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ABSTRACT Doravirine is a novel, highly potent, nonnucleoside reverse transcriptase
inhibitor that is administered once daily and that is in development for the treat-
ment of HIV-1 infection. In vitro and clinical data suggest that doravirine is unlikely to
cause significant drug-drug interactions via major drug-metabolizing enzymes or trans-
porters. As a common HIV-1 infection comorbidity, hypercholesterolemia is often treated
with statins, including the commonly prescribed atorvastatin. Atorvastatin is subject to
drug-drug interactions with cytochrome P450 3A4 (CYP3A4) inhibitors. Increased expo-
sure due to CYP3A4 inhibition may lead to serious adverse events (AEs), including
rhabdomyolysis. Furthermore, atorvastatin is a substrate for breast cancer resistance
protein (BCRP), of which doravirine may be a weak inhibitor; this may increase ator-
vastatin exposure. The potential of doravirine to affect atorvastatin pharmacokinetics
was investigated in a two-period, fixed-sequence study in healthy individuals. In pe-
riod 1, a single dose of atorvastatin at 20 mg was administered followed by a 72-h
washout. In period 2, doravirine at 100 mg was administered once daily for 8 days,
with a single dose of atorvastatin at 20 mg concomitantly being administered on
day 5. Sixteen subjects were enrolled, and 14 completed the trial; 2 discontinued
due to AEs unrelated to the treatment. The atorvastatin area under the curve from
time zero to infinity was similar with and without doravirine (geometric mean ratio
[GMR] for doravirine-atorvastatin/atorvastatin, 0.98; 90% confidence interval [CI], 0.90
to 1.06), while the maximum concentration decreased by 33% (GMR for doravirine-
atorvastatin/atorvastatin, 0.67; 90% CI, 0.52 to 0.85). These changes were deemed
not to be clinically meaningful. Both of the study drugs were generally well toler-
ated. Doravirine had no clinically relevant effect on atorvastatin pharmacokinetics in
healthy subjects, providing support for the coadministration of doravirine and atorv-
astatin.
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Doravirine (MK-1439) is a novel, highly potent nonnucleoside reverse transcriptase
inhibitor (NNRTI) that is administered once daily (QD) and that is in development

for the treatment of human immunodeficiency virus type 1 (HIV-1) infection in com-
bination with existing antiretroviral therapies (ARTs). To date, doravirine has been
demonstrated to have both good tolerability and efficacy in a number of clinical trials
(1–3). When doravirine was administered at 25 to 200 mg QD in combination with
tenofovir disoproxil fumarate-emtricitabine, robust and sustained viral load suppression
was demonstrated through 48 weeks in a phase 2 trial in HIV-1-infected ART-naive
patients (2). Furthermore, in the above-described study (2), doravirine at 100 mg
induced fewer treatment-emergent central nervous system adverse events (AEs) than
the commonly prescribed NNRTI efavirenz, an antiviral therapy for HIV-1 infection
included in the World Health Organization’s Model List of Essential Medicines (4). On
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the basis of these promising findings, clinical evaluation of 100 mg doravirine is
continuing in ongoing phase 3 trials.

Doravirine is primarily metabolized by hepatic cytochrome P450 3A4 (CYP3A4) (5).
In addition, doravirine does not inhibit or induce CYP enzymes, including CYP3A4, or
inhibit major drug transporters in vitro, suggesting that it has a low potential to cause
clinically meaningful drug-drug interactions (5). Consistent with in vitro data, clinical
studies have demonstrated that doravirine does not perpetrate clinically meaningful
drug interactions with substrates for CYP3A4, breast cancer resistance protein (BCRP),
organic cation transporter member 2 (OCT2), organic anion transporter 1 (OAT1), and
OAT3 (1, 6, 7; data on file).

Patients infected with HIV-1 frequently concomitantly receive a variety of medica-
tions, so understanding the drug-drug interaction profiles for any emerging ART is of
great importance. HIV infection is now considered a chronic disease, and as the upper
age range of the patient base increases, the prevalence of comorbid conditions will
increase, suggesting an expanded need for the concomitant use of medications (8, 9).
The complex mixture of comorbidities and associated medications drives the need to
understand potential drug-drug interactions and how treatment will be affected.

Hypercholesterolemia is a significant comorbidity of HIV and is exacerbated when it
occurs in combination with ARTs (10–12). 3-Hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors are a mainstay in treatment, with atorvastatin being a
commonly prescribed agent. Atorvastatin undergoes hepatic metabolism and is a
substrate of the hepatic uptake transporter organic anion-transporting polypeptide 1B1
(OATP1B1); P-glycoprotein (P-gp), also known as multidrug resistance protein 1 (MDR1);
and BCRP (13, 14). Similarly to doravirine, atorvastatin is metabolized by CYP3A4 (13),
and CYP3A4 modulators have demonstrated a marked effect on its pharmacokinetics
(PK) (15). Despite this shared pathway, atorvastatin is not anticipated to alter the PK of
CYP3A4 substrates significantly. The lack of modulation induced by atorvastatin was
demonstrated using the 4�-hydroxycholesterol/cholesterol ratio, a marker of CYP3A4
activity (16). The ratio was shown to decrease by only 13% following chronic treatment
with atorvastatin at 20 mg, and these results, in addition to others obtained with drugs
that are CYP3A4 substrates, indicate weak/moderate inhibition of CYP3A4 by atorva-
statin (16–18). On the basis of their individual profiles, coadministration of doravirine
and atorvastatin is not projected to result in clinically meaningful alterations to the PK
of either drug. As doravirine neither significantly induces nor inhibits CYP3A4, a
clinically meaningful modulation of CYP3A4 activity is unlikely (1). In a previous
drug-drug interaction study, doravirine slightly increased the area under the
concentration-time curve (AUC) and the maximum concentration (Cmax) of dolutegravir
when doravirine was administered at a high dose (200 mg) (7). This slight alteration in
dolutegravir PK was likely due to inhibition of intestinal BCRP in a concentration-
dependent interaction. Therefore, there is a potential for doravirine to inhibit BCRP and
increase the level of exposure to atorvastatin, though this is considered unlikely at the
clinical dose of doravirine used, 100 mg. Given that doravirine is a weak BCRP inhibitor
(half-maximal inhibitory concentration, 51 �M), any drug interaction with BCRP sub-
strates is anticipated to be limited to the gut. While BCRP is also a key transporter for
the liver canalicular membrane, systemic doravirine concentrations are expected to be
about 15-fold below the half-maximal inhibitory concentration, too low to have an
inhibitory effect on liver BCRP and therefore unlikely to have an effect on the PK of
BCRP substrates, such as atorvastatin.

Atorvastatin has a relatively complex disposition profile, and significant AEs, includ-
ing rhabdomyolysis, may occur in the presence of high atorvastatin concentrations
caused by drug-drug interactions. Due to the concern of myopathy with increased
concentrations, a drug-drug interaction study was conducted to confirm the lack of a
clinically meaningful effect of multiple-dose doravirine on the PK of atorvastatin. As
atorvastatin is not anticipated to alter the PK of doravirine, the effect of atorvastatin on
doravirine was not investigated in this trial.
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RESULTS
Study population. A total of 16 subjects were enrolled in the study. The demo-

graphic characteristics of the subjects are listed in Table 1. Of the 16 subjects, 14
completed the trial and 2 discontinued due to AEs. One subject discontinued while
receiving atorvastatin due to back pain, headache, and feeling feverish in period 1.
Another subject discontinued due to fever prior to doravirine dosing in period 2. All of
the AEs affecting the two subjects who discontinued were deemed to be not related to
the treatment.

Plasma PK of atorvastatin. The mean atorvastatin concentration-time profiles after

atorvastatin administration in the absence or presence of doravirine are shown in Fig.
1A. At 60 h postdosing, the atorvastatin concentration was below the limit of detection
for 1 subject in the doravirine arm and 3 subjects in the concomitant doravirine and
atorvastatin arm. The individual ratios, geometric mean ratio (GMR), and 90% confi-
dence intervals (CIs) for the atorvastatin AUC from time zero to infinity (AUC0 –∞) and
Cmax are shown in Fig. 1B. Summary statistics for atorvastatin PK are shown in Table 2.
The atorvastatin AUC0 –∞, AUC from time zero to the last measurement (AUC0 –last),
apparent terminal elimination half-life (t1/2), apparent total clearance (CL/F), and ap-
parent volume of distribution (V/F) were similar when atorvastatin was administered
alone or with doravirine, though the atorvastatin Cmax decreased by 33% after coad-
ministration with doravirine. While the median time to Cmax (Tmax) for atorvastatin was
essentially unchanged by coadministration with doravirine, increasing by 30 min,
individual Tmax values suggested that a delay occurred for some subjects. Achievement
of steady-state concentrations for doravirine was not assessed in this study. How-
ever, doravirine demonstrates linear PK and has a terminal half-life of approximately
15 h (1); therefore, steady-state exposure is anticipated to be reached following 3
days of dosing. Thus, assessment of atorvastatin PK on day 5 of once-daily dora-
virine dosing is appropriate, as steady-state conditions for doravirine are achieved
at this time.

Safety. The study drugs were generally well tolerated, and no serious AEs occurred.

Eight (50%) subjects reported a total of 19 AEs, 4 of which were considered by the
investigators to be related to the study medication. The most commonly reported AEs
were abdominal pain, back pain, and headache, each of which was reported by two
subjects. Two subjects discontinued treatment due to AEs, but the AEs were not
considered to be drug related in either subject. There were no clinically meaningful
trends in laboratory values, electrocardiographic findings, or vital signs.

TABLE 1 Study population disposition and demographic characteristicsa

Characteristic Value

No. (%) of subjects enrolled 16 (100)
Mean (range) age (yr) 33 (20–45)

No. (%) of subjects by sex
Male 8 (50)
Female 8 (50)

No. (%) of subjects by race
Black or African-American 12 (75)
White 4 (25)

Mean � SD wt (kg) 74.1 � 11.6
Mean � SD ht (cm) 172.7 � 10.4
Mean � SD BMI (kg/m2) 24.8 � 3.0

No. (%) of subjects who:
Completed the trial 14 (87.5)
Discontinued the trial 2 (12.5)

aAE, adverse event; BMI, body mass index.
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DISCUSSION

Doravirine is an NNRTI in development for the treatment of HIV-1 infection in
combination with other antiretrovirals. Hypercholesterolemia is a relatively common
comorbidity in patients being treated for HIV infection. A primary mode of therapy for
hypercholesterolemia is statin treatment, with atorvastatin frequently being prescribed.
Though doravirine was not expected to affect the exposure of atorvastatin via
OATP1B1, BCRP, or CYP3A4 inhibition, this study was conducted to provide guidance
for the future concomitant use of doravirine and atorvastatin.

Consistent with in vitro and clinical drug-drug interaction findings to date (1, 5–7),
data from the current investigation support the hypothesis that doravirine does not
have a clinically meaningful effect on CYP3A4 metabolism or OATP1B1, MDR1, and
BCRP transporters, which are implicated in the disposition of atorvastatin (13, 14). This
observation was justified by the lack of changes in exposure, clearance, and half-life
associated with atorvastatin when it was administered both alone and concomitantly
with doravirine.

While the GMR was close to unity for the atorvastatin AUC, Cmax was decreased by
approximately 33% when atorvastatin and doravirine were coadministered compared
with the Cmax obtained when atorvastatin was administered alone. However, this
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FIG 1 Mean � standard deviation concentration-time profiles of atorvastatin (A) and individual atorvastatin
ratios and geometric mean ratios (B) after administration of a single dose of atorvastatin at 20 mg alone and
following administration of doravirine at 100 mg once daily for 5 days in healthy subjects. Treatment A,
atorvastatin alone; treatment B, atorvastatin plus doravirine. AUC0 –∞, area under the curve from time zero
to infinity; CI, confidence interval; Cmax, maximum concentration; GMR, geometric mean ratio; LOQ, limit of
quantification; PK, pharmacokinetics; QD, once daily.
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decrease is not considered clinically relevant, as similar decreases associated with food
intake and nighttime dosing have been observed, while efficacy was maintained when
these other factors were present (19–21). Extensive meta-analysis indicated that the
efficacy of statins correlates with total daily exposure rather than with peak exposure.
On the basis of this analysis, the effect of doravirine alone on the Cmax is not expected
to be clinically meaningful. The additivity of the effect of doravirine to other factors that
lower Cmax, such as food and diurnal administration, is unknown. However, a compar-
ison of twice-daily versus once-daily dosing data for fluvastatin, lovastatin, and prava-
statin indicates equal or better efficacy with twice-daily administration, despite signif-
icant reductions in Cmax (22). This analysis is also applicable to atorvastatin. Thus, an
unexpected additive effect between doravirine and other factors on the Cmax of
atorvastatin is not anticipated to have significant consequences for its efficacy. Inter-
estingly, the observed decrease in the Cmax of atorvastatin administered in the presence
of doravirine compared with that of atorvastatin administered alone is in contrast to the
findings of a previously conducted drug-drug interaction study of the coadministration
of doravirine at 200 mg QD with dolutegravir, another BCRP substrate (7). In the
doravirine-dolutegravir study, the dolutegravir Cmax was increased by 43% (7). In
addition to BCRP, dolutegravir is also a substrate for uridine 5=-diphospho-
glucuronosyltransferase 1A3 (UGT1A3), UGT1A9, and P-gp and is primarily metabolized
by UGT1A1, with some contribution coming from CYP3A4 (23). In this earlier study, the
observed modest, though not clinically significant, 43% increase in Cmax was attributed
to concentration-dependent BCRP inhibition at the gut level. This effect was not
observed in the current study with doravirine and atorvastatin, possibly due to the
lower dose of doravirine of 100 mg administered. A delay in the time to the peak
concentration of atorvastatin was also observed in some individuals upon coadminis-
tration with multiple doses of doravirine compared with the time to the peak concen-
tration with the administration of atorvastatin alone. The mechanisms for the delayed
Tmax and the reduction in Cmax are currently unknown.

The terminal half-life of atorvastatin was approximately 11 h for both treatment
conditions, indicating that the disposition of atorvastatin was unaffected upon admin-
istration alone or coadministration with multiple doses of doravirine. The clearance and
volume of distribution of atorvastatin were relatively similar in both treatments, further
supporting a lack of an effect on the elimination or distribution of atorvastatin.

This study was conducted with a 20-mg dose of atorvastatin, as this is one of the
most commonly prescribed doses (24) and may be anticipated to be as sensitive as
higher doses to drug interactions. Therefore, the lack of observation of an effect of
doravirine on atorvastatin exposure could perhaps be extrapolated to higher doses of
atorvastatin. The single-dose design of the study was chosen, as atorvastatin has been

TABLE 2 Atorvastatin PK following a single dose of atorvastatin at 20 mg administered alone and administered following treatment with
doravirine at 100 mg QD for 5 days in healthy subjectsa

Treatment

GM or GMRb (95% CI)

Median (range)
Tmax (h)

GM (% CVc)

AUC0–∞

(ng · h/ml)
AUC0–last

(ng · h/ml) Cmax (ng/ml) t1/2 (h)
CL/F
(liters/h) V/F (liters)

Atorvastatin alone (n � 16)d 39.9 (32.0–49.8) 39.2 (31.4–49.0) 7.87 (5.93–10.4) 0.5 (0.5–1.0) 11.1 (28.2) 501 (43.5) 7,990 (58.2)
Atorvastatin � doravirine (n � 14)e 39 (31.2–48.8) 38.2 (30.4–48.0) 5.25 (3.54–7.78) 1 (0.5–6.0) 10.8 (38.3) 508 (44.9) 7,910 (69.6)
Atorvastatin � doravirine/atorvastatin

alone
0.98 (0.90–1.06) 0.97 (0.90–1.06) 0.67 (0.52–0.85)

aAUC0 –∞, area under the curve from time zero to infinity; AUC0-last, area under the curve from time zero to the last measurement; CI, confidence interval; CL/F,
apparent total clearance; Cmax, maximum concentration; CV, coefficient of variation; GM, geometric mean; GMR, geometric mean ratio; Tmax, time to Cmax; t1/2,
elimination half-life; V/F, apparent volume of distribution.

bData for atorvastatin alone and atorvastatin plus doravirine are geometric means, and data for atorvastatin plus doravirine/atorvastatin alone are geometric mean
ratios. The data represent the back-transformed least-squares means (95% CIs) from the linear mixed-effects model performed on natural log-transformed values. For
AUC0 –∞, AUC0 –last, and Cmax, the intrasubject coefficients of variation were 12.1, 12.6, and 36, respectively.

cPercent CV was calculated as 100 · [exp(s2) � 1], where s2 is the observed between-subject variance on the natural log scale.
dIn both periods, single oral doses of atorvastatin at 20 mg were administered following an overnight fast.
eMultiple oral doses of doravirine at 100 mg were administered QD for 8 consecutive days with coadministration of a single oral dose of atorvastatin at 20 mg on
day 5. With the exception of day 5 in period 2, a light breakfast was given approximately 30 min prior to doravirine administration.
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demonstrated to have dose proportionality and a lack of accumulation over multiple
doses (25). Furthermore, the decreased atorvastatin Cmax in combination with a delayed
Tmax in the absence of changes in AUC or elimination half-life strongly suggests that the
interaction occurs during absorption and, consequently, is independent of treatment
duration. In this study, only the PK of atorvastatin were measured. Because the
exposure of atorvastatin was not affected, changes in metabolic profiles are anticipated
to be minimal.

The effect of atorvastatin on doravirine was not measured in this study. Though
this is a potential limitation, atorvastatin is not expected to meaningfully alter
CYP3A4-mediated doravirine PK. This is due to atorvastatin demonstrating only a
weak to moderate inhibitory effect on CYP3A4 activity (16–18). Furthermore, expo-
sure to doravirine at 200 mg was previously well tolerated in a phase 2 trial (2).
Therefore, the anticipated small, if any, increase in exposure achieved with dora-
virine at 100 mg when it is coadministered with atorvastatin would not be expected
to be clinically meaningful.

Of the currently administered ARTs, atorvastatin and other HMG-CoA reductase
inhibitors, such as simvastatin and lovastatin, are either contraindicated or used with
caution when coadministered with delavirdine, ritonavir, nelfinavir, or other protease
inhibitors. This is due to the increases in atorvastatin exposure caused by drug-drug
interactions mediated by these ARTs (26). Data from the current study suggest that
doravirine may be a more suitable ART for coadministration with atorvastatin than
other ARTs, many of which are known CYP3A4 inhibitors/inducers, such as ritonavir,
delavirdine, nevirapine, and efavirenz (26). Furthermore, data obtained in vitro in
transporter inhibition assays, combined with data from clinical interaction studies,
suggest that doravirine has a low potential for interaction with statins as a class, which
are, to various degrees, substrates for OATP1B1/OATP1B3, BCRP, and CYP3A4. With
regard to the potential for atorvastatin to impact doravirine PK, atorvastatin does not
induce significant drug-drug interactions and would not be expected to have a
significant effect on doravirine PK (19).

Conclusions. Doravirine has no clinically meaningful effect on atorvastatin PK. Due
to the overall lack of meaningful drug-drug interactions caused by doravirine, this novel
ART has the potential to be an alternative more favorable than existing therapies that
are known to inhibit or induce CYP3A4.

MATERIALS AND METHODS
Study design. This open-label, two-period, two-treatment, fixed-sequence study was conducted in

healthy adults in December 2014 (Merck protocol 1439-036). On day 1 of period 1, subjects received a
single oral dose of atorvastatin at 20 mg. This was followed by a washout period of 72 h, to allow time
for the sufficient elimination of atorvastatin (the atorvastatin half-life is �14 h [27]). Starting on day 1 of
period 2, subjects received an oral dose of doravirine at 100 mg QD for 8 days and a single dose of
atorvastatin at 20 mg was coadministered on day 5, by which time the doravirine concentrations were
anticipated to have reached steady state. Subjects fasted for at least 8 h prior to and 4 h after atorvastatin
administration in both periods. On days 1 to 4 and days 6 to 8 of period 2, the subjects received a light
breakfast �30 min prior to doravirine administration. Plasma samples for determination of atorvastatin
concentrations were collected prior to atorvastatin dosing and up to 60 h postdosing in periods 1 and
2. Safety was evaluated throughout the conduct of the study.

This single-center study was performed at Pharma Medica Research Inc. (St. Charles, MO, USA). The
study was approved by the Salus Institutional Review Board (Austin, TX, USA) and performed according
to good clinical practice guidelines.

Study population. Subjects were considered eligible for the study if they were healthy adults aged
18 to 65 years inclusive with a body mass index of between 19.0 and 33.0 kg/m2. The results of a PK
evaluation of this healthy volunteer population are projected to mirror those of a PK evaluation of
individuals with HIV-1 infection, as no major differences in the PK of the agents under investigation in
the two populations are anticipated. This lack of anticipated difference is based upon results for
doravirine from a previous trial (28) and by the lack of an indication in the prescribing information of the
need for atorvastatin dose adjustments for HIV-infected patients (19). All participants gave written
informed consent to participate in the trial.

PK evaluations. Blood samples were collected prior to dosing and at 0.25, 0.5, 1, 2, 3, 4, 6, 12, 24,
36, 48, and 60 h after atorvastatin administration. The blood samples were then centrifuged at
approximately 4°C for 10 min at 1,851 � g to isolate plasma for analysis. Atorvastatin concentration-time
profiles were derived from an analysis of the plasma samples by validated liquid chromatography with
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tandem mass spectrometry detection with a lower limit of detection of 0.02 ng/ml (Pharma Medica
Research Inc., Mississauga, Ontario, Canada).

The following PK parameters for atorvastatin were assessed using a noncompartmental approach in
Phoenix WinNonlin software (version 6.3; Pharsight, Mountain View, CA, USA): Cmax, AUC from time zero
to infinity (AUC0 –∞), AUC from time zero to the last measurement (AUC0 –last), time to Cmax (Tmax), apparent
terminal elimination half-life (t1/2), apparent total clearance (CL/F), and apparent volume of distribution
(V/F).

Safety assessments. Throughout the study, all AEs were reported and assessed to be mild,
moderate, or severe in intensity. Safety evaluations, including vital signs, 12-lead electrocardiogram
(ECG), physical examination, and clinical laboratory assessments, were conducted prior to drug admin-
istration and 24 h after the last drug administration in each period.

Data analysis and statistics. All subjects with available data were included in the PK analysis, and
all subjects enrolled were evaluated for safety.

Statistical analyses were performed using Statistical Analysis System (SAS) software (version 9.3; SAS
Institute Inc., Cary, NC, US). The Cmax and AUC0 –∞ values for atorvastatin were natural log transformed
prior to analysis and evaluated separately using a linear mixed-effects model with a fixed-effects term for
treatment in periods 1 and 2. An unstructured covariance matrix was used to allow unequal treatment
variances and to model the correlation between the treatment measurements within each subject via the
Repeated statement in the SAS Proc Mixed program. The method of Kenward and Roger was used to
calculate the number of degrees of freedom in the denominator for the fixed effects (29). In the PK
analysis, the value for any samples that had concentrations that were below the lower limit of
quantification of 0.02 ng/ml was treated as 0 for the calculation of arithmetic mean concentrations and
as missing for calculation of geometric mean concentrations and half-life values.

The atorvastatin AUC0 –∞, AUC0 –last, and Cmax were compared for atorvastatin administered with
doravirine and atorvastatin administered alone. A two-sided 90% confidence interval (CI) for the true
mean difference (between atorvastatin plus doravirine and atorvastatin alone) for the atorvastatin
AUC0 –∞ and Cmax on the log scale was computed from the above-described linear mixed-effect model.
These confidence limits were then exponentiated to obtain the 90% CIs for the true geometric mean
ratios (GMRs) (atorvastatin plus doravirine/atorvastatin) for the atorvastatin AUC0 –∞ and Cmax.
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