolising enzymes is 
well-documented, only a few papers deal with the issue of 
interindividual P-gp variability. Lown et al. observed more 
than eight-fold differences in P-gp expression in a small pop-
ulation of 25 patients  (24) .  

  P-Glycoprotein inhibitors 

 Screening studies for P-gp-drug interactions identifi ed a num-
ber of clinically important drugs as P-gp substrates (Table  1 ). 
A few of them were identifi ed as inhibitors of P-gp, which 
opened an opportunity for MDR reversal. Improved clinical 
effi cacy of various drugs observed after P-gp inhibition, espe-
cially drugs subject to MDR, led to the design and develop-
ment of modulators. P-gp inhibitors are attracting attention in 
attempts to improve drug bioavailability by inhibiting P-gp in 
intestine, brain, liver and kidneys. 

 Table 1      Agents that interact with P-glycoprotein.  

Category Agents

Anti-arrhythmics Amiodarone, lidocaine, propranolol, quinidine
Antibiotics and antifungals Cefoperazone, ceftriaxone, erythromycin, itraconazole
Anticoagulants Dipiridamole
Antimalarials and antiparasitics Chloroquine, emetine, hydroxyl chloroquine, quinacrine, quinine
Calcium channel blockers Bepridil, diltiazam, felodipine, nifedipine, nisoldipine, nitrendipine, tiapamil, verapamil
Cancer chemotherapeutics Actinomycin D, colchicine, daunorubicin, etoposide, mitomycin C, mitramycin, podophyllotoxin, 

puromycin, taxol, topotecan, trimetrixate, vinblastin
Immunosuppressants Cyclosporine A, cyclosporine H, SDZ PSC 833
DNA intercalators Ethidium bromide
Fluorescent dyes BCECF-AM, Fluo-3, Fura-2, rhodamine 123
Hormones Aldosterone, clomiphene, cortisol, deoxycorticosterone, dexamethasone, prednisone, progesterone, 

tamoxifen
Indole alkaloids Reserpine, yohimbine
Local anaesthetics Bupivacaine
Surfactants and solvents Cremophor-EL, Triton X-100, Tween 80
Peptides N-Acetyl-leucyl-leucinal (ALLN), gramicidin D, valinomycin, leupeptin, nonactin, pepstatin A, 

beauvericin
Miscellaneous Grapefruit juice, liposomes, quercetin, terfenadine, tumour necrosis factor, vitamin A, LY335979
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 Based on their specifi city and affi nity, P-gp inhibitors are 
classifi ed as follows:  

  • First-generation inhibitors:  These agents are drugs in 
clinical use for other indications that inhibit P-gp effl ux in 
in vitro experiments. Owing to their relatively low binding 
affi nity for P-gp and the need to increase doses to toxic 
levels, few of these agents have been further studied for 
clinical modulation of P-gp. However, early trials with 
these drugs provided valuable information regarding the 
consequences of P-gp inhibition. The inhibitors include 
calcium channel blockers (e.g., verapamil), immunosup-
pressants (e.g., cyclosporine) and antihypertensives (e.g., 
reserpine, quinidine and yohimbine). 
    • Second-generation inhibitors:  These are agents that lack 
the pharmacological activity of fi rst-generation compounds 
and usually posses higher P-gp affi nity. They include dex-
niguldipine (B8509-035), dexverapamil (R-verapamil) and 
S 9788. 
    • Third-generation inhibitors:  Like the second-generation 
modulators, these compounds were identifi ed from efforts 
to produce agents whose primary activity involves inhibi-
tion of P-gp-mediated effl ux with lower toxic effects. Many 
of these compounds have low nanomolar potency as P-gp 
inhibitors in vitro. They include GF120918 (GW918), val-
spodar (PSC833), and CGP41251.    

 In general P-gp can be inhibited by: i) blocking of the drug-
binding site competitively, non-competitive or allosterically; 
ii) interfering with ATP hydrolysis  (13) ; or iii) altering the 
integrity of cell-membrane lipids. 

 Although most drugs inhibit P-gp function by blocking 
drug-binding sites, the presence of multiple binding sites 
complicates the development of a true structure-activity re-
lationship for substrates or inhibitors. However, if protein 
transport and/or inhibition is mediated only through binding 
sites, the mode of handling of substrates or inhibitors by P-gp 
should be the same. Thus, the issue to be addressed is how 
substrates and inhibitors are discriminated at the molecular 
level. In this regard, a plausible explanation is that the modu-
lator or inhibitor fl ipped by P-gp can fl op back into the inner 
leafl et of the membrane for further transport, which is very 
rapid and creates a large difference between the rates of ef-
fl ux of substrates and inhibitors. Thus, the P-gp modulator is 
cycled repeatedly, preventing substrate effl ux, which depends 
on the hydrophobicity of the compound  (15) . 

 Commonly used pharmaceutical surfactants are emerging 
as different P-gp inhibitors that act by altering the integrity of 
membrane lipids. Changes in secondary and tertiary structure 
were identifi ed as the reason for loss of P-gp function due to 
surfactants disruption of the hydrophobic environment in a 
series of studies by Hugger and co-workers  (25, 26) .  

  Evidence of intestinal P-glycoprotein involvement in 

drug absorption 

 Evidence of the involvement of intestinal P-gp in drug ab-
sorption was fi rst demonstrated in vitro using Caco-2 cells, in 
which P-gp is highly expressed. Transport of cyclosporine in 

the basolateral-apical (B-A) direction was much greater than 
A-B transport, which is indicative of active effl ux. When the 
cells were treated with a P-gp inhibitor, progesterone, and 
chlorpromazine, A-B cyclosporine transport increased and 
B-A transport decreased  (27) . 

 Direct evidence of the role of intestinal P-gp in drug absorp-
tion was obtained in in vivo studies with  mdr1a   -/-   knockout 
mice. Oral absorption of paclitaxel was studied in  mdr1a   -/-   
and  mdr1a    + / +    mice  (29) . According to the plasma AUC after 
intravenous and oral administration, the bioavailability of pa-
clitaxel was 11 %  and 35 %  for  mdr1a    + / +    and  mdr1a   -/-   mice, 
respectively. It is thus clear that P-gp limits the oral bioavail-
ability of drugs by effl uxing them back into the lumen. 

 Indirect evidence of P-gp involvement in drug absorption 
in humans has come from correlations between drug absorp-
tion profi les and intestinal P-gp levels. In one clinical study 
of 25 kidney transplant recipients, a strong negative correla-
tion between intestinal P-gp and cyclosporine absorption was 
observed  (24) .  

  Saturable effl ux transport of intestinal P-glycoprotein 

 There is a widespread misconception that the extent of oral 
absorption of a drug is always markedly limited by intestinal 
P-gp when the drug is a P-gp substrate. This has led to the 
notion that if a compound is a P-gp substrate, it must ex-
hibit poor bioavailability. Unfortunately, this generalisation 
is not always true. Like drug-metabolising enzymes, P-gp 
has functional activity that is saturable. Many drugs are good 
P-gp substrates and yet have reasonably good oral bioavail-
ability. Digoxin is a good example: although it is a good sub-
strate, it has reasonable bioavailability, which ranges from 
50 %  to 85 % . 

 For P-gp substrates, the net amount of drugs absorbed into 
the mesenteric blood circulation is the difference between the 
amount absorbed via infl ux processes (passive diffusion and/
or active uptake) and the sum of the amounts extruded via 
effl ux transport and metabolised by enzymes. It is possible 
that the infl ux process of a drug is signifi cantly greater than 
the P-gp effl ux process (plus metabolism), even if it is a P-gp 
substrate. Therefore, the impact of P-gp effl ux on drug ab-
sorption is generally less important than the impact on drug 
distribution, such as brain penetration.  

  P-Glycoprotein-mediated drug-drug interactions 

 Aside from metabolic interactions, it is increasingly recogn-
ised that drugs that are not subject to metabolism may have 
substantial potential for drug interactions. Drug-drug inter-
actions mediated by inhibition and induction of P-gp in ani-
mals and humans have been reported. The pharmacokinetic 
consequences of P-gp induction and inhibition are similar to 
those observed for induction and inhibition of CYP enzymes. 
In other words, P-gp inhibition results in an increase in the 
systemic exposure and tissue distribution of drugs that are 
P-gp substrates, while the opposite is true for P-gp induction. 
Because of substrate overlap between CYP3A4 and P-gp, 
many inhibitors can affect both CYP3A4 and P-gp, and many 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:06 AM



8  Kumar et al.: P-Glycoprotein- and cytochrome P-450-mediated herbal drug interaction

drug interactions may involve both the enzyme and transport-
er systems. 

 The most compelling clinical evidence of P-gp-mediated 
drug interaction in humans is the interaction of digoxin with 
other cardiac drugs, such as verapamil and quinidine  (28, 29) . 
Salphati and Benet reported that ketoconazole increased the 
plasma concentration, rate of absorption and bioavailability 
of digoxin  (30) . The effects of ketoconazole on AUC could be 
explained by inhibition of both CYP3A and P-gp, but the de-
crease in mean absorption time can only be explained by in-
hibition of P-gp in the intestine  (30) . There are several reports 
of P-gp-mediated drug-drug interactions, such as interactions 
between talinolol and verapamil  (31) , ketoconazole, ritonovir 
and saquinavir  (32) , and digoxin and rifampicin  (33) . 

 The interaction between P-gp substrates does not always 
follow simple kinetics. The pattern of P-gp interaction can be 
classifi ed into at least three major categories: competitive in-
hibition, non-competitive inhibition and cooperative stimula-
tion. The situation can be even more complicated if allosteric 
effects are involved in the interaction between the substrate 
and the inhibitor. The complexity of the molecular mecha-
nism for P-gp inhibition limits our ability to predict, either 
quantitatively or qualitatively, the potential of P-gp-mediated 
drug-drug interactions.   

  CYP3A and oral bioavailability 

 CYPs localised in the smooth endoplasmic reticulum of nu-
merous tissues are haem-containing membrane proteins that 
belong to a superfamily of mixed function oxidases. This 
diversity of enzymes has necessitated a systematic nomen-
clature  (34) . The root name given to all cytochrome P-450 
enzymes is CYP ( CYP  for the gene). Enzymes with  > 40 %  
amino acid sequence homology are placed in the same family, 
designated by an Arabic numeral. When two or more subfam-
ilies are known to exist within the family, then enzymes with 
 > 60 %  homology are placed in the same subfamily, designated 
with a letter. Finally, an Arabic number representing the in-
dividual enzyme is assigned on an incremental basis. As of 
February 1999, there were approximately 650 P450 enzymes, 
organised into 96 families, identifi ed in species from alfalfa 
to zebra fi nch; even the humble nematode  Caenorhabditis el-
egans  has over 60 CYP enzymes  (35) . Only the 35 CYP en-
zymes described in man (almost certainly an underestimate) 
are likely to be of any clinical relevance, although only the 
CYPs in families 1, 2 and 3 seem to be responsible for the 
metabolism of drugs and therefore are potential sites for drug 
interactions. 

 A survey of the elimination pathways of over 400 drugs 
marketed in Europe and the US revealed that CYP-mediated 
metabolism accounts for 55 %  of the total elimination of these 
drugs  (36) . 

  Intestinal CYP3A 

 Among adults, CYP3A levels in the small intestine are gen-
erally 10% – 50 %  of those found in the liver. CYP3A protein 

levels and catalytic activity decrease longitudinally along 
the small intestine, with protein levels and midazolam 1 ′ -
hydroxylation increasing slightly from the duodenum to jeju-
num and then decreasing in the ileum and colon. Hepatic and 
intestinal CYP3A4 forms seem to be the same enzyme, with 
identical cDNAs. Despite this, CYP3A forms in the liver and 
small intestine are not coordinately regulated  (37, 38) . 

 CYP3A enzymes can be induced by a number of struc-
turally unrelated compounds, including steroids (synthetic 
glucocorticoids and antiglucocorticoids), phenobarbital-type 
inducers, macrolide antibiotics and antifungal compounds. 
The molecular basis of CYP3A induction is not yet fully 
understood. An orphan nuclear receptor designated as the 
pregnane X receptor (PXR) has been identifi ed as a mediator 
of hepatic CYP3A enzyme induction by pregnenolone 16α  -
carbonitrile and rifampicin. 

 Interindividual differences in the oral bioavailability and 
systemic clearance of CYP3A substrates can be attributed, in 
large part, to variable CYP3A expression in the mucosal epi-
thelium of the small intestine and in the liver. This variation is 
manifest by differences of  > 10-fold in the in vivo metabolism 
of drugs that are substrates for CYP3A  (17) .  

  Substrates of CYP3A4 

 CYP 3A4 has very broad substrate specifi city. CYP3A cataly-
ses the metabolism of an increasing number of structurally 
diverse and clinically important drugs covering a wide thera-
peutic range, including anti-arrhythmics, antifungals, cal-
cium channel antagonists, cancer chemotherapeutic agents, 
hormones, immunosuppressants and HIV protease inhibitors. 
The most common characteristic of CYP3A4 substrates is hy-
drophobicity, which was confi rmed by a model of the active 
site of CYP3A4 built on the basis of sequence homology with 
CYP cam, a soluble CYP from  Pseudomonas putida . Another 
unique characteristic of CYP3A is its ability to be activated 
by certain compounds such as 7,8-benzofl avone, which is it-
self a CYP3A4 substrate and can activate CYP3A4-catalyzed 
phenanthrene metabolism. A number of drugs from a broad 
range of therapeutic categories are CYP3A4 substrates (Table 
 2 ). For orally administered drugs, factors determining the 
bioavailability of these substrates can facilitate prediction of 
changes in pharmacokinetics that could occur on administra-
tion of a CYP3A inhibitor.  

  Inhibitors of CYP3A4 

 Numerous substances in various categories have been iden-
tifi ed as inhibitors of CYP3A activity. The most clinically 
relevant of these are listed in Table  3 . Specifi c inhibitors of 
CYP3A4 that deserve attention because of their potency and 
their association with clinically relevant interactions include 
azole antifungals, macrolide antibiotics, nefazodone, HIV 
protease inhibitors and grapefruit juice. Azole antifungal 
agents and fi rst-generation HIV protease inhibitors seem to 
act via competitive inhibition by rapid, reversible binding of 
the inhibitor or its metabolite to CYP3A4. Macrolide antibiot-
ics exhibit slowly reversible, non-competitive inhibition. The 
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furanocoumarins in grapefruit juice, dihydroxybergamottin 
and bergamottin, causes irreversible mechanism-based (sui-
cide) inhibition. This presumably involves formation of a re-
active metabolite (CYP3A4-mediated) that covalently binds 
to the enzyme, leading to its inactivation. Most potent orally 
administered inhibitors act at the level of the small bowel 
and liver. However, grapefruit juice is an example of an in-
hibitor that seems to be clinically active against only enteric 
CYP3A4, and may be useful as a probe of enteric CYP3A4 
activity. There are numerous examples of drug interactions 
mediated through CYP3A4 (Table  4 ). 

  Erythromycin     Although the rate of elimination of 
this CYP3A substrate can be determined from plasma 
pharmacokinetics, the erythromycin breath test (ERMBT) 
is less invasive and involves intravenous administration of a 
trace amount of  14 C-N-methyl erythromycin. At specifi ed time 
points, the subject breathes through a one-way valve into a 
CO 2 -trapping solution, and  14 C-CO 2  is subsequently measured 
by liquid scintillation counting. This test shows fairly 
good correlation with trough cyclosporine concentrations 
and clearly demonstrates the inductive effect of rifampin. 
However, there was poor correlation between ERMBT and 
clearance of the CYP3A4 substrate alfentanil. The test is still 
somewhat invasive (intravenous administration) and does not 
assess pre-systemic effects; a further limitation is the need to 
administer a radioactive compound.  

  Midazolam     Midazolam doses in humans are eliminated 
renally (98 % ), with 1-hydroxy midazolam (the product 

 Table 2      Pre-systemic metabolism of CYP3A and/or P-gp substrates and inhibitors.  

Drugs Pre-systemic
metabolism

Oral
bioavailability

Alfetanil, fentanyl, astemizole, buspirone, ergotamine, lovastatin, nisoldipine, saquinavir, 
daunorubicin, simvastatin, clotrimazole, miconazole, terfenadine, doxorubicin, paclitaxel, tamoxifen, 
vinblastine, vincristine, loratadine, rapamycin, fl utamide, testosterone

Very high  < 10

Erythromycin, oestradiol, atorvastatin, felodipine, indinavir, isradipine, nicardipine, nitrendipine, 
nimodipine, propafenone, lidocaine, pravastatin, dronabinol, nefazodone, sertraline, pimozide, 
tacrolimus, ethosuccimide, rifabutin

High 10–30

Azithromycin, amiodarone, amprenavir, carbamazepine, carvedilol, cisapride, cyclosporin, diltiazem, 
ethinyloestradiol, etoposide, losartan, midazolam, nifedipine, nelfi navir, ondansetron, pimozide, 
sildenafi l, triazolam, fl uconazole, zolpidem, fi nasteride, itraconazole, rifampicin, clarithromycin, 
zidovudine, cyclophosphamide, quinine, fl uvastatin, verapamil

Intermediate 30 – 70

Alprazolam, amlodipine, dapsone, dexamethasone, donepezil, quinidine, ritonavir, disopyramide, 
diazepam, methyl prednisone, prednisone, clindamycin, ifosfamide, digoxin, temazepam

Low  > 70

 Table 3      Clinically relevant inhibitors of CYP3A4.  

Inhibitors Mechanism

Amprenavir, clarithromycin, cyclosporine, 
diltiazem, erythromycin, itraconazole, indinavir, 
ketoconazole, mebefradil, nefazodone, nelfi navir 
and ritonavir

Reversible 
inhibition

Bergamottin and dihydroxybergamottin Suicide-based 
inhibition

of CYP3A metabolism) accounting for half of the renal 
elimination. Midazolam clearance provides a good estimate 
of CYP3A activity and correlates with CYP3A concentra-
tions in liver biopsies, cyclosporine clearance, and ERMBT 
results. Midazolam clearance is increased in patients taking 
phenytoin and decreased in patients taking erythromycin 
or itraconazole, and thus has wide utility for drug-drug 
interaction studies.  

  Nifedipine     Nifedipine was one of the fi rst CYP3A4 
substrates to be identifi ed and it has been the subject of a huge 
number of drug-drug interaction studies both  in vitro  and 
 in vivo . Pharmacokinetic studies of nifedipine have clearly 
identifi ed inhibitors, such as itraconazole and grapefruit juice, 
and inducers, such as barbiturates and rifampin.    

  Regulation of ABC transporters and CYP via 

nuclear receptor pathways 

 Many drugs in clinical use directly or indirectly regulate 
ABC transporters and CYP enzymes through nuclear receptor 
pathways. Importantly, the orphan nuclear PXR co-regulates 
genes for CYP and ABC transporters (e.g., ABCB1) in the 
intestine. Furthermore, the constitutive androstane receptor 
(CAR), the glucocorticoid receptor and the vitamin D recep-
tor are important transcriptional regulators and co-regulators 
of ABC transporter and CYP gene expression. Interestingly, 
the orphan nuclear receptor hepatocyte nuclear factor 4 α  
seems to be directly involved in PXR- and CAR-mediated 
transcription of CYP3A4, and may also participate in cell-
type-dependent upregulation of CYP3A4  (12) .  

  CYP3A and P-gp: a synergistic role in oral 

bioavailability 

 It is believed that intestinal CYP3A and P-gp act in a con-
certed manner to control the absorption of their substrates  (7, 
17, 39) . This suggestion is based on a considerable overlap in 
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the substrate specifi city of the two proteins and the proximity 
of their expression in the intestine. Furthermore, it was dem-
onstrated that modulators and substrates of P-gp and CYP3A 
upregulate these proteins in human colon carcinoma cells in a 
co-regulatory manner  (40) . When a drug is absorbed by pas-
sive process into enterocytes, where it may be metabolised 
by the enzyme, it is subject to active back transport into the 
intestine allowing further access to the enzyme on subsequent 
absorption (Figure  5  ). 

 A drug D that enters the epithelium may be effl uxed via 
P-gp and/or metabolised by CYP3A to D*, with the residual 
native drug D absorbed across the epithelium. Recirculation 
of the drug out of the cell via P-gp and subsequent reabsorp-
tion allow greater access to a limited amount of CYP3A, and 

 Table 4      Drug interaction involving CYP3A4 isoenzymes.  

Drugs affected (substrates)

Inhibitors
Azole antifungals Midazolam, tacrolimus, terfenadine, riazolam
   Itraconazole Cisapride, quinidine, astemizole, buspirone, methyl prednisone, felodipine, vincristine
   Ketoconazole Terfenadine, astemizole, cyclosporine, triazolam
   Fluconazole Terfenadine, triazolam, alprazolam
Macrolide antibiotics Tacrolimus, astemizole
   Erythromycin Carbamazepine, triazolam, buspirone, terfenadine, simvastatin
   Clarithromycin Pimozide, cyclosporin, midazolam
Serotonin re-uptake inhibitors Midazolam, cisapride
   Fluoxetine Diazepam, alprazolam, midazolam, terfenadine
   Paroxetine Alprazolam
Calcium channel blockers Tacrolimus
   Verapamil Simvastatin, carbamazepine, cyclosporine
   Diltiazem Triazolam, carbamazepine, cyclosporine, quinidine, simvastatin, midazolam, alfentanil
   Nifedipine Midazolam
Protease inhibitors Terfenadine, astemizole, cisapride, midazolam
   Grapefruit juice Felodipine, nifedipine, nimodipine, simvastatin, nitrendipine, terfenadine, cyclosporine, midazolam, 

carbamazepine, verapamil, prednisone, artemether
   Ciprofl oxacin Tacrolimus
   Cimetidine Carbamazepine, quinidine, cyclosporine, benzodiazepine
   Propofol Midazolam
   Nafi midone, omeprazole Carbamazepine

Inducers
   Rifampicin Protease inhibitors, diazepam, triazolam, midazolam, oestradiol, norgesterol, lidocaine, zopiclone, 

zolpidem, ondansetron
   Rifabutin Protease inhibitors, oestradiol, norgesterol
   Carbamazepine Protease inhibitors, midazolam, itraconazole, vincristine
   Phenytoin, phenobarbitone Midazolam, vincristine, carbamazepine

 Figure 5    Model of drug absorption in the presence of both 
P-glycoprotein and cytochrome P-450 3A.    

hence a greater proportion will be metabolised and reduced 
absorption of the drug will ensue.  

  MDR- and CYP3A4-mediated drug-herb 

interactions 

 Many drug substances, along with a variety of naturally oc-
curring dietary and herbal components, are capable of inter-
acting with the CYP enzyme system and the P-gp effl ux pump 
in several ways: 

    A herbal component can be a substrate of one or sever-1. 
al CYP isoforms and/or effl ux systems (P-gp, MRP and 
BCRP). Therefore, one substrate can compete for another 
substrate for metabolism by the same CYP isozyme and/
or effl ux system, resulting in higher plasma concentrations 
due to competitive inhibition.    
  A herbal constituent can also be an inducer of one or sev-2. 
eral CYP isoforms and/or effl ux systems, thereby lowering 
plasma concentrations due to either higher metabolism 
and/or higher effl ux. Such interactions may lead to sub-
therapeutic plasma drug concentrations.    
  A compound can also be an inhibitor of CYP enzymes, 3. 
resulting in reduced activity of one or several CYP iso-
forms. If a compound is an inhibitor of the effl ux system, 
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it will reduce drug effl ux and result in improved absorp-
tion. However, induction is a slow process that depends on 
the rate of protein synthesis. Expression of specifi c mRNA 
may be possible within a few hours, but functional expres-
sion and maturation of such proteins may require a longer 
duration. By contrast, inhibition is more rapid and can pro-
duce results within a very short period of time, particularly 
if the inhibition is competitive in nature.    

  Role of CYP450 in drug-herb interactions 

 The most versatile enzyme system involved in the metabo-
lism of xenobiotics is CYP. The CYP3A family of enzymes 
comprises the most predominant phase I drug-metabolis-
ing enzymes and accounts for approximately 30 %  of he-
patic CYP and more than 70 %  of intestinal CYP activity. 
Moreover, CYP3A is estimated to metabolise between 50 %  
and 70 %  of currently administered drugs  (3) . CYP3A4 is 
the most abundant form in the CYP family  (4)  and is pres-
ent primarily in hepatocytes and enterocytes  (41, 42) . It is 
now well-established that naturally occurring dietary sup-
plements can modulate hepatic and enterocytic CYP activ-
ity. Perhaps the best-documented clinically relevant drug 
interaction is observed with grapefruit juice. Simultaneous 
consumption of grapefruit juice and a number of therapeu-
tic agents that are subject to fi rst-pass intestinal or hepatic 
metabolism results in higher plasma levels with subsequent 
adverse effects  (43, 44) . Grapefruit juice acts through inhi-
bition of intestinal CYP3A4, which regulates pre-systemic 
metabolism  (45) . Although hepatic biotransformation can 
make a major contribution to systemic drug elimination, 
a combination of hepatic and intestinal drug metabolism 
may cause signifi cant pre-systemic or fi rst-pass drug loss. 
Preliminary studies that investigated St. John ’ s wort (SJW) 
interactions indicate that it may modulate CYP, particularly 
the 3A4 isoform. Several in vitro studies revealed that crude 
SYW extract inhibits CYP3A4 in a competitive manner 
 (46, 47) . These studies also identifi ed hyperforin, hypericin, 
quercetin and 13,118-biapigenin as components primarily 
responsible for such inhibitory interactions. HIV protease 
inhibitors, macrolide antibiotics and azole antifungals, 
along with many herbal agents, are substrates of CYP3A4, 
so they can affect oral bioavailability of therapeutic agents 
used in the treatment of immunosuppression, cancer, AIDS 
and other opportunistic infections. Depending on the inter-
action mechanisms, these substances could lower blood lev-
els of anti-HIV drugs and could thus put patients at risk of 
developing resistance. Although many clinical studies have 
reported that SJW has an inductive effect on CYP3A4, one 
study suggested that SJW had no statistically signifi cant ef-
fect on CYP3A4 induction  (48) . This is consistent with an-
other study describing CYP3A4 metabolic interaction  (49) . 
This study reported that 4-day treatment of mice with SJW 
extract or its constituents, hypericin and hyperforin, did not 
result in any CYP3A4 induction. By contrast, an inhibitory 
effect of the major constituents of SJW was observed for 
CYP-transfected cells  (46) . In line with this observation, 

quercetin, one of the major constituents of SJW, had an in-
hibitory effect on CYP3A4  (50) . The discrepancy among 
results remains unresolved. 

 Herbal products can competitively inhibit CYP, so con-
comitant intake of these agents may increase blood levels 
of therapeutic agents, thus exposing patients to a greater 
risk of serious side effects. A recent study in our labora-
tory revealed that pure herbal constituents (quercetin, hy-
pericin and kaempferol) inhibit CYP3A4-mediated cortisol 
metabolism  (47) . However, silibinin did not inhibit cortisol 
metabolism. 

 Pomegranate juice also inhibits intestinal CYP3A4 in vivo 
and has similar inhibitory potency to that of grapefruit juice 
 (51, 52) . Pomegranate juice has been touted in the popular 
press for its putative health benefi ts  (53) , but a case report 
suggests that pomegranate juice, like grapefruit juice, may 
increase the risk of rhabdomyolysis during statin therapy. 
Grapefruit and pomegranate juices contain an irreversible 
competitive inhibitor of intestinal CYP  (54) . In earlier stud-
ies, pomegranate juice infl uenced the pharmacokinetics of 
carbamazepine in rats, particularly in comparison with the 
effect of water. The AUC of carbamazepine increased ap-
proximately 1.5-fold in rats on exposure to pomegranate juice 
1   h before administration of the drug. Thus, components of 
pomegranate inhibit the CYP3A-mediated metabolism of 
carbamazepine. Furthermore, pomegranate juice has an infl u-
ence on the pharmacokinetics of drugs in rats  (52) . 

 Shravan et al. observed a signifi cant difference (p < 0.05) 
in buspirone transport from intestinal sacs pre-treated with 
silymarin and pomegranate juice compared to control. This 
suggests that both silymarin and pomegranate juice might act 
by inhibiting the transporters and enzymes responsible for 
transport and metabolism of buspirone  (55) . 

 Garlic preparations are commonly taken by HIV patients 
because they exert a cholesterol-lowering effect and allevi-
ate hypercholesterolaemia caused by long-term highly active 
antiretroviral therapy (HAART). The bioavailability and ther-
apeutic outcome of treatment with HIV protease inhibitors 
depend on intestinal and hepatic transporter-enzyme interplay. 
However, case reports and clinical studies of concomitant 
consumption of HIV protease inhibitors and garlic supple-
ments have revealed signifi cant pharmacokinetic changes and 
serious adverse reactions. In a patient taking a garlic supple-
ment, severe gastrointestinal toxicity was observed after ini-
tiation of ritonavir therapy  (56) . Furthermore, concomitant 
saquinavir and garlic administration in 10 healthy male vol-
unteers resulted in a  > 50 %  decrease in saquinavir AUC and 
 c  max . Although CYP3A4 inhibition (short-term use) and in-
duction (long-term use) by garlic phytochemicals are recogn-
ised as reasons for the changes in saquinavir pharmacokinetic 
parameters observed, the exact mechanism behind this inter-
action is still unclear. Thus, either the metabolites of garlic 
phytochemical(s) or the saquinavir metabolite responsible for 
the CYP3A4 inhibition and induction observed remain to be 
identifi ed  (57) . 

 Katja et al. assessed the liver transport of HIV protease in-
hibitors (saquinavir, darunavir) in the presence of aged garlic 
extract because HIV patients often consume garlic supplements 
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together with prescribed therapy. The in vitro uptake of both 
drugs into HepG2 cells and precision-cut rat liver slices sig-
nifi cantly increased in the presence of P-gp and the MRP-2 
inhibitor ritonavir. Incubation medium containing aged garlic 
extract caused signifi cant inhibition of saquinavir effl ux from 
HepG2 cells and precision-cut liver slices, while the activity 
of darunavir effl ux transporters in both liver models signifi -
cantly increased. The opposite in vitro interactions observed 
for aged garlic extract and HIV protease inhibitors indicate 
that darunavir and saquinavir most probably bind to different 
binding sites on one or both effl ux transporters. According to 
the study results, co-administration of saquinavir or daruna-
vir with garlic supplements could result in signifi cant in vivo 
modifi cation of hepatic transport-enzyme interplay, possibly 
leading to further bioavailability changes  (58) . 

 It has been shown that garlic extracts decrease drug ex-
posure for saquinavir, a P-gp and CYP3A4 substrate. To ex-
plore the underlying mechanisms and to study the effects of 
garlic on pre-systemic drug elimination, healthy volunteers 
were given a garlic extract for 21   days. Protein expression of 
duodenal P-gp and CYP3A4 was measured before and after 
the trial and was normalised to villin expression. Hepatic 
CYP3A4 function and simvastatin, pravastatin and saquina-
vir pharmacokinetics were also evaluated. Ingestion of garlic 
extract increased expression of duodenal P-gp to 131 %  (95 %  
CI 105% – 163 % ) without increasing CYP3A4 expression 
(87 % , 95 %  CI 67% – 112 % ) relative to baseline. The aver-
age ERMBT result was 96 %  (95 %  CI 83% – 112 % ). Ingestion 
of garlic extract had no effect on drug and metabolite AUCs 
following a single dose of simvastatin or pravastatin, al-
though the average saquinavir AUC decreased to 85 %  (95 %  
CI 66 %– 109 % ), and changes in intestinal P-gp expression 
negatively correlated with this change. In conclusion, garlic 
extract induces intestinal expression of P-gp independent of 
cytochrome CYP3A4 in human intestine and liver  (59) . 

 Wana et al. studied the effects of schisandrol A (SCH) and 
gomisin A (GOM), two of the main bioactive components 
of  Fructus schisandrae chinensis , on CYP3A4 activity and 
cellular glutathione (GSH) levels. In a cell-free system, both 
SCH and GOM inhibited CYP3A4 activity, with IC 50  values 
of 32.02 and 1.39   mM, respectively. SCH or GOM at con-
centrations up to 100   mM did not alter cellular GSH levels 
in regular HepG2 cells and P-gp-overexpressing HepG2-DR 
cells. Since SCH and GOM may reverse MDR by impeding 
the activity of P-gp, they could affect cellular drug metabo-
lism in addition to drug uptake  (60) .  

  Approaches to assessing drug-herb interactions 

 Overlapping substrate specifi cities of these proteins result 
in complex and sometimes perplexing pharmacokinetic pro-
fi les for multidrug regimens. Saquinavir undergoes extensive 
fi rst-pass metabolism by the major metabolising isozyme 
CYP3A4. 

 Ketoconazole (a selective CYP3A4 inhibitor) inhibited 
the formation of all saquinavir metabolites. Saquinavir in-
hibits the metabolism of terfenadine and causes formation 
of 6- β -hydroxylation products of testosterone, indicating its 

specifi city towards CYP3A4  (61) . Ritonavir metabolism in-
volves both CYP3A4 and CYP2D6 and it signifi cantly inhib-
its the metabolism of CYP3A4 and CYP2D6 substrates such 
as nifedipine and dextromethorphan, respectively, when ad-
ministered concomitantly  (62) . The major isozyme responsi-
ble for indinavir metabolism is CYP3A4. However, nelfi navir 
metabolism involves several isozymes, including CYP3A4, 
CYP2C19 and CYP2D6, and possibly CYP2C9 and CYP2E1 
 (63 – 65) .  

  Role of effl ux proteins in drug-herb interactions 

 MDR proteins play an important role in protecting cells 
against cytotoxic drugs  (66) . It has become apparent that 
MDR gene products also need to be considered in drug ab-
sorption. The MDR phenotype in tumours is associated with 
overexpression of ABC effl ux pumps termed MDR proteins. 
P-gp (MDR1, ABCB1) is considered a versatile xenobiotic 
pump. The substrate specifi city and tissue distribution of 
MDR proteins vary widely  (67, 68) . MRP1 is almost ubiqui-
tously expressed, whereas P-gp expression is more restrict-
ed to tissues involved in absorption and secretion. Although 
P-gp was initially discovered in cancer cells, it was later 
observed that a number of normal tissues, such as intestine, 
liver, kidney, pancreas and adrenal glands, constitutively ex-
press P-gp. High levels of P-gp are expressed in BBB and 
the choroid plexus  (69 – 71) . All multidrug transporters are 
localised predominantly in the plasma membrane. In polar-
ised cells, P-gp is localised on the apical (luminal) mem-
brane surface (e.g., in intestinal epithelial cells, proximal 
tubules in kidney, and the biliary canalicular membrane of 
hepatocytes).  

  P-Glycoprotein-mediated drug-herb interactions 

 In the last 5   years, SJW has been among the most popular 
herbal remedies. Indinavir and saquinavir concentrations were 
reduced to 57 %  and 51 %  by SJW and garlic, respectively  (72)  
and it is now clear that such interactions can alter the outcome 
of anti-HIV therapy. Such reductions in indinavir and saqui-
navir exposure may lead to the development of drug-resistant 
strains and may cause treatment failure in HIV patients. The 
reductions were attributed to induction of P-gp and CYP3A4 
expression by SJW  (73) . Several fl avanoids, which are one of 
the primary classes of active constituents in most herbs, seem 
to be capable of modulating P-gp. SJW induces P-gp  (74, 75) . 
Quercetin and kaempferol also induce P-gp  (76 – 78) . Ten-day 
treatment with pure herbal constituents (hypericin, kaemp-
ferol, quercetin and silibinin) can cause a signifi cant increase 
in P-gp mRNA expression  (47) . Quercetin and kaempferol 
have also been reported to induce P-gp  (76 – 78) . Also, four- to 
seven-fold elevation in P-gp expression in LS180 intestinal 
carcinoma cells was caused by hypericin or SJW treatment 
 (75) . In vivo studies also indicated that long-term (14   days) 
exposure to SJW led to higher Mdr1 expression in rat intestine 
 (74) . SJW taken at 900   mg/day for 14   days resulted in a 1.4-
fold increase in P-gp expression in healthy volunteers  (74) . In 
another clinical study, a 4.2-fold increase in P-gp expression 
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was observed in human peripheral blood lymphocytes after 
treatment with SJW for 16   days. 

 Since HIV protease inhibitors, macrolide antibiotics, azole 
antifungals and herbals are substrates of same the metabolis-
ing enzymes and transporters, herbal agents can adversely 
affect the course of treatment of HIV and other opportu-
nistic infections. In vitro laboratory studies revealed that 
concomitant administration of erythromycin and SJW and/
or ketoconazole can enhance erythromycin oral absorption. 
Depending on the mechanism by which herbal compounds 
interact with CYP and effl ux proteins, these agents can de-
crease plasma levels of anti-HIV drugs, thus possibly re-
ducing effi cacy and enhancing the risk of developing drug 
resistance. Conversely, such compounds can increase blood 
levels of antiretroviral drugs, thus placing patients at greater 
risk of serious side effects. Herbs with reported effects on 
CYP3A4 and P-gp include SJW, garlic, ginseng, milk thistle 
and skullcap. 

 Uthai et al. studied the P-gp-modulating effects of ex-
tracts prepared from rhizomes of  Curcuma longa  and 
 Curcuma  sp. Khamin-oi  (79) . The roles of major curcumi-
noids, including curcumin, demethoxycurcumin and bis-
demethoxycurcumin, in reversing P-gp function were also 
evaluated. Caco-2 was used as an in vitro intestinal model 
to study the effects on effl ux transporters. LLC-PK1 and 
LLC-GA5-COL 300 (LLC-PK1 cells overexpressing human 
P-gp) cell lines were used to confi rm the role in P-gp func-
tion. The results revealed that curcumin and demethoxy-
curcumin can inhibit P-gp, but bisdemethoxycurcumin may 
modulate the function of other effl ux transporters such as 
MRP. Taken together, the data provide information on the 
impact of  Curcuma longa  and  Curcuma  sp. Khamin-oi on 
the pharmacokinetics of orally administered drugs that are 
P-gp substrates  (79) . 

 Using MDR1-transfected MDCK cells expressing high 
amounts P-gp, Patel et al. demonstrated that ritonavir uptake 
was enhanced fi ve- to eight-fold in the presence of 100    µ M 
pure herbal constituents (allicin, kaempferol, quercetin and 
hypericin)  (47) . In other  in vitro  studies, we observed a 
several-fold increase in erythromycin and ritonavir uptake 
in the presence of SJW extract. An inhibitory effect of SJW 
on MRP-mediated ritonavir effl ux was also noted. These re-
sults demonstrate that simultaneous administration of SJW 
and drugs such as erythromycin, saquinavir and ritonavir 
can enhance drug absorption, primarily because of competi-
tive inhibition of P-gp- and MRP-mediated effl ux. These  in 
vitro  results demonstrate the inhibitory properties of herbs 
on P-gp-mediated effl ux after short-term exposure. Thus, 
all these  in vitro  and  in vivo  studies have demonstrated that 
SJW, upon chronic exposure induces intestinal P-gp resulting 
in reduced intestinal absorption possibly through enhanced 
drug effl ux. 

 El-Readi et al. investigated nine naturally occurring com-
pounds isolated from  Citrus jambhiri  Lush and  Citrus py-
riformis  Hassk (Rutaceae) for their potential to modulate 
P-gp activity in the MDR human leukaemia cell line CEM/
ADR5000  (80) . Limonin, deacetylnomilin, hesperidin, 
neohesperidin, stigmasterol and  β -sitosterol-O-glucoside 

inhibited effl ux of the P-gp substrate rhodamine 123 in a 
concentration-dependent manner. Some of these compounds 
were more active than verapamil, which was used as a posi-
tive control. Treatment of drug-resistant Caco-2 cells with 
the most active  C. jambhiri  and  C. pyriformis  compounds 
increased their sensitivity to doxorubicin and completely re-
versed doxorubicin resistance, in agreement with the decrease 
in P-gp activity. Limonin was the most potent P-gp inhibitor; 
when applied at a non-toxic concentration of 20    µ M, it signifi -
cantly enhanced doxorubicin cytotoxicity 2.98-fold (p < 0.001) 
and 2.2-fold (p < 0.001) in Caco-2 and CEM/ADR5000 cells, 
respectively. These isolated  Citrus  compounds could be con-
sidered good candidates for the development of novel P-gp 
reversal agents to enhance the accumulation and effi cacy of 
chemotherapy agents  (80) .   

  Coordinated functions of effl ux and metabolism 

 In addition to oxidative metabolism, conjugation reactions 
may play an important role in the detoxifi cation of xeno-
biotics in the small intestine. Several drug molecules are 
effl uxed into the intestinal lumen after conjugation to a 
glucuronide or sulfate moiety. The transport system respon-
sible for cellular extrusion of conjugated metabolites and 
organic anions has recently been characterised  (81) . Herbs 
can pharmacokinetically act as inhibitors or inducers when 
anti-HIV medication or another conventional therapeutic 
is taken simultaneously. An understanding of the increased 
or decreased bioavailability of one drug in the presence of 
herbal products might greatly aid in the design of appropri-
ate drug regimens. 

 Co-administration of herbal and therapeutic drugs can lead 
to increased absorption due to inhibition of P-gp-mediated 
effl ux and CYP-mediated metabolism, with potential toxic 
effects. By contrast, chronic administration of certain herbal 
products (SJW, garlic, etc.) can enhance the production of 
MDR proteins (P-gp) and CYP enzymes, resulting in lower 
bioavailability and subtherapeutic plasma concentrations of 
drugs. Finally, this process can lead to the emergence of drug 
resistance. P-gp is regarded as one of the major factors in 
the development of cellular drug resistance. Upregulation of 
CYP enzymes in response to herbal products may also play 
an important role in lowering drug concentrations. The close 
chromosomal location of P-gp and CYP3A4 genes, their ex-
pression in mature enterocytes and similar substrate speci-
fi cities suggest that the function of these two proteins may be 
complementary in nature and may form a coordinated intes-
tinal barrier  (82) . 

 This view was further validated by the stimulatory ef-
fect of SJW on PXR, which regulates many CYP isoforms 
in rats  (83) . A recent study also demonstrated that SJW in-
duces CYP3A4 by negatively acting on interleukin-6, which 
is known to inhibit PXR, which may in turn be involved in 
the expression of the CYP class of enzymes  (84) . Molecular 
mechanisms of induction of P-gp and drug-metabolising en-
zymes are still being investigated. The roles of two members 
of the nuclear receptor superfamily of transcription factors, 
PXR and CAR, have recently been discovered.    
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