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Efavirenz-based antiretroviral regimen is preferred during rifampin-containing tuberculosis therapy. How-
ever, current pharmacokinetic data are insufficient to guide optimized concurrent dosing. This study aimed to
better characterize the effects of rifampin on efavirenz pharmacokinetics. Subjects were randomized to receive
600 mg efavirenz/day or 600 mg efavirenz with 600 mg rifampin/day for 8 days, with plasma samples collected
for pharmacokinetic analysis over 24 h on day 8. Treatments were then crossed over after at least a 2-week
washout period, and procedures were repeated. Efavirenz concentrations were determined by high-perfor-
mance liquid chromatography (HPLC), and pharmacokinetic parameters were estimated by noncompartmen-
tal analysis. Efavirenz pharmacokinetic differences between treatment periods were evaluated by paired ¢ test.
The coefficients of variation in efavirenz plasma AUC,_,, (area under the concentration-time curve from 0 to
24 h) were 50% and 56% in the absence and presence of rifampin, respectively. Of the 11 evaluable subjects (6
white, 5 black; 6 women, 5 men), the geometric mean AUC,_,, ratio on/off rifampin (90% confidence interval)
was 0.82 (0.72, 0.92), with individual AUC,_,, ratios varying from 0.55 to 1.18. Five subjects had a 24-hour
efavirenz concentration (C,,) of <1,000 ng/ml on rifampin. They were more likely to have received a lower dose
in milligrams/kilogram of body weight and to have lower efavirenz AUC,,_,, values in the basal state. Although
rifampin resulted in a modest reduction in efavirenz plasma exposure in subjects as a whole, there was high
variability in responses between subjects, suggesting that efavirenz dose adjustment with rifampin may need

2

Warren Alpert Medical School of Brown University, Providence, Rhode Island'; The Miriam Hospital, Providence, Rhode Island?;

to be individualized. Body weight and genetic factors will be important covariates in dosing algorithms.

Efavirenz is an essential component of preferred antiretro-
viral regimens in treatment of human immunodeficiency virus
(HIV) infection in patients coinfected with tuberculosis (TB)
(6, 32, 33). The standard adult dose of 600 mg daily is associ-
ated with considerable interindividual variability in plasma
concentrations and clinical effects (10, 28, 38). There is even
greater variability in efavirenz concentrations during coadmin-
istration with rifampin or rifampin-containing TB therapy (2,
13, 29). Efavirenz is primarily metabolized by hepatic CYP2B6,
with some contributions from CYP3A4/5 (42), CYP2A6 (30),
and UGT2B7 enzymes (1). Rifampin was shown to be a potent
inducer of CYP2B6 activity when bupropion was used as a
probe of enzyme activity (22). Among healthy volunteers, ri-
fampin caused 26% and 20% reductions in mean efavirenz
area under the curve (AUC) and maximum concentration
(Cohax), Tespectively (2). Among HIV-TB-coinfected patients,
mean reductions of 24% and 25% in efavirenz AUC and C,,,,,,
respectively, were reported with rifampin coadministration. In
the above-mentioned studies, some subjects had higher efa-
virenz plasma exposure with rifampin (compared with that
when off rifampin), suggesting a lack of a significant induction
effect (2, 24).
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While the clinical significance of the interactions between
efavirenz and rifampin is not entirely understood, to offset the
mean reduction of efavirenz exposure with rifampin, some
experts have recommended increasing the efavirenz dose to
800 mg/day, especially when body weight is greater than 50 kg
(6, 33). An extensive review of published literature did not find
adequate evidence to support a dose increase with rifampin
coadministration because of current lack of understanding of
the likelihood of under- or overdosing individuals (11). Prior
drug-drug interaction studies failed to evaluate genetic contri-
butions to the variability in the induction effect of rifampin (2,
24), were performed in the setting of clinical care, where pa-
tients were receiving other antituberculous drugs in addition to
rifampin, or did not have an appropriate control period or
comparator group (13, 20, 25, 35). To better characterize the
effect of rifampin on efavirenz disposition as well as interindi-
vidual differences in response to rifampin, we conducted a
randomized two-period crossover pharmacokinetic (PK) study
in healthy African-American and Caucasian volunteers.

MATERIALS AND METHODS

Study subjects. HIV-seronegative healthy volunteers, age 18 to 55 years, who
identified themselves as either Caucasian or African-American, were enrolled.
Subjects were excluded if a clinically significant medical condition or laboratory
abnormality was detected. The Institutional Review Board of Miriam Hospital
reviewed and approved the study, and all subjects signed written informed
consent.
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FIG. 1. Distribution of efavirenz AUC,_,, values in increasing order and relationship with individual factors in the absence (A) and presence
(B) of rifampin. #, Composite CYP2B6 516/983 genotype was defined by the number of minor allele polymorphisms of CYP2B6 516G—T and
983C—T SNPs; ¥, relationship between subject factor and efavirenz AUC,,_,, values is significant (P < 0.05). Differences between groups were
examined by the Mann-Whitney rank sum test (2 genotype groups) or by ANOVA (3 genotype groups), and relationship with body weight was
examined by Spearman rank order correlation test. Shading code for genetic factors: white, homozygous reference; gray, heterozygous; black,

homozygous variant or carrier.

Study design. An open-label, two-period crossover study was conducted. The
subjects were randomized based on ethnicity to treatment with 600 mg efavirenz
daily (period I) or 600 mg efavirenz plus 600 mg rifampin daily (period II) on
days 1 to 8. After sampling for efavirenz plasma concentrations on day 8 and at
least a 2-week washout period, subjects crossed over to the alternate treatment
and the procedures were repeated. We enrolled equal numbers of Caucasians
and African-Americans as well as males and females because of the reported
ethnic and gender differences in CYP2B6 expression (21).

Pharmacokinetic sampling. Pharmacokinetic blood sampling for efavirenz
concentrations was performed on day 8 of drug(s) administration. The admin-
istration of efavirenz was switched to mornings 2 days prior to the pharmacoki-
netic sampling. The date and time of ingestion of study drugs were recorded in
a diary and verified on the day of sampling. Blood samples were obtained at
times 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 h relative to day 8 efavirenz dosing.
Blood was centrifuged at 3,000 X g for 10 min, and the plasma was separated and
stored in labeled tubes at —70°C until time of drug assay.

Pharmacokinetic analysis. Efavirenz concentrations in plasma were measured
using high-performance liquid chromatography (HPLC) with the UV light
method (36). This method is validated over a range of 15 to 10,000 ng/ml and is
accurate (90.4 to 110.5%) with intraday and interday precision of 2.3 to 8.3%.
The assay is validated according to FDA guidelines and the laboratory is CLIA
certified and participates in quarterly national and international external profi-
ciency testing. Maximum efavirenz plasma concentration (C,,,,), time to Cy .,
(Tmax)> and concentration at 24 h (C,y;,) were obtained by visual inspection of the
plasma efavirenz concentration-time profile for each patient. The 24-h-postdose
sample for one subject during the rifampin-dosing phase was lost during centrif-
ugation. Since PK sampling was performed at steady state, efavirenz concentra-
tion obtained at time zero (907.3 ng/ml) was considered C,,, for this subject
(subject identifier [ID] W6). Noncompartmental analysis was conducted using
Win Nonlin Professional version 5.2.1 (Pharsight Corporation, Cary, NC). Area
under the concentration-time curve from time zero to 24 h (AUC,_,,) was
calculated using the log-trapezoidal method. Apparent oral clearance of efa-
virenz (CL/F) was calculated by dividing the administered efavirenz daily dose
(600 mg) by the AUC,,_,4. Clearance was normalized to body weight (CL/F/W)
measured at study entry in kilograms.

Enzymes and nuclear receptor genotyping. Subjects were genotyped for
CYP2B6*6 (reference SNP accession no. rs3745274), CYP2B6*16 (rs28399499),
CYP2A6*9B (1s8192726), CYP2A6*17 (1s28399454), pregnane X receptor (PXR;
NRI112) 63396C—T single nucleotide polymorphism (SNP) (rs2472677), and

constitutive androsane receptor (CAR; NR1I3) G—A SNP (rs2307424) by using
Applied Biosystems kits as we previously described. Genotypes for the
UGT2B7%2 (rs7439366), UGT2B7*Ic (rs28365062), and PXR variants
1s3732360C—T were determined by genomic PCR amplification and sequencing
as previously described with minor modifications (9, 16, 31). The SNPs were
selected because they have been previously shown to be associated with efavirenz
plasma concentrations or effect (18, 19, 43), as well as CYP3A4 and CYP2B6
activity (12, 31). The composite CYP2B6 516/983 genotype was defined by the
number of minor allele polymorphisms of CYP2B6 516G—T and 983C—T SNPs
(0 = extensive metabolizer, 1 = intermediate metabolizer, and 2 = slow me-
tabolizer) (37).
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FIG. 2. Mean efavirenz concentration-time profile in 11 healthy
volunteers measured on day 8 of the treatment period either in the
absence (black circles) or presence (white circles) of rifampin. Error
bars indicate standard deviations of the means.
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TABLE 1. Geometric mean and geometric mean ratio (90% CI) of efavirenz steady-state pharmacokinetic parameter estimates in the
absence and presence of efavirenz in healthy volunteers”

Pharmacokinetic

Geometric mean (90% CI)

Geometric mean ratio

parameter EFV alone (n = 11)

(EFV-RIF/EFV)

EFV-RIF (n = 11) (90% CI)

Ty (D)

szlx (ng/ml)

Cyyp, (ng/ml)
AUC, 4 (ng - h/ml)
CL/F (ml/h)

2.46 (2.10, 2.89)
4,571 (652, 5,721)
1,766 (1,262, 2,472)

59,429 (45,604, 77,466)
2,958 (1,380, 6,339)

2.30 (1.56, 3.39)
3,882 (3,034, 4,966)
1,435 (1,026, 2,009)

48,865 (36,475, 65,464)
4,656 (3,112, 6,966)

0.99 (0.76, 1.29)
0.84 (0.71, 1.00)
0.81 (0.73, 0.89)
0.82 (0.72, 0.92)
1.55 (1.15, 2.11)

¢ CI, confidence interval; EFV, efavirenz; RIF, rifampin; n, number of subjects; C,,.,, peak concentration;

T,

max>

time to C, Coy4ns 24-h-postdose concentration;

max>

AUC,_,,, total area under the curve from time zero to 24 h; CL/F, apparent oral clearance.

Statistical analysis. Univariate analyses of association between patient factors
and efavirenz AUC,_,, values were assessed by the 7 test or Mann-Whitney rank
sum test (sex, race, and history of alcohol use), analysis of variance (ANOVA)
(three genotype groups), or Spearman rank order correlation test (age, body
weight, and body mass index). Arithmetic means of efavirenz pharmacokinetic
parameters, including 7., C Cs4n, AUC, 4, apparent oral clearance (CL/
F), and weight-adjusted apparent oral clearance (CL/F/W), were compared by
the use of the paired ¢ test (Wilcoxon signed rank test; if data failed normality
test). Geometric mean ratios (efavirenz plus rifampin/efavirenz alone) and 90%
confidence intervals (90% CI) of log-transformed data were calculated using Win
Nonlin Professional version 5.2.1 (Pharsight Corporation, Cary, NC). Finally,
differences in demographic and genetic factors between patients with efavirenz
Cyy,y, concentrations of <1,000 ng/ml (considered subtherapeutic) and >1,000
ng/ml were compared by ¢ test or Mann-Whitney rank sum test (continuous data)
or chi-square or Fisher’s exact test (categorical data). A P value of <0.05 was
considered significant.

max>

RESULTS

Efavirenz pharmacokinetics in the study population. Of the
13 volunteers who were initially enrolled, one subject devel-
oped a vasovagal episode during blood sampling and did not
complete the study. Another subject (ID B3) had detectable
efavirenz concentrations when efavirenz was administered
alone but undetectable concentrations with rifampin coadmin-
istration. Although medication dosing was observed on the day
of PK sampling, we could not rule out medication nonadher-
ence, and the individual was excluded from further analysis.

The final study population of 11 subjects included 6 Cauca-
sians and 5 African-Americans and 6 females and 5 males. The
mean (standard deviation [SD]) age was 42.6 (7.5) years, body
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FIG. 3. Distribution of efavirenz AUC,,_,, (with rifampin/no rifampin) ratios in increasing order and relationship with individual factors. #,
composite CYP2B6 516/983 genotype was defined by the number of minor allele polymorphisms of CYP2B6 516G—T and 983C—T SNPs. Shading
code for genetic factors: white, homozygous reference; gray, heterozygous; black, homozygous variant or carrier.
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weight was 76.9 (18.9) kilograms, and body mass index (BMI)
was 26.9 (5.7) kg/m?. The coefficients of variation (CV) in
efavirenz plasma AUC,_,, were 50% and 56% in the absence
and presence of rifampin, respectively. The distribution of efa-
virenz plasma AUC,,_,, in the absence and presence of rifam-
pin and the relationship with subject factors are shown in Fig.
1A and B, respectively. UGT2B7*1c carriers, compared to non-
carriers, had higher efavirenz AUC,,_,, values in the basal state
(mean, 110,489 versus 49,496 ng - h/ml; P < 0.001) and in the
induced state (mean, 93,415 versus 41,773 ng-h/ml; P =
0.006). CYP2B6 516/983 genotype status was significantly as-
sociated with efavirenz AUC,,, in the induced state (mean,
92,507, 46,200, and 29,853 ng - h/ml for subjects with slow,
intermediate, and fast metabolizer genotypes, respectively; P =
0.024). A similar relationship was observed in the basal state,
but the differences between genotype groups did not reach
statistical significance (P = 0.057). There was an inverse rela-
tionship between body weight and efavirenz AUC,,, in the
induced state (correlation coefficient = —0.764; P = 0.005).
Age, body mass index, sex, ethnicity, and other genetic factors
evaluated were not significantly associated with efavirenz
AUC,_,, in either treatment period (P > 0.05) (Fig. 1).

Effect of rifampin on efavirenz pharmacokinetics. The
plasma concentration-time profile for efavirenz in the absence
and presence of rifampin is shown in Fig. 2. Mean efavirenz
plasma concentrations at all sampling time points were lower
when efavirenz was administered with rifampin, but there was
wide intersubject variability. Efavirenz mean C,,, and
AUC,_,, values were lower with rifampin coadministration
than when efavirenz was administered alone (1,722 versus
2,116 ng/ml, P = 0.014, and 55,810 versus 66,251 ng - h/ml, P =
0.010, respectively). The differences in mean values between
the two periods for T, Cphae and CL/F were not significant
(data not shown in tables). Similar trends were observed in the
pharmacokinetics parameters in the absence and presence of
rifampin when we excluded the subject W6, in whom the C,,;,
sample was lost during period II (data not shown). The geo-
metric means and geometric mean ratios (on/off rifampin) with
90% CI for the efavirenz plasma pharmacokinetic parameters
are summarized in Table 1. The geometric mean ratios (90%
CI) for C,,,, and AUC,_,, were 0.84 (0.71, 1.00) and 0.82
(0.72, 0.92), respectively. The result did not change signifi-
cantly after a repeat analysis with subject W6 excluded (data
not shown).

Individual efavirenz AUC, ,, ratios (on/off rifampin)
ranged from 0.55 to 1.18 (Fig. 3), with an arithmetic mean
(SD) of 0.84 (0.18). There was a trend toward an inverse
relationship between the AUC,,_,, ratio and body weight (cor-
relation coefficient = —0.591; P = 0.051). We found no signif-
icant relationship between the AUC, ,, ratio and age, sex,
ethnicity, and the genetic factors evaluated.

The changes in efavirenz AUC,_,, or weight-normalized
CL/F between the two periods appeared to be minimal in a
majority of the subjects (Fig. 4). Ten subjects showed a 6 to
44% decrease in efavirenz AUC,_,, values with rifampin co-
treatment. Two subjects (W1 and W4) had slight increases in
efavirenz AUC,,_,, values of 3 and 18%), respectively (Fig. 4A).
The percent change in CL/F from baseline varied from
+1,041% to —24% (mean [SD] of 139.1% [313.8%]). Three
subjects (W1, W4, and B6) had paradoxical decreases in efa-
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FIG. 4. Efavirenz AUC,_,, (A) and weight-adjusted apparent oral
clearance (B) in 12 healthy volunteers in the absence and presence of
rifampin. Efavirenz and rifampin were administered at standard dos-
ages, and patients were in steady state. Rifampin coadministration
caused a mean reduction in AUC,_,, values by 16% and a mean
increase in apparent oral clearance by 139%. Open circles with dotted
lines represent individuals, and triangles with solid lines are the me-
dians.

virenz CL/F of 24.1, 21.1, and 14.0% with rifampin cotreatment
compared to when efavirenz was administered alone (Fig. 4B).

Factors associated with efavirenz C,,, of <1,000 ng/ml in
the presence of rifampin. Five of the 11 subjects had efavirenz
C,4p of <1,000 ng/ml during rifampin cotreatment, while only
one subject had efavirenz C,,;, of <1,000 ng/ml in the absence
of rifampin. Given that the suggested minimum effective
plasma concentration of efavirenz is 1,000 ng/ml (28, 32), we
sought to identify individual factors associated with efavirenz
C,4, of <1,000 ng/ml during rifampin coadministration. Body
weight-adjusted efavirenz dose in milligram/kilogram and
lower baseline efavirenz plasma AUC or C,,, values were
significantly associated with efavirenz C,,, of <1,000 ng/ml
(Table 2). Both subjects with CYP2B6 516/983 fast metabolizer
genotypes in the study population had C,,;, of <1,000 ng/ml,
and two of the three individuals with slow metabolizer geno-
types had C,,, of >4,000 ng/ml, which is considered the upper
limit of the therapeutic range (Table 2).

Safety and tolerability. The administration of efavirenz
alone or with rifampin for 8 days was well tolerated in this
study. Central nervous system (CNS) side effects of efavirenz
were evaluated using the CNS symptom experience question-
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TABLE 2. Comparison of characteristic of patients who had 24-h-postdose efavirenz concentrations <1,000 ng/ml and >1,000 ng/ml during
concurrent administration with rifampin“

Characteristic C,, < 1,000 ng/ml (n = 5) C,, > 1,000 ng/ml (n = 6) P value
Mean (SD) age (years) 422 (5.5) 43.0 (9.4) 0.871
Mean (SD) body wt (kg) 88.6 (19.0) 67.2 (13.3) 0.052
Mean (SD) body mass index (kg/m?) 29.0 (5.6) 25.2(5.8) 0.294
Dose/body wt (mg/kg) 7.0 (1.2) 9.2 (1.6) 0.034
Sex 0.080
No. of males (%) 4 (80.0) 1(20.0)
No. of females (%) 1(16.7) 5(83.3)
Race 0.567
No. of African-Americans (%) 3(60.0) 2 (40.0)
No. of Caucasians (%) 2(33.3) 4(66.7)
CYP2B6 516/983 genotype 0.084
Extensive (%) 2 (100.0) 0(0.0)
Intermediate (%) 3(50.0) 3(50.0)
Slow (%) 0(0.0) 3 (100)
History of alcohol use 1.00
No (%) 2(50.0) 2(50.0)
Yes (%) 3(42.9) 4(57.1)
Mean (SD) baseline efavirenz AUC (ng * h/ml) 44,965 (14,720) 83,768 (34,655) 0.046
Mean (SD) baseline efavirenz C,,;, (ng/ml) 1,163 (336) 2,910 (1,555) 0.037
Mean (SD) AUC,,, ratio (on/off rifampin) 0.75 (0.16) 0.92 (0.164) 0.104

“ Coup, 24-hour post-dose concentration; AUC,, ,,, total area under the curve from time zero to 24 h.

naire designed for the AIDS Clinical Trials Group study
A5097s (7). The self-administered questionnaire included 34
questions (scaled from 0 to 4), with a range of scores from 0 to
136. The change in CNS symptom test scores when efavirenz
was administered alone varied from —2 to +16, with four
subjects showing no changes in scores. During the period of
efavirenz and rifampin coadministration, the changes in test
scores varied from —16 to +38, with two subjects reporting no
changes. One subject (ID B4) with the highest efavirenz expo-
sure had the highest increase in symptom test scores during
both periods. Symptoms that were considered by subject B4 to
be extreme (scale 4) included restless sleep, waking up a lot,
intense dreams, and trouble going to sleep. There was no
discontinuation of study medications due to adverse events by
any of the study subjects.

DISCUSSION

The findings of this study indicate a modest decrease in
mean efavirenz plasma exposure with rifampin coadministra-
tion in the subjects as a whole, as well as a wide variability in
response. The mean decrease in efavirenz AUC,_,, values of
16% in this crossover study is numerically lower than the 26%
reduction reported in a healthy volunteer study (2) and the
24% decrease in Spanish HIV-TB-coinfected patients (24).
However, the mean decrease in efavirenz AUC,_,, values was
significant (P < 0.05) in our and the previous healthy-volunteer
studies (2) but was not in the study among HIV-TB-coinfected
patients (24). A common finding in the previous pharmacoki-
netic studies (2, 24) and ours is wide interindividual variability
in the rifampin effect, with some subjects showing no decrease
in efavirenz plasma exposure with rifampin therapy. In our

study, the reduction in efavirenz AUC,_,, values with rifampin
ranged from a decrease of 44% to an increase of 18%. The
large deviation (both positive and negative) from the average
in the current and previous studies might explain the modest
effect of rifampin in the study populations as a whole. The
apparent lack of induction of efavirenz metabolism by rifam-
pin-containing anti-TB therapy in some subjects is contrary to
the expected effect of rifampin, but it is consistent with the
bimodal effects of rifampin-containing anti-TB therapy on efa-
virenz plasma concentrations observed in HIV-TB-coinfected
patients (13, 17, 35).

The clinical implications of the induction or lack of induc-
tion effect of rifampin on efavirenz pharmacokinetics are not
entirely clear. Many patients achieve adequate efficacy and
tolerability with 600 mg or 800 mg efavirenz daily during co-
administration with rifampin (3, 23, 27). However, 800 mg
efavirenz daily was associated with a high frequency of central
nervous system (CNS) and hepatic toxicities associated with
supratherapeutic plasma concentrations in black native Afri-
cans (3). Furthermore, a reduced efavirenz dose to 200 mg
daily or discontinuation of efavirenz has been necessary in
some HIV-TB-coinfected patients during concurrent rifampin-
containing TB therapy because of intolerable CNS toxicities
(14, 15, 41). In contrast, other HIV-TB-coinfected patients
have required increased doses up to 1,600 mg daily to achieve
desired plasma concentrations and virologic suppression dur-
ing concurrent therapy (4). The above-mentioned clinical stud-
ies or case reports indicate that a better understanding of the
individual differences in the efavirenz pharmacokinetic re-
sponse to rifampin coadministration is necessary for rational
decisions about efavirenz dose adjustment with rifampin ther-
apy, as one dose adjustment will not fit all patients.



3532 KWARA ET AL.

Nearly one-half of the subjects in this study had efavirenz
trough concentrations considered to be subtherapeutic during
the period of rifampin coadministration, but only one of the 11
patients had a subtherapeutic trough concentration in the ab-
sence of rifampin. Although the minimum effective efavirenz
plasma concentration is still controversial, our findings suggest
that some but not all individuals are likely underdosed using
the current standard fixed dose. Both CYP2B6 516/983 “fast
metabolizers” as well as higher body weight appeared to pre-
dict a lower efavirenz concentration with rifampin therapy.
The data from this controlled pharmacokinetic study sup-
port the findings of several studies demonstrating a relation-
ship between efavirenz concentrations and body weight (24,
26, 39), as well as with CYP2B6 516G—T polymorphisms (8,
19, 20, 34, 40).

The main limitation of our study was the small number of
subjects with known functional genetic variants. This limited
our ability to draw any firm conclusions about lack of associ-
ation with some of the genetic factors, especially for PXR and
CAR. We also did not assay for efavirenz metabolites and
could not use the metabolite-to-parent AUC ratio as an index
of the activity of enzymes mediating the main or accessory
pathways in each subject to assess the magnitude of induction.
Notwithstanding, this controlled crossover study provides in-
sights into the interindividual variability in response to the
induction effects of rifampin on efavirenz disposition. Individ-
uals with larger body weights, UGT2B7*Ic noncarriers, and
those with the CYP2B6 extensive metabolizing genotype had
lower efavirenz AUC,_,, values with rifampin coadministra-
tion. Our findings suggest that genetic factors and body weight
may be important factors and should be taken into consider-
ation for developing dosing algorithms or when designing
larger studies to determine the appropriate dose of efavirenz
with rifampin coadministration.
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