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Objectives: The objective of this study was to compare atazanavir pharmacokinetics in genetically
determined CYP3A5 expressors versus non-expressors.

Methods: HIV-negative adult volunteers were pre-screened for CYP3A5 *3, *6 and *7 polymorphisms
and enrolment was balanced for CYP3A5 expressor status, gender and race (African-American versus
non-African-American). Participants received atazanavir 400 mg daily for 7 days followed by atazanavir/
ritonavir 300 mg/100 mg daily for 7 days with pharmacokinetic studies on days 7 and 14. Other
measures collected were bilirubin, UGT1A1 *28, and ABCB1 1236C>T, 2677G>T/A and 3435C>T geno-
types. Data analyses utilized least squares regression.

Results: Fifteen CYP3A5 expressors and 16 non-expressors participated. The day 7 atazanavir oral
clearance (CL/F) was 1.39-fold faster (0.25 versus 0.18 L/h/kg; P50.045) and the Cmin was half (87
versus 171 ng/mL; P50.044) in CYP3A5 expressors versus non-expressors. Non-African-American
CYP3A5 expressor males had 2.1-fold faster CL/F (P50.003) and <20% the Cmin (P50.0001) compared
with non-African-American non-expressor males. No overall CYP3A5 expressor effects were observed
during the ritonavir phase. One or two copies of wild-type ABCB1 haplotype (1236C/2677G/3435C) was
predictive of slower atazanavir and ritonavir CL/F compared with zero copies (P<0.06). Indirect bilirubin
increased 1.6- to 2.8-fold more in subjects with UGT1A1 *28/*28 versus *1/*28 or *1/*1.

Conclusions: CYP3A5 expressors had faster atazanavir CL/F and lower Cmin than non-expressors. The
effect was most pronounced in non-African-American men. Ritonavir lessened CYP3A5 expressor
effects. The wild-type ABCB1 CGC haplotype was associated with slower CL/F and the UGT1A1 *28
genotype was associated with increased bilirubin. Thus, CYP3A5, ABCB1 and UGT1A1 polymorphisms
are associated with atazanavir pharmacokinetics and pharmacodynamics in vivo.
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Introduction

HIV protease inhibitors are integral components of many combi-
nation antiretroviral regimens.1 A key pharmacological feature
of protease inhibitors is high pharmacokinetic variability among
individuals, with AUC and trough (Cmin) values that can vary by
.10-fold in controlled settings.2 Additionally, drug–drug inter-
actions, mis-timed dosing and non-adherence to food restrictions

can increase variability considerably. Pharmacokinetic variabil-
ity can be clinically relevant, as maintenance of plasma concen-
trations above Cmin thresholds has been proposed as a strategy to
maximize the probability of virological response.1

Protease inhibitors, except nelfinavir, are often dosed with
ritonavir, which inhibits CYP3A in humans, resulting in higher
and more sustained plasma concentrations of the protease inhibi-
tor of interest. Atazanavir is a first-line protease inhibitor with
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a favourable side effect and tolerability profile.3 Although ataza-
navir is FDA approved as a single protease inhibitor, dosed
400 mg once daily, it is typically given with ritonavir for the
reasons described above.4 Pharmacokinetic enhancement with
ritonavir has some disadvantages, however, including metabolic
adverse effects such as hyperlipidaemia and hyperglycaemia, as
well as gastrointestinal intolerance.5 An increased understanding
of the biological, genetic and environmental factors that underlie
protease inhibitor pharmacokinetic variability is essential for the
most informed and rational use of single and pharmacokineti-
cally enhanced protease inhibitors in patients.

Protease inhibitors (except nelfinavir) are dedicated CYP3A
substrates, which includes 3A4 and 3A5 in adults.6,7

Interindividual variability in CYP3A could be an important
source of pharmacokinetic variability for protease inhibitors
in vivo. CYP3A5 is polymorphically expressed in adults.8

CYP3A5 non-expressors carry two inactive alleles most com-
monly due to single nucleotide polymorphisms that change
the mRNA splicing site (*3 or *6) or a T insertion that changes
the reading frame (*7).9 The result for homozygous variant car-
riers is truncated and negligibly expressed CYP3A5 protein.
Approximately 85% of Caucasians and 45% of African-
Americans carry at least one inactive allele.9 Previous studies
have shown that genetically determined CYP3A5 expression
is associated with variability in the metabolism and/or oral
clearance of indinavir and saquinavir as single protease
inhibitors.10 – 14 However, studies have not investigated the influ-
ence of genetically determined CYP3A5 expression on the phar-
macokinetics of atazanavir as a single protease inhibitor.

An additional source of pharmacokinetic variability for pro-
tease inhibitors may arise from P-glycoprotein, the product of
the ABCB1 gene.15 The P-glycoprotein efflux transporter is
expressed in the intestinal brush border, liver and renal tubule
cells, thereby counteracting drug absorption and facilitating drug
clearance.16 The polymorphisms most often studied in ABCB1
are 1236C.T, 2677G.T/A and 3435C.T, and these poly-
morphisms are often studied in haplotype form (i.e. the combi-
nation of alleles on a single chromosome). The common ABCB1
haplotype, 1236T, 2677T and 3435T (TTT), has been associated
with altered protein folding (despite 1236C.T and 3435C.T
being synonymous polymorphisms) resulting from slower
protein synthesis compared with the wild-type haplotype (CGC).
This altered protein shape may change the substrate specificity,
resulting in higher or lower P-glycoprotein function depending
on the substrate.17,18

A consideration aside from pharmacokinetic variability that
is also important for drug response, is pharmacodynamic varia-
bility. One clear example for protease inhibitors, including ata-
zanavir, is the inhibition of the bilirubin-conjugating enzyme,
uridine-diphosphate glucuronosyl transferase isoform 1A1
(UGT1A1).19 A common polymorphism, UGT1A1 *28 (7 TA
repeats in the promoter), is associated with 70% lower activity
compared with the wild-type *1 allele (6 TA repeats), which can
exaggerate indirect bilirubin increases associated with atazanavir
therapy.19,20

The primary objective of this study was to compare the
pharmacokinetics of atazanavir in genetically determined
CYP3A5 expressors versus non-expressors and to evaluate the
effect of pharmacokinetic enhancement with ritonavir on this
relationship. Secondary objectives were to evaluate associations
between ABCB1 haplotypes and atazanavir pharmacokinetics

and between the UGT1A1 *28 genotype and indirect bilirubin
increases caused by atazanavir.

Methods

This was a single-arm, open-labelled, two-phase study of prospec-
tive CYP3A5 genotyping for atazanavir pharmacokinetics in
HIV-negative volunteers. Eligible subjects were between the ages of
18 and 55 years; with negative tests for HIV infection and preg-

nancy; no medical history of hepatitis B or C or autoimmune
disease; no significant electrocardiography (ECG) abnormality or
cardiac history; no investigational drug in the previous 30 days or
chronic concomitant medication (or herbal product) contraindicated
with atazanavir or ritonavir (including antacids); body mass index

(BMI) 18.5–34 kg/m2; and no pre-existing haematological or meta-
bolic abnormalities above grade I using the Division of AIDS
(DAIDS) adverse event grading criteria. The study was approved by
the local Institutional Review Board (IRB) and informed consent
was obtained from each participant.

Following informed consent, volunteers were pre-screened for
CYP3A5 expressor status by genotyping for *3, *6 and *7. Non-
expressor status was assigned to homozygous variants (*3/*3, *6/*6
or *7/*7) and expressor status was assigned to those carrying at
least one *1 allele.9 If a subject was a double heterozygote, they

were excluded unless haplotype analysis inferred .80% probability
that the subject possessed an expressor or non-expressor diplotype.
In addition to expressor status, enrolment was balanced by
African-American and non-African-American race (by subject self-

report) and gender. Non-African-Americans could comprise all
other races and ethnicities other than African-American. In addition
to the CYP3A5 genotypes described above, the following genotypes
were also obtained as part of the study: UGT1A1 *28 (6.7 TA
repeats) and ABCB1 1236C.T, 2677G.T/A and 3435C.T.

The study had two sequential phases, an atazanavir alone phase
followed by an atazanavir plus ritonavir phase. During the atazana-
vir alone phase, subjects were given a 7 day supply of atazanavir
and were instructed to take 400 mg (two 200 mg capsules) by
mouth each morning with breakfast. Subjects returned on day 3 of

therapy for a laboratory safety assessment and a trough drug concen-
tration. On day 7, a 24 h pharmacokinetics study was performed in
the University of Colorado General Clinical Research Center
Inpatient Unit following a standardized breakfast (500 kcal; 40%
fat; 15% protein; 45% carbohydrates). A 5 mL sample of blood was

collected at baseline and 0.5, 1, 2, 3, 5, 8, 12, 18 and 24 h after
observed dosing. For the atazanavir plus ritonavir phase, starting on
day 8, subjects were given a 7 day supply of atazanavir and ritonavir
and were instructed to take 300 mg (two 150 mg capsules) and

100 mg (one 100 mg capsule), respectively, by mouth each morning
with breakfast. Subjects returned on day 10 for a laboratory safety
assessment and a trough drug concentration, and returned on day 14
for a repeat 24 h pharmacokinetics study. Study medication was
counted at each study visit as a measure of adherence. Indirect bilir-

ubin concentrations were monitored at each visit as a drug response
marker; increases were expected and not considered a drug toxicity.

Plasma was harvested from blood immediately and stored at
2808C until assayed. Atazanavir and ritonavir plasma concen-
trations were determined with a simultaneous validated

HPLC-ultraviolet (UV) procedure. Briefly, plasma (0.2 mL) was
extracted with t-butylmethylether after addition of 0.4 mL of
0.0125 M NaOH and an internal standard (A86093, Abbott
Laboratories). Chromatographic separation was accomplished on an
YMC Octyl column (100�4.6 mm, 3 mm) at 358C with a mobile
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phase of acetonitrile/20 mM acetate buffer. The limit of quantifi-
cation was 20 ng/mL for both compounds and the within-assay and
between-assay coefficients of variation for the quality controls
during validation were ,15%.

Genomic DNA was isolated from buccal cells in mouthwash
expectorate using a commercially available kit (QIAampw DNA
Mini Kit; Qiagen, Valencia, CA, USA). Genotypes were determined
by PCR-pyrosequencing analysis (PSQ 96MA genotyping system;
Qiagen), as previously described.10 Genotypes were determined

using PSQTM 96MA SNP software version 2.0 (Qiagen), which pro-
vides automated genotype determinations. All samples were run in
duplicate. Haplotypes were computationally assigned using
HelixTreew Genetics Analysis Software (Golden Helix, Inc.,
Bozeman, MT, USA).

Non-compartmental methods were used to calculate pharmaco-
kinetic parameters; the dose interval AUC was calculated with the
linear–linear trapezoidal rule, and oral clearance was determined
with CL/F¼dose (mg/kg)/AUC.21 A value of midway between the

lower limit of quantification for the assay and 0 was imputed for
concentrations below the limit of quantification. Linear regression
using three or more points in the log-linear elimination phase was
used to determine the elimination rate constant (kel). Half-life
was determined from ln 2/kel. Cmax and Cmin were taken from the

raw data.

Statistics and data analyses

The primary endpoint, determined a priori, was to compare atazana-
vir CL/F (L/h/kg) in CYP3A5 expressors versus non-expressors at

day 7. A sample size of 24 (12 expressors and 12 non-expressors)
was needed to detect a 40% difference in CL/F, a value based upon
experience with indinavir and CYP3A5 expressor status, and using
a coefficient of variation of 30% for atazanavir clearance, a power
of 80% and a two-sided alpha of 0.05.10,22 Sixteen participants per

arm were sought to provide some protections if assumptions were
inflated.

Secondary endpoints were to evaluate atazanavir Cmax, Cmin and
half-life according to CYP3A5 expressor status at day 7; to evaluate
whether ABCB1 haplotypes influenced any of the pharmacokinetic–

pharmacodynamic parameters; to analyse atazanavir and ritonavir
pharmacokinetic parameters at day 14; and to determine the associ-
ation between the UGT1A1*28 polymorphism and the maximal
indirect bilirubin changes during the atazanavir alone and atazanavir
plus ritonavir phases.

Study data were inspected graphically; pharmacokinetic data
were log transformed prior to statistical analysis if needed, and back
transformed for presentation. ABCB1 genotypes and haplotypes
were viewed graphically versus pharmacokinetic data to determine a

consistent genotype or haplotype to use across the analyses.
Analysis and statistical comparisons utilized Splus version 8.0
(Insightful Corp., Seattle, WA, USA). Primary comparisons of phar-
macokinetic outcomes by CYP3A5 expressor status and baseline
comparisons were conducted using a two-sided t-test with a signifi-

cance level of 0.05. Secondary analyses, which included interactions
with race and gender and additional genetic predictors, were con-
sidered hypothesis generating. Secondary outcome analysis of var-
iance (ANOVA) models were fit using ordinary least squares
regression. Other than the overall test, analyses were not adjusted

for multiple comparisons (i.e. a Fisher’s protected least significant
difference approach). For day 7 analyses, a saturated cell means
model was initiated and terms were removed in a backward stepwise
approach. For consistency, day 14 analyses matched the day 7 pre-
dictors. Pharmacokinetic results are presented as geometric means

with corresponding 95% confidence intervals (CIs) unless stated
otherwise.

Results

Study population

A total of 15 CYP3A5 expressors and 16 non-expressors com-
pleted the day 7 primary endpoint visit. By design, 1.5 years of
recruiting time was allotted to balance race and gender as much
as possible, after which enrolment was opened to any race and
gender. The final study population is described in Table 1. The
CYP3A5 expressor and non-expressor groups were well
balanced by race and gender, and did not differ by age, weight
or BMI.

Primary endpoint

The day 7 atazanavir CL/F was 0.25 L/h/kg (0.20–0.30) in
CYP3A5 expressors versus 0.18 L/h/kg (0.15–0.22) in non-
expressors. This represented a 1.39-fold faster clearance in
CYP3A5 expressors versus non-expressors (P¼0.045).

Additional day 7 pharmacokinetics

No doses were missed among the CYP3A5 expressor group
whereas one individual among the non-expressor group missed
one dose of medication prior to day 7, as measured by medication
counts. The geometric mean Cmin was 87 ng/mL in CYP3A5
expressors versus 171 ng/mL in non-expressors (1.97-fold differ-
ence; P¼0.044). The geometric mean half-life tended to be
shorter in CYP3A5 expressors versus non-expressors (5.9 h
versus 7.5 h, respectively; P¼0.057). No significant differences
were observed in day 7 atazanavir Cmax (P¼0.17) or AUCtau

(P¼0.15) in CYP3A5 expressors versus non-expressors. The cell
means model indicated that the pharmacokinetic differences were
primarily in the non-African-American males, with CL/F values
of 0.38 (0.27–0.53) and 0.18 (0.13–0.26) L/h/kg and Cmin values
of 24 (14–41) and 131 (83–209) ng/mL in non-African-
American male CYP3A5 expressors versus non-African-
American male non-expressors, respectively (P,0.003).
Non-African-American women demonstrated a smaller differ-
ence with the same directionality in CL/F, 0.29 (0.21–0.40)
versus 0.20 (0.15–0.27) L/h/kg in CYP3A5 expressors versus
non-expressors, respectively, although this failed to reach statisti-
cal significance (P¼0.11). No significant differences in atazana-
vir pharmacokinetics between CYP3A5 expressors and
non-expressors were observed in the African-American males
(P¼0.28) or females (P¼0.47). In terms of potential gender
differences, women had elevated atazanavir concentrations com-
pared with men (1.5-fold for AUCtau; P¼0.003), but weight-
adjusted oral clearance was not different (P¼0.19). The day 7
atazanavir CL/F values according to CYP3A5 expressor status,
race and gender are shown in Figure 1.

ABCB1

The most consistent ABCB1 findings were associated with the
number of wild-type CGC haplotype copies (i.e. 1236C/2677G/
3435C). The estimated overall atazanavir CL/F in subjects with
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zero CGC copies was 0.29 (0.23–0.36) L/h/kg. This value was
1.6- and 1.7-fold faster compared with those carrying one or two
CGC copies, respectively; 0.18 (0.15–0.23) and 0.17 (0.13–
0.22) L/h/kg; P,0.007. The effects of CYP3A5 genotype, race
and sex on this relationship were considered next. After control-
ling for the number of CGC copies, race and sex failed to reach
statistical significance (P¼0.58 and P¼0.10, respectively).
CYP3A5 expressors demonstrated a 1.39-fold faster CL/F com-
pared with non-expressors in each CGC stratum; P¼0.01,
Figure 2.

The overall estimated atazanavir Cmin in subjects with zero
CGC copies was 66 (39–110) ng/mL. This was significantly
lower than the value in those with one and two CGC copies;
159 (99–255) and 209 (110–399) ng/mL, respectively; P,0.02.
In a model that included CGC with the effects of CYP3A5
expressor status and gender (race was not significant), the esti-
mated Cmin was �51% lower in CYP3A5 expressors versus non-
expressors (P¼0.0062), and women had 2.33-fold higher Cmin

compared with men in each CGC stratum (P¼0.0008).T
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Day 14 pharmacokinetics

Five subjects withdrew from the study between day 7 and day 14,
one expressor and four non-expressors (reasons for withdrawal are
described in the Safety and tolerability section). No doses were
missed among the 14 CYP3A5 expressors and half of one atazana-
vir dose (150 mg) was missed in one individual among the 12 non-
expressors between days 8 and 14, as measured by medication
counts. At the day 14 visit, ritonavir significantly reduced atazana-
vir CL/F by 61% and raised the Cmin by a factor of 5.7-fold
(P,0.0001). Figure 3 shows the atazanavir concentration–time
curves for day 7 (atazanavir alone) and day 14 (atazanavir plus
ritonavir) in CYP3A5 expressors and non-expressors.

Pharmacokinetic enhancement with ritonavir weakened the
association between CYP3A5 expressor status and atazanavir
pharmacokinetics. The atazanavir CL/F was 0.09 (0.07–0.11)
versus 0.07 (0.06–0.09) L/h/kg in CYP3A5 expressors versus
non-expressors at day 14; 1.29-fold, P¼0.15. Additionally, no
overall differences were found between CYP3A5 expressors and
non-expressors in atazanavir Cmax, Cmin or half-life on day 14.
However, the CL/F continued to be faster in the CYP3A5
expressor non-African-American males versus non-expressor
non-African-American males; 0.13 (0.10–0.18) versus 0.08
(0.06–0.10) L/h/kg, 1.62-fold difference, P¼0.017, and the cor-
responding Cmin values were 238 (131–433) versus 570 (313–
1038) ng/mL, respectively; 2.39-fold difference, P¼0.047.
Atazanavir concentrations continued to be higher in women
compared with men (1.4-fold for AUCtau; P¼0.009), but
weight-adjusted oral clearance was not different (P¼0.32).

The ritonavir CL/F on day 14 was 0.12 versus 0.13 L/h/kg
for CYP3A5 expressors and non-expressors, respectively,
P¼0.75. Similar to atazanavir, ritonavir CL/F was faster in the
CYP3A5 expressor non-African-American males versus non-
expressor non-African-American males; 0.19 (0.12–0.30) versus
0.10 (0.06–0.15) L/h/kg, 1.90-fold difference; P¼0.036.

ABCB1

The number of copies of the ABCB1 CGC haplotype continued
to be associated with atazanavir pharmacokinetics at day 14
although the effects were attenuated compared with the day 7

results. The overall atazanavir CL/F in subjects with zero CGC
copies was 0.1 (0.08–1.3) L/h/kg, which was 1.4- and 1.5-fold
faster compared with those carrying one or two CGC copies;
0.073 (0.060–0.88) and 0.070 (0.054–0.091), respectively,
P,0.03. After controlling for the number of CGC copies, there
was no longer a CYP3A5 genotype effect on this relationship;
P¼0.11 (Figure 4), and race and sex also failed to reach statisti-
cal significance (P¼0.86 and P¼0.21, respectively).

Atazanavir Cmin values were not significantly different
according to CGC copies at day 14. However, women had
2.21-fold higher atazanavir Cmin across all numbers of CGC
copy strata compared with men (P¼0.003).

Finally, overall ritonavir CL/F was �1.9-fold faster in sub-
jects with zero versus two CGC haplotype copies; 0.17 (0.12–
0.22) versus 0.087 (0.06–0.13), respectively; P¼0.009, and was
1.47-fold faster in subjects with zero versus one CGC copy;
P¼0.059. A summary of all pharmacokinetic parameters col-
lected in the study, stratified by genetically determined CYP3A5
expressor status, is provided in Table 2.

Pharmacodynamics: UGT1A1

The maximum increase in indirect bilirubin was calculated for
each subject in the atazanavir alone and atazanavir plus ritonavir
phases. The mean increase was 1.19 (0.93–1.45) mg/dL for the
atazanavir alone phase and 2.83 (2.25–3.4) mg/dL for the atazana-
vir plus ritonavir phase (P,0.0001). During the atazanavir alone
phase, the increase was 1.01 (0.55–1.47) mg/dL for those with
UGT1A1 *1/*1, 1.23 (0.86–1.59) mg/dL for those with UGT1A1
*1/*28 and 2.38 (1.73–3.03) mg/dL for those with UGT1A1
*28/*28 (the comparisons between *28/*28 and the other two
groups were significantly different; P,0.003). CYP3A5 expressor
status was not associated with bilirubin increases. Other factors
that were associated with bilirubin increases at day 7 include the
presence of zero versus two copies of the ABCB1 CGC haplotype,
0.95 (0.46–1.43) versus 1.79 (1.18–2.40) mg/dL, respectively
(P¼0.036), and non-African-American versus African-American
race, 1.04 (0.68–1.41) versus 1.75 (1.19–2.32) mg/dL,
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respectively (P¼0.016). For the atazanavir plus ritonavir phase,
the increase was 1.79 (1.08–2.50) mg/dL for those with UGT1A1
*1/*1, 3.04 (2.46–3.61) mg/dL for those with UGT1A1 *1/*28
and 5.0 (3.76–6.24) mg/dL for those with UGT1A1 *28/*28 (the
three groups were significantly different from one another;
P,0.01). Race and ABCB1 haplotype were not associated with
bilirubin increases in the ritonavir phase. The indirect bilirubin
changes according to UGT1A1 genotypes are summarized in
Figure 5.

Safety and tolerability

All 31 subjects completed the day 7 primary endpoint visit; 26
of the 31 completed the full 14 days of the study. Five subjects
discontinued study drug between the day 10 and 14 visits. One
subject experienced a grade I rash and withdrew voluntarily, one

experienced a grade I elevation in aspartate aminotransferase
(AST) and was removed by the investigators, two experienced
grade II laboratory abnormalities (albumin and amylase) and
were removed per protocol, and one was removed with a viral
syndrome unrelated to study drug. No other laboratory adverse
events above grade I were observed.

The most common clinical adverse events included mild
stomach upset, fatigue/malaise and headache. Less common
complaints (all mild) included pruritus, rash, jaundice and
icteric sclera.

Discussion

In this study, subjects were pre-screened and enrolled based
on genetically determined CYP3A5 expression, gender and
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Figure 5. Change in indirect bilirubin observed in the atazanavir alone and atazanavir plus ritonavir phases sorted by UGT1A1 genotypes.

Table 2. Geometric mean (95% CI) atazanavir and ritonavir pharmacokinetics sorted by CYP3A5 expressor status

CYP3A5 expressors (n¼15) Non-expressors (n¼16) P

Atazanavir alone day 7

CL/F (L/h/kg)a 0.25 (0.20–0.30) 0.18 (0.15–0.22) 0.045

t1/2 (h) 5.89 (4.95–7.01) 7.54 (6.18–9.21) 0.057

AUCtau (h*ng/mL) 22151 (17996–27265) 27400 (22407–33504) 0.15

Cmax (ng/mL) 3652 (2995–4453) 4430 (3655–5368) 0.16

Cmin (ng/mL) 87 (55–140) 171 (109–270) 0.044

day 3 trough (ng/mL) 108 (59–199) 194 (92–410) 0.21

CYP3A5 expressors (n¼14) Non-expressors (n¼12) P

Atazanavir (plus ritonavir) day 14

CL/F (L/h/kg) 0.09 (0.07–0.11) 0.07 (0.06–0.09) 0.15

t1/2 (h) 10.4 (8.5–12.8) 13.5 (8.9–20.4) 0.22

AUCtau (h*ng/mL) 46022 (38085–55613) 49598 (40426–60850) 0.58

Cmax (ng/mL) 4609 (4051–5244) 4883 (4248–5613) 0.54

Cmin (ng/mL) 605 (406–900) 722 (470–1109) 0.54

day 10 trough (ng/mL) 870 (537–1411) 1159 (870–1544) 0.30

Ritonavir

CL/F (L/h/kg) 0.12 (0.09–0.16) 0.13 (0.09–0.17) 0.75

t1/2 (h) 4.05 (3.48–4.71) 4.54 (3.83–5.38) 0.28

AUCtau (h*ng/mL) 11706 (8657–15832) 11580 (8757–15313) 0.95

Cmax (ng/mL) 1717 (1329–2220) 1648 (1249–2176) 0.82

Cmin (ng/mL) 34 (21–55) 42 (30–58) 0.49

Bold formatting indicates significant values.
aPrimary endpoint.
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African-American versus non-African-American race, and ataza-
navir pharmacokinetics were compared in CYP3A5 expressors
versus non-expressors. During the atazanavir alone phase, ataza-
navir CL/F was 1.39-fold faster and the Cmin approximately half
in CYP3A5 expressors compared with non-expressors. This
CYP3A5 expressor effect was apparent in non-African-
Americans, but not in African-Americans. The CYP3A5 expres-
sor relationships did not persist overall when atazanavir was
pharmacokinetically enhanced by ritonavir, but did persist in the
non-African-American men. The wild-type ABCB1 haplotype
(1236C/2677G/3435C) was independently associated with ataza-
navir pharmacokinetics on day 7 (atazanavir alone) and day 14
(atazanavir plus ritonavir); subjects with zero CGC copies had
faster atazanavir CL/F and lower Cmin compared with individuals
with one or two CGC copies. Finally, persons carrying two
UGT1A1 *28 [(TA)7] alleles had 1.6- to 2.8-fold higher
elevations in indirect bilirubin compared with those with *1/*28
or *1/*1 genotypes.

Previous studies found �1.4-fold faster indinavir CL/F and
1.5- to 1.7-fold faster saquinavir CL/F in CYP3A5 expressors
compared with non-expressors when both were given as single
protease inhibitors.10,12 – 14 The present study provides evidence
that genetically determined CYP3A5 expression also influences
atazanavir disposition when given as a single protease inhibitor.
Of note, there appears to be a consistent effect size of �1.4- to
1.7-fold faster CL/F in CYP3A5 expressors compared with non-
expressors among the studies. However, the present study could
not replicate the faster CL/F observed in CYP3A5 expressor
African-Americans such as was observed for indinavir and
saquinavir as single protease inhibitors.10,12 In fact, this study
observed the largest CYP3A5 expressor effects in the
non-African-American males. CYP3A5 expression and the
number of ABCB1 CGC copies remained as significant predic-
tors of atazanavir CL/F after controlling for race and sex,
suggesting that ABCB1 CGC copies may partly explain potential
racial differences. However, the study was not adequately
designed to address this possibility due to small subject numbers
in the race strata, and other racial differences, not measured in
this study, may also be important for atazanavir pharmaco-
kinetics. Examples may include variability in the pregnane X
receptor (PXR), which controls transcription of CYP3A and
ABCB1, the CYP3A4 *1B genotype, and other influx or efflux
transporters such as SLCO1B1, SLCO1A2, ABCC1 (MRP1),
ABCC2 (MRP2) and ABCG2 (BCRP).23 – 27 The present study
found higher atazanavir concentrations in women versus men, a
finding described by others,28 but women did not have lower
weight-adjusted CL/F.

The present study also adds to the evidence that pharmaco-
kinetic enhancement with ritonavir minimizes the effects of
CYP3A5 expression on protease inhibitor pharmacokinetics,
although in this study the pharmacokinetic differences between
expressors and non-expressors during the ritonavir phase were still
apparent in non-African-American males. Several studies showed
no difference in indinavir or lopinavir pharmacokinetics in
CYP3A5 expressors versus non-expressors when pharmaco-
kinetically enhanced with ritonavir.13,29,30 These findings are con-
sistent with in vitro studies that show ritonavir inhibits both
CYP3A4 and 3A5, which may largely negate the effects of
CYP3A5 expression in vivo.7 It is not clear why the expressor
effects were maintained in non-African-American males in the
present study. It is possible these subjects exhibit biological

differences other than CYP3A5 expression that persist after phar-
macokinetic enhancement with ritonavir, or that large CYP3A5
expression-mediated differences can persist even in the face of
ritonavir. Additional studies are needed to address these
possibilities.

Multiple studies have evaluated the association between
ABCB1 genotypes and haplotypes with HIV protease inhibitor
pharmacokinetics and pharmacodynamics.10,13,16,19,31–39 The
findings for protease inhibitors, and many other putative
P-glycoprotein substrates, have been inconsistent.16,40 One study
pre-screened HIV-negative subjects for the ABCB1 3435C.T
polymorphism and recruited 15 T/T and 15 C/C homozygotes
for a comparison of saquinavir and saquinavir/ritonavir
pharmacokinetics.39 No pharmacokinetic differences were
observed, including in subanalyses of 1236C.T, 2677G.T/A
and 3435C.T haplotype combinations. Numerous other studies
have evaluated 3435C.T and 2677G.T/A, as well as other
ABCB1 genotypes, for associations with protease inhibitor con-
centrations (both plasma and cellular) and therapeutic effects in
HIV-infected individuals. In some cases, relationships were not
evident,35,38,39 in other cases carriers of C or G in 3435 or 2677
(wild-type) had faster clearances or lower drug concen-
trations10,37 and in other cases slower clearances or higher drug
concentrations.19,33,36

The present study found slower CL/F and higher atazanavir
concentrations, both for atazanavir alone and for atazanavir plus
ritonavir, in subjects with one or two copies of the wild-type
CGC haplotype (1236C/2677G/3435C). These findings are con-
sistent with two previous studies that found higher atazanavir
concentrations, both for atazanavir alone and for atazanavir with
ritonavir, in subjects with the C/C genotype at 3435 versus those
carrying the T variant at this position.19,36 Together, these find-
ings suggest that the wild-type allele may be associated with
lower P-glycoprotein activity for atazanavir in humans. This
may seem counterintuitive, as the variant is often associated
with lower activity. However, the T variant in 2677 encodes an
Ala893Ser in exon 21, which was associated with increased
activity in one in vitro study.41 Another study showed that the T
variant in 2677 is associated with higher basal CYP3A4
expression and activity.42 Finally, some investigators raise the
possibility that protein folding differences with the variant hap-
lotype (1236T, 2677T, 3435T) could lead to enhanced
P-glycoprotein function, depending on the substrate.17 These
investigations are consistent with the findings in the present
study. In summary, the pharmacology of P-glycoprotein for HIV
protease inhibitors should remain a research priority, but future
studies should strive to expand the number of genetic factors
studied so a more complete and consistent pharmacological
profile can be elucidated.

The present study adds to previous studies showing that
persons carrying two UGT1A1 *28 [(TA)7] alleles had a higher
risk of elevated indirect bilirubin following atazanavir
therapy.19,43 Persons with *28/*28 alleles had 1.6- to 2.8-fold
higher elevations in indirect bilirubin compared with *1/*28 and
*1/*1 carriers for both atazanavir alone and atazanavir plus rito-
navir. Additionally, indirect bilirubin increases were higher in
those with two versus zero copies of ABCB1 CGC haplotypes
on day 7. Pharmacokinetic enhancement with ritonavir caused
�2-fold higher indirect bilirubin elevations versus atazanavir
alone. These findings illustrate how pharmacokinetic and phar-
macodynamic factors can together influence drug response.
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Atazanavir is currently used with ritonavir in most
HIV-infected individuals to provide higher atazanavir concen-
trations thereby minimizing the risks associated with low drug
concentrations from pharmacokinetic variability, drug–drug
interactions (e.g. tenofovir) or dosing without a meal. The cur-
rently recommended Cmin for atazanavir in individuals with
wild-type HIV-1 is 150 ng/mL.1 However, this value is strin-
gent given that the atazanavir geometric mean Cmin in
HIV-infected individuals is 120 ng/mL and it is proven effica-
cious as a single protease inhibitor in antiretroviral-naı̈ve indi-
viduals.22 A Cmin threshold of �60 ng/mL has been used as
one drug exposure criterion (in addition to AUC) in paediatric
dose-finding studies, a value that may better represent the
lowest acceptable bound in antiretroviral-naive individuals.44 In
the present study, when atazanavir was administered alone, 6
of 15 (40%) of the CYP3A5 expressor subjects had Cmin

values �60 ng/mL versus only 1 of 16 non-expressors (6%).
All four non-African-American CYP3A5 expressor males had
values ,60 ng/mL (range, 20–33 ng/mL). Thus, genetically
determined CYP3A5 expressor status may be useful for deter-
mining which individuals would derive the greatest benefit
from pharmacokinetic enhancement with ritonavir regardless of
concomitant medications. Using information in addition to
CYP3A5 expressor status, such as ABCB1 and other transpor-
ter data, may one day help predict individuals who do not
need pharmacokinetic enhancement with ritonavir even with
small drug–drug interactions such as with tenofovir. Such pos-
sibilities require validation prior to implementation, but illus-
trate the potential clinical utility of using genetic information
to improve our understanding of protease inhibitor pharma-
cology in vivo.

The most important limitations in this study were the small
sample sizes in the race and ethnicity subgroups including
imperfect balance; the use of self-report to define race and ethni-
city; and the lack of genetic information regarding other poss-
ibly important enzymes and transporters such as PXR, CYP3A4
*1B, SLCO1B1, SLCO1A2, ABCC1 (MRP1), ABCC2 (MRP2)
and ABCG2 (BCRP).23 – 27

In conclusion, this study found that CYP3A5, ABCB1 and
UGT1A1 polymorphisms were associated with atazanavir phar-
macokinetics and pharmacodynamics in vivo. Further studies are
warranted to increase our understanding of protease inhibitor
clinical pharmacology with the goal of informing the most
rational use of protease inhibitors in patients.
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