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Abstract. Accumulating evidence from the last decade has shown that many pharmaceu-
tical excipients are not pharmacologically inert but instead have effects on metabolic enzymes
and/or drug transporters. Hence, the absorption, distribution, metabolism, and elimination
(ADME) of active pharmaceutical ingredients (APIs) may be altered due to the modulation
of their metabolism and transport by excipients. The impact of excipients is a potential
concern for Biopharmaceutics Classification System (BCS)-based biowaivers, particularly as
the BCS-based biowaivers have been extended to class 3 drugs in certain dosage forms. The
presence of different excipients or varying amounts of excipients between formulations may
result in bio-inequivalence. The excipient impact may lead to significant variations in clinical
outcomes as well. The aim of this paper is to review the recent findings of excipient effects on
gastrointestinal (GI) absorption, focusing on their interactions with the metabolic enzymes
and transporters in the GI tract. A wide range of commonly used excipients such as binders,
diluents, fillers, solvents, and surfactants are discussed here. We summarized the reported
effects of those excipients on GI tract phase I and phase II enzymes, uptake and efflux
transporters, and relevant clinical significance. This information can enhance our under-
standing of excipient influence on drug absorption and is useful in designing pharmacokinetic
studies and evaluating the resultant data.
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INTRODUCTION

Oral administration of drugs is widely used due to its
convenience, low cost, and high patient compliance (1). Oral
bioavailability, therefore, is a key consideration for discovery
and development of many new drugs for effective oral drug
therapy (2). Poor oral bioavailability may result in therapeu-
tic variability and diminished efficacy (1,3,4). In general, oral
bioavailability is determined by several factors, including
fraction of the dose absorbed from the gastrointestinal (GI)
lumen to the enterocytes and fraction of the dose that escapes
first-pass elimination that occurs in the GI tract and the liver.
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While the liver is generally considered to be the dominant site
of drug metabolism, for a number of drugs, a significant
amount of administered dose may be lost before reaching the
liver because of the crucial role played by GI metabolic
enzymes and uptake/efflux transporters during this process.

Metabolic reactions that occur intracellularly and extra-
cellularly in the GI tract both contribute to first-pass
elimination. The drug-metabolizing enzymes involved can be
divided into luminal enzymes from intestinal and pancreatic
secretions (e.g., peptidases and esterases), bacterial enzymes
in the colon, and gut wall/mucosal enzymes (1). The role of
luminal and bacterial enzymes in drug metabolism is very
limited (5-7). The gut wall/mucosal enzymes are the primary
enzymes responsible for the metabolism of most orally
administered drugs. The gut wall/mucosal enzymes include
alcohol dehydrogenase in the stomach mucosa and a variety
of phase I (e.g., CYP3A4, CYP3AS5, CYP1A1, CYP2D6, and
CYP2E1) and phase II enzymes (e.g., glucuronosyl transfer-
ase, sulfotransferase, N-acetyl transferase, S-methyl transfer-
ase, thiopurine methyl transferase, and glutathione S-
transferase) in the intestinal and colonic mucosa (1).

After oral administration, drug molecules can cross the
luminal membrane by passive diffusion or active transport.
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Active uptake and efflux of drug substances are mediated by
trans-membrane transporters of the enterocytes. These trans-
porters include members of the adenosine triphosphate
binding cassette (ABC) superfamily, such as P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP), and multi-
drug resistance proteins (MRP1-6), and members of the
solute carrier (SLC) superfamily, such as peptide transporter
(PepT1), organic anion polypeptide transporters (OATP1A2
and OATP2B1), monocarboxylate transporters (MCT), and
organic cation transporters (OCTN1 and OCTN2) (8). Some
transporters are located on the apical membrane of the
enterocytes for apical uptake or efflux, and others may be
present on the basolateral membrane of the enterocytes for
basolateral efflux (8). These intestinal efflux and uptake
transporters may substantially influence the intestinal absorp-
tion of their respective drug substrates.

Pharmaceutical excipients are substances in the dosage
forms other than the active pharmaceutical ingredient (API)
or its prodrug. They play an important role in formulating a
dosage form, which can ensure the safety and homogeneity of
pharmaceutical products, facilitate disintegration, or enhance
solubilization of the APIs (9). Commonly used pharmaceuti-
cal excipients based on their functions can be classified into
several categories such as binders (e.g., glucose, povidone),
fillers (e.g., lactose, mannitol, calcium phosphate, starch,
sucrose), solvents/cosolvents (e.g., DMSO, ethanol, propylene
glycol, polyethylene glycol), lubricants (e.g., stearic acid,
magnesium stearate), and surfactants (e.g., Cremophor® EL,
Tween® 20, Solutol® HS 15) (10,11). Pharmaceutical excipi-
ents are generally considered as inert vehicles in formulation
and should not affect the API’s pharmacokinetics. However,
emerging evidence has demonstrated that many excipients
may alter the absorption and disposition properties of an
incorporated drug and thus affect its therapeutic efficacy
(10,12). This paper aims to review the effects of commonly
used pharmaceutical excipients (Table I) on GI tract meta-
bolic enzymes and transporters.

INTERACTIONS WITH INTESTINAL ENZYMES

The intestinal mucosa is the most important extrahepatic
site of drug biotransformation, which contains both phase I
and phase II enzymes (13). Although these enzymes are also
present in the colonic mucosa, they are most active in the
proximal small intestine.

Phase I CYP450 Enzymes

The most important enzymes involved in biotransforma-
tion of drugs in humans are the cytochrome P450s (CYPs),
which are estimated to contribute to the metabolism of
approximately 75% of all marketed drugs (14). More than
60 human CYP450 homologues have been identified (15),
among which CYP3A4, CYP3AS, CYP2CY9, CYP2C19,
CYP1A2, CYP2E1, and CYP2D6 are the major enzymes
responsible for drug biotransformation (16). In the intestine,
CYP3A and CYP2C9 are the major CYP450s, accounting for
80% and 15% of total CYP450s detected, respectively (13).
CYP1A1, CYP2C19, CYP2J2, and CYP2D6 are also present
in the intestine (13). The other CYP450s such as CYP1A2,
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CYP2A6, CYP2B6, CYP2C8, and CYP2El are barely
detected in the intestine (13).

CYP3A4

CYP3A4 isoenzyme is the most abundant CYP450,
present at comparable levels in the liver and intestine (1).
Immunohistochemical studies have found that CYP3A4
concentrations in the small intestinal are about 80-100% of
that in the liver, and CYP3A4 enzyme activities prepared
from human jejunal enterocytes are equal to or greater than
those found in hepatic microsomes (17,18). The metabolism
by CYP3A4 in the GI tract contributes to the poor oral
bioavailability of many drugs that are substrates of the
enzyme. Inhibition or induction of CYP3A4 activity thus
can alter the absorption of drugs that are CYP3A4 substrates.
It has been shown that not only drugs, herbal supplements,
and food components but also some pharmaceutical excipi-
ents can affect the activity of CYP3A4 enzymes. Since the
intestinal and hepatic CYP3A4 cDNA sequences are identical
(19), compounds that affect liver CYP3A4 activity are
assumed to affect intestinal CYP3A4 to a similar extent.
Here, we summarize the excipients that were reported to
interfere with CYP3A4 activity, tested either in liver or
intestinal models (Table II).

The surfactants Cremophor® EL, Cremophor® RH 40,
Tween® 20, Tween® 80, Pluronic® F68, and PEG-40 stearate
are the most studied excipients for their effects on the enzyme
activities. Early in 2004, Bravo et al. have shown that both
Cremophor® EL and Tween® 80 can significantly reduce the
intrinsic clearance (Cli,,) of the CYP3A substrate midazolam
in rat hepatocytes and microsomes (20). Later, using rat
intestinal epithelial cell microsomes, Ren et al. found that four
nonionic surfactants, Tween® 20, Cremophor® EL, PEG-40
stearate, and Pluronic® F68, inhibited CYP3A-mediated
midazolam 1’-hydroxylation formation with ICses of 317 uM
(converted with a MW of 1228 g/mol), 250 uM (converted
with a MW of 2500 g/mol), 6.8 mM (converted with a MW of
328 g/mol), and 750 pM (converted with a MW of 8400 g/
mol), respectively (21). These surfactants also inhibited
CYP3A activity when tested using isolated rat liver micro-
somes (21). When coadministered with midazolam in the rat,
both Tween® 20 and Cremophor® EL increased the AUC
of midazolam by 1.4-2.3-fold (21). However, the other two
surfactants, PEG-40 stearate and Pluronic® F68, decreased
the AUCy, of midazolam to 65-74% compared to the
control (21), which indicated that other mechanisms might
also get involved in vivo. The inhibitory effects of those
surfactants on CYP3A4 were reported in other studies as
well. In human liver microsomes, Cremophor® EL,
Cremophor® RH 40, and Tween® 80 inhibited CYP3A4-
mediated 6B-hydroxylation of testosterone with ICsgs of 600,
800, and 400 uM, respectively (22). Cremophor® RH 40
inhibited CYP3A4 activity with an ICso of 100 pM (converted
with a MW of 2500 g/mol) using recombinant CYP3A4
protein (23). Pluronic® F68 inhibited CYP3A4 activity with
an ICsg of 13 pM in human liver microsomes (24). In another
study using human liver microsomes, PEG-40 stearate was
shown to inhibit CYP3A4 activity with an I1Csy of ~300 pM
(25). Most recently, Martin et al. showed that Tween® 80 and
Pluronic® F68 inhibited CYP3A4 activity with ICsps of 200
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Table I. Names and Functionalities of Commonly Used Pharmaceutical Excipients

Functionality Common name Chemical/brand name, synonym

Binder Crospovidone X-PVP, cross linked polyvinyl N-pyrrolidone

Binder HPMC Hydroxypropylmethyl cellulose

Binder Hydroxypropyl cellulose HPC

Binder Povidone PVP, polyvinylpyrrolidone

Binder PVP K30 Polyvinylpyrrolidone K30

Coating material Kollicoat® Protect Polyvinyl alcohol-polyethylene glycol graft-copolymer, PVA-PEG graft copolymer
Diluent Lactose

Disintegrant
Disintegrant
Filler

Filler

Filler

Filler

Filler

Glidant
Lubricant
Lubricant
Lubricant
Lubricant
Lubricant
Lubricant
Preservative
Preservative
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Solvent/cosolvent
Surfactant

Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant

Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant

Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant

Croscarmellose sodium
Sodium starch glycolate
Corn starch

DCP

Dibasic calcium phosphate
NOSC

Pregelatinized starch
Colloidal silicon dioxide
Capmul® MCM

Labrafac Lipophile® WL 1349
Magnesium stearate
Maisine® 35-1

Oleic acid

Stearic acid

Methyl paraben

Propyl paraben
-Cyclodextrin
Hydroxypropyl-p-cyclodextrin
1-Monoolein
1-Monoplamitin
1-Monostearin

PEG

PEG 3350

Propylene glycol

AOT

Brij 30

Brij 35

Brij 58
Cremophor® EL
Cremophor® ELP
Cremophor®RH 40

Cremophor®RH 60
CTAB

Hyamine
Labrasol®
mPEG-PLA
NaCap

NaDC

PEG-40 stearate

Phosphatidylcholine
Pluronic® F127
Pluronic® F68
Pluronic® P123
Pluronic® P85
Pluronic® PE 10300
Sisterna® 16

Sodium lauryl sulfate
Solutol® HS 15
Span 20

Sucrose ester L-1695
Sucrose laurate
Transcutol®

Dicalcium phosphate dehydrate

N-Octyl-O-sulfate chitosan
PgS
Carbpsil

HPCD

Polyethylene glycol

Polyethylene glycol 3350

PG

Sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate,
dioctyl sodium sulfosuccinate

Polyoxyl 4 lauryl ether

Polyoxyethylene glycol dodecyl ether

Polyethylene glycol hexadecyl ether

Polyoxyl-35 castor oil, Kolliphor® EL

Polyoxyl-35 castor oil, Kolliphor® ELP

Polyoxyl 40 hydrogenated castor oil, Kolliphor® RH 40,
PEG-40 castor oil

PEG-60 hydrogenated castor oil

Cetyltrimethylammonium bromide

ADBAC, alkyl (C12-16) dimethylbenzylammonium chloride

Monomethoxy poly(ethylene glycol)-block poly(D,L lactic acid)

Sodium caprylate

Sodium deoxycholate

Myrj 52, PEG-40 stearate, polyoxyl 40 stearate,
polyoxyethylene 40 stearate

PC

Poloxamer 407

Poloxamer 188

Poloxamer P123, PEG-PPG-PEG

Sucrose palmitate 16
SLS

Kolliphor® HS 15
Sorbitan monolaurate
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Table 1. (continued)
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Chemical/brand name, synonym

Vitamin E polyethylene glycol succinate

Functionality Common name

Surfactant Tween® 20 Polysorbate 20
Surfactant Tween® 80 Polysorbate 80
Surfactant Vitamin E PEG

Surfactant Vitamin E TPGS

d-a-Tocopheryl polyethylene glycol 1000 succinate, TPGS

and 60 pM using the Vivid Cytochrome P450 Screening Kit
(26).

Some other excipients have also been shown to inhibit
CYP3A4 activity, though these findings have been reported
only in single studies. Solutol® HS 15 [0.3% (w/v)] reduced
Clie of midazolam mediated by CYP3A by 50% (20).
Vitamin E TPGS and sucrose laurate inhibited CYP3A4-
mediated 6p-hydroxylation of testosterone with ICsgs ranging
from 0.15 to 0.2 mM in human liver microsomes (22). Martin
et al. showed that both sodium deoxycholate (NaDC) and
dioctyl sodium sulfosuccinate (AOT) seemed to be potent
inhibitors of CYP3A4 with ICsos of 10-60 uM while
cetyltrimethylammonium bromide (CTAB) and polyvinylpyr-
rolidone K30 (PVP K30) were less potent with ICsgs of 100
200 pM (26).

Other excipients as binders, fillers, solvents, or
cosolvents may affect CYP3A activity as well. In intestinal
LS174T cells, Tompkins et al. showed that
hydroxypropylmethyl cellulose (HPMC), pregelatinized
starch, crospovidone (X-PVP), and polyethylene glycol 3350
(PEG-3350) significantly decreased CYP3A4 mRNA expres-
sion up to 65% (27). In human primary hepatocytes,
dicalcium phosphate dehydrate (DCP), pregelatinized starch,
and Tween® 80 decreased CYP3A4 mRNA expression by
30%, 90%, and 70%, respectively (27).

The induction of CYP3A4 activity or expression by
pharmaceutical excipients seemed to be rare based on the
literature. Tompkins et al. examined 19 commonly used
excipients and found that no excipient activated human
PXR or practically induced CYP3A4 (27). The strongest
induction of CYP3A4 mRNA (2.3-fold) was observed with
polyethylene glycol 3350 (PEG-3350) after incubation with
human primary hepatocytes but not in intestinal LS174T cells
(27).

CYP3AS5

CYP3AS is more commonly expressed in the human
intestine than in the liver (28). A majority of CYP3A4
substrates are also metabolized by CYP3AS with comparable
intrinsic clearance (29), suggesting the important role of
CYP3AS in drug metabolism.

Martin et al. using Cytochrome P450 Fluorescent
Assay showed that Tween® 20, Tween® 80,
cetyltrimethylammonium bromide (CTAB), sodium
deoxycholate (NaDC), and Pluronic® F68 inhibited
CYP3AS activity with ICsps of 100-200 pM (26). The solvent
polyethylene glycol (PEG, 1000 g/mol) inhibited CYP3AS
activity with an ICsq of 78 uM (26). Intestinal CYP3AS5 does
not appear to be inducible evaluated by the typical enzyme-

inducing drugs (28,30,31), and no induction of CYP3AS5
activity by pharmaceutical excipients has been reported so
far.

CYP2C9

CYP2C9 contributes more than 10% of total
immunoquantified CYP450 content in the human small
intestine and is functionally active as measured by diclofenac
4-hydroxylation (13,32).

In human liver microsomes, it was shown that Tween
80, Vitamin E TPGS, sucrose laurate, Cremophor® EL, and
Cremophor® RH 40 inhibited CYP2C9-mediated 4-hydroxyl-
ation of diclofenac with I1Csgs ranging from 0.03 to 0.07 mM
(22). Pluronic® F68, PEG (1000 g/mol) and Sisterna® 16
inhibited CYP2C9 activity with ICsps of 250-560 uM (26).
PEG-40 stearate inhibited CYP2C9 activity with an ICsy of
30 pM, which was examined in human liver microsomes (25).

®

CYP2CI9

CYP2C19 is present at 2% of the total intestinal
CYP450s (13). PEG (1000 g/mol), Tween® 20, and
Tween® 80 were shown to inhibit CYP2C19 activity
moderately with ICsps of 120-230 pM, while NaDC and
AOT were weaker inhibitors with ICsps of ~350 uM (26).
More potent inhibition of CYP2C19 was noticed with
PEG-40 stearate with an ICsy of 21 pM in human liver
microsomes (25).

CYP2D6

CYP2D6 accounts for less than 1% of the intestinal
CYP450s (13). NaCAP, vitamin E PEG, AOT, and
Kollicoat® Protect were potent inhibitors of CYP2D6
with ICses ranging from 40 to 100 uM (26). Solutol® HS
15, NaDC, polyethylene glycol hexadecyl ether (Brij 58),
hyamine, and CTAB inhibited CYP2D6 activity
moderately with ICses of 100-300 uM (26). PEG 1000
inhibited CYP2D6 activity weakly with an ICsy of 410 uM
(26). PEG-40 stearate inhibited CYP2D6 activity with an
1Cs¢p of 490 pM which was examined with human liver
microsomes (25).

Phase II Enzymes

In phase II biotransformation, xenobiotics and their
phase I metabolites undergo conjugation reactions such as
glucuronidation, sulfation, methylation, acetylation, glutathi-
one, and amino acid conjugation. The conjugations usually
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increase the hydrophilicity of xenobiotics and therefore
facilitate their renal and biliary excretion (known as detoxi-
fication of xenobiotics). Most enzymes involved in phase II
biotransformation are transferases such as UDP-
glucuronosyltransferases (UGTs), sulfotransferases (SULTS),
N-acetyltransferases (NATs), glutathione S-transferases
(GSTs), and various methyltransferases. Compared with
CYP450s, phase II enzymes have attracted much less
attention because drug-drug interactions and excipient
effects involving these enzymes are relatively rare. Studies
of excipient effects on phase II transferases are very limited.
Two recent reports revealed the inhibition effects of
commonly used pharmaceutical excipients on UGT2B7 (33)
and aryl sulfotransferase (34).

UGTs

UGT enzymes are responsible for the glucuronidation
of many xenobiotics and endobiotics. The formation of
glucuronide conjugates is the most important detoxication
pathway of the phase II drug metabolism. Twenty-two
human UGT proteins have been identified. Among them,
UGT1Al, 1A3, 1A4, 1A6, 1A9, 2B7, and 2B15 enzymes
are considered to be important drug-metabolizing UGTs
in the human liver, while UGT1A7, UGT1AS8, and
UGT1A10 are mainly expressed in the GI tract (35).

UGT2B7, expressed in the liver, kidney, lower GI tract,
and brain, is the major enzyme responsible for the
glucuronidation of opioids, carboxylic nonsteroidal anti-
inflammatory drugs, and anticarcinogens (36). Twenty com-
monly used pharmaceutical excipients were screened in vitro
using human and rat liver microsomes to identify inhibitors of
UGT2B7 (33). The results showed that at a concentration of
0.425% (wlv), several excipients inhibited UGT2B7 activity
by over 50% (33). In order of decreasing potency, these were
Tween® 20 > Cremophor® EL > Cremophor® RH > PEG400
> Tween® 80 > Solutol® H15. Two preservatives, propyl
paraben and methyl paraben, almost completely inhibited
UGT?2B?7 activities at a concentration of 0.425% (w/v). The
ICs values of a mixture of Tween® 20 and PEG 400 (1:1) on
UGT2B7 inhibition were determined to be 0.00419% and
0.00415% (w/v) in human and rat liver microsomes,
respectively. The combination of Tween® 20 and PEG 400
decreased the ICso of Tween® 20 alone or PEG 400 alone by
an order of magnitude, indicating a synergistic effect between
Tween® 20 and PEG 400 on UGT2B7 inhibition (33).

The in vivo inhibition effects of Tween® 20 and PEG
400 mixture on UGT2B7 were assessed in rats as well
(33). An oral dose of Tween®PEG mixture (4 mg/kg
Tween® 20 and 4 mg/kg PEG 400) in rats inhibited
UGT2B7 by about 80% in the drug absorption phase.
When the same dose of Tween®PEG mixture was
administered to the rat via intra-portal vein (i.p.v.),
UGT2B7 activity was inhibited by 88%. Similar inhibition
effects on UGT2B7 activity were observed in healthy
volunteers when Tween®-PEG mixture (240 mg of each
excipient) was orally administered (33). This study showed
that the use of the Tween®-PEG mixture is an effective
strategy to reduce the metabolism of UGT2B7 substrates
and improve their bioavailability.

Zhang et al.

SULTs

SULTs are transferase enzymes that catalyze the transfer
of a sulfo group from a donor molecule to an acceptor alcohol
or amine (37). SULTs exhibit wide tissue distribution. For
example, members of the SULTIA subfamily have been
identified in the liver, brain, breast, intestine, jejunum, lung,
adrenal gland, endometrium, placenta, kidney, and blood
platelets (35). SULT2AL1 is expressed in the liver, adrenal,
duodenum, and fetal adrenal gland (35).

SULT1AL is also named phenol sulfotransferase or aryl
sulfotransferase, which is expressed in the liver and the
intestine, and it is responsible for the sulfoconjugation of
phenolic compounds (35). For example, 32 agonists are
substrates of SULT1A1 and hence inhibition of SULT1A1
can increase the bioavailability of 32 agonists. In a report
published in 2014 (34), 11 commonly used excipients were
tested for inhibition activity on aryl sulfotransferase by an in
vitro enzyme activity assay. Among the 11 tested excipients,
Tween® 20, Tween® 80, Cremophor® EL, Cremophor® ELP,
Cremophor® RH 40, Cremophor® RH 60, and sodium lauryl
sulfate (SLS) inhibited the activity of aryl sulfotransferase.
The inhibition constants, viz., Ki values, of Tween® 80,
Cremophor® EL, and SLS were determined to be 6.43, 3.24,
and 0.22 mg/mL, respectively. The study results indicated that
co-administration of aryl sulfotransferase substrate with
Tween® 80, Cremophor® EL, or SLS might be able to
improve the bioavailability of aryl sulfotransferase substrates.

Summary of Interaction with Metabolic Enzymes

The reported interactions of phase I CYP450 enzymes
(Tables 1T and IIT) and phase II enzymes with common
pharmaceutical excipients were summarized. As the most
abundant and important metabolic enzyme, CYP3A4 has
been studied most extensively for its interaction with
pharmaceutical excipients. More than 20 excipients have
been shown to inhibit CYP3A4 function, either through
suppression of gene expression at transcription and/or protein
levels or via direct interference with enzyme activity. Some of
these excipients have shown inhibitory effects on other CYP
enzymes and phase II enzymes as well. The induction of
enzyme activity was uncommon, with only one case of minor
induction of CYP3A4 transcription reported (27). Generally,
the ICsps of CYP inhibition by pharmaceutical excipients
range from 10 to 500 uM, which indicates a much weaker
inhibition compared to inhibition by many drugs whose 1Csgs
are usually at a nanomolar level. Majority of the studies are
limited to in vitro assays and the clinical outcomes remain to
be further investigated.

INTERACTIONS WITH TRANSPORTERS

Transporters are membrane proteins that can facilitate
the permeation of compounds and ions to cross biological
membranes. They play an important role in enhancing or
limiting the disposition of drugs in the plasma and target
issues. Numerous preclinical and clinical studies have
established the importance of transporters in drug disposition
(38). Most transporters in humans and animals can be
classified into two large superfamilies: the solute carrier
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Table II. Effects of Excipients on CYP3A Enzyme Family
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Enzyme Excipient Test system Effect Reference
CYP3A Cremophor® EL Rat hepatocytes and microsomes Inhibition (20)
CYP3A Cremophor® EL Rat intestinal epithelial cell microsomes Inhibition: ICs5p =250 uM 21)
CYP3A Cremophor®RH 40 Rat hepatocytes | CYP3A protein expression (75)
CYP3A PEG 40 stearate Rat intestinal epithelial cell microsomes Inhibition: ICsy=6.8 mM (21)
CYP3A Pluronic® F68 Rat intestinal epithelial cell microsomes Inhibition: ICsy =750 pM (21)
CYP3A Solutol® HS 15 Rat hepatocytes and microsomes Inhibition (20)
CYP3A Tween® 20 Rat intestinal epithelial cell microsomes Inhibition: ICsy =320 pM (21)
CYP3A Tween® 80 Rat hepatocytes and microsomes (CYP3A) Inhibition (20)
CYP3A Tween® 80 Rat hepatocytes | CYP3A protein expression (75)
CYP3A4 AOT Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =65 pM (26)
CYP3A4 Cremophor® EL Human liver microsomes Inhibition: ICsp =600 uM (22).
CYP3A4 Cremophor®RH 40 Human liver microsomes Inhibition: ICsy =800 pM (22)
CYP3A4 Cremophor®RH 40 Recombinant CYP3A4 protein Inhibition: ICsyp =100 uM (23)
CYP3A4 Crospovidone Intestinal LS174T cells | CYP3A4 mRNA expression (27)
CYP3A4 CTAB Vivid Cytochrome P450 Screening Kit Inhibition: ICsp =197 uM (26)
CYP3A4 DCP Human primary hepatocytes | CYP3A4 mRNA expression 27)
CYP3A4 HPMC Intestinal LS174T cells | CYP3A4 mRNA expression (27)
CYP3A4 NaDC Vivid Cytochrome P450 Screening Kit Inhibition: ICsp =13 pM (26)
CYP3A4 PEG 3350 Human primary hepatocytes 1t CYP3A4 mRNA expression (27)
CYP3A4 PEG 40 stearate Human liver microsomes Inhibition: ICsy =300 uM (25)
CYP3A4 Pluronic® F68 Human liver microsomes Inhibition: ICsq=13 pM (24)
CYP3A4 Pluronic® F68 Vivid Cytochrome P450 Screening Kit Inhibition: ICsp =60 uM (26)
CYP3A4 Pregelatinized starch Intestinal LS174T cells | CYP3A4 mRNA expression 27)
CYP3A4 PVP K30 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =107 uM (26)
CYP3A4 Sucrose laurate Human liver microsomes Inhibition: ICsy=200 pM (22)
CYP3A4 Tween® 80 human primary hepatocytes | CYP3A4 mRNA expression (27)
CYP3A4 Tween® 80 Human liver microsomes Inhibition: ICsy =400 pM (22)
CYP3A4 Tween® 80 Vivid Cytochrome P450 Screening Kit Inhibition: 1Cso =200 pM (26)
CYP3A4 Vitamin E TPGS Human liver microsomes Inhibition: ICsp =150 uM (22)
CYP3AS5 CTAB Vivid Cytochrome P450 Screening Kit Inhibition: 1Cso =121 pM (26)
CYP3AS Pluronic® F68 Vivid Cytochrome P450 Screening Kit Inhibition: ICsp =210 uM (26)
CYP3AS5 PEG 1000 Vivid Cytochrome P450 Screening Kit Inhibition: 1Cso =78 uM (26)
CYP3AS Tween® 20 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =84 uM (26)
CYP3AS5 Tween® 80 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =186 pM (26)

| decrease, 1 increase

(SLC) superfamily and the ATP-binding cassette (ABC)
superfamily. The SLC superfamily mainly mediates the
cellular influx of substrates, mostly endogenous molecules,
through facilitated diffusion or active transport. ABC trans-
porters are responsible for the efflux of substrates, normally
xenobiotics, with energy derived from ATP hydrolysis (39,40).
The transporters involved in drug disposition include the
active SLC transporters such as organic anion-transporting
polypeptide (OATP) 1B1, 1B3, and 2B1; SLC transporters
that mediate facilitated diffusion such as organic cation
transporter 1 (OCT1) and OCT2; SLC antiport transporters
such as multi-antimicrobial extrusion protein 1 (MATE1) and
MATE2K; and the ABC efflux transporters such as P-
glycoprotein (P-gp), multidrug resistance protein 2 (MRP2),
breast cancer resistance protein (BCRP), and bile salt export
pump (BSEP) (41).

ABC Transporters

ABC transporters belong to a superfamily of membrane
proteins highly expressed at tissues/locations of drug distri-
bution and elimination, including the blood-brain barrier,
intestine, liver, kidney, and other related sites. They are very

important in determining the bioavailability, distribution, and
clearance of xenobiotics (42).

P-glycoprotein

P-glycoprotein (P-gp), also known as multidrug resis-
tance protein 1 (MDR1) or ABC subfamily B member 1
(ABCBL), is an important transporter on the cell membrane
that pumps many foreign substances out of cells. Highly
expressed in intestinal epithelial cells and blood-brain barrier,
P-gp can limit the bioavailability and systemic exposure of its
substrates. Many preclinical and clinical studies have demon-
strated that the inhibition of P-gp function could lead to
increased drug or toxin exposure. As the most studied
xenobiotic transporter, the interaction between pharmaceuti-
cal excipients and P-gp has been documented and many
pharmaceutical excipients have been found to inhibit or at
least attenuate its efflux function in the GI tract.

The Cremophor® class of pharmaceutical excipients has
been identified as P-gp inhibitors (43). Cremophor® EL was
shown to inhibit both P-gp and MRP2 activity in a Madin—
Darby canine kidney epithelial (MDCK) cell model (44).
Zhao et al. later reported that both Cremophor® EL- and
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Table III. Effects of Excipients on Other CYP Enzymes in the GI Tract
Enzyme Excipient Test system Effect Reference
CYP2C9 Cremophor® EL Human liver microsomes Inhibition: ICs5y =30 uM (22)
CYP2C9 Cremophor®RH 40 Human liver microsomes Inhibition: 1Csy =30 pM (22)
CYP2C9 PEG 1000 Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =366 pM (26)
CYP2C9 PEG 40 stearate Human liver microsomes Inhibition: 1Cso =30 pM (25)
CYP2C9 Pluronic® F68 Vivid Cytochrome P450 Screening Kit Inhibition: 1Cso =245 pM (26)
CYP2C9 Sisterna® 16 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =560 uM (26)
CYP2C9 Sucrose laurate Human liver microsomes Inhibition: ICso =70 pM (22)
CYP2C9 Tween® 80 Human liver microsomes Inhibition: ICsy =40 uM (22)
CYP2C9 Vitamin E TPGS Human liver microsomes Inhibition: 1Cso =300 pM (22)
CYP2C19 AOT Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =370 uM (26)
CYP2C19 NaDC Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =360 pM (26)
CYP2C19 PEG 1000 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =140 pM (26)
CYP2C19 PEG 40 stearate Human liver microsomes Inhibition: ICsy=21 pM (25)
CYP2C19 Tween® 20 Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =230 pM (26)
CYP2C19 Tween® 80 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =120 uM (26)
CYP2D6 AOT Vivid Cytochrome P450 Screening Kit Inhibition: ICso =96 pM (26)
CYP2D6 Brij 58 Vivid Cytochrome P450 Screening Kit Inhibition: I1Csy =243 uM (26)
CYP2D6 Hyamine Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =280 pM (26)
CYP2D6 Kollicoat® protect Vivid Cytochrome P450 Screening Kit Inhibition: ICsy=90 pM (26)
CYP2D6 NaCap Vivid Cytochrome P450 Screening Kit Inhibition: I1Csy =44 pM (26)
CYP2D6 NaDC Vivid Cytochrome P450 Screening Kit Inhibition: 1Csy =120 pM (26)
CYP2D6 PEG 1000 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =410 uM (26)
CYP2D6 PEG 40 stearate Human liver microsomes Inhibition: ICsy =490 uM (25)
CYP2D6 Solutol® HS 15 Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =147 uM (26)
CYP2D6 Vitamin E PEG Vivid Cytochrome P450 Screening Kit Inhibition: ICsy =84 pM (26)

Cremophor® RH 40-based self-microemulsifying drug deliv-
ery systems (SMEDDS) could enhance etoposide uptake in
rats, which caused the C,.x of etoposide to increase by 28%
and 33%, and the AUC 4 1, to increase by 40% and 65%,
respectively (45). The increase of etoposide exposure was
deemed to be resulting from P-gp inhibition (45).

For the poloxamer type surfactants, Pluronic® F68
decreased the efflux ratio of P-gp substrate celiprolol by
twofold in Caco-2 cells and increased celiprolol transfer by
1.9-2.2-fold in intestinal everted sacs (24,46). Ma et al. further
showed that in the rat Pluronic® F68 decreased the total body
clearance of rifampicin by 1.8-fold and increased the AUC by
1.5-fold (46). Using rhodamine-123 as a substrate, Guan ef al.
demonstrated that Pluronic® P123 and Pluronic® F127 were
able to decrease the efflux ratio by 6.8-fold and 1.6-fold in the
human Caco-2 cell model, respectively (47). Pluronic® P123
and Pluronic® F127 also enhanced rhodamine-123 absorption
by 6.6-fold and 2.7-fold in rat everted gut sac model,
respectively (47). However, another study indicated that
Pluronic® F127 did not enhance the cellular accumulation of
nelfinavir in the MDCK/MDRI1 cell model, which may be
caused by the amphiphilic properties of the pluronic (48).
Other poloxamers, such as Pluronic® P85 and Pluronic® PE
10300, were suggested to be P-gp inhibitors as well (44,48).

The polysorbates are another type of routinely used
surfactant in pharmaceutical preparations. Both Tween® 20
and Tween® 80 have been identified as P-gp inhibitors, which
enhanced the transfer of digoxin across the intestinal mucosa
in the rat everted gut sac model by 2.1-fold and 1.8-fold,
respectively (43,49). Hanke ef al. studied the inhibition of P-
gp function by Tween® 80 with an ABCB1-expressing MDCK

cell model and found it resulted in a twofold increase of
fluorescence substrate uptake (44). Later, in another study,
Tween® 80 was found to enhance the bioavailability of
etoposide in the rat by 2.5- fold (45). It also enhanced the
permeability of etoposide by 2.7-fold in an in situ single-pass
intestinal perfusion model (45). P-gp inhibition was found to
play a critical role in those studies.

Vitamin E TPGS, a water-soluble non-toxic surfactant,
has been characterized as an inhibitor of P-gp in Caco-2 and
other cell models with an ICsy of ~0.006% (w/v) (50,51). It
also increased the transport of celiprolol across the everted
gut sacs by twofold (49), and enhanced the permeability of
etoposide by 60% in an everted gut sac model (52). Later in
vivo studies in the rat showed vitamin E TPGS to increase the
permeability of paclitaxel, resulting in a 6.3-fold increase of
bioavailability (53). Vitamin E TPGS also increased the
bioavailability of colchicine by twofold (54). All those effects
seem to be related with the inhibition of P-gp.

Some other surfactants have been found to be able to
alter drug permeability and absorption by inhibiting P-gp as
well. Hanke et al. reported that sucrose ester L-1695 could
strongly inhibit P-gp activity, as demonstrated by a 6.3-fold
increase of calcein-AM accumulation in a transfected MDCK
cell model (44). Zhu et al. studied the effects of PEG-40
stearate on P-gp activity using an in vitro diffusion chamber
system using rat intestinal segments and Caco-2 cell model
(25). They found that PEG-40 stearate inhibited P-gp-
mediated Rh123 efflux in a concentration-dependent manner,
mainly by modulating substrate-stimulated P-gp ATPase
activity (25). Li et al. illustrated the mechanism of mPEG-
PLA on P-gp efflux activity with a Caco-2 model. This study
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confirmed that mPEG-PLA unimers were responsible for the
P-gp inhibition effect and the inhibition potency was related
to the structure property of mPEG-PLA (55). mPEG-PLA
did not disrupt the Caco-2 cell plasma membrane fluidization,
and it did not inhibit basal P-gp ATPase activity nor
substrate-stimulated P-gp ATPase activity (55). It was con-
cluded that ATP depletion could be the reason for P-gp
inhibition by mPEG-PLA (55). Simon et al. found that
phosphatidylcholine (PC) with saturated fatty acid residues
of eight (8:0 PC) or ten carbon atoms (10:0 PC) could inhibit
P-gp activity in both Caco-2 and MDCK-mdr1 cell models,
using transport experiments and calcein accumulation assays
(56). In the same study, phosphatidylcholine with two
unsaturated docosahexaeonic acid residues (cis-22:6 PC) also
inhibited P-gp function in cell models, but through a yet
unknown mechanism (56). The surfactant
polyoxyethyleneglycol dodecyl ether (Brij-35) was shown to
enhance the absorption of bis (12)-hupyridone (B12H) by
>70%, a substrate of both P-gp and MRP2 in the Caco-2 cell
model (57).

Being widely used as a solvent, PEG 400 was found to
interact with P-gp. Ashiru et al. revealed that PEG 400
stimulated the P-gp ATPase activity (58). In a Caco-2
monolayer cell model, PEG 400 decreased the efflux ratio
of *H-ranitidine from 5.4 to 3.9 while the change mainly came
from increased absorptive transport (58). PEG 300 showed
similar activity in the same study while PEG 200 only showed
negligible effects. However, Parsa et al. reported that PEG
400 had no effect on the small intestine transport of etoposide
in a rat everted sac model (52).

Barta et al. studied the effects of two commonly used
monoglycerides, 1-monoolein and 1-monostearin, on the
activity and expression of P-gp in the Caco-2 cell model.
The study found that the two monoglycerides did not change
the influx (apical to basolateral), but decreased the efflux
(basolaterial to apical) significantly by ~50% compared to
control (59). Upon monoglyceride treatment, cells maintained
normal P-gp expression, membrane fluidity, and nuclear
membrane integrity. It was suggested that both monoglycer-
ides were P-gp inhibitors (59).

The effects of other excipients on P-gp expression and
activity have also been reported. Tompkins et al. found that in
LS174T cells, pregelatinized starch decreased MDR1 mRNA
expression by greater than 40% compared to vehicle (27).
Meanwhile, HPMC also lowered the MDRI1 expression, but
the result was not statistically significant (27). Another study
demonstrated that N-octyl-O-sulfate chitosan (NOSC) in-
creased the intestinal absorption of etoposide, a P-gp
substrate with low water solubility, in rat jejunum and ileum
(60). In addition, NOSC increased etoposide cell uptake and
decreased efflux in the Caco-2 cell model (60). Since NOSC
did not disrupt the Caco-2 cell monolayer, these results
indicated that NOSC could potentially inhibit P-gp and
improve the absorption of P-gp substrates (60).

BCRP

Breast cancer resistance protein (BCRP, also known as
ABCG?2) is present at the apical membrane of the intestine,
blood-testis barrier, blood-brain barrier, placenta, and mem-
branes of hematopoietic progenitor and other stem cells (61).
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It has a protective function to reduce the absorption and
increase the excretion of xenobiotics (61).

Yamagata et al. showed that Cremophor® EL, Tween®
20, Span 20, Pluronic® P85, and Polyoxyl 4 lauryl ether (Brij
30) increased the uptake of *H-mitoxantrone in BCRP-
expressing cells (62). In the mouse, they found that Pluronic®
P85 and Tween® 20 increased the AUC of topotecan after
oral administration by 2.0- and 1.8-fold, respectively (63). The
increased oral absorption was due to the inhibited intestinal
BCRP function (63). Later in a BCRP-expressing MDCK cell
model, Pluronic® P85 and Tween® 20 were found to inhibit
BCRP-mediated efflux of mitoxantrone by 40% and 60%,
respectively (64). The inhibition was reversible. Further
investigation demonstrated that inhibition of BCRP by
Pluronic® P85 was competitive and the inhibition mode by
Tween® 20 was a combination of competitive and
noncompetitive inhibition (64).

The induction of BCRP activity was reported in the
presence of oleic acid (65). Aspenstrom-Fagerlund er al
found oleic acid (C18:1) increased the apical to basolateral
transportation of *H-mitoxantrone by threefold in Caco-2
cells (65). It was also reported that oleic acid induced BCRP
gene expression by 1.7-fold after 6 h exposure although the
protein level did not increase (65).

MRP2

Multidrug resistance-associated protein 2 (MRP2, also
known as ABCC2) is an ABC transporter expressed both in
the liver and intestine (61,60).

Hanke et al. studied the effects of several nonionic
surfactants on MRP2 function using MRP2-expressing
MDCK 1II cell model (44). Cremophor® EL, vitamin E
TPGS 1000, Cremophor® RH 40, and higher concentrations
of Tween® 80 inhibited MRP2 activity, but Pluronic® PE
10300 and sucrose ester L-1695 only inhibited P-gp activity
(44). Li et al. comprehensively studied the MRP2 inhibition
effect of commonly used excipients with scutellarin as the
probe in Caco-2 cells and MRP2-over-expressing Sf-9 cell
membrane vesicles. The study found that among 15 excipients
studied, 12 excipients decreased efflux ratio of scutellarin in
Caco-2 cells (67). The surfactants that showed inhibition were
Cremophor® EL (fourfold decrease), Cremophor® RH
(threefold decrease), Pluronic® F68 (2.5-fold decrease),
Labrasol® (twofold decrease) and Pluronic® F127 (twofold
decrease). Other excipients that also decreased MRP-2
activity were Labrafac Lipophile® WL 1349 (1.5-fold
decrease), Capmul® MCM (3-fold decrease), Maisine® 35-1
(3.5-fold decrease), PEG 400 (3.5-fold decrease), PEG 2000
(3.5-fold decrease), Transcutol® (2.2-fold decrease) and B-
cyclodextrin (2.2-fold decrease) (67). Cremophor® EL and
PEG 2000 also showed the strongest inhibition MRP-2-
mediated scutellarin efflux in Sf-9 cell membrane vesicles
(67). In conclusion, both Cremophor® EL and PEG 2000
directly inhibit MRP2-mediated efflux while other excipients
may increase scutellarin accumulation via other mechanisms
(67). Later, Cremophor® EL, Cremophor® RH, Pluronic®
F127, Maisine® 35-1, and B-cyclodextrin were further shown
to inhibit the scutellarin efflux ratio in a concentration-
dependent manner (68). It also revealed that the combination
of excipients, such as Cremophor® EL with Pluronic® F127 or
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PEG 2000, could decrease the efflux ratio more than using
only one excipient (68).

The effects of monoglycerides on the efflux activity and
protein expression of MRP2 were investigated (69). Three
monoglycerides, 1-monoolein, 1-monoplamitin, and 1-
monostearin, all significantly increased Rh123 accumulation
by 22%, 19%, and 23%, respectively, and decreased E217pG
efflux ratio by 62%, 44%, and 76%, respectively (69). The 1-
monoolein- and 1-monoplamitin-treated Caco-2 cells also led
to 35 and 19% downregulation of MRP2 protein expression
while 1-monostearin had no effect on MRP2 expression (69).

Uptake Transporters

The organic anion transporter polypeptide (OATP;
SLCO family) is a superfamily of uptake transporters
involved in the cellular uptake of numerous endogenous
and xenobiotic organic anions in various tissues, including the
liver, kidney, brain, and intestine (70). Among the OATP
transporters, OATP1A2, 2B1, 3A1, and 4Al have been
reported to be present in human intestine (70).

One study has examined the effects of pharmaceutical
excipients on uptake transporters (71). In a stably transfected
human embryonic kidney (HEK) cell model, PEG 400
inhibited the uptake of estrone-3-sulfate (E3S, ICs0=0.14%)
and taurocholate (TA, ICs,=0.05%) by OATP1A2 while
other OATPs were not influenced (71). Hydroxypropyl-p-
cyclodextrin (HPCD) strongly inhibited the uptake of
E»178G by OATP1B3 (ICs50=0.001%) and mildly inhibited
the uptake of E;S and TA by OATP1A2 and OATP2BI1
(IC50=0.01% to 0.24%). Both Solutol HS 15 and

Zhang et al.

Cremophor® EL inhibited the uptake of
bromosulfophthalein (BSP) by OATP2BI1, the uptake of
estrogen conjugates by OATP1A2 and OATP2BI1, and the
uptake of taurocholate (TA) by OATP1A2 (ICsy between
0.0003 and 0.3%) (71). The inhibition of the intestinal uptake
transporter activity by excipients may reduce of absorption of
their substrate drugs.

Summary of Interaction with Transporters

The efflux transporters particularly P-gp, BCRP, and
MRP2 have been mostly studied for the interactions with
pharmaceutical excipients. Inhibition of these transporters by
excipients can result in a more than fivefold decrease of
efflux, which may lead to a significant increase of exposure for
some drugs (Table IV). The inhibition on uptake transporters
present in the intestine like OATPs has been investigated as
well. Overall, for a drug whose absorption is influenced
substantially by an active transporter, caution should be taken
when formulating it with certain excipients.

CLINICAL SIGNIFICANCE

The inhibition or induction effects of pharmaceutical
excipients on metabolic enzymes and/or drug transporters
may result in significant pharmacokinetic differences in the
clinic. However, pharmaceutical excipients can affect the
pharmacokinetics of drugs via other mechanisms as well.
The functions of excipients include facilitating disintegration
or enhancing solubilization, which can enhance absorption
and oral bioavailability of drugs. In addition, pharmaceutical

Table IV. Effects of Excipients on GI Transporters

Transporter Excipient Test system Effect Reference
P-gp (inhibition) Cremophor® EL, Transfected MDCK cell Etoposide uptake 1 (40-42)
Cremophor® RH model
40
P-gp (inhibition) Cremophor® EL Rat with SMEDDS Etoposide AUCqy 4n 1 (40-42)
by 40%;
Cinax T by 28%
P-gp (inhibition) Cremophor® EL Healthy Fexofenadine AUC 54 (72)
Japanese volunteers and Cpax T
P-gp (inhibition) Cremophor® RH Rat with SMEDDS Etoposide AUCq o4, 1 (40-42)
40 by 65%;
Cinax T by 33%
P-gp (inhibition) HPMC LS174T cell model MDRI1 expression | (27)
P-gp (inhibition) mPEG-PLA Caco-2 cell model Inhibition (53)
P-gp (inhibition) 1-Monoolein Caco-2 cell model Efflux | by 2-3-fold (57)
P-gp (inhibition) 1-Monostearin Caco-2 cell model Efflux | by 2-3-fold (57)
P-gp (inhibition) NOSC Caco-2 cell model; Rat Etoposide absorption 1; (58)
efflux |
P-gp (inhibition) PEG 40 stearate Rat intestinal segments Rh123 efflux inhibited (25)
diffusion chamber
system; Caco-2 cell
model
P-gp (inhibition) PEG 400 Caco-2 cell model 3H-Ranitidine efflux (56)
ratio |
by 3.9-5.4-fold
P-gp (inhibition) PEG 400 Human Ranitidine F 1 by (71)
6-63% in the male
P-gp (inhibition) Phosphatidylcho- Caco-2 cell model; (54)

line

MDCK-mdr1 cell model
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Table IV. (continued)
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Transporter

P-gp (inhibition)

P-gp (inhibition)

P-gp (inhibition)

P-gp (inhibition)

P-gp (inhibition)
P-gp (inhibition)
P-gp (inhibition)
P-gp (inhibition)
P-gp (inhibition)

P-gp (inhibition)

P-gp (inhibition)
BCREP (inhibition)
BCRP (inhibition)

BCRP (induction)

BCRP (inhibition)

BCRP (inhibition)
BCRP (inhibition)

BCRP (inhibition)

BCREP (inhibition)
MRP2/P-gp (inhibition)
MRP2 (inhibition)
MRP2 (inhibition)
MRP2 (inhibition)
MRP?2 (inhibition)
MRP?2 (inhibition)
MRP?2 (inhibition)

MRP?2 (inhibition)

Excipient

Pluronic® F127

Pluronic® F68

Pluronic® F68

Pluronic® P123

Pregelatinized
starch
Sucrose ester
L-1695
Tween® 20
Tween® 80

Tween® 80

Vitamin E TPGS

Vitamin E TPGS
Brij 30
Cremophor® EL

Oleic acid (C18:1)

Pluronic® P85

Pluronic® P85
Span 20

Tween® 20

Tween® 20
Brij-35
Capmul® MCM
Cremophor® EL
Cremophor® EL
Cremophor® EL
Cremophor®
RH 40
Cremophor®

RH 40
p-Cyclodextrin

Test system

Caco-2 cell model; rat
everted gut sac model

Caco-2 cell model,
intestinal everted sac
model

Rat

Caco-2 cell model; rat
everted gut sac model

LS174T cell model

P-gp expression MDCK
cell model

Rat everted gut sac
model

P-gp expression MDCK
cell model

SMEDDS system

Caco-2 cell model,
everted sac model

Rat

MDCK-BCRP cell
model
MDCK-BCRP cell
model

Caco-2 cell model

MDCK-BCRP cell
model

Mice

MDCK-BCRP cell
model
MDCK-BCRP cell
model

Mice

Caco-2 cell model
Caco-2 cell model
Caco-2 cell model

MDCK-MRP2 cell
model

Sf-9 cell membrane
vesicles

Caco-2 cell model

MDCK-MRP2 cell
model
Caco-2 cell model

Effect

Directly interacting with

P-gp transporter in mo-

nomeric state

R-123 efflux ratio | by

1.6-fold; absorption 1 by

2.7-fold in sacs

Celiprolol efflux |
2-fold; celiprolol
transfer 1 1.9-2.2-fold
in sac

Rifampicin CL | by
1.8-fold, AUC 1
by 1.5-fold

R-123 efflux ratio | by

6.8-fold; absorption 1 by

6.6-fold in sac

MDR1 mRNA | by

>40%

Substrate uptake 1 by

6.3-fold

Digoxin transport 1 by

2.1-fold

Substrate uptake 1 by
2-fold

Etoposide F 1 by
2.5-fold

Celiprolol permeability

1t by 60%; etoposide

permeability 1 by 2-fold

Paclitaxel F 1 by 6-fold;

colchicine F 1 by 2-fold

3H-Mitoxantrone cell

uptake 1

>H-Mitoxantrone cell

uptake 1

3H-Mitoxantrone influx

1 by 3-fold; BCRP gene

expression induced by

1.7-fold

*H-Mitoxantrone cell

uptake 1; efflux | by

40%

Topotecan AUC 1 by
2-fold

3H-Mitoxantrone cell

uptake 1

*H-Mitoxantrone cell

uptake 1; efflux | by

60%

Topotecan AUC 1 by

1.8-fold

B12H absorption 1 by

>70%

Scutellarin efflux ratio |

by 3-fold

Scutellarin efflux ratio |

by 4-fold

Calcein secretory
inhibited

Scutellarin efflux | by

1.8-fold

Scutellarin efflux ratio |

by 3-fold

Calcein secretory
inhibited

Scutellarin efflux ratio |

by 2.2-fold

Reference

(45)

(43,44)

(43,44)

(45)

@7
(1)
(40,47)
(41,42)
(41,42)

(47-52)

(47-52)
(62)
(62)

(63)

(61,62)

(62)
(62)

(61,62)

(62)
(55)
(64)
(64)
(41)
(64)
(64)
(41)

(64)
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Table IV. (continued)
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Transporter
MRP2 (inhibition)

MRP2 (inhibition)
MRP2 (inhibition)

MRP?2 (inhibition)

MRP2 (inhibition)

MRP2 (inhibition)

MRP?2 (inhibition)
MRP2 (inhibition)
MRP?2 (inhibition)
MRP?2 (inhibition)
MRP2 (inhibition)
MRP2 (inhibition)
MRP?2 (inhibition)
MRP?2 (inhibition)

OATP1A2 (inhibition)

OATP1A2 (inhibition)

OATP1A2 (inhibition)

OATP1A2 (inhibition)

OATP2BI (inhibition)

OATP2BI (inhibition)

OATP2BI (inhibition)

Excipient
LabrafacLipophil-
e® WL 1349
Labrasol®
Maisine® 35-1

1-Monoplamitin

1-Monoolein

1-Monostearin

PEG 2000

PEG 2000

PEG 400
Pluronic® F127
Pluronic® F68
Transcutol®
Tween® 80
Vitamin E TPGS

1000
Cremophor® EL

Hydroxypropyl
p-cyclodextrin

PEG 400

Solutol HS 15

Cremophor® EL

Hydroxypropyl-p-
cyclodextrin
Solutol HS 15

Test system
Caco-2 cell model

Caco-2 cell model
Caco-2 cell model

Caco-2 cell model

Caco-2 cell model

Caco-2 cell model

Caco-2 cell model

Sf-9 cell membrane
vesicles
Caco-2 cell model

Caco-2 cell model
Caco-2 cell model
Caco-2 cell model

MDCK-MRP2 cell
model
MDCK-MRP2 cell
model
Transfected HEK cell
model

Transfected HEK
cell model

Transfected HEK
cell model

Transfected HEK
cell model

Transfected HEK
cell model

Transfected HEK
cell model

Transfected HEK
cell model

Effect
Scutellarin efflux
ratio | by 1.5-fold
Scutellarin efflux ratio |
by 2-fold
Scutellarin efflux ratio |
by 3.5-fold
Rh123 accumulation 1
by 19%; E217pG efflux
ratio | by 44%
Rh123 accumulation 1
by 22%; E217pG efflux
ratio | by 62%
Rh123 accumulation 1
by 23%; E217pG efflux
ratio | by 72%
Scutellarin efflux ratio |
by 3.5-fold
Scutellarin efflux | by
1.5-fold
Scutellarin efflux ratio |
by 3.5-fold
Scutellarin efflux ratio |
by 2-fold
Scutellarin efflux ratio |
by 2.5-fold
Scutellarin efflux ratio |
by 2.2-fold
Calcein secretory
inhibited
Calcein secretory
inhibited
EsS uptake inhibited
with ICsy=0.00054%;
taurocholate (TA)
inhibited with
1C50=0.00034%
E;S uptake inhibited
with ICs0=0.027%;
taurocholate (TA)
inhibited with
1C50=0.025%
E;S uptake inhibited
with IC50 =0.14%;
taurocholate (TA)
inhibited with
ICS() = 005%
E;S uptake inhibited
with 1Cs0=0.0074%;
taurocholate (TA)
inhibited with
1C50=0.0041%
E3S uptake inhibited
with 1Cs50=0.0011%;
BSP inhibited with
1C50=0.0098%
E5S uptake inhibited
with 1Cso=0.01%
E;S uptake inhibited
with 1Cs0=0.011%;
BSP inhibited with
1Cs50=0.00095%

Reference
(64)

(64)
(64)

(66)

(66)

(66)

(64)
(64)
(64)
(64)
(64)
(64)
(41)
(41)

(67)

(67)

(67)

(67)

(67)

(67)

(67)

|, decrease; 1, increase
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excipients can alter the composition and characteristics of
gastrointestinal (GI) fluid (72,73), modulate GI motility and
transit time (74), and change drug permeability (75) in the
clinic. Thus, the net alteration of drug absorption and
disposition is usually the result of an interplay of a variety
of mechanisms.

One of the most studied excipients for its effect on
drug pharmacokinetics in the clinic is PEG 400. PEG 400
can enhance the solubility of poorly water-soluble drugs
and increase bulk fluid volume in the intestine, and it can
also stimulate GI motility, shorten small intestine transit
time, and modulate P-gp activity. One study showed that
PEG 400 reduced absolute bioavailability of ranitidine by
31% (76), and another study showed that the effect of
PEG 400 was concentration-dependent, with low concen-
trations of PEG 400 enhancing ranitidine absorption while
high concentrations of PEG 400 significantly decreasing
absorption (77). Most recently, PEG 400 was reported to
enhance the bioavailability of ranitidine up to 63% only
in male subjects but not in females (74). Therefore, the
mechanism of PEG 400 on drug absorption is the
combination of various factors including solubility en-
hancement, transit effects, gender differences of fluid
volumes, and efflux and influx transporters, which can
hardly be predicted from in vitro assays.

Cremophor® EL is another excipient that has been
investigated in the clinic. Tomaru et al. studied
Cremophor® EL on the inhibition of intestinal CYP3A
and P-gp in healthy Japanese subjects (78). It was found
that Cremophor® EL (720 mg) significantly decreased the
Cimax and AUC of saquinavir, a substrate of CYP3A and
P-gp (78). In contrast, Cremophor® EL (1440 mg) signif-
icantly increased the Cpax (1.3-fold) and AUCy o4 (1.6-
fold) of another P-gp substrate fexofenadine (78). Further
investigation has shown that saquinavir, a hydrophobic
compound, was extensively entrapped into the
Cremophor® EL micelles and thus there were less free
molecules available for absorption (78). Therefore, al-
though excipients like Cremophor® EL can inhibit P-gp,
its effect on the absorption also depends on other factors
and should be assessed case-by-case.

Vaithianathan et al. carried out a clinical study to assess
the impact of larger than conventional amounts of 14
commonly used excipients on absorption of Biopharmaceutics
Classification System (BCS) class 3 drugs, using cimetidine
and acyclovir as BCS class 3 model drugs, in three separate
four-way crossover bioequivalence (BE) studies (n =24 each)
in healthy human volunteers (79). Twelve common excipients,
sodium lauryl sulfate (SLS), corn starch, sodium starch
glycolate, colloidal silicon dioxide, dibasic calcium phosphate,
crospovidone, lactose, povidone, stearic acid, pregelatinized
starch, croscarmellose sodium, and magnesium stearate, were
found not able to impact BCS class 3 drug absorption in
humans (79). Thus, the author concluded that these excipi-
ents in a test product may not necessarily be qualitatively the
same or quantitatively very similar to those in the reference
product for a BCS class 3 biowaiver, as long as the amount
used does not exceed what has been studied in the article
(79). Sorbitol was shown to decrease the extent of ranitidine
and cimetidine absorption (79,80). HPMC and microcrystal-
line cellulose lowered cimetidine and acyclovir absorption,
which meant that BCS class 3 biowaivers required these
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excipients to be qualitatively the same and quantitatively very
similar to the reference (79).

CONCLUSIONS

Pharmaceutical excipients are essential components of
pharmaceutical products and historically considered to be
pharmacologically inert. However, increasing evidence has
shown that they can alter the pharmacokinetics of active
pharmaceutical ingredients thorough various mechanisms.
Sometimes, this alteration can lead to clinically significant
consequences. In this paper, we reviewed recent findings
regarding the effects of pharmaceutical excipients on GI tract
absorption, primarily focusing on the interaction of excipients
with phase I and II metabolic enzymes, and efflux and uptake
transporters present in the GI tract. We have found that more
than 60 excipients were shown to interfere with metabolic
enzyme and/or transporters based on in vitro or preclinical
assay results. Nevertheless, only a few of them have been
assessed in humans. Retrospective interpretation of clinical
data suggests that the observed results may be determined by
various factors, on a case-by-case basis. The effects of
pharmaceutical excipients on drug absorption may be influ-
enced by excipient concentrations, the physicochemical
properties of the API, and interplay of other concurrent
mechanisms. There seems to be a lack of a robust approach
that can integrate the in vitro and preclinical data to predict
the pharmacokinetic alteration in humans. Further research
efforts are warranted to shed light on solving this issue.
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