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Sex Differences in the Pharmacologic Effects of
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Transporters and Phase 1 and 2 Metabolizing Enzymes
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Sex differences in the pharmacologic effects of antiretroviral drugs are increasing-
ly being reported. Emerging evidence suggests that women may be at increased risk
of developing adverse effects of antiretroviral drugs. Several mechanisms have
been proposed to explain sex differences in drug effects, including physiologic dif-
ferences between men and women and the influence of sex hormones on drug
metabolism. This article reviews sex-related variations in the levels of expression
and activities of drug transporters and metabolizing enzymes involved in the dis-
position of the antiretroviral drugs, and postulates that these variations may part-
ly explain sex differences in the responses to these drugs. Studies that explore rela-
tionships between levels of expression and activities of relevant enzymes and drug
transporters and observed sex-related differences in treatment responses to
antiretroviral drugs will help clarify the extent to which molecules involved in drug
disposition affect sex differences in treatment response.

Introduction

The relationship between a patient’s sex
and that individual’s ability to tolerate
antiretroviral drugs is increasingly being
examined. Several lines of evidence
suggest that women are more likely than
men to experience adverse effects of
antiretroviral drugs.! Nevirapine, a non-
nucleoside reverse transcriptase inhibitor
(NNRTI), is associated with rash and
hepatitis more frequently in women
than men.?® Protease inhibitor (Pl)-asso-
ciated gastrointestinal intolerance and
metabolic disorders are also reported
more frequently among women.” !0
Boxwell and colleagues! reported that
83 % of 60 cases of lactic acidosis in HIV-
infected patients treated with nucleoside
reverse transcriptase inhibitors (nRTIs)
involved women, and 85% of the 20 fatal
cases were in women. Another study!'?
examined the relationship between sex
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and lipodystrophy in 2258 HIV-infected
persons on antiretroviral therapy and
found that morphologic alterations were
twice as likely in women. These obser-
vations suggest that adverse effects may
be more frequent in women than in
men receiving antiretroviral therapy.

It has been generally presumed that
the efficacy of an antiretroviral drug is
comparable in men and women. Howev-
er, 3 recent studies suggest that this may
not always be the case. One study from
the United Kingdom'? evaluated the effec-
tiveness of potent antiretroviral therapy
in 91 women and 366 men. Virologic sup-
pression was achieved more rapidly in
women, and the response was more
durable. A second study'# evaluated sex
differences in the clinical response to
antiretroviral therapy in 497 men and
146 women who were observed for
more than 13 months. Disease progres-
sion occurred in 11 % of men and in 8%
of women. Hospital admission for an
AIDS-defining illness was required for
17% of the men and 12% of the
women. A third study,® involving 78
women and 616 men, found that the
efficacy of antiretroviral therapy in
reducing the plasma HIV-1 RNA concen-
tration was similar for men and women;
however, the mean increase in the CD4 +
cell count was greater in women (116/pL)
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than in men (84/uL). Although these stud-
ies need to be corroborated, the findings
suggest that sex may influence the phar-
macologic effects of the antiretroviral
drugs. Data that indicate increased
adverse effects and possibly greater effi-
cacy suggest that women may have bet-
ter virologic responses to comparable
drug doses than do men, or that women
may experience higher serum or tissue
drug concentrations.

Mechanisms proposed to explain sex
differences in drug effects have included
physiologic differences in factors such
as total body weight, fat distribution, pro-
tein binding, gastric motility and acid
secretions, glomerular filtration rates, and
the influence of sex hormones on drug
metabolism. More recently, however,
there is growing evidence to suggest that
the mechanism of sex-related differences
in drug effects may occur at the molecu-
lar level. Sex-related variations in the
expression and activities of drug trans-
porter genes, proteins, and enzymes
involved in phase 1 and 2 biotransforma-
tion that form the xenobiotic cascade
may underlie some of the observed dif-
ferences between men and women in
responding to certain drugs. This report
examines how differences in the expres-
sion and activities of these important
drug-disposing molecules may explain
some of the sex-related differences
reported in association with the effects of
the antiretroviral drugs.

Antiretroviral Drug Transporters

The drug transporter P-glycoprotein (Pgp)
is an important component of the xenobi-
otic cascade that influences the bioavail-
ability of drugs. Pgp is encoded by the
human multidrug resistance (MDR1) gene
and is constitutively expressed in epithe-
lial cells, especially in tissues important
for drug disposition, such as the apical
surfaces of intestinal enterocytes, hepato-
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cytes, and proximal renal tubular cells.'®
Expression of Pgp by these tissues
reduces drug absorption from the gas-
trointestinal tract and enhances drug
elimination into bile and urine.!® Because
of the key role played by Pgp in drug dis-
position, sex-mediated differences in its
expression and activities could result in
differences between men and women in
the pharmacologic activities of drugs
transported by this molecule.

Recent observations indicate that
Pgp influences the disposition of
antiretroviral drugs, particularly HIV Pls.
Using L-MDR1 and Caco 2 cell lines that
overexpress Pgp, Kim and colleagues!”
demonstrated that indinavir, nelfinavir,
and saquinavir are transported by Pgp.
They also showed that the plasma con-
centrations of these drugs after oral
administration were 2- to 5-fold higher
in mdria knockout mice than in wild-
type mice. Another study!'® showed that
the transport of saquinavir and ritonavir
was 3 times lower across a monolayer of
Pgp-enriched Calu-3 cells derived from
human airway epithelium than across a
similar layer of cells with little Pgp.
Several other studies using in vitro mod-
els, such as Caco-2 or MDR1-transfected
LLC-PK1 cells, have shown that HIV PIs
exhibit directional transport.'?2% In addi-
tion, Pgp inhibitors such as LY-335979,
cyclosporin, and verapamil, block cellu-
lar transport of HIV PIs, confirming that
the Pls are substrates for Pgp.?! The reg-
ulatory role of drug transporters in the
disposition of the HIV nRTIs has not been
extensively studied. However, data from
2 studies indicate that the multidrug
resistance proteins MRP4 and MRP5
may efflux monophosphate metabolites
of nucleoside analogues such as nRTIs
from cells.?2-23

Given the role of drug transporters in
the bioavailability of antiretroviral drugs,
in particular the PIs, factors that regulate
the expression of these transporters
might influence responses to these
drugs. Data from animal models and
human studies suggest that sex may
play a role in the expression of Pgp and
other drug transporters. One example of
such evidence was provided by Schuetz
and colleagues,?* who evaluated the
expression of Pgp by hepatic cells in 41
subjects and found that Pgp activity
among women was only one third to
one half that of men. In another study,
involving 36 men and 25 women with

B-cell chronic lymphocytic leukemia,
Steiner and colleagues®® showed that
women were almost 2 times less likely
than men to be positive for the MDRI
genotype that encodes for Pgp expres-
sion. Sex differences in Pgp expression
have also been demonstrated in rats>®
and Chinese hamsters.?” Sex-dependent
expression has been described for other
transporters, including sodium tauro-
cholate cotransporting polypeptide
(NTCP)?® and the organic cation trans-
porter 2 (OCT2).2% These observed lower
expressions of Pgp in women suggest
that women might be more likely than
men to achieve higher cellular and tissue
concentrations of antiretroviral drugs that
are Pgp substrates. This may partially
explain the increased frequency and
severity of adverse reactions and perhaps
the enhanced efficacy of some of these
drugs in women compared with men.

Antiretroviral Metabolizing
Enzymes

Other important components of the
xenobiotic disposition pathway that limit
the bioavailability of drugs are the drug-
metabolizing enzymes. The cytochrome
P450 (CYP450) superfamily of enzymes
accounts for more than 95% of the
phase 1 metabolism of all drugs.>® The
CYP450 system consists of at least 11
families of enzymes, of which 3 (CYPI,
CYP2, and CYP3) are important in
humans. The liver is the primary site of
CYP450 activity, but CYP3A is also pre-
sent in the gastrointestinal enterocytes.
CYP3A is the most abundant CYP450
enzyme in the human liver and is
responsible for the metabolism of
approximately one half of all drugs that
undergo phase 1 hepatic metabolism.
Phase 2 pathways in drug metabolism
include conjugation reactions, such as
glucuronidation, sulfation, acetylation,
methylation, and glutathione conjuga-
tion.

All currently approved HIV Pls are
metabolized by CYP450 isoforms.
Fitzsimmons and Collins®' demonstrat-
ed the in vitro biotransformation of
saquinavir by intestinal and hepatic
microsomes to multiple hydroxylated
derivatives and also showed that
CYP3A4 was the main enzyme involved
in the biotransformation. CYP3A4 is also
responsible for the metabolism of indi-
navir,>> amprenavir,>®> nelfinavir,’* and
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lopinavir.3® Ritonavir is metabolized pri-
marily by CYP3A4 and, to a lesser
extent, by CYP2D6 and CYP2C9.36

The CYP450 enzyme system is also
responsible for the biotransformation of
the NNRTIs. In vitro studies of nevirap-
ine biotransformation have demonstrat-
ed that the isoenzymes CYP2B6 and
CYP3A4 metabolize nevirapine, with
CYP2D6 playing a minor role’” The
isoenzyme primarily responsible for the
biotransformation of efavirenz is CYP2B6,
with some involvement by CYP3A4.38
Delavirdine is metabolized primarily by
CY3A4 and, to a lesser extent, by
CYP2D6.%? Many PI and NNRTI metabo-
lites generated by CYP450 biotransfor-
mation subsequently undergo phase 2
reactions before being eliminated in
urine or bile.

The nRTIs, on the other hand, are
eliminated unchanged in the urine, or
undergo hepatic glucuronidation prior to
excretion in urine or bile. 4044 Changes
in plasma concentrations of the nRTIs,
however, may be of less clinical rele-
vance than for PIs and NNRTIs, because
their antiviral effects mainly depend on
the rate and extent of intracellular phos-
phorylation by cellular kinases into
triphosphate derivatives.*> The intracel-
lular accumulation of nRTI mono- or
diphosphates resulting from rate-limit-
ing steps in this phosphorylation path-
way could be responsible for some of
the toxic effects of the drugs, particular-
ly within mitochondria.4®

Knowledge is growing about sex dif-
ferences in regulating the expression and
activity of phase 1 and phase 2 drug-
metabolizing enzymes, which are proba-
bly related to endogenous sex hor-
mones.*” Activities of CYPIA2 and
CYP2E1 may be higher in men than in
women, #8351 whereas CYP2D6 activity
may be higher in women than in men.>?
Sex differences in CYP2C19 activity
appear to show ethnic variations:
CYP2C19 activity is higher in Chinese,
Jewish-Israeli, and African American
women than in men of these ethnic
backgrounds.®>%> No sex difference in
the activity of CYP3A seems to exist.®
Although hepatic clearance of drugs that
are substrates for both CYP3A and Pgp
(such as erythromycin and verapamil)
appears to be higher in women than in
men, this may be explained largely by
lower hepatic Pgp activity in women.>7-59

The activities of some phase 2 isoen-
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zymes also exhibit sex differences.
Thiopurine methyltransferase (TPMT)
activities are 14 % lower in liver tissues
from women than from men.®° Similarly,
levels of catechol-O-methyltransferase
activity are lower in women.®' The activ-
ity of several isoenzymes of the uridine
5-diphosphate glucuronosyltransferase
(UGT) superfamily, including UGT1ATI,
UGT1A6, UGT1A8, UGT1A9, and
UGT1A10, is also lower in women.%265 A
study from Finland shows that phenol
sulfotransferase activity is more than
609% lower in women than men.®> Sex
differences in regulation of the activities
of the cellular kinases that activate nRTIs
remain undefined.

Based on available studies, enzymes
involved in phase 1 reactions may have
only a limited role, if any, in the sex-
related differences in pharmacologic
effects of the antiretroviral drugs. The
activity of CYP3A, the principal isoform
of the CYP450 system, in the biotrans-
formation of PIs and NNRTIs does not
appear to be influenced by sex. Although
CYP2D6 activity is reported to be higher
in women than in men, the role of this
isoform in the metabolism of ritonavir
and delavirdine is limited. In contrast,
activities of many isoenzymes involved
in phase 2 reactions are lower in women
than in men, suggesting that antiretrovi-
ral agents (or their metabolites) that
undergo biotransformation by these
pathways may reach higher concentra-
tions in the cells and tissues of female
HIV patients than in male patients.

Sex differences in the activities of
cellular kinases that activate nRTIs
remain unclear. Studies to explore sex
differences in the expression and activi-
ties of these key enzymes in the
metabolism of the nRTIs will be of inter-
est for 2 reasons. First, there are docu-
mented sex differences between men
and women in the development of
adverse effects associated with the
nRTIs, in particular, lactic acidosis.
Second, both the efficacy and the toxic
effects of the nRTIs are related to the
phosphorylated products of the cellular
kinases.

Conclusion

HIV infection has become a chronic,
treatable illness, especially in the devel-
oped countries, as many HIV-infected
patients are on antiretroviral therapy and

are living longer. The adverse effects of
these drugs, particularly in women, are a
growing source of concern, because
many observational studies have shown
that women experience greater toxic
effects with all classes of antiretroviral
drugs. Although sex differences in the
effects of these drugs may be due in part
to physiologic and hormonal differences
between men and women, variations in
the activities of drug transporters and
metabolizing enzymes involved in phase
1 and 2 reactions may also be involved.
Further studies are needed to relate
activities of these enzymes and drug
transporters and observed sex differ-
ences to the effects of the antiretroviral
drugs. Such studies will enhance our abil-
ity to develop new agents that are better
tolerated by both sexes, and to identify
drug dosages that are most effective for
women.
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