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Abstract
This study investigated pregnane X receptor polymorphisms in relation to unboosted atazanavir
plasma concentrations in 2 cohorts of patients. The polymorphism 63396T→C predicted
concentrations below the minimum effective concentration (150 ng/mL) with odds ratios of 18 (P
= .008) and 5.13 (P = .02). Prospective studies determining potential clinical usefulness are now
warranted.

Atazanavir is a protease inhibitor that can be administered at a dosage of 400 mg once per
day (unboosted) or 300 mg with a 100-mg dose of ritonavir once per day (boosted).
Although the use of unboosted atazanavir is currently not licensed in Europe, it remains the
protease inhibitor of choice for patients who are unable to tolerate ritonavir and whose
treatment options are limited. Atazanavir plasma concentrations correlate with treatment
response, and a minimum effective concentration of 150 ng/mL has been proposed as a
target in treatment guidelines [1]. This is particularly relevant for unboosted atazanavir,
because mean trough concentration (Ctrough) values are lower for patients receiving
unboosted atazanavir than they are for those receiving boosted atazanavir [2].

Plasma concentrations of atazanavir are influenced by many processes that are mediated by
different transporters and enzymes. Atazanavir metabolism is effected mainly by
cytochrome P450 3A4 (CYP3A4), and ritonavir inhibits CYP3A4, thereby increasing
atazanavir plasma concentrations when coadministered [2]. The only single-nucleotide
polymorphism (SNP) that substantially influences CYP3A4 expression and activity is the
CYP3A4*1B (rs2740574), which is uncommon among white individuals [3]. Most protease
inhibitors are also substrates of ABCB1, and a polymorphism in the ABCB1 gene
(3435C→T; rs1045642) correlates with atazanavir plasma concentrations in patients treated
with boosted and unboosted therapy [4, 5]. It must be noted that many studies have
evaluated this polymorphism in relation to the disposition of other protease inhibitors, with
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conflicting results [6], which emphasizes the need to ensure that pharmacogenetic studies
are underpinned by biologically plausible mechanisms and that findings are replicated in
multiple cohorts.

The pregnane X receptor (PXR; NR1I2) regulates the expression of CYP3A4 [7] and
ABCB1 [8] in response to endobiotics and xenobiotics [9]. Several studies have scanned for
polymorphisms in the regulatory and coding regions of PXR [10–12]. Recently, 3
polymorphisms (44477T→C [rs1523130], 63396C→T [rs2472677], and 69789A→G
[rs763645]) were reported in putative transcription factor binding sites of PXR regulatory
regions [11]. Moreover, the T allele at position 63396 was associated with increased
expression of PXR and increased activity of CYP3A4 in primary hepatocytes and liver [11].
Thus, it is likely that this polymorphism influences the expression of PXR, which in turn
influences the expression and activity of CYP3A4.

We have previously hypothesized about the contribution of PXR polymorphisms to the
disposition of antiretrovirals [13]. In the present study, the effect of these SNPs on
atazanavir plasma concentrations in patients treated with an unboosted regimen was
evaluated.

Methods
An analysis of 3 PXR SNPs (44477T→C, 63396C→T, and 69789A→G) was first
conducted in a cohort of 47 patients (cohort A) from the Department of Infectious Diseases
at the University of Turin (Turin, Italy). The genotyping for 63396C→T was then repeated
in the Liverpool Therapeutic Drug Monitoring (TDM) Registry (62 patients; cohort B).
Inclusion criteria for both cohorts were as follows: receipt of unboosted atazanavir (400 mg
once per day), age >18 years, and no receipt of drugs known to alter plasma concentration of
atazanavir (e.g., proton pump inhibitors or nonnucleoside reverse-transcriptase inhibitors).
The following data were collected: age, sex, body weight, time after dose, concomitant
antiretroviral drugs, and other medications. Cohort A patients had a good adherence record
as assessed by analyses of clinical and pharmacy records (>95% adherence). Sampling was
performed after written informed consent was obtained in accordance with local ethics
committee indications. For cohort B, DNA was extracted from unlinked, anonymous plasma
samples obtained from eligible patients. The TDM registry constitutes a database of TDM
requests for HIV drugs from 1999 through 2007 (>18,000 requests) with archived plasma.
Data collected include patient demographic information, all concomitant medications, drug
dosage, and time since most recent dose. Ethical approval was obtained from the UK North
West Multicentre Research Ethics Committee.

Genomic DNA was extracted with use of the QIAamp whole blood mini kit (Qiagen)
according to the manufacturer’s instructions. Genotyping was conducted by real time–based
allelic discrimination with use of standard methodology [14]. All primers, probes, and PCR
conditions are available on request. Atazanavir plasma concentrations were quantified using
internally validated liquid chromatography–mass spectrometry [15] and high-performance
liquid chromatography UV methodology [16] for cohort A and cohort B, respectively. The
lower limit of quantification for both methods was 25 ng/mL, and both methods are
externally validated by a quality control program [17]. Ctrough was measured in samples
collected 20–26 h after dosing. When samples were obtained 12–20 h after ingestion of the
drug, Ctrough was derived according to a half-life of 4.6 h [2, 4].

All variants were tested for Hardy-Weinburg equilibrium by χ2 test of observed and
predicted genotype frequencies. Results for categorical data are expressed as medians with
interquartile ranges (IQRs). All data were assessed for normality using a Shapiro-Wilk test,

Siccardi et al. Page 2

Clin Infect Dis. Author manuscript; available in PMC 2013 June 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and categorical data were compared using the Mann-Whitney U test. To investigate
continuous data, a Pearson or Spearman correlation was used. Because none of the
demographic factors were associated with atazanavir concentrations, multivariate analyses
were not conducted. A Bonferoni correction was applied to data from cohort A to correct for
multiple comparisons. P values <.05 were considered to be statistically significant.

Results
A total of 47 white patients met the inclusion criteria and were included in cohort A. Of
these, 28 patients (60%) were male, the median age was 45 years (IQR, 39–50 years), the
median weight was 65 kg (IQR, 56–76 kg), and the median body mass index (calculated as
weight in kilograms divided by the square of height in meters) was 23.7 (IQR, 20.4–26.0).
No associations between demographic or physical characteristics and the atazanavir Ctrough
were observed. Sex did not influence median atazanavir Ctrough values (men, 55 ng/mL
[IQR, 25–179 ng/mL); women, 82 ng/mL [IQR, 41–248]; P = .13). Similarly, atazanavir
plasma concentrations were not correlated with age (ρ, −0.01; P = .96), weight (ρ, −0.05; P
= .75), or body mass index (ρ, 0.11; P = .47). Median atazanavir Ctrough did not differ
between patients treated with tenofovir and patients who were not treated with tenofovir
(median Ctrough, 50 ng/mL [IQR, 25–163 ng/mL] vs. 68 ng/mL [IQR, 29–235 ng/mL]; P = .
42).

The allele frequencies for 44477C, 63396T, and 69789G were 55%, 66%, and 37%,
respectively. All SNPs were in Hardy-Weinburg equilibrium. Median Ctrough was lower for
individuals characterized by PXR 63396T homozygosity, compared with the other 2 groups
(C allele homozygotes and heterozygotes) (34 ng/mL [IQR, 25–63 ng/mL] vs. 152 ng/mL
(IQR, 47–388 ng/mL; P = .001) (figure 1). PXR 63396T homozygosity was associated with
atazanavir concentrations of <150 ng/mL, with an OR of 18 (95% CI, 2.1–153.9; P = .008)
(table 1).

A total of 62 patients were included in cohort B. Of these, 47 (76%) were male, and the
median age was 40 years (IQR, 33–45 years). The median weight was 72 kg (IQR, 65–84.5
kg). No associations between atazanavir Ctrough and sex (median Ctrough, 151 ng/mL [IQR,
64–224 ng/mL] for male patients vs. 83 ng/mL [IQR, 50–247 ng/mL] for female patients; P
= .66), age (ρ, 0.02; P = .86), or weight (ρ, 0.10; P = .45) were observed. Ethnicity data were
not available. Atazanavir Ctrough did not differ between patients treated with tenofovir
(median Ctrough value, 130 ng/mL [IQR, 61–235 ng/mL]) and patients who were not treated
with tenofovir (median Ctrough value, 154 ng/mL [IQR, 53–216 ng/mL]; P = .99).

The allele frequency for 63396T was 44%, and the SNP was in Hardy-Weinburg
equilibrium. Homozygosity for the PXR 63396T allele was confirmed to be a predictor of
atazanavir concentrations <150 ng/mL, with an OR of 5.1 (95% CI, 1.3–20.8; P = .02) (table
1).

Discussion
Previous studies have shown that up to 40% of subjects who received atazanavir at a dosage
of 400 mg once per day had a Ctrough value that was below the minimum effective
concentration (i.e., <150 ng/mL), with considerable interindividual variability [2]. The
plasma concentrations of atazanavir are likely to be influenced by the action of multiple
enzymes and transporter systems that affect their absorption, metabolism, distribution, and
elimination. Many of these proteins are themselves regulated by nuclear receptors, such as
PXR. Concentration of atazanavir was strongly associated with homozygosity for the PXR
63396T allele, which was a predictor of concentrations <150 ng/mL in both cohorts.
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Because we have shown elsewhere that PXR is also expressed in PBMCs [18], further
studies are now required to assess the impact of this SNP on intracellular accumulation of
atazanavir.

TDM cohorts, such as cohort B, have inherent limitations that result from selection bias and
a lack of information on factors such as ethnicity. Nevertheless, they represent a potentially
valuable resource for pharmacogenetic studies, provided that these limitations are
understood. Indeed, a strength of the present study is that the findings in the first cohort
were replicated in a second cohort that involved different patients who were observed at a
different time and employed a different methodology for drug analysis. These data also
replicate the findings of Lamba et al. [11] by confirming a functional role of this
polymorphism in vivo. Pharmacogenetic effects exerted by polymorphisms in PXR may be
most apparent in patients who receive unboosted atazanavir, because potent inhibition of
CYP3A4 and ABCB1 by ritonavir may mask these effects [19, 20]. Atazanavir
concentrations were not correlated with any demographic factors, which is in line with the
findings of a previous report [2].

In summary, we report a novel association between a SNP in PXR and atazanavir Ctrough,
which suggests that PXR is important in the regulation of disposition of this drug. If this
finding is confirmed in other cohorts, a prospective clinical study that assesses the
usefulness of genetic tests for patients who request unboosted atazanavir is warranted.
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Figure 1.
Atazanavir (ATV) trough plasma concentrations (Ctrough) in a cohort of 47 patients from the
Department of Infectious Diseases at the University of Turin (Turin, Italy) that are
associated with the PXR 63396 genotype. Median values (horizontal thick line), interquartile
ranges (bars), patient values (black dots), highest and lowest values (whiskers), and the
minimum effective concentration (150 ng/mL; horizontal thin line) are shown. CC, C allele
homozygotes; CT, heterozygotes; TT, T allele homozygotes.
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Table 1

Factors correlated with subtherapeutic concentrations of atazanavir.

Cohort A Cohort B

Variable OR (95% Cl) P OR (95% Cl) P

Female sex 0.5 (0.1–1.6) .22 1.2 (0.4–3.8) .88

Median age, per year increase 1.0 (1.0–1.1) .92 1.0 (1.0–1.1) .67

Median weight, per kg increase 1.0 (1.0–1.1) .57 1.0 (0.9–1.1) .31

Administration of tenofovir 1.5 (0.4–5.2) .53 1.1 (0.4–3.2) .80

Homozygous for PXR 44477C 0.6 (0.2–2.1) .42 … …

Homozygous for PXR 63396T 18.0 (2.1–153.9) .008 5.1 (1.3–20.8) .02

Homozygous for PXR 69789G 0.7 (0.1–4.5) .68 … …
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