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Abstract

In this review, we examine the pharmacokinetics and clin-
ically relevant drug interactions of the newer generation
direct-acting antivirals (DAAs) for the treatment of chronic
hepatitis C, specifically sofosbuvir/velpatasvir (Epclusa®),
sofosbuvir/velpatasvir/voxilaprevir (Vosevi®), glecaprevir/
pibrentasvir (Maviret®), and elbasvir/grazoprevir (Zepat-
ier®). We searched MEDLINE (1948-January 2020), Embase
(1964-January 2020), Google, and GoogleScholar using the
terms pharmacokinetics, drug interaction, drug metabolism,
sofosbuvir, velpatasvir, Epclusa, voxilaprevir, Vosevi, glecap-
revir, pibrentasvir, Maviret, elbasvir, grazoprevir, and Zepat-
ier, from inception to January 13, 2020. The search was
limited to randomized controlled trials, in vitro studies, pro-
spective and retrospective human studies, drug monographs,
abstracts, and conference proceedings. All relevant published
literature on pharmacokinetic and pharmacodynamic interac-
tions involving DAAs were reviewed and the data extracted.
Numerous clinically relevant drug-drug interactions (DDIs)
were identified with the newer generation DAAs and com-
monly prescribed drugs. NS3/4A protease inhibitors are more
likely to be involved in DDIs, followed by NS5A inhibitors and
NS5B polymerase inhibitor. The majority of clinically relevant
DDIs are predictable, according to known pharmacokinetic,
pharmacodynamics, and physicochemical properties of
DAAs; however, in select cases, unpredictable DDIs do occur.
As expected, many drug interactions exist between newer
generation DAAs and commonly prescribed medications.
While the majority of clinically relevant interactions are pre-

dictable, many require therapeutic dose adjustment or careful
selection of non-interacting drugs. In select cases, severe and
unpredictable drug interactions can occur. Clinicians should
consult hepatitis C virus pharmacotherapy experts and terti-
ary drug interaction resources when initiating DAA therapy in
patients taking other medications.
Citation of this article: Hong J, Wright RC, Partovi N, Yosh-
ida EM, Hussaini T. Review of clinically relevant drug interac-
tions with next generation hepatitis C direct-acting antiviral
agents. J Clin Transl Hepatol 2020;8(3):322–335. doi:
10.14218/JCTH.2020.00034.

Introduction

It is estimated that approximately 71 million people world-
wide are chronically infected with hepatitis C. Chronic hep-
atitis C infection leads to significant morbidity and mortality,
including progressive hepatic fibrosis, cirrhosis, and develop-
ment of hepatocellular carcinoma. Hepatitis C virus (HCV) is
associated with a global liver-related mortality rate of
399,000 people per year.1 The introduction of direct-acting
antiviral (DAA) agents has revolutionized hepatitis C
therapy, offering safe and highly effective therapy with treat-
ment success rates exceeding 95%. These agents, however,
are implicated in many drug-drug interactions (DDIs); it is
estimated that 30% to 60% of patients undergoing DAA treat-
ment are at risk for clinically significant drug interactions.2,3

Knowledge of these pharmacokinetic and pharmacody-
namic interactions is essential in optimizing therapy, avoiding
drug toxicities, and ensuring adequate DAA exposure and
efficacy.2–4 This article will review the pharmacokinetic prop-
erties of the commonly used newer generation DAA regimens,
namely: sofosbuvir (SOF)/velpatasvir (VEL) (Epclusa®),
SOF/VEL/voxilaprevir (VOX) (Vosevi®), glecaprevir (GLE)/
pibrentasvir (PIB) (Maviret®), and elbasvir (EBR)/grazoprevir
(GZR) (Zepatier®). We have previously reviewed the older
DAA regimens elsewhere.5 Drug interactions with commonly
prescribed therapeutic classes are discussed and manage-
ment or monitoring strategies are suggested.

Methods

We searched MEDLINE, Embase, Google, and GoogleScholar
using the terms pharmacokinetics, drug interaction, drug
metabolism, sofosbuvir, velpatasvir, Epclusa, voxilaprevir,
Vosevi, glecaprevir, pibrentasvir, Maviret, elbasvir, grazopre-
vir, and Zepatier, from inception to January 13, 2020. We
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included randomized controlled trials, in vitro studies, pro-
spective and retrospective human studies, drug monographs,
abstracts, and conference proceedings. Our search excluded
literature reviews, expert clinician opinion papers, and
articles not available in English. After the initial search, bib-
liographies were hand searched for relevant articles. Rele-
vance and severity of drug interactions were determined by
synthesizing available primary and tertiary resources, in addi-
tion to consultation with clinical experts.

Pharmacokinetic characteristics

SOF/ VEL (Epclusa®)

The combination of SOF, an NS5B polymerase inhibitor and
VEL, an NS5A replication complex inhibitor, is a pangenotypic
DAA regimen effective against genotypes 1 through 6.6

Designed as a single tablet regimen of 400 mg SOF and 100
mg VEL, it is dosed once daily. The absorption of both SOF and
VEL is not affected by food.6 Once absorbed, SOF, a pro-drug,
enters the hepatocyte and undergoes multistep metabolism
to form the active drug, GS-461203; neither SOF nor its
metabolites are substrates, inhibitors, or inducers of
CYP450 isoenzymes, hence they carry low potential for
DDIs.6 The main route of elimination for SOF and its
primary circulating metabolite is via glomerular filtration
(80%) and active tubular secretion. As a result, patients
with advanced chronic kidney disease and those receiving
hemodialysis have significantly higher exposure to SOF;
thus, it is not recommended to use SOF in patients with
severe renal dysfunction.6 VEL undergoes hepatic biotrans-
formation and is a substrate of CYP3A4, CYP2C8, and
CYP2B6, and a substrate and an inhibitor of P-glycoprotein
(P-gp), Breast Cancer Resistance Protein (BCRP) and
organic-anion-transporting polypeptide (OATP) 1B1 and
OATP1B3, hence having potential for many DDIs. VEL is pri-
marily eliminated via biliary excretion into the feces
(Table 1).6 SOF/VEL is safe in patients with hepatic impair-
ment, including those with decompensated (Child Turcotte
Pugh (CTP) stage B and C) cirrhosis.6,7

SOF/VEL/VOX (Vosevi®)

VOX is a potent pangenotypic NS3/4A protease inhibitor (PI).
The fixed-dose combination containing 400 mg SOF, 100 mg
VEL and 100 mg VOX administered once daily is indicated for
patients with previous DAA treatment failures.8 VOX exposure
is increased by 435% when administered with high fat meals,
as such it is recommended to take SOF/VEL/VOX with food.
VOX is primarily metabolized in the liver by CYP3A4 and to a
lesser extent by CYP1A2, CYP2C8 (Table 1). It is both a sub-
strate and an inhibitor of the drug transporters P-gp, BCRP,
OATP1B1 and OATP1B3.8 VOX is primarily eliminated by
biliary secretion (Table 1). VOX exposure increased by
299% and 500% in patients with CTP B and CTP C cirrhosis,
respectively, relative to patients with normal hepatic func-
tion.8 As a result, SOF/VEL/VOX is not recommended in
patients with moderate to severe hepatic impairment (CTP-
B or CTP-C).

GLE/PIB (Maviret®)

The combination of GLE, a pangenotypic NS3/4A PI and PIB,
an NS5A replication complex inhibitor is indicated for the

treatment of HCV genotypes 1-6 in both treatment-naïve and
DAA-experienced patients.9 The recommended dosage is GLE
(300 mg)/PIB (120 mg) once daily, administered as three
tablets of GLE/PIB 100 mg/40 mg. It is recommended to
take GLE/PIB with food, as moderate to high fat meals have
been shown to increase the exposure of both GLE and PIB
(Table 1).9

GLE is a minor substrate of CYP3A4, although this pathway
is not believed to be clinically relevant.9 PIB is not subject to
biotransformation. Both GLE and PIB are substrates and
inhibitors of multiple transport proteins.9 GLE and PIB are
predominantly cleared via biliary excretion with minimal
renal elimination.10,11 While safe in patients with renal dys-
function, GLE/PIB plasma concentrations may increase
several fold in those with decompensated cirrhosis. In a
phase 1 study, GLE exposure increased by 2- and 11-fold in
patients with CTP B and CTP C cirrhosis, respectively.9,12 Ret-
rospective analysis of multiple phase 2 and 3 trials has dem-
onstrated that GLE/PIB is safe and efficacious when
administered to patients with compensated cirrhosis (CTP
A).13 As such, GLE/PIB is contraindicated in patients with
CPT C and not recommended in those with CTP B cirrhosis.9

EBR/GZR (Zepatier®)

The combination of EBR, an NS5A replication complex inhib-
itor, and GZR, a NS3/4A PI, is available as a once daily fixed-
dose tablet containing 50 mg EBR and 100 mg GZR. EBR/GZR
is indicated for the treatment of HCV genotypes 1 and 4 as
monotherapy, as well as genotype 3 when combined with
SOF.14 Both EBR and GZR exhibit low oral bioavailability.
Administration with a high fat meal is known to increase
GZR exposure by 50%; however, EBR exposure is not affected
by food. As a result, EBR/GZR can be administered without
regard to meals. Both EBR and GZR undergo hepatic biotrans-
formation and can inhibit transporter proteins (Table 1).14 As
such, renal impairment will not affect the exposure of EBR/
GZR and in fact the efficacy and safety of standard dose EBR/
GZR has been demonstrated in a phase 3 study of patients
with end-stage renal disease.15 EBR/GZR is considered safe in
patients with CTP A; however, in patients with decompen-
sated liver disease (CTP B and C), the GZR area under the
plasma drug concentration-time curve (AUC) has been
shown to increase by 5- and 12-fold, respectively.16 There-
fore, similar to other PI containing regimens, EBR/GZR is not
recommended in patients with moderate or severe hepatic
impairment.14

DDIs

As described above, many DAAs undergo hepatic biotrans-
formation and are substrates or inhibitors of CYP450 isoen-
zymes and/or transporter proteins (Table 1). As such, many
are implicated in clinically significant DDIs; the extent and
severity of such interactions vary significantly depending on
the class of DAAs. Fortunately, newer generation DAAs, espe-
cially NS3/4A PI containing regimens, have much improved
interaction profiles as compared to their earlier predecessors.
Table 2 summarizes most relevant DDIs with DAA regimens.

Acid reducing agents

Acid reducing agents (ARAs), such as H2 blockers or proton
pump inhibitors (PPIs), are widely available without a
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prescription and are commonly used by patients with hep-
atitis C infection.17 The solubility and hence absorption of
some DAAs, specifically VEL and GLE, are pH-dependent,
with decreased bioavailability at higher gastric pH.6,8,9 VEL
is the most significantly affected by this interaction. In
phase I clinical trials the combination of SOF/VEL and ome-
prazole 20 mg, under fasting conditions, lead to 56% reduc-
tion in VEL exposure.18 Ideally, VEL-containing DAAs should
not be administered with PPIs. If the co-administration of VEL
with PPIs is unavoidable, it is recommended not to exceed PPI
dosages equivalent to omeprazole 20 mg daily. SOF/VEL
should be taken with food 4 h prior to taking omeprazole, at
a maximum dose of 20 mg daily, and SOF/VEL/VOX should be
taken with food at the same time as low dose PPI.6,8 Recom-
mendations for antacid (e.g., calcium carbonate) administra-
tion are extrapolated from these studies and it is
recommended to separate them by 4 h.6,8

Similarly, GLE absorption is improved in an acidic environ-
ment. In a pooled analysis of nine phase 2 and 3 clinical trials,
while patients taking GLE/PIB with either high or low dose
PPIs had 41% lower GLE exposure, the sustained virologic
response (SVR) at week 12 rates were similar to patients not
receiving ARAs.19,20 Therefore, despite the modest pharma-
cokinetic interaction, given the lack of any significant clinical
impact, GLE/PIB can be used in combination with ARAs.9

Although the solubility of both EBR and GZR appears to be
pH-independent, phase 1 trials reported no difference in the
plasma exposure of EBR and GZR with concomitant admin-
istration of either famotidine 20 mg or pantoprazole 40 mg.21

In a pooled analysis of 1322 patients from phase 3 studies, no
difference was found in the SVR rates achieved in patients
receiving EBR/GZR and ARAs versus those who did not
receive ARAs.22 Manufacturer labelling does not recommend
any dosage adjustment for EBR/GRZ when used in combina-
tion with ARAs.14

Anti-arrhythmics

Several case reports have documented symptomatic brady-
cardia in patients receiving concurrent amiodarone and SOF-
containing DAA regimens.23 Of these cases, there was one
death and two cases of a patient requiring placement of a
permanent pacemaker.23,24 Bradycardia has been reported
after a single dose of a SOF-containing regimen.25 Although
the exact mechanism of the interaction is unknown, several
hypotheses have been postulated, including increased free
amiodarone levels due to serum protein displacement
caused by SOF, increased SOF concentration due to P-gp
inhibition by amiodarone, or potential additive effects of
SOF and amiodarone on disrupting cardiac myocytes
calcium handling with resultant changes in cellular electro-
physiology.23–26 Regardless of the proposed mechanism, the
concomitant administration of SOF-containing DAAs with
amiodarone should be avoided. There are no reports of
EBR/ GZR- or GLE/PIB-induced bradycardia with amiodarone;
however, theoretically, GLE/PIB and EBR can increase amio-
darone exposure via CYP3A4 and P-gp inhibition.9,14 Monitor-
ing for amiodarone adverse effects is required when
administered concurrently with EBR/ GZR or GLE/PIB.

Digoxin is a cardiac glycoside with a narrow therapeutic
index, digoxin is a P-gp substrate and is susceptible to
interaction with most DAAs.27 When digoxin is co-adminis-
trated with VEL, the AUC of digoxin can increase by as much
as 35%.18,28 Therefore, it is recommended to monitor serumT
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digoxin concentrations closely when co-administered with
VEL-containing regimens. Similarly, the combination of GLE/
PIB with digoxin has been shown to increase digoxin exposure
by approximately 50% and as a result, it is recommended to
decrease digoxin dosage by half when combined with GLE/
PIB.29 EBR/GZR does not result in clinically important
changes in digoxin exposure.14

Anticoagulants

Dabigatran is a P-gp substrate with a narrow therapeutic
index.2 While no clinical studies have examined the potential
DDIs between dabigatran and EBR/GZR or SOF/VEL, an
increase in dabigatran exposure is expected since both EBR
and VEL are weak P-gp inhibitors.30 In isolation, interactions
between EBR or VEL with dabigatran are unlikely to be clin-
ically significant; however, it is prudent to monitor patients for
signs of bleeding. When combined with SOF/VEL/VOX, dabi-
gatran AUC increases by up to 161%, due to the P-gp inhib-
ition by VOX.30–32 Similarly, the administration of dabigatran
with GLE/PIB has been shown to increase dabigatran AUC by
138%.33 Given the increased exposure to dabigatran and lack
of clinical studies, concurrent administration with SOF/VEL/
VOX or GLE/PIB is contraindicated.8,9,34

There are no pharmacokinetic studies conducted with
DAAs and the direct factor Xa inhibitors apixaban or rivarox-
aban. However, since they are both CYP3A4, P-gp and BCRP
substrates, it is recommended to monitor for bleeding when
apixaban or rivaroxaban are combined with DAA regimens, as
their plasma concentration can theoretically increase.6,8,9,14

Edoxaban, another direct factor Xa inhibitor, is a P-gp
substrate with an active metabolite (M4), which is an
OATP1B1 substrate.35,36 The European summary of product
characteristics for SOF/VEL/VOX recommends that rivaroxa-
ban or apixaban should be preferred over edoxaban due to
potential additive OATP1B1 inhibition by both VEL and VOX;
however, given that M4 accounts for <10% of edoxaban
exposure, the significance of this interaction is
unknown.8,35,37 It is possible that co-administration with
DAAs would lead to increased edoxaban. Although no clinical
studies have been conducted to assess the magnitude of this
interaction, monitoring for signs of bleeding is highly
recommended.

Vitamin K antagonists, such as warfarin, have not been
studied with newer generation DAAs. As a substrate of
CYP1A2 and CYP2C9, warfarin may theoretically interact
with GLE/PIB, although this interaction is not likely to be
clinically significant.9

Aromatic anticonvulsants

The aromatic anticonvulsants carbamazepine, phenobarbital
and phenytoin are considered strong CYP450 enzyme
inducers, and can reduce the exposure of many DAAs.38

There are no direct studies analyzing the effect of concomi-
tant administration of anticonvulsants on the plasma concen-
tration of EBR/GZR. The likelihood of interactions was derived
from pharmacokinetic studies with efavirenz, a moderate
CYP3A4 inducer, and rifampin, another strong CYP3A4
inducer. The concomitant use of EBR/GZA, SOF/VEL and
SOF/VEL/VOX with carbamazepine, phenytoin, and pheno-
barbital is contraindicated.6,8,14,18,32 Glecaprevir and pibren-
tasvir exposure are both affected by carbamazepine, with a
decrease of 50-80% in GLE AUC and 31-42% in PIB AUC.9

These results were also used to extrapolate recommenda-
tions for co-administration of phenobarbital and phenytoin,
which are both deemed contraindicated.9

Anti-infectives

Triazole antifungals inhibit the cytochrome P450 isoenzymes
to a varying extent. Most pharmacokinetic studies addressing
DDIs with DAAs have included ketoconazole, which is a strong
inhibitor of CYP3A4, CYP2C8, and P-gp.38 The combination of
EBR/GZR with a single dose of ketoconazole at 400 mg
resulted in a 1.8-fold increase in EBR AUC and a 3-fold
increase in GZR AUC.14 Therefore, ketoconazole should not
be co-administered with EBR/GZR. No pharmacokinetic
studies have been reported with EBR/GZR and voriconazole;
however, their co-administration is unlikely to result in a clin-
ically significant interaction, as EBR/GZR is only partially
metabolized by the CYP3A system.14

When VEL was co-administered with ketoconazole, the
VEL Cmax and AUC increased modestly by 29% and 71%,
respectively.18 Similarly, co-administration of voriconazole
and voxilaprevir increased voxilaprevir AUC by 84% but had
no effect on Cmax.28,31,32 Therefore, both SOF/VEL and SOF/
VEL/VOX can be concurrently administered with ketoconazole
or voriconazole.6,8

There are no pharmacokinetic studies conducted with the
combination of GLE/PIB with ketoconazole or voriconazole;
however, since GLE/PIB is a substrate of CYP3A4 and an
inhibitor of P-gp and BCRP, the AUC of both GLE/PIB, and
ketoconazole are expected to increase. More frequent mon-
itoring of GLE/PIB and ketoconazole adverse events, such as
hepatotoxicity, is required when this combination is used.

Neither posaconazole nor fluconazole co-administration
with DAAs has been formally studied. The results from
voriconazole and ketoconazole pharmacokinetic studies can
be used to predict their potential interaction with the newer
DAAs. Posaconazole is a potent inhibitor of CYP3A4 but to a
lesser extent than ketoconazole.38,39 Posaconazole can
increase EBR/GZR, SOF/VEL, SOF/VEL/VOX, and GLE/PIB
AUC; therefore, close monitoring for hepatotoxicity is
required during their concurrent administration. Posacona-
zole concentration could also be increased by EBR/GZR via
P-gp inhibition, and monitoring for posaconazole adverse
events or serum trough levels are recommended when co-
administered together. Fluconazole, a moderate inhibitor of
CYP3A4, is unlikely to cause any clinically significant drug
interactions with SOF, VEL, VOX, GLE, PIB, EBR, and GZR
and is therefore likely safe for concurrent administration.38

Rifampin is a strong CYP450 enzyme inducer, with a peak
effect when multiple doses are given.38 A pharmacokinetic
study of GZR and rifampin in healthy volunteers found a sig-
nificant decrease in C24h of GZR after multiple oral rifampin
doses, likely due to CYP3A4/P-gp induction by rifampin.40

Combination of multiple doses of rifampin and SOF/VEL
also led to a significant decrease in both SOF and VEL AUC by
72% and 82%, respectively.18 Likewise, VOX AUC decreased
by 73% when given with multiple doses of rifampin.31,32 Mul-
tiple dose administration of rifampin with GLE/PIB resulted in
a decrease in GLE AUC by 88% and PIB by 87%.9 Co-admin-
istration of rifampin with EBR/GZR, SOF/VEL, SOF/VEL/VOX
and GLE/PIB is contraindicated due to significant decreases in
DAA exposure which could lead to loss of virologic
response.6,8,9,14
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Anti-retrovirals

Patients on antiretroviral therapy (ART) are at a high risk of
DDIs. PIs, and non-nucleoside reverse transcriptase inhib-
itors are substrates, inhibitors, and/or inducers of the CYP450
system, making them prone to drug interactions.41 On the
other hand, nucleoside/nucleotide reverse transcriptase
inhibitors (NRTIs) and integrase strand transfer inhibitors
are less reliant on the CYP450 system and thus are less sus-
ceptible to drug interactions.

Abacavir, an NRTI, is not metabolized by the CYP450
system; although no pharmacokinetic studies have investi-
gated the co-administration of abacavir alone with EBR/GZR,
SOF/VEL, SOF/VEL/VOX, or GLE/PIB, no clinically significant
DDIs are expected.42,43

Tenofovir alafenamide (TAF) and tenofovir disoproxil
fumarate (TDF) are two NRTI pro-drugs that are converted
by intracellular hydrolysis to the active form tenofovir.44,45 In
phase 1 studies of TDF and EBR/GZR, no significant changes
in the plasma exposure of EBR and GZR were reported.46

Another phase 1 study found that no clinically significant
DDIs exist between SOF/VEL and TDF or TAF.47 A phase 3
trial of SOF/VEL enrolled patients taking TDF and did not iden-
tify any safety or efficacy concerns.48 When administered
with SOF/VEL/VOX, tenofovir exposure increases by nearly
40%.8 Given the increased exposure of tenofovir, monitoring
for adverse effects, such as nephrotoxicity, is recommended
when combining with TDF-containing regimens. When com-
bined with GLE/PIB, TDF exposure increases by 30%; as a
result, no dose adjustments are required.9,43

Emtricitabine (FTC) is not metabolized by CYP enzymes
and is therefore not anticipated to interact with any of the
HCV drug combinations.49 FTC, commonly used as part of
fixed anti-retroviral combinations, has been studied in multi-
ple phase 1 trials of co-administrations with DAAs. Studies
with EBR/GZR, GLE/PIB, SOF/VEL and SOF/VEL/VOX indi-
cated no change in exposure of FTC, EBR, GZR, GLE, PIB,
SOF, VEL, or VOX.32,46,47 Pharmacokinetic data from FTC
can be extrapolated and applied to patients taking lamivudine
(3TC) due to physicochemical similarities.50

Entecavir, an NRTI with weak activity against human
immunodeficiency virus (commonly referred to as HIV) and
potent activity against hepatitis B virus, is indicated solely for
the treatment of hepatitis B virus in non-HIV patients or in
HIV patients on fully active ART. Entecavir is not a substrate,
inhibitor, nor inducer of any CYP enzymes, and is primarily
eliminated unchanged in the urine; as such, entecavir is not
anticipated to interact with any of the HCV combinations.14,51

Efavirenz is a potent inducer of CYP3A4 and CYP2B6, which
could decrease the concentration of EBR, GZR, VEL, VOX,
GLE, and PIB.38 Results of a pharmacokinetic study demon-
strated an 83% decrease in GZR AUC and a 54% decrease in
EBR AUC.46 Concurrent administration of SOF/VEL and efavir-
enz resulted in similar SOF plasma exposure but a 57%
decrease in VEL AUC.47 VOX exposure also decreased by
53% with efavirenz co-administration.32 In a phase one
study of healthy volunteers, administration of GLE/PIB with
efavirenz resulted in a 69% to 71% decrease in plasma expo-
sure of GLE and PIB, respectively.9 It is not recommended to
co-administer any newer generation DAAs with efavirenz due
to decreased DAA exposure and the potential loss of antiviral
efficacy.

Rilpivirine is metabolized extensively by CYP3A; however,
its administration with EBR/GZR did not significantly change

the plasma exposure of either EBR/GZR or rilpivirine.46 Co-
administration of rilpivirine with either SOF/VEL or SOF/VEL/
VOX is not associated with clinically significant changes in
AUC of any of the drugs involved.32,46 When co-administered
with GLE/PIB, rilpivirine exposure is increased by 84%;
however, this interaction is not believed to be clinically signifi-
cant and no dosage adjustment is required.9,52

Co-administration of atazanavir (ATV)/ritonavir (r) with
EBR/GZR resulted in a 4.8-fold increase in EBR AUC and a
10.6-fold increase in GZR AUC.14 This significant increase in
GZR plasma concentrations caused by ATV-mediated
OATP1B1/3 inhibition can lead to significant alanine transa-
minase (ALT) elevations and hepatotoxicity.14 As such the co-
administration of ATV/r with EBR/GZR is contraindicated. A
phase 1 study of SOF/VEL with ATV/r demonstrated a 142%
increase in SOF plasma exposure, with no changes in VEL or
ATV/r AUC.47 The interaction was not considered to be clin-
ically significant and concurrent administration of ATV/r was
allowed in the phase 3 clinical trial, ASTRAL-5, where no
safety concerns were reported.48 On the other hand, the
administration of SOF/VEL/VOX with ATV/r is not recommen-
ded, as the combination led to a clinically significant increase
in VOX AUC by 331%.32 Similarly, the concurrent use of GLE/
PIB with ATV/r is not recommended.9 In a phase 1 study
involving 24 healthy subjects, the administration of GLE/PIB
lead to five treatment discontinuations due to asymptomatic
elevations of aspartate transaminase (AST)/ALT. The cause of
the elevation in liver enzymes is likely due to the significant
increase in GLE AUC (6.35-fold) as a result of ritonavir-medi-
ated P-gp inhibition.43

The administration of EBR/GZR and darunavir (DRV)/r is
contraindicated, as co-administration resulted in increased
EBR AUC by 1.7-fold and GZR AUC by 7.5-fold.14 Administra-
tion of SOF/VEL/VOX with DRV/r resulted in a decrease of SOF
AUC by 28%, no effect on VEL AUC, and a modest increase in
VOX plasma exposure by 57%.32,47 No dosage adjustments
are recommended when administrating DRV/r once daily with
either SOF/VEL or SOF/VEL/VOX, as the pharmacokinetic
interactions resulting in drug exposure fluctuations are not
deemed clinically relevant. Twice daily dosing of DRV/r with
either SOF/VEL or SOF/VEL/VOX has not been studied and is
not recommended.6,8

In a phase 1 study where GLE/PIB was combined with
DRV/r, GLE AUC increased by 4.38-fold.43 Given the signifi-
cant increase in GLE concentration and the potential for ALT
elevations, their co-administration is not recommended.9

Dolutegravir undergoes UDP-glucuronosyltransferase
metabolism and is not expected to have any DDIs with
newer generation DAAs.53 When EBR/GZR, SOF/VEL, SOF/
VEL/VOX, and GLE/PIB were co-administrated with dolute-
gravir, no differences were found in EBR, GZR, SOF, VEL,
VOX, GLE, PIB, or dolutegravir plasma exposures.43,46,47

Elvitegravir (EVG) is an integrase strand transfer inhibitor
that is only available as a combination product combined with
the pharmacokinetic booster cobicistat (c) as well as either
TAF/FTC or TDF/FTC. EVG inhibits OATP1B, while c inhibits P-
gp, BCRP, and OATP1B1/3.38 Co-administration of EVG/c/
FTC/TDF with EBR/GZR led to a 436% increase in plasma
exposure of GZR and a 118% increase in EBR AUC; as such,
EBR/GZR is not recommended for patients taking EVG/c-con-
taining regimens.14 Studies of EVG/c in combination with
SOF/VEL/VOX did not identify any significant differences in
plasma exposure of SOF or VEL but did demonstrate a
171% increase in VOX AUC.32,47 Despite the increase in
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VOX exposure, the manufacturer does not recommend dose
adjustment with either SOF/VEL or SOF/VEL/VOX when com-
bined with EVG/c-containing regimens.8 The administration
of EVG/c-containing regimens with GLE/PIB, resulted in a
modest increase in plasma exposure of GLE and PIB by 47%
and 42%, respectively.43 As such, no dosage adjustment is
required when GLE/PIB is combined with EVG/c-containing
regimens.

Raltegravir is a uridine diphosphate-glucuronosyltrans-
ferases 1A1 (known as UGT1A1) substrate and co-adminis-
tration with GLE/PIB, a mild UGT1A1 inhibitor, can modestly
increase exposure of raltegravir by approximately 50%.52

Concurrent administration with EBR/GZR, resulted in
increased raltegravir AUC by 43%, whereas the EBR AUC
decreased by 19% and GZR AUC decreased by 11%.46

When combined with SOF/VEL, there were no changes in
exposure of SOF/VEL or raltegravir.47 Raltegravir has not
been studied with VOX; however, no DDI is expected.
Overall, given the modest changes in DAA exposures, none
of the manufacturers recommend dose adjustment with ral-
tegravir co-administration.6,8,9,14

HMG-CoA inhibitors

Atorvastatin, lovastatin, and simvastatin are substrates of
CYP3A4, OATP, P-gp and BCRP transporter proteins; there-
fore, significant potential exists for clinically relevant DDI with
most DAA regimens.54–56 While some combinations are con-
traindicated, others require a substantial decrease in statin
dosage, often to the lowest recommended daily dosage. All
patients who require concomitant administration of statin
therapy while receiving DAA regimens should be closely
monitored for signs of statin toxicity, such as myopathy and
rhabdomyolysis.

The co-administration of atorvastatin and EBR/GZR has
been shown to increase atorvastatin exposure by 5.7-fold;
thus, it is recommended to decrease atorvastatin dosage to a
maximum of 20 mg per day in patients receiving EBR/GZR.14

By extrapolation, lovastatin and simvastatin should also be
used at the lowest possible dosage.14 When a single dose of
atorvastatin was administered with SOF/VEL, atorvastatin
AUC increased by 54%.57 As a result, no dose adjustment is
required but patients should be monitored for clinical signs of
myopathy and rhabdomyolysis. Similarly, simvastatin and
lovastatin are likely safe for concurrent administration with
SOF/VEL but monitoring is required. No clinical studies have
been conducted on the interaction between atorvastatin, lov-
astatin, and simvastatin with SOF/VEL/VOX but it is specu-
lated that both VEL and VOX can cause inhibition of statin
metabolism. The product monograph recommends limiting
the dose of atorvastatin at 10 mg per day and to use the
lowest dose of lovastatin and simvastatin when co-adminis-
trating with SOF/VEL/VOX.8 The administration of GLE/PIB
with atorvastatin, simvastatin, and lovastatin, increased the
AUC of the statins by 8.27-, 2.23- and 1.7-fold, respectively.9

The co-administration of atorvastatin and simvastatin with
GLE/PIB is contraindicated, and the co-administration of lov-
astatin with GLE/PIB is not recommended.9

Pravastatin is a substrate of OATP1B1/1B3 alone, while
rosuvastatin is a substrate of OATP1B1/1B3 and BCRP.58,59

When administered in combination, EBR/GZR increased pra-
vastatin AUC by 33% and increased rosuvastatin AUC by 2.3-
fold; as a result, rosuvastatin is limited to a maximum dose of
10 mg daily with concurrent EBR/GZR administration, while

no dose change is required for pravastatin.14 When adminis-
tered with SOF/VEL, pravastatin AUC increased by 35% and
rosuvastatin AUC increased by 169%.6 Themanufacturer rec-
ommends no dose adjustments with pravastatin but a
maximum of 10 mg per day of rosuvastatin when co-admin-
istered with SOF/VEL.6 VEL and VOX in combination were
found to increase rosuvastatin AUC by 639% via both BCRP
and OATP1B inhibition.18,32 Therefore, the co-administration
of rosuvastatin with SOF/VEL/VOX is contraindicated. Pravas-
tatin exposure was increased by 116% with SOF/VEL/VOX,
limiting the dose to a maximum of 40 mg per day is recom-
mended.31,32 A single study of GLE/PIB demonstrated mod-
erate increases in AUC of both pravastatin and rosuvastatin;
moreover, in this study, AUC increased by 130% and 115%,
respectively.33 The manufacturer recommends decreasing
pravastatin dose by 50%, and a maximum dose of 5 mg per
day of rosuvastatin when co-administered with GLE/PIB.9

Immunosuppressive medications

The calcineurin inhibitors cyclosporine and tacrolimus are
effective immunosuppressants that are commonly used in
solid organ transplantation, bone marrow transplantation,
and other immune-mediated pathologies. Tacrolimus is a
substrate of CYP3A4, while cyclosporine, also a substrate of
CYP3A4, inhibits P-gp, BCRP, and OATPB1/1B3.60,61

EBR/GZR has been shown to increase tacrolimus AUC by
43%; therefore, increased frequency of tacrolimus monitor-
ing is recommended when a patient is initiated on EBR/GZR.62

The administration of cyclosporine with EBR/GZR is contra-
indicated due to a 10-fold increase in GZR AUC.62

No clinically relevant interactions were found with tacroli-
mus, SOF/VEL or SOF/VEL/VOX.18,32 No dosage adjustments
are required when co-administrating cyclosporine with SOF/
VEL, as the co-administration resulted in similar exposures
for cyclosporine and an modest increase in VEL AUC of
56%.18 The co-administration of SOF/VEL/VOX with cyclo-
sporine is not recommended because of the 9.4-fold increase
in VOX AUC, likely due to OATP inhibition by cyclosporine.31,32

Patients on cyclosporine who require SOF/VEL/VOX should be
switched to tacrolimus if possible. When combined with GLE/
PIB, tacrolimus AUC has been shown to increase by 53%, with
no impact on GLE or PIB exposure. As such, tacrolimus ther-
apeutic drug monitoring is recommended when this combina-
tion is used.63 Cyclosporine-mediated inhibition of P-gp,
BCRP, and OATP1B1/3 is dose-dependent. The administration
of cyclosporine 100 mg increased GLE exposure by 37%,
while a 400 mg dose increased GLE AUC by 5-fold.63 The
manufacturer recommends not to co-administer cyclosporine
in doses greater than 100 mg per day with GLE/PIB.9 In
summary, the inhibition of transporter proteins by cyclospor-
ine can lead to a significant increase in PI concentrations,
which can in turn lead to elevations in liver biochemistries
and hepatotoxicity. As such, PI-containing DAA regimens
are generally not recommended in combination with
cyclosporine.

Sirolimus is a P-gp substrate and its plasma exposure can
be increased when combined with P-gp inhibitors like VOX,
GLE, PIB, or GZR.64 The extent of this interaction is unknown
and, therefore, sirolimus therapeutic drug monitoring is
recommended.

No drug interactions are expected between prednisone or
mycophenolate and any of the DAAs.
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Oral contraceptives

The co-administration of ethinyl estradiol and levonorgestrel
with EBR/GZR resulted in no clinically significant alteration in
plasma concentrations of ethinyl estradiol and levonorges-
trel.9 In a study of healthy volunteers, the administration of
norgestimate/ethinyl resulted in no clinically relevant effects
on the exposure of SOF/VEL, norgestimate, norgestrel, or
ethinyl estradiol.18 In all phase 3 studies of SOF/VEL, oral
contraceptives use was allowed, and there was no signal of
loss of contraceptive efficacy.7,48,65,66 The administration of
SOF/VEL/VOX or GLE/PIB with oral contraceptives in healthy
subjects did not result in any significant pharmacokinetic or
pharmacodynamic alterations, but resulted in elevated liver
enzymes in some participants.9,32,67 In the phase 1 study of
SOF/VEL/VOX with ethinyl estradiol, 13 out of 15 patients
reported elevated liver enzymes. Two of the patients had
grade 3 evaluation classification (greater than 5 but less
than 10 times the upper limit of normal in ALT/AST).68 Like-
wise, in combined analysis of phase 2 and 3 studies of GLE/
PIB with ethinyl estradiol, six patients had reported abnormal
liver biochemistries.9,69 The cause of the increased liver
enzyme is unknown. It is not recommended to co-administer
SOF/VEL/VOX or GLE/PIB with any ethinyl estradiol-contain-
ing contraceptives, including intravaginal products.9

Norethindrone, the only available progestin-only oral con-
traceptive, has not been studied in combination with any
DAAs; however, as it is metabolized solely via CYP3A4, no
clinically significant interactions are expected.70

Opioid agonists

Methadone is metabolized via CYP3A4, CYP2B6 and
CYP2C19.71 In a pharmacokinetic study, methadone AUC
was increased by 14% and 16% when combined with EBR
or GZR, respectively.72 The administration of SOF alone with
methadone resulted in 30% increase in SOF AUC.6 No studies
were conducted between methadone and VEL or VOX;
however, in post-hoc analysis of phase 3 trials, SVR12 rates
were not different in those who received methadone and
those who did not.73 Methadone co-administration did not
increase the exposure of GLE/PIB.74 Despite modest
changes in methadone exposure, no dose adjustments are
required with concurrent administration of methadone and
EBR/GZR, SOF/VEL, SOF/VEL/VOX, or GLE/PIB but increased
monitoring is recommended.

Buprenorphine/naloxone (Suboxone®) is a fixed-dose
combination tablet, commonly used for treatment of opioid-
use disorder. Buprenorphine is a substrate of CYP3A4 and P-
gp, while naloxone is minimally absorbed when taken enter-
ally.75 Administration of EBR/GZR and buprenorphine/nalox-
one did not result in any clinically significant changes in EBR/
GZR exposure.14,76 No pharmacokinetic studies have been
conducted with SOF/VEL or SOF/VEL/VOX but post-hoc anal-
ysis of phase 3 trials found no efficacy or safety signals of
either drug in patients who received buprenorphine/naloxone
compared to those who did not.73 However, there is a theo-
retical risk of increased buprenorphine AUCmediated through
P-gp inhibition by VEL and VOX. In patients who are receiving
concomitant SOF/VEL/VOX and buprenorphine/naloxone,
close monitoring for signs of buprenorphine/naloxone over-
exposure, such as decreased level of consciousness and res-
piratory depression, is recommended. The administration of
GLE/PIB with buprenorphine can increase buprenorphine AUC

modestly by 17%.73 Based on these studies, no dosage
adjustments are required when co-administering buprenor-
phine/naloxone with EBR/GZR, SOF/VEL, SOF/VEL/VOX, or
GLE/PIB; as with methadone, increased monitoring is
recommended.

There are no pharmacokinetic studies on the co-admin-
istration of fentanyl with EBR/GZR, SOF/VEL, SOF/VEL/VOX,
or GLE/PIB. No DDIs are expected between SOF/VEL and
SOF/VEL/VOX. Since fentanyl is a CYP3A4 substrate, co-
administration with PI-containing regimens, EBR/GZR or
GLE/PIB may lead to increased exposure to fentanyl.9,14,77

Summary and conclusions

The newer generation DAA regimens have simplified the
treatment of hepatitis C with pangenotypic once daily regi-
mens that are effective and well tolerated. However, DDIs
remain common with these agents and should be assessed
prior to any DAA therapy initiation. DAA regimens containing
NS3/4A PIs, such as, SOF/VEL/VOX, EBR/GZR, and GLE/PIB
are most susceptible to drug interactions with strong CYP3A4,
P-gp, and OATP inhibitors. Regimens that contain VEL are
most susceptible to interactions with ubiquitously used acid-
reducing agents, leading to decreased VEL absorption and
carrying potential for treatment failures.

The major limitation of this review is the reliance on
pharmacokinetic studies conducted in healthy volunteers.
Chronic infection with hepatitis C will affect drug disposition
and metabolism, such as reduced hepatic microsomal
enzyme activity. The results of PK studies in healthy popula-
tions may not be applicable to those with HCV infection.78 In
addition, due to a lack of experimental data for all possible
drug interaction scenarios, we made inferences from limited
PK studies to derive recommendations for DDIs where no data
were available. These studies may not reflect the actual inter-
action nor predict adverse effects that may result. An
example of this is the unpredictable interaction between
SOF and amiodarone. No prior pharmacokinetic/pharmacody-
namic studies were able to predict the excessive bradycardia
caused by the co-administration of the combination.

Prior to starting any HCV therapy, clinicians should assess
for any potential DDIs to avoid adverse events or therapeutic
failure. Given the number of safe and effective DAA regimens
available, in most cases, DDIs can be avoided altogether
through careful selection of DAA therapy. In cases where only
specific DAA regimens can be used and DDIs become
unavoidable, clinicians must make every effort to appropri-
ately modify the patient’s non-HCV medication regimen to
avoid potentially harmful DDIs. As we move forward with the
goal of HCV elimination by 2030, more patients will be
initiated on HCV DAA regimens and clinicians are encouraged
to consult with colleagues with expertise in DAA pharmaco-
therapy or tertiary drug interaction resources prior to treat-
ment initiation.
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