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Abstract
The treatment of patients infected with the hepatitis C virus (HCV) has been revolutionised by the development of direct-
acting antiviral agents (DAAs) that target specific HCV proteins involved in viral replication. The first DAAs were associated 
with clinical problems such as adverse drug reactions and pharmacokinetic drug–drug interactions (DDIs). Current FDA/
EMA-approved treatments are combinations of DAAs that simultaneously target the HCV N5A-protein, the HCV N5B-
polymerase and the HCV NS3/4A-protease. Adverse events and DDIs are less likely with these DAA combinations but 
several DDIs of potential clinical significance remain. Much of the available information on the interaction of DAAs with 
CYP drug-metabolising enzymes and influx and efflux transporters is contained in regulatory summaries and is focused on 
DDIs of likely clinical importance. Important DDIs perpetrated by current DAAs include increases in the pharmacokinetic 
exposure to statins and dabigatran. Some mechanistic information can be deduced. Although the free concentrations of 
DAAs in serum are very low, a number of these DDIs are likely mediated by the inhibition of systemic influx transport-
ers, especially OATP1B1/1B3. Other DDIs may arise by DAA-mediated inhibition of intestinal efflux transporters, which 
increases the systemic concentrations of some coadministered drugs. Conversely, DAAs are victims of DDIs mediated by 
cyclosporin, ketoconazole, omeprazole and HIV antiretroviral drug combinations, especially when boosted by ritonavir and, 
to a lesser extent, cobicistat. In addition, concurrent administration of inducers, such as rifampicin, carbamazepine and efa-
virenz, decreases exposure to some DAAs. Drug-drug interactions that increase the accumulation of HCV N3/4A-protease 
inhibitors like grazoprevir may exacerbate hepatic injury in HCV patients.

Plain Language Summary
Direct-acting antiviral (DAA) drugs have revolutionised the treatment of patients with hepatitis C. Compared to the earlier 
agents, currently-approved DAA combinations have fewer adverse effects and are less likely to be associated with pharma-
cokinetic drug-drug interactions (DDIs). However, adverse events and DDIs still occur when DAAs are coadministered with 
certain drugs. In most cases DAAs likely perpetrate DDIs by inhibiting drug transporters. However, access to more detailed 
information on HCV DAAs as substrates and inhibitors of drug-metabolising enzymes and transporters, and the incidence 
of DDIs in target populations, would enhance the understanding of the significance of the likelihood of DDIs with DAAs.

1  Introduction

1.1 � Hepatitis C Infection and Treatment

The hepatitis C virus (HCV) is a major cause of chronic 
liver disease with up to 80 million viraemic individuals 
worldwide and a further 100 million who are HCV-anti-
body positive [1, 2]. Hepatitis C virus causes diverse hepatic 
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Key Points 

Current direct-acting antiviral agents (DAAs) for the 
treatment of hepatitis C produce fewer clinical problems 
than the earliest DAAs.

However, current DAAs are implicated as perpetrators 
and victims of pharmacokinetic drug-drug interactions 
(DDIs) of potential clinical significance.

Mechanisms of certain DDIs can be proposed, although 
the current available information on DAA biotransfor-
mation and disposition is focused primarily on major 
pathways of clinical importance.

pathologies, including cirrhosis and hepatocellular carci-
noma, and a number of extrahepatic syndromes, including 
thrombocytopenia, non-insulin-dependent diabetes mellitus 
and cardiovascular disorders [3]. Altered drug pharmacoki-
netics in patients with HCV-mediated liver injury compli-
cate drug treatment, which leads to impaired efficacy and 
increased drug toxicity.

In patients, a sustained virological response occurs when 
HCV RNA is undetectable in serum 12 weeks after the with-
drawal of antiviral treatments [4]. This is associated with 
improved survival and decreased progression to advanced 
liver disease compared with untreated patients or those in 
whom treatment has failed [4]. For ~25 years pegylated 
interferon and ribavirin were the mainstays of HCV treat-
ment but numerous side effects, suboptimal efficacy and 
contraindications were significant drawbacks.

1.2 � New Drug Targets for HCV Treatment

The understanding of the molecular mechanisms of HCV 
infection and replication have increased over the last two 
decades. Briefly, lipoviral particles in blood attach to gly-
cosaminoglycans and low-density lipoprotein receptors on 
the hepatocellular plasma membrane and are endocytosed. 
The HCV viral genome, which consists of a single open 
reading frame and two non-coding regions, is then trans-
lated by cellular ribosomes to produce a single polyprotein 
of ~3000 amino acids [5]. This polyprotein is cleaved by 
host and viral proteases to generate ten proteins, including 
the p7 ion channel, the HCV core protein that forms the viral 
capsid, the E1 and E2 envelope glycproteins that form fur-
ther viral particles, and several non-structural (NS) proteins. 
Non-structural proteins include the viral auto-proteases 

(NS2/3 and NS3/4A), the RNA-binding protein NS5A, 
which enables assembly of the replication complex and the 
RNA-dependent RNA polymerase NS5B that is required for 
RNA replication [6]. Direct-acting antiviral agents (DAAs) 
that selectively target the HCV NS3/4A protease, the NS5A 
RNA-binding protein or the NS5B RNA-dependent RNA 
polymerase have been pivotal in the design of new thera-
peutic strategies for HCV treatment.

Hepatitus C  virus is classified into six major geno-
types and a number of subtypes on the basis of nucleotide 
sequence similarity; genotypes differ by 30–35% of nucleo-
tides across the HCV genome [7, 8]. The NS3/4A protease 
inhibitors boceprevir and telaprevir were the first FDA-
approved DAAs and exhibited short-term efficacy in HCV 
genotype 1-infected patients. However, their pharmacoki-
netics were suboptimal and drug-drug interactions (DDIs) 
due to inhibition of the transport and biotransformation of 
coadministered drugs were common. Furthermore, resist-
ance to these DAAs emerged rapidly and response rates were 
also low in patients with hepatic cirrhosis [9].

Direct-acting antiviral agents that have been developed 
more recently are used in fixed-dose combinations. The 
'second-wave' N3/4A protease inhibitors include glecaprevir, 
grazoprevir and voxilaprevir. Compared to boceprevir and 
telaprevir, these agents are more potent, exhibit higher barri-
ers to resistance, have favourable pharmacokinetics and have 
more convenient dosage regimen, including once-daily dos-
ing [10]. Currently used NS5A RNA binding protein inhibi-
tors include pibrentasvir, velpatasvir, ledipasvir, elbasvir and 
daclatasvir, while sofosbuvir is the most important RNA-
dependent RNA polymerase NS5B inhibitor in current use. 
The US FDA- and EMA-approved DAA combinations, their 
activities toward HCV genotypes and their use in patients 
with different grades of cirrhosis are shown in Table 1.

This article presents an overview of the absorption, 
distribution, biotransformation and elimination of DAAs 
that are currently approved by the FDA and EMA. Their 
clinical pharmacokinetics and the observed and potential 
DDIs in which the DAAs are perpetrators and victims are 
discussed. The available data from clinical studies with the 
following DAAs are included: glecaprevir, voxilaprevir and 
grazoprevir, pibrentasvir, velpatasvir, elbasvir, daclatasvir 
and ledipasvir and sofosbuvir. Direct-acting antivirals that 
were previously in clinical use are not discussed. Sources 
of information included published articles (Medline search 
terms: pharmacokinetics, drug interactions, toxicity, adverse 
events and all of the known biotransformation enzymes and 
transporters), the prescribing information published by the 
US FDA, summaries of product characteristics published by 
the EMA and other regulatory agencies, information from 
completed clinical trials (www.​clini​caltr​ials.​gov) and con-
ference presentations (abstracts) that are available online.

http://www.clinicaltrials.gov
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1.3 � Biotransformation Enzymes and Transporters 
in Drug Development

1.3.1 � Serum HCV DAA Concentrations and Treatment 
Outcomes

During therapy, serum DAA concentrations are maintained 
at levels to suppress viral replication and prevent the emer-
gence of resistant HCV variants. If trough concentrations of 
DAAs are too low, due to rapid rates of elimination, DAA-
resistant viral mutations may accumulate. Conversely, if 
the elimination of DAAs is too slow, the drugs may elicit 
adverse effects. Information on the enzymes that mediate 
DAA biotransformation and transporters that control DAA 
disposition is essential to understand the mechanistic basis 
of DDIs in patients who receive DAA combinations.

Most information on the transporters and drug-metabo-
lising enzymes in DAA biotransformation and disposition 
comes from reports submitted by pharmaceutical manufac-
turers to regulatory agencies. The major focus has been on 
the enzymes and transporters most commonly implicated in 
clinical drug pharmacokinetics. However, such studies are 
not exhaustive and alternate pathways of DAA disposition 
are possible.

1.3.2 � Tissue Specificity of Biotransformation Enzymes 
and Transporters in DDIs

Multiple solute carrier (SLC) transporters facilitate the 
uptake of drugs, including HCV DAAs, in a tissue-spe-
cific manner [11]. Organic anion transporting polypeptide 
(OATP) 2B1, organic cation transporters OCT1 and OCT3 
and multidrug and toxin extrusion transporter MATE1 
(SLC47A1) mediate intestinal drug absorption [12]. Other 
SLC transporters participate in renal drug excretion [13], 
including OCT2, OAT1 and OAT3 which are expressed 
in kidney and bladder. OATP1A2, OATP1B1, OATP1B3, 
OATP2B1, OCT1 and OCT3 are expressed in liver [12].

Hepatic cytochrome P450 (CYP) enzymes oxidize lipo-
philic drugs, environmental chemicals and endobiotics to 
polar metabolites [14, 15]. In intestinal enterocytes CYP3A4 
also oxidises a number of drugs following oral administra-
tion [16]. UDP-glucuronosyltransferases (UGTs) and other 
Phase II enzymes produce highly polar conjugates of some 
drug metabolites to enhance elimination in urine and faeces.

Intestinal ATP-binding cassette (ABC) transporters 
efflux drugs and decrease oral absorption [17]. In other 
tissues ABC transporters facilitate removal of drugs and 
metabolites from cells [18]. Major ABC transporters include 

Table 1   US Food & Drug Administration (FDA)-approved DAA combinations in current clinical use

DAA direct-acting antiviral, HCV hepatitis C virus, NS3/4A NS3/4A non-structural protease inhibitor, NS5A non-structural protein 5a inhibitor, 
NS5B non-structural 5B polymerase inhibitor, OD once daily

Product name Constituent DAAs HCV genotype Cirrhosis

Mavyret Glecaprevir (NS3/4A) Pibrentasvir (NS5A) 1–6 None or compensated 
(Child-Pugh A)300 mg 120 mg Once daily

Epclusa Sofosbuvir (NS5A) Velpatasvir (NS5A) 1–6 None or compensated 
(Child-Pugh A)400 mg 100 mg Once daily

Vosevi Sofosbuvir (NS5B) Velpatasvir (NS5A) Voxilaprevir (NS3/4A) 1–6 None or compensated 
(Child-Pugh A)400 mg 100 mg 100 mg Once daily

Harvoni Sofosbuvir (NS5B) Ledipasvir (NS5A) 1 None or compensated 
(Child-Pugh A)400 mg 90 mg Once daily

Sovaldi Sofosbuvir (N5B) 1–4
400 mg once daily (with 

pegylated interferon-α 
and ribavirin for geno-
types 1 and 4, or ribavirin 
for genotypes 2 and 3)

Zepatier Elbasvir (NS5A) Grazoprevir (NS3/4A) 1 or 4 None or compensated 
(Child-Pugh A)50 mg 100 mg Once daily

Daklinza Daclatasvir (NS5A) 1 or 3
60 mg once daily, in com-

bination with sofosbuvir
 None or compen-

sated (Child-Pugh 
A)

60 mg once daily, in com-
bination with sofosbuvir 
and ribavirin

 Decompensated 
(Child-Pugh B or 
C) or post-trans-
plant
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P-glycoprotein (PgP/ABCB1), breast cancer resistance pro-
tein (BCRP/ABCG2) and the multidrug-resistance proteins 
MRP1 (ABCC1), MRP2 (ABCC2), MRP3 (ABCC3) and 
MRP4 (ABCC4). PgP, MRP1, MRP2, MRP3 and BCRP 
are expressed in many tissues, including liver and intes-
tine, while MRP4 is expressed in the intestine, but is absent 
from liver, and bile salt export protein (BSEP/ABCB11) is 
expressed in hepatocytes [12, 19]. The tissue specificity of 
transporter and drug-metabolising enzyme expression is a 
critical factor in understanding DDI mechanisms.

1.3.3 � Regulation of Drug‑Metabolising Enzymes 
and Transporters

The basal expression of CYPs and transporters is regulated 
by tissue-specific transcription factors, such as HNF3γ and 
CEBPα [20]. Several of these genes are also inducible by 
certain drugs and chemicals that activate the pregnane X 
and constitutive androstane nuclear receptors (PXR and 
CAR, respectively) and the aryl hydrocarbon receptor (AhR) 
[21–23]. Transporters in particular are also subject to post-
translational trafficking that regulates the expression of the 
proteins at the plasma membrane of cells [24, 25].

Pathophysiological regulation of drug-metabolising 
enzymes and transporters is important in drug develop-
ment [26]. Recently nine CYPs and four UGTs were quan-
tified in livers from patients with hepatitis C according to 
the severity of liver injury (using the Child–Pugh scale, 
where mild, moderate and severe impairment is graded as 
class A, B and C, respectively [27]). In Child–Pugh class 
B samples there was down-regulation of CYPs 2C19, 2E1 
and 3A4, and UGTs 1A3 and 2B7. In more severe injury 
(Child–Pugh class C) CYP1A2 was also decreased. In con-
trast, expression of CYPs 1A1, 2B6, 2C8, 2C9 and 2D6 
were not affected by liver injury [26]. These findings are in 
general accord with studies of altered CYP and transporter 
expression in related hepatic diseases, including cirrhosis 
and steatosis, and certain altered nutritional states [28–37], 
which may lead to impaired drug and endobiotic metabo-
lism and transport.

The US FDA-approved prescribing information and 
EMA-approved summaries of product characteristics pro-
vide advice on the safe use of HCV DAAs in individuals 
who present with liver dysfunction of varying grade. Mavy-
ret is contraindicated in patients with Child-Pugh class C 
disease and is not recommended in patients with Child-Pugh 
class B impairment due to the possibility of higher expo-
sure [38]. Thus, the AUCs for glecaprevir in Child-Pugh 
class B and C patients are 2- and 11-fold of Child-Pugh A, 
respectively, while the corresponding AUCs for pibrentas-
vir in such patients are respectively 1.26- and 2.14-fold of 

Child-Pugh A [38]. Similarly, Vosevi is not recommended 
in Child-Pugh class B/C patients due to increased exposure 
[39]. Although velpatasvir exposure in patients with Child-
Pugh class B/C is similar to that in Child-Pugh A, the AUCs 
for voxilaprevir in Child-Pugh class B and C are ~4- and 
~6-fold, respectively, of Child-Pugh class A [39]. Zepatier is 
also contraindicated in Child-Pugh class B/C patients. Com-
pared to non–HCV-infected subjects with normal hepatic 
function, grazoprevir AUC values were higher by 1.7-fold, 
5-fold, and 12-fold in non–HCV-infected subjects with mild, 
moderate, and severe hepatic impairment, respectively, with 
an increased risk of alanine transaminase elevations [40]. In 
contrast, the exposures of daclatasvir, ledipasvir and sofos-
buvir are relatively unchanged in Child-Pugh grade B/C 
patients and are not contraindicated [41, 42].

Pharmacogenomic factors also influence the activities of 
drug-metabolising enzymes and transporters [14, 43–45]. 
Single nucleotide polymorphisms (SNPs) and other gene 
variations can lead to impaired function or dysregulated 
expression. Some polymorphisms are more common in cer-
tain ethnic populations, so that altered drug-metabolising 
enzyme and transporter activities may be more common 
when HCV DAAs are used in these groups [14, 43–45].

1.3.4 � Assessment of Biotransformation Enzymes 
and Transporters During Drug Development

Regulatory agencies provide guidance to the pharmaceuti-
cal industry in the development of new chemical entities 
(NCEs). Required information includes routes of metabo-
lism, disposition and elimination, especially the involvement 
of specific drug metabolising enzymes and drug transport-
ers. Agencies also advise on the in vitro methods to identify 
enzymes and transporters in NCE biotransformation and 
disposition. Data on the inhibition of these enzymes and 
transporters by NCEs are also required.

Whether the NCE is a substrate or inhibitor of efflux 
transporters can be determined in intestinal Caco-2 cells or 
in transporter over-expressing cell lines. Studies with influx 
transporters are conducted in over-expressing cell lines. 
During development of HCV DAAs the focus has usually 
been on the influx transporters OATP1B1/1B3, OAT1/3 and 
OCT2 and the efflux transporters PgP and BCRP because 
of their important roles in absorption, disposition and 
elimination.

Recombinant enzymes and hepatic microsomes are used 
to identify biotransformation pathways. For HCV DAAs, 
the focus of preclinical investigations has been on the major 
CYPs 1A2, 2C8, 2C9, 2C19, 2D6 and 3A4. The capac-
ity of NCEs to inhibit these enzymes is evaluated in the 
same systems. In addition, preincubation of NCEs with 
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NADPH-supplemented CYPs and microsomal fractions is 
used to assess time-dependent inhibition that is due to the 
formation of potent inhibitory metabolites. Preincubation of 
some NCEs with transporters may also increase the extent 
of inhibition of drug transport, although the mechanism is 
currently unclear [46].

The capacity of NCEs to induce CYPs and transporters 
is also assessed during preclinical development using cryo-
preserved hepatocytes and positive control drugs which are 
established PXR, CAR and AhR inducers [21–23]. If the 
NCE shows induction potential, a small clinical study may 
be justified to further evaluate the significance in patients. 
Several current HCV DAAs have been evaluated as potential 
inducers.

2 � NS3/4A Protease Inhibitors in Clinical DAA 
Combinations

Three US FDA- and EMA-approved second-generation 
NS3/4A protease inhibitors are in use in HCV therapy: gle-
caprevir, voxilaprevir and grazoprevir. These agents are used 
in combination with other DAA drugs.

2.1 � Absorption and Elimination

The NS3/4A protease inhibitors are hydrophobic (clog P 
range 4.10–6.79; Table 2), rapidly absorbed after oral dos-
age and are eliminated primarily in faeces, which is con-
sistent with biliary excretion. Glecaprevir, grazoprevir and 
voxilaprevir are excreted in faeces as both parent drug and 
metabolites [38, 39, 47, 48].

There is limited detail on the interactions of these agents 
with drug transporters. Glecaprevir and grazoprevir are sub-
strates of the influx transporters OATP1B1 (Km 0.098 µM 
and 0.43 µM, respectively) and OATP1B3 (Km 0.19 µM and 
0.18 µM, respectively) and the efflux transporter PgP; gle-
caprevir is also transported by BCRP [38, 47]. Voxilaprevir 
is a substrate for OATP1B1, OATP1B3, PgP and BCRP [49].

2.2 � CYP‑Dependent Metabolism

Cytochrome P450s oxidize NS3/4A protease inhibitors 
to multiple metabolites. cDNA-expressed CYP3A4 and 
CYP2D6 catalysed glecaprevir oxidation [47]. In human 
liver microsomes, voxilaprevir formed nine metabolites [49] 
with CYP3A4 being the most important enzyme and lesser 
roles for CYP2C8 and CYP1A2 [39]. CYP3A4 was also the 
major catalyst of grazoprevir oxidation [48].

2.3 � Pharmacokinetics

Across three studies, the half-life of glecaprevir varied 
between 5.86–8.69 h (Table 2). A single clinical dose (300 
mg coadministered with pibrentasvir 120 mg) produced 
mean Cmax and AUC values in 23 patients of 294 ng/mL 
and 1150 ng.h/mL, respectively (Table 2; [47]). Glecaprevir 
exposure was influenced by diet: thus, a medium fat diet 
increased AUC and Cmax to ~2.6-fold and ~3.2-fold of fasted 
control, respectively (Table 2; [47]). After multiple doses 
(300 mg daily for 14 days) glecaprevir exposure was similar 
in Caucasian, Chinese and Japanese patients (Cmax ranges 
were 1150–1390 ng/mL and AUC ranges were 3630–4500 
ng.h/mL) (Table 2; [50]). Exposure was greater than dose-
proportional over the dose range 25–800 mg [51, 52].

There is less information on voxilaprevir pharmacokinet-
ics. The median half-life was 8.51 h (Table 2 [53]). Phar-
macokinetics were linear over the dose range 50–300 mg 
but the AUC increase was greater than dose-proportional 
over the range 100–900 mg (>100-fold); nonlinearity 
could be due to inhibition of intestinal PgP or BCRP by the 
drug [54]. Food also affected voxilaprevir exposure. When 
administered as Vosevi, light, moderate and high fat meals 
increased the AUC of voxilaprevir by 2-fold, ~3-fold and 
~5-fold, respectively and Cmax values by 2.5-fold, 3.5-fold 
and ~8-fold, respectively [54].

In fasting individuals, grazoprevir (100 mg) exposure 
(Cmax and AUC) was 40.8 ng/mL and 595 ng.h/mL, respec-
tively (Table 2; [48]). After food, exposure increased to 
1.8- and 1.5-fold of corresponding fasting levels. The phar-
macokinetics of grazoprevir was assessed in single dose 
(2–1600 mg) and multiple dose studies (100–1000 mg daily 
over 10 days). Exposure increased dose-proportionately to 
200 mg (single dose) and multiple doses between 100 and 
400 mg, but was non-linear at higher doses [55, 56]. The 
half-life of grazoprevir across four studies was 27–39.8 h 
(Table 2).

3 � NS5A RNA‑binding Protein Inhibitors 
in Clinical DAA Combinations

There are five current NS5A inhibitors: pibrentasvir, vel-
patasvir, ledipasvir, elbasvir and daclatasvir.

3.1 � Absorption and Elimination

Like the NS3/4A protease inhibitors, NS5A RNA-binding 
protein inhibitors are highly hydrophobic (clog P 4.72–7.92; 
Table 2), are rapidly absorbed from the intestine and are 
eliminated primarily in faeces. With pibrentasvir ~97% of 
a dose was excreted unchanged in faeces by 144 h [47]. 
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Table 2   Summary of HCV DAA clinical drug pharmacokinetics

Patient cohort Cmax AUC​ Half-life Tmax Other parameters Commentst References
(n) (ng/mL) (ng.h/mL) (h) (h)

NS3/4A protease inhibitors
Glecaprevir (clog P 4.10)
 23 294 1150n 6.0a 3.0 b 300r + Pibrentasvir 120 single; 

fasted
[47]

(78) (69) (24) (1.5, 5.0)
 23 937 3040n 6.0a 4.0 b 300 + Pibrentasvir 120 single; 

medium fat diet
[47]

(84) (60) (16) (3.0, 5.0)
 23 633 2110n 6.3a 5.0 b 300 + Pibrentasvir 120 single; 

high fat diet
[47]

(54) (54) (18) (4.0, 6.0)
 18 1270 4500m 8.69a 300 + Pibrentasvir 120 14 d; 

Caucasians
[51]

(190) (270) (37) 
 18 1150 3630m 5.86a 300 + Pibrentasvir 120 14 d; 

Han Chinese
[51]

(58) (60) (26)
 18 1390 3930m 6.53a 300 + Pibrentasvir 120 14 d; 

Japanese
[51]

(81) (60) (18)
 8 1020 4000m 6.82a 400 mg + Pibrentasvir 120 14 d [124]

(41) (50) (30)
 230 1230c 4380c,m 300 + Pibrentasvir 120; Healthy [98]

(598–3550) (2380–12100)
 14 1040d 4790d,o Healthy 12–18 years; 14 d [155]

(733–1480) (3520–6500)
Voxilaprevir (clog P 6.79)
 10 33.9d 450.8d,n At least one dose [156]

(23.8, 48.2) (295.7, 687.4)
 21 231 2206p Adolescents [87]

(84) (64)
 1595 192g 2577g,p Adults [87]

(86) (74)
 15 512.4e 3857.9e,p 8.51f 6.00f 28 d [53]

(171.71) (1216.12) (7.56, 13.55) (4.00, 6.02)
Grazoprevir (clog P 6.19)
 30 40.8q 595m,q 27.0 2.5b Vd/F 6551 L 100 + Elbasvir 50 single/fasting [48]

(88.1) (41.2) (43.5) (1.0,6.0) (66.6)
 30 73.4q 884m,q 30.6 4.0b Vd/F 4993 L 100 + Elbasvir 50 single/fed [48]

(68.3) (30.1) (28.8) (2.5,4.0) (43.8)
 24 81.3d,q 670.3d,m,q 39.80d 2.0b 200 mg; 10 d [157]

(42.9, 
152.6)

(395, 1135) (17.34) (1.0,6.0)

 8 118d,q 874d,m,q 35.18 2.50b Vd 5760 Ld [78]
(81.3, 

171.8)
(646, 1181) (19.64) (1.00, 6.00) (4180,7930)

 12 111d,q 661d,m,q 3.0b Chinese [80]
(67.3, 

181.4)
(477, 916) (1.0, 4.0)

 6 56.7d,q 547d,m,q 4.0b White [80]
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Table 2   (continued)

Patient cohort Cmax AUC​ Half-life Tmax Other parameters Commentst References
(n) (ng/mL) (ng.h/mL) (h) (h)

(28.1, 114) (345, 867) (3.0, 6.0)
NS5A inhibitors
Pibrentasvir (clog P 7.92)
 23 116 960n 13.3a 4.0b 120 + Glecaprevir 300 single; 

fasted
[47]

(6) (64) (8.9) (2.0, 5.0)
 23 221 1346n 13a 5.0b 120 + Glecaprevir 300 single; 

medium fat diet
[47]

(44) (49) (9.6) (3.0, 5.0)
 23 237 1460n 13.5a 5.0b 120 + Glecaprevir 300 single; 

high fat diet
[47]

(45) (50) (8.8) (4.0, 6.0)
 18 244 1900m 28.1a 120 + Glecaprevir 300 14 d; 

Caucasians
[51]

(52) (81) (27)
 18 230 1440m 24.4a 120 + Glecaprevir 300 14 d; 

Han Chinese
[51]

(34) (40) (30)
 18 281 1870m 24.6a 120 + Glecaprevir 300 14 d; 

Japanese
[51]

(30) (37) (22)
 230 295c 2170c,m 120 + Glecaprevir 300 multiple; 

Healthy
[98]

(193–457) (1450–3980)
 14 174 1380o Healthy 12–18 years; 14 d [155]

(148,205) (1150,1660)
 8 262 1900m 25.7a Glecaprevir 400 14 d/Pibrentas-

vir 120
[124]

(53) (57) (29)
Velpatasvir (clog P 6.41)
 48 569–754i 4610–5600i 16.9–19.6 hj 100 single [72]

(36.4,47) (39.9,48.9)
 9 702.7e 5651.6e,n 100 single [73]

(197.2) (1763.12)
 21 622g 6773g,p Adolescents [87]

(38) (35)
 1595 744g 12834g,p Adults [87]

(28) (29)
 14 589.4g 4440.6g,p 11.59k 3.0k Chinese [87]

(21.3) (20.9) (8.83, 13.48) (2.0,4.0)
 15 853.3e 8226.3e,p 19.75f 4.0f 28 d [53]

(161.60) (2056.25) (15.46–24.92) (4.0–6.0)
Ledipasvir (clog P 6.71)
 10 197.4 7615.7 48.1 6.0b 90 single; normal hepatic func-

tion
[57]

(35.2) (30.9) (15.2) (6.0, 10.0)
 9 341.7 12875.1 54.7 6.0b 90 single; normal renal function [57]

(32.7) (40.0) (17.4) (4.0, 8.0)
 14 248d 8080d,n 41.96 5.0b Vz/F 674 L [77]

(182,339) (6060,10800) (31.9) (5.0,6.01) (72.2)
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Table 2   (continued)

Patient cohort Cmax AUC​ Half-life Tmax Other parameters Commentst References
(n) (ng/mL) (ng.h/mL) (h) (h)

 14 628.3 10906.6p 35.40k 4.5k Chinese [87]
(31.1) (35.1) 32.75,40.35) (4.5,4.5)

Elbasvir (clog P 6.66)
 30 106.7q 2018q 18.3b 4.0 Vd/F 655 L 50 + 100 Grazoprevir single; 

fasting
[62]

(50.6) (45.5) (10.2) (2.5,4.0) (44.7)
 30 105.6q 2057q 18.2b 4.0 Vd/F 637 L 50 + 100 Grazoprevir single; fed [62]

(30.7) (29.7) (9.8) (2.0,6.0)  (28.0)
 12 167d,q 2096d,m,q 3.0b Chinese [80]

(122,231) (1551,2830) (2.0,4.0)
 6 95d,q 1330d,m,q 4.0b White [80]

(60.4,149.2) (869,2034) (3.0,4.0)
 9 143.8d,q 1932d,m,q 25.02b 4.0 Vd 901 Ld [78]

(114,182) (1552,2399) (19.08) (2.0,4.0) (699,1160)
 12 263d,q 3431d,m,q 4.0b [77]

(210,329) (2856,4119) (2.98,5.0)
 8 106.7d,q 2276d,n,q 20.74b 3.50b 50 single [79]

(64.5,176.4) (1394,3740) (12.64) (2.00,4.00)
Daclatasvir (clog P 4.72)
 11 1110 11220p 13.625 1.0 Vd 105.157 L 60 single [81]

(39) (40) (25) (1.0,2.0)b (37)
 14 1335 12677p 60 4 d [158]

(38) (41)
 14 1412 13799p 60 mg 10d [158]

(28) (26)
 6 1582 15666p 13.9 60 multiple; non–Japanese [83]

(37) (47) (3.7)
Unspecified 974–975h 6960–7144h 12–15h 1–2h Review/summary [82]
 12 698 7298p 12.4e Vss/F 61.25 L 30 single [84]

(30) (25) (2.23) (19)
NS5B inhibitor
Sofosbuvir (clog P 0.84)
 59 622 629n 400 single [85]

(56.1) (44.9)
 8 1316g 1576g 0.4g 0.5b 400 + 90 Ledipasvir single; 

Japanese
[57]

(34.1) (51.5) (25.2) (0.5, 2.1)
 8 1412g 1615.7g 0.6g 0.5b 400 + 90 Ledipasvir single; 

Caucasian
[57]

(33.8) (46.3) (39.3) (0.5, 2.0)
 7 658 1010n 0.5a 1.0b 400; coadministered with 3D 

regimen;s 7 d
[86]

(37) (22) (0.1) (1.0–2.0)
 7 706 1090n 0.5a 2.0b 400; coadministered with 2D 

regimen;s 7 d
[86]

(41) (40) (0.08) (0.3–3.0)
 8 602g 538g 400; normal hepatic function, 

7 d
[57]

(47.2) (39.0)
 6 715g 590g 400; normal renal function, 7 d [57]
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Similarly, 77% and 70% of velpatasvir and ledipasvir doses 
were excreted unchanged in faeces [52, 57]. Over 94% of a 
dose of elbasvir and its major metabolites appeared in faeces 
[58] and around 88% of an oral daclatasvir dose appeared 
in faeces by 10 days, of which ~59% was unchanged drug 
[59]. These findings suggest that biliary excretion is also the 
predominant route of elimination of NS5A RNA-binding 
protein inhibitors.

Velpatasvir and ledipasvir, but not pibrentasvir or elbas-
vir, were substrates for the influx transporters OATP1B1 
and OATP1B3 [38–40, 60]. Ledipasvir was also a substrate 
for OCT1 [57], while daclatasvir was not a substrate for 
OATP1B1, OATP1B3, OATP2B1 or OCT1 [61]. With 
regard to efflux transporters, velpatasvir and ledipasvir were 
substrates for PgP and BCRP, pibrentasvir was a substrate 
for PgP and/or BCRP, and elbasvir and daclatasvir were sub-
strates for PgP [38, 52, 57].

3.2 � CYP‑dependent Metabolism

Pibrentasvir and ledipasvir biotransformation was minimal 
and was CYP-independent [47, 57]. Although minor, vel-
patasvir oxidation in vitro was mediated by CYPs 2B6, 2C8 
and 3A4. Elbasvir oxidation was mediated by CYP3A4, but 
not other CYPs [62]. Daclatasvir oxidation was mediated by 
CYPs 3A4, 3A5 and 2C8 [63]. Daclatasvir was also found 

to be a time-dependent CYP inhibitor, which is consistent 
with the formation of a reactive metabolite during biotrans-
formation, possibly by ∂-oxidation within the pyrrolidine 
ring to an amino-aldehyde intermediate [63]. This poten-
tial pathway of daclatasvir activation is distinct from other 
time-dependent (or mechanism-based) inhibitors in which 
oxidation of specific chemical moieties generates reac-
tive metabolites that elicit CYP destruction or sequestra-
tion in a catalytically inactive state. These moieties include 
alkylamines [64, 65], benzodioxoles [66, 67], aldehydes 
[68], isocyanates [69] and unsaturated hydrocarbons [70]. 
Daclatasvir and several of its metabolites also contain two 
substituted imidazole systems, which are associated with 
potent CYP inhibition [71].

3.3 � Pharmacokinetics

The pharmacokinetics of pibrentasvir has been studied: the 
half-life was in the range 13–28.1 h (Table 2). In 18 Cau-
casian subjects, the clinical regimen (120 mg daily for 14 
days) produced Cmax and AUC values of 244 ng/mL and 
1900 ng.h/mL, respectively, and were similar in Chinese 
and Japanese subjects (Table 2; [50]). Exposure was dose-
independent [50] and was increased by a medium-fat diet to 
~1.4-fold (AUC) and ~1.9-fold (Cmax) of fasted control [38].

Table 2   (continued)

Patient cohort Cmax AUC​ Half-life Tmax Other parameters Commentst References
(n) (ng/mL) (ng.h/mL) (h) (h)

(37.5) (29.9)
 15 967.6e 1997.2e,p 0.68f 2.50f 28 d [53]

(322.2) (809.99) (0.45,0.81) (1.00,3.00)
 21 1303g 2475g,p Adolescents [87]

(70) (50)
 1595 678g 1665g,p Adults [87]

(35) (30)
 14 1531.1g 2019.7g,p 0.44k 0.5k Chinese [87]

(42) (41.9) (0.39,0.46) (0.5,1.0)
 14 1130d 1190d,n 0.49 0.50b Vz/F 251 Ld [77]

(886,1440) (949,1500) (57.1) (0.5,2.5) (80)
 Unspecified 666.4l 564.1l 0.43l Review/summary [88]

Data are presented as geometric means (%CV) except where indicated:
a Harmonic mean (pseudo-CV), bmedian (minimum, maximum), coverall geometric mean (range of geometric means), dgeometric mean (95% 
CIs), emean (SD), fmedian (interquartile range), gmean (%CV), hrange of means, irange of means (range of%CV), jrange of medians, kmedian 
(first and third quartiles), lmean
AUC data are presented as: mAUC​24, nAUC​inf, oAUCss (steady-state), pAUC​
q Data converted from nM concentrations and nM.h AUC that were reported in the source materials
r Indicates dosage (mg)
s 2D regimen: ombitasvir, paritaprevir and ritonavir; 3D regimen: 2D regimen and dasabuvir.
t Doses are indicated in mg
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A single dose of velpatasvir (100 mg) produced Cmax 
values in the range 569–764 ng/mL and AUC values in the 
range 4610–5652 ng.h/mL (Table 2; [72, 73]), that were 
increased by a multiple dose regimen (100 mg for 28 days) 
[53]. Pharmacokinetics were linear over the dose range 
30–300 mg when administered by single- and multiple-dose 
regimen [74] and the half-life was 11.59–19.6 h [53, 72, 75].

Pharmacokinetic exposure to ledipasvir was linear 
across the dose range 3–100 mg [76] and the half-life was 
in the range 35.4–54.7 h [42, 75, 77]. A single 90-mg dose 
produced Cmax values between 197–342 ng/mL and AUC 
between 7616–12875 ng.h/mL (Table 2; [42, 77]).

Elbasvir (50 mg single dose), with or without grazo-
previr (100 mg), produced Cmax values between 95–168 ng/
mL and AUC values between 1330–2276 ng.h/mL (Table 2; 
[40, 78–80]). AUC and Cmax were dose-dependent to 100 
mg (single dose) and to 200 mg (multiple doses over 10 
days) [40]; this has been attributed to the possible satura-
tion of CYP3A4-dependent biotransformation or OATP1B1-
mediated influx into tissues. The half-life ranged between 
18.2–25.02 h [40, 78, 79].

In 11 subjects a single 60-mg dose of daclatasvir pro-
duced Cmax and AUC values of 1110 ng/mL and 11220 
ng.h/mL, respectively (Table 2; [81]). Multiple doses pro-
duced Cmax between 1335–1582 ng/mL and AUC between 
12677–15666 ng.h/mL [82]. Daclatasvir pharmacokinetics 
were dose-dependent to 100 mg when administered accord-
ing to single or multiple dose regimen [82]. The half-life 
of daclatasvir across three studies was in the range 12–15 
h [81–84].

4 � Sofosbuvir

4.1 � Absorption and Elimination

Sofosbuvir is more hydrophilic than other HCV DAAs (clog 
P 0.84; Table 2) and urinary excretion is the primary elimi-
nation route [85]. Biotransformation is CYP-independent 
and the pharmacologically active GS-461203 and inactive 
GS-331007 metabolites are formed by cathepsin A or car-
boxylesterase 1 [85]. The latter metabolite accounts for over 
90% of the systemic exposure of sofosbuvir [85]. Sofosbuvir 
is a substrate for BCRP and PgP, but not major SLC influx 
transporters [85].

4.2 � Pharmacokinetics

A single dose of sofosbuvir (400 mg) produced Cmax and AUC 
values of 622 ng/mL and 629 ng.h/mL, respectively (Table 2; 
[85]). Similar exposures occurred in some studies after mul-
tiple doses [57, 86], although other studies reported higher 

exposures [53, 75, 77, 87]. Sofosbuvir pharmacokinetics was 
dose-dependent over the range 200–1200 mg [85] and the 
half-life was 0.4–0.68 h [57, 75, 77, 86, 88].

5 � Direct‑acting Antiviral Combinations

Direct-acting antiviral combinations are used to treat multi-
ple HCV genotypes (Table 1). Mavyret, Epclusa and Vosevi 
are administered once daily for the treatment of patients 
infected with HCV genotype 1–6 without cirrhosis or who 
have compensated cirrhosis (Child-Pugh class A) [38, 39]. 
Grazoprevir and elbasvir (Zepatier), with or without riba-
virin, is used to treat adult patients with HCV genotypes 
1a, 1b, or 4 [40]. Sofosbuvir and ledipasvir (Harvoni) are 
indicated for HCV genotype 1, either without cirrhosis or 
with compensated cirrhosis [42]. Daclatasvir (Daklinza) is 
used with sofosbuvir for HCV genotypes 1 or 3, in patients 
without cirrhosis or who have Child-Pugh class A impair-
ment [41]. Daclatasvir and sofosbuvir may be used with 
ribavirin for patients with decompensated liver disease 
(Child-Pugh class B or C) or in patients post-transplant 
[41]. Sofosbuvir is also used with ribavirin, with or with-
out pegylated interferon-α, for patients infected with HCV 
genotypes 1–4.

Current HCV DAAs appear less likely than the earliest 
DAAs to elicit pharmacokinetic DDIs [89] but, as outlined in 
the following sections, DDIs may still occur. Most informa-
tion on DAA pharmacokinetics and DDIs as perpetrator or 
victim drugs has emerged from small-scale clinical studies 
with approved DAA combinations; few studies have evalu-
ated DDIs with individual agents. Drug-drug interaction 
mechanisms have usually been inferred from altered DAA 
pharmacokinetics and the CYPs and transporters that medi-
ate their disposition.

6 � HCV DAAs as Perpetrators and Victims 
of DDIs

6.1 � Prediction of the DDI Potential of NCEs

Regulatory agencies recommend the use of pharmacokinetic 
modelling to assess the DDI potential of NCEs and that may 
be used to justify a targeted clinical study [90]. As men-
tioned, the tissue specific expression of drug transporters 
and drug-metabolising enzymes is an important considera-
tion in assessing potential DDI mechanisms.
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6.1.1 � DDIs in the Intestine

The initial criterion is that an IC50 or Ki value of 10 μM is 
the upper limit for an inhibitory interaction involving a bio-
transformation enzyme or transporter for potential clinical 
significance [91]. The ratio Igut/IC50 or Igut/Ki, is then calcu-
lated, where IC50 and Ki are inhibition constants for the drug 
of interest, and Igut is the maximum clinical dose of the drug 
divided by 250 mL. This is the theoretical maximal intestinal 
concentration of the agent after oral administration. The cut-
off value of the Igut/IC50 or Igut/Ki ratio for intestinal DDIs 
of potential significance is taken as ≥10 [91]. However, it 
is noteworthy that the 10 μM cut-off concentration is often 
exceeded by intestinal Igut concentrations for DAAs that have 
been calculated (Table 3).

6.1.2 � Systemic DDIs

After oral administration, a drug enters the liver via the 
hepatic artery if it is already in the systemic circulation, or 
via the portal vein immediately after absorption from the 
gut. The equation Imax = Cmax + A describes the maximal 
concentration of an inhibitory drug in the portal vein (Imax), 
where Cmax is its maximal systemic concentration and A is 
the portal concentration of inhibitory drug after absorption, 
as calculated using the expression (ka.D/Qh.Fa). Here, ka is 
the first order absorption rate constant, D is the oral dose of 
the drug, Qh is the hepatic blood flow (~1.5 L/h) and Fa is 
the fraction of drug absorbed from the gastrointestinal tract 
[92]. The absorption term A has been found to contribute 
significantly to the value of Imax for some drugs. Thus, inclu-
sion of A may improve DDI predictions over those that con-
sider systemic inhibitory drug concentrations alone (Cmax) 
[93].

The unbound fraction (fu) is considered to be the phar-
macologically active form of a drug, and is also used to 
assess DDI potential. The ratios R = 1+(fu.Imax/IC50) or 
R = 1+(fu.Imax/Ki) have been derived to assess the propensity 
for DDIs involving inhibition of CYPs [93] and SLC influx 
transporters by drugs in the systemic circulation [94]. The 
recommended cut-off for systemic R values differs between 
regulatory agencies and is R ≥ 1.1 for the FDA and R ≥ 1.05 
for the EMA [95]; R ≥ 1.25 is the recommended cut-off value 
for time-dependent inhibition [90]. When the cut-off value 
is exceeded it is recommended that an in vivo clinical study 
could be conducted.

6.2 � Capacity of HCV DAAs to Inhibit Drug 
Metabolising Enzymes and Transporters

6.2.1 � NS3/4A Protease Inhibitors

Glecaprevir is a potent inhibitor of the transporters 
OATP1B1, OATP1B3, BSEP, PgP and BCRP (Table 3; [47, 
96, 97]). Voxilaprevir also inhibited OATP1B1, OATP1B3, 
and BCRP [49]. Grazoprevir inhibits OATP1B1 and 
OATP1B3 and, to a lesser extent, BCRP, MRP2, MRP3 and 
MRP4 (Table 3; [48]).

The inhibition of major drug-metabolising enzymes 
by NS3/4A protease inhibitors has been investigated. In 
human liver microsomes, glecaprevir inhibited CYP2C8 
and the Phase II enzymes UGT1A1 and UGT1A4 (Kis 
~6.2–7.5 μM)[98]. In contrast, voxilaprevir and grazo-
previr were relatively non-potent inhibitors of CYPs and 
UGT1A1; CYP2C8 was relatively susceptible to inhibition 
by grazoprevir (IC50 6.1 μM, Table 3; [54]).

6.2.2 � NS5A RNA‑binding Protein Inhibitors

The influx transporter OATP1B1 is inhibited by pibrentas-
vir, velpatasvir, daclatasvir and, to a lesser extent, ledipas-
vir (Table 3; [54, 59, 62, 96, 97]). OATP1B3 is susceptible 
to inhibition by velpatasvir and elbasvir, while daclatasvir, 
ledipasvir and pibrentasvir are considerably less potent 
(Table 3; [54, 59, 62, 96, 97]). In the case of elbasvir, IC50s 
against OATP1B1, OAT1, OAT3 and OCT1 reportedly 
exceeded 0.5 µM, but were not fully estimated (Table 3; 
[62]). Daclatasvir is also an inhibitor of OCT1 and, to a 
lesser extent, OCT2 (Table 3; [59]). In vitro daclatasvir is 
a time-dependent inhibitor of OCT1 and OCT2, although 
its potency was low [99]. The efflux transporter PgP is 
inhibited potently by pibrentasvir and elbasvir (IC50s <1 
µM) and BCRP is susceptible to inhibition by velpatasvir, 
elbasvir and daclatasvir, while velpatasvir and daclatasvir 
are non-potent PgP inhibitors and pibrentasvir was a non-
potent inhibitor of BCRP (Table 3; [54, 59, 62, 96, 97]).

Pibrentasvir is a moderately effective inhibitor of bio-
transformation by CYP2C8, UGT1A1 and UGT1A4 [98]. 
Similarly, daclatasvir inhibits UGT1A1 and CYP3A4-
mediated midazolam 1’-hydroxylation and testosterone 
hydroxylation [59]. In contrast, elbasvir does not inhibit 
CYP3A4, six other CYPs or UGT1A1 [62] and ledipasvir 
is non-potent against UGT1A1 and CYP3A [57]. Prein-
cubation of daclatasvir with NADPH-supplemented liver 
microsomes decreases the IC50 of midazolam 1’-hydroxy-
lation around two-fold, consistent with time-dependent 
inhibition [63]. The mechanism of this intensification of 
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Table 3   Parameters used in 
predictive equations for Igut and 
R calculations in the systemic 
circulation

DAA Enzyme or 
transportera

IC50
b Igut

c Igut/IC50
d Imax,u

e,f,g,h,i,j Rk

(Clinical dose) (μM) (μM) (μM)

NS3/4A protease inhibitors
Glecaprevir OATP1B1 0.017 [96, 97] 1430 – 0.100 6.88
(300 mg) OATP1B3 0.064 [96, 97] – 2.56

CYP2C8 7.5 (Ki) [98] – 1.01
CYP2C9 74 (Ki) [98] –
CYP3A4 28 (Ki) [98] –
UGT1A1 7.3 [98] – 1.01
UGT1A4 6.2 [98] – 1.02
P-gP 0.33 [96, 97] 4330 1.30
BCRP 2.3 [96, 97] 622 1.04

Voxilaprevir OATP1B1 0.18 [54, 97] 460 – 0.150 1.83
(100 mg) OATP1B3 0.70 [54, 97] – 1.21
Grazoprevir OATP1B1 0.70 [48] 522 – 0.118 1.17
(100 mg) OATP1B3 1.1[48] – 1.11

OAT1 15 [48] –
BSEP 0.15 [48] 3480 1.79
CYP2B6 66 [48] –
CYP2C8 6.1 [48] – 1.02
CYP3A4 73 [48] –
UGT1A1 54 [48] –
BCRP 13 [48] –
MRP2 2.5 [48] 209 1.05
MRP3 3.8 [48] 137 1.03
MRP4 10 [48] –

NS5A inhibitors
Pibrentasvir OATP1B1 1.3 [96, 97] 431 – 0.007 1.01
(120 mg) OATP1B3 >30 [96, 97] –

CYP2C8 0.65 (Ki) [98] – 1.01
UGT1A1 1.3 (Ki) [98] – 1.01
UGT1A4 0.014 (Ki) [98] – 1.50
P-gP 0.036 [96, 97] 1200 1.19
BCRP 14 [96, 97] –

Velpatasvir OATP1B1 1.5 [54] 453 – 0.151 1.10
(100 mg) OATP1B3 0.26 [54] – 1.58

P-gP 21 [54] –
BCRP 0.3 [54] 1510 1.50

Ledipasvir OATP1B1 3.5 [76] 408 – 0.132 1.04
(90 mg) OATP1B3 6.5 [76] – 1.02

CYP3A4 9.9 [76] – 1.01
UGT1A1 8.0 [76] – 1.02

Elbasvir OATP1B1 >0.5 [62] 227 – 0.062 1.12
(50 mg) OATP1B3 0.1 [62] – 1.62

OAT1 >0.5 [62] – 1.12
OAT3 >0.5 [62] – 1.12
OCT2 >0.5 [62] – 1.12
P-gP 0.32 [62] 709 1.19
BCRP 0.15 [62] 1510 1.41

Daclatasvir OATP1B1 1.5 [159] 325 – 0.034 1.02
(60 mg) OATP1B3 3.3 [159] – 1.01

OCT1 1.4 [59] 232 1.02
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inhibition is presently unclear because the structure of 
daclatasvir lacks any of the characteristic chemical moie-
ties that have been shown to undergo biotransformation to 
inhibitory metabolites, such as alkylamine, thionosulfur, 
benzodioxole, olefinic, acetylenic and isocyano substitu-
ents [64–69]. This suggests that daclatasvir contains a dif-
ferent structural feature that may be converted to a metabo-
lite that inhibits CYP3A4. Indeed, it has been proposed 
that an amino-aldehyde intermediate is formed during 
daclatasvir biotransformation and could chemically mod-
ify lysine and histidine residues in CYP3A4 [63, 100]. If 
these residues were catalytically important this mechanism 
could account for time-dependent inhibition, although this 
possibility remains to be established.

6.2.3 � NS5B Polymerase Inhibitors

Sofosbuvir did not inhibit the inf lux transporters 
OATP1B1/1B3, OAT1/3, OCT1/2 and MATE, CYP 
enzymes or UGT1A1, or the efflux transporters BCRP and 
PgP [57].

7 � Clinical Evidence for DDIs Produced 
by Approved HCV DAAs

Small-scale clinical studies have been used to assess whether 
NCEs alter pharmacokinetic parameters, such as AUC and 
Cmax, that could indicate DDI potential. Agents that increase 
AUC ratios to ≥ 5-fold, or 2- to 5-fold, of control are consid-
ered to be potential inhibitors of high or moderate potency, 
respectively [90, 97, 101]. Similarly, drugs that decrease 
AUC ratios to 0.2 or to 0.2- to 0.5-fold of control are con-
sidered to be strong or moderate potential inducers, respec-
tively [90, 97, 101]. The following sections focus on poten-
tial DDIs associated with HCV DAAs that are of moderate 
to high potency, based on the magnitude of AUC changes 
outlined above. Interactions where potential victim and per-
petrator drugs elicited AUC changes that were <2-fold are 
not discussed in great detail, although it is acknowledged 
that information on smaller changes in AUC ratios may also 
facilitate the understanding of DDI mechanisms.

7.1 � DAAs as Perpetrators of DDIs

The Igut/IC50 and R values for DAAs as inhibitors of trans-
porters and drug-metabolising enzymes were calculated 
as described in section 6. The calculated Igut/IC50 values 

a Clinical dose of DAA (from Table 1)
b Biotransformation enzyme of transporter for which there is a reported IC50 or Ki
c Igut = dose/250 mL
d Ratio of Igut/I50
e Imax,u (calculated from = fu (Cmax + A)
f fu values were 0.39 (sofosbuvir [161]), 0.025 (glecaprevir; [96]) and 0.01 (all other HCV DAAs)
g  Cmax (upper values from Table 2)
h A= (ka.dose.Fa)/(Qh.Rb); Fa=1 and Qh = 1.5 L.h−1 for a 70 kg individual
i ka; assigned 6.0 h−1 and 0.18 h−1, except for glecaprevir (0.360 h−1; [96]), pibrentasvir (0.255 h−1; [96]) 
and daclatasvir (1.5 h−1; [160]); the upper values of ka were used to calculate A values
j Rb values: glecaprevir [96], voxilaprevir [49], grazoprevir [162], pibrentasvir [96], velpatasvir [163], ledi-
pasvir [164], elbasvir [162], daclatasvir [160] and sofosbuvir[161]
k R= 1 + Imax,u/I50

Table 3   (continued) DAA Enzyme or 
transportera

IC50
b Igut

c Igut/IC50
d Imax,u

e,f,g,h,i,j Rk

(Clinical dose) (μM) (μM) (μM)

OCT2 7.3 [59] – 1.00
CYP3A4 32 (TDI 14) [63] –
UGT1A1 13 [59] –
P-gP 7 [59] 46 1.00
BCRP 1 [59] 325 1.03
MRP2 32 [59] –

NS5B polymerase inhibitors
Sofosbuvir (400 mg) None 3022 – 27.5 –
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suggest that intestinal PgP may be subject to inhibition by 
glecaprevir, pibrentasvir, elbasvir and daclatasvir, while 
intestinal BCRP may be inhibited by glecaprevir, vel-
patasvir, elbasvir and daclatasvir (Table 3). Similarly, intes-
tinal MRP2, MRP3 and OAT1 may also be susceptible to 
inhibition by grazoprevir and OCT1 by daclatasvir (Table 3).

In considering potential systemic DDIs, it is noted that 
the fu values for HCV DAAs are low. However, some of 
the calculated and reported R values against transport-
ers and drug-metabolising enzymes exceed the FDA cut-
off of R ≥ 1.1, which suggests certain inhibitory inter-
actions mediated by DDAs may have potential clinical 
significance (Table 3). Thus, OATP1B1 was inhibited 
by glecaprevir, voxilaprevir, grazoprevir, pibrentasvir 
and, possibly, elbasvir (Table 3). OATP1B3 was inhib-
ited by glecaprevir, voxilaprevir, grazoprevir, velpatasvir 
and elbasvir (Table 3). Literature R values for glecaprevir 
and voxilaprevir against OATP1B1/1B3 [96, 102] were in 
good agreement with those in Table 3. At this stage fur-
ther information is required to assess whether elbasvir is a 
significant inhibitor of OAT1, OAT3 and OCT1 (Table 3). 
From the calculated systemic R values PgP might also be 
inhibited by glecaprevir, pibrentasvir and elbasvir, BCRP 
could be inhibited by velpatasvir and elbasvir, grazoprevir 
could inhibit BSEP and pibrentasvir may inhibit UGT1A4 

(Table 3). The potential inhibition of these transporters 
and/or enzymes by DAAs has led to several Phase I clini-
cal studies in healthy subjects that have evaluated potential 
DDIs with the PgP substrates digoxin and dabigatran etex-
ilate, the BCRP substrate rosuvastatin and the OATP1B1/3 
substrates pravastatin and rosuvastatin [96].

In the following sections, the focus is on potential DDIs 
with HCV DAAs where AUC ratios for victim drugs 
increase to at least 2- to 5-fold of those in the absence of 
an inhibitory DAA or where AUC ratios decrease to at 
least 0.2-fold of those in the absence of a DAA inducer. 
Drugs whose AUC values did not change to this extent were 
excluded, with the exception of digoxin that has a narrow 
therapeutic index.

7.1.1 � Statins

Statins are important victim drugs in DAA-mediated 
DDIs. Once-daily administration of glecaprevir (non-
clinical dose of 400 mg) and pibrentasvir (120 mg) to 
11 subjects increased exposure to atorvastatin (10 mg). 
Thus, the Cmax and AUC parameters were increased to 
22.0- and 8.3-fold of respective control (Table 4) [55]. 
Administration of glecaprevir (non-clinical dose of 400 
mg) and pibrentasvir (120 mg once daily) increased the 

Table 4   HCV DAAs as 
perpetrators of DDIs

 DAA direct-acting antiviral, DDI drug-drug interactions, HCV hepatitis C virus, OD once daily
OD once daily
a Indicates exposure of active metabolite. Zepatier/atorvastatin and grazoprevir/rosuvastatin data are 
included because of the high fold-increases in Cmax

DAAs Dose Victim drug AUC 
ratio

Cmax 
ratio

Refer-
ences

Glecaprevir/pibrentasvir
(400 mg/120 mg OD) Atorvastatin (10 mg OD) 8.3 22 [47]
(400 mg/120 mg OD) Rosuvastatin (5 mg OD) 2.2 5.6 [47]
(400 mg/120 mg OD) Pravastatin (10 mg single) 2.3 2.2 [47]
(Mavyret) Dabigatran (150 mg single) 2.4 2.1 [47]
(Mavyret) Lovastatin (10 mg OD)a 4.1 5.7 [38]
(Mavyret) Simvastatin (5 mg OD)a 4.5 10.7 [38, 96]
(Mavyret) Pibrentasvir 3.5 2.9 [124]

Sofosbuvir/voxilaprevir/velpatasvir
(400 mg/100 mg/200 mg OD) Rosuvastatin (10 mg 

single)
7.4 18.9 [39]

(400 mg/100 mg/200 mg OD) Pravastatin (40 mg single) 2.2 1.9 [39]
(400 mg/100 mg/100 mg OD) Dabigatran (75 mg single) 2.7 2.9 [39]

Grazoprevir/elbasvir (Zepatier) Atorvastatin (10 mg single) 1.9 4.3 [48]
(200 mg/100 mg OD) Rosuvastatin (10 mg 

single)
2.3 5.5 [48]

Grazoprevir (200 mg OD, 7 days) Atorvastatin (20 mg single) 3.0 5.7 [48]
(200 mg OD) Rosuvastatin (10 mg 

single)
1.6 4.3 [48]

Ledipasvir (90 mg OD, 10 days) Pravastatin (40 mg single) 2.7 2.7 [76]
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AUC and Cmax for rosuvastatin (5 mg) to 2.2- and 5.6-fold, 
and pravastatin (10 mg) to 2.3- and 2.2-fold of respec-
tive control values [47, 96]. Administration of Mavret 
(glecaprevir/pibrentasvir 300/120 mg) once daily in 12 
patients slightly increased exposure to lovastatin (10 mg 
once daily; AUC 1.7-fold of control), although exposure to 
the active metabolite lovastatin acid was increased mark-
edly (Cmax and AUC to 5.73- and 4.10-fold of respective 
control; [38]). Similarly, although simvastatin (5 mg once 
daily) exposure was increased only slightly by Mavyret 
(Cmax and AUC to 1.99- and 2.32-fold of respective con-
trol), that of the active metabolite simvastatin acid was 
markedly increased (Cmax and AUC) to 10.7- and 4.48-
fold of control) [38, 96]. Similarly, Vosevi (sofosbuvir/
velpatasvir/voxilaprevir 400/100/200 mg) increased the 
Cmax and AUC of rosuvastatin (10 mg single dose) to 
18.9- and 7.4-fold and the Cmax and AUC of pravastatin 
to 1.89- and 2.16-fold of respective control [39]. Zepatier 
administration also increased the Cmax and AUC ratios of 
atorvastatin (10 mg single-dose) to 4.34- and 1.94-fold of 
control and those of rosuvastatin (10 mg single-dose) to 
5.49- and 2.26-fold of control [40].

According to the US FDA prescribing information, 
Mavyret is not recommended in patients who also receive 
atorvastatin, lovastatin or simvastatin. Dose reductions or 
restrictions are recommended when pravastatin, fluvastatin 
and pitavastatin are coadministered because there may be 
an increased risk of myopathy due to increased serum sta-
tin concentrations. Similarly, Vosevi is not recommended 
with coadministered rosuvastatin and pitavastatin and dose 
restrictions are recommended with other statins [39]. Dose 
restrictions are recommended with coadministered statins 
and Zepatier [40] and monitoring for myopathy is recom-
mended when Daklinza and statins are coadministered [41]. 
The coadministration of Harvoni and rosuvastatin is not rec-
ommended [42].

Most statins are transporter substrates. Rosuvastatin 
is transported by OATP1A2, OATP2B1 and OCT3, and 
PgP and BCRP [103, 104]. Pravastatin is transported by 
OATP1B1, OATP1B3, OATP2B1 and MRP2, but not by 
PgP [105–108]. Atorvastatin is a substrate for OATP1B1, 
OATP2B1 and BCRP and, to a lesser extent, PgP [106, 109]. 
Lovastatin is a substrate for PgP, but not BCRP [110–113], 
whereas simvastatin is not a major substrate for intestinal 
drug transporters [111, 112, 114]. The available informa-
tion suggests that the active metabolites of lovastatin and 
simvastatin (lovastatin and simvastatin acids) do not interact 
significantly with PgP [106, 114]. Clinical and in vitro data 
suggest that statins that modulate PgP have a higher prob-
ability for eliciting DDIs. Taken together, because the cal-
culated R values for several HCV DAAs against OATP1B1, 
OATP1B3, PgP and/or BCRP exceed the FDA cut-off value 

of R≥1.1 (Table 3), transporter inhibition is a likely mecha-
nism underlying DDIs with statins.

7.1.2 � Dabigatran

Dabigatran etexilate is a prodrug that undergoes carboxy-
lesterase-mediated hydrolysis to the active oral anticoagulant 
dabigatran [115]. The prodrug is a PgP substrate whereas 
dabigatran itself is a relatively poor substrate for either PgP 
or BCRP [116]. In addition, Udomnilobol et al, reported 
very recently that sub-therapeutic doses of dabigatran 
etexilate may also undergo biotransformation by CYP3A4 
[117]. Some coadministered HCV DAAs have been found 
to increase the serum accumulation of dabigatran and the 
risk of bleeding. Thus, in 54 subjects, Mavyret increased 
dabigatran Cmax and AUC (150 mg single dose) to 2.04- and 
2.38-fold of control, respectively [47, 96]. Similarly, Vosevi 
also enhanced dabigatran exposure (75 mg one dose), as 
shown by increases in the Cmax and AUC to 2.9- and 2.6-fold 
of respective control, most likely due to inhibition by voxil-
aprevir of PgP-mediated dabigatran etexilate efflux [39, 96] 
Although the coadministration of dabigatran and daclatasvir 
or elbasvir has not been studied directly, both HCV DAAs 
inhibit PgP, so that increased serum dabigatran concentra-
tions may be anticipated [40, 41]. At present dose modifica-
tions for dabigatran etexilate are recommended when the 
drug is coadministered with Mavyret and Vosevi [38, 39]. 
The potential increases in dabigatran concentrations has led 
to suggestions that serum monitoring could be considered 
[118, 119].

7.1.3 � Digoxin

Digoxin is a PgP substrate that exhibits variable bioavailabil-
ity and is predominantly eliminated by renal excretion [120]. 
The AUC of digoxin (0.25 mg single dose) is increased to 
1.48- and 1.34-fold of respective control when Mavyret and 
Vosevi are coadministered, which suggests that digoxin 
efflux by intestinal PgP is inhibited [39, 96]; therapeutic 
monitoring and potential dose modifications of digoxin are 
recommended [38, 39]. Drug-drug interactions with digoxin 
that are mediated by PgP inhibitors have high potential clini-
cal relevance because of the narrow therapeutic index of the 
drug [96]. The AUC of digoxin (0.125 mg once daily) was 
also increased by daclatasvir (60 mg once daily) to 1.27-fold 
of control [41].

7.1.4 � Amiodarone

The coadministration of sofosbuvir-containing DAA combi-
nations and amiodarone is contraindicated due to potential 
life-threatening arrhythmias [121]. Initially attributed to PgP 
inhibition and altered amiodarone pharmacokinetics it now 
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appears that the mechanism involves disrupted intracellular 
calcium handling and cellular electrophysiology in stem cell-
derived cardiomyocytes [122]. Thus, the DDI may be due to 
altered signalling by second messengers, membrane depo-
larisation or sarcoplasmic calcium release. Because of the 
long half-life of amiodarone, close monitoring is required 
in patients who receive sofosbuvir, even after treatment has 
been discontinued [123].

7.1.5 � Mutual Interactions Between HCV DAAs

During Mavyret administration, glecaprevir increased 
pibrentasvir exposure in a dose-dependent fashion [124]. 
At clinical doses the Cmax and AUC of pibrentasvir were 
respectively increased by glecaprevir to ~2.9- and ~3.5-fold 
of pibrentasvir alone, which was likely due to inhibition of 
intestinal pibrentasvir efflux by PgP and/or BCRP [124]; the 
reverse interaction was not significant.

7.2 � DAAs as Victims

The mechanisms by which HCV DAAs are victim drugs in 
DDIs are difficult to define because the available information 
is somewhat limited. In most cases, the pharmacokinetic 
information is restricted to altered exposure (Cmax and AUC) 
of the HCV DAAs produced by coadministered agents. 
However, the mechanism of increased exposure could be 
due to inhibition of influx transporters that impairs DAA 
uptake from blood into tissues, by impaired DAA biotrans-
formation, or to decreased DAA efflux from tissues due to 
inhibition of systemic efflux transporters. Increased HCV 
DAA exposure could also occur if coadministered perpetra-
tor drugs inhibit intestinal drug efflux transporters. Poten-
tial DDIs in which HCV DAAs are victims again focus on 
interactions where AUC ratios for DAAs were increased to 
at least 2- to 5-fold of control by an inhibitory perpetrator 
drug, or were decreased to at least 0.2-fold of control after 
induction by a perpetrator drug, respectively.

7.2.1 � Cyclosporin

A low dose of cyclosporin (100 mg) had a limited effect 
on glecaprevir or pibrentasvir exposure [125]. However, 
in 12 subjects who received glecaprevir/pibrentasvir (300 
mg/120 mg), a single dose of cyclosporin (400 mg) sub-
stantially increased glecaprevir exposure (Cmax and AUC 
to 4.5- and 5.1-fold of control, respectively); pibrentasvir 
AUC was increased to 1.93-fold of control (Table 5; [47]). 
The US FDA-approved prescribing information indicates 
that Mavyret is not recommended in patients who require 
ongoing cyclosporin therapy [38]. Glecaprevir is a substrate 
for OATP1B1, OATP1B3, CYP3A4, PgP and BCRP, while 
pibrentasvir is transported by PgP, but not by OATP1B1, 

OATP1B1B3 or BCRP, and is minimally metabolised 
by CYP3A4 [47]. Cyclosporin inhibits OATP1B1/1B3, 
CYP3A4, Pgp and MRP2 [126]. Thus, it is feasible that 
cyclosporin could inhibit OATP1B1/1B3 to increase serum 
glecaprevir exposure without altering serum pibrentasvir 
exposure, but modulation of CYP3A4 activity or other as-
yet unidentified transporters cannot be ruled out.

Increased systemic exposure to HCV NS3/4A protease 
inhibitors also occurred when cyclosporin was coadmin-
istered with other DAA combinations. In 14 patients who 
received Zepatier, grazoprevir exposure (Cmax and AUC) 
was increased markedly by cyclosporin (400 mg single dose) 
to 15- and 17-fold of respective control, while elbasvir expo-
sure was moderately increased to 2.0-fold of control [48, 
62]. The increase in grazoprevir exposure was also associ-
ated with an increase in the alanine transaminase/aspartate 
transaminase ratio to >5-fold of normal upper limits after 
4 weeks of treatment, suggesting an increased propensity 
for liver injury [127]. Thus, cyclosporin is contraindicated 
in HCV patients who receive Zepatier. Similarly, in indi-
viduals who received Vosevi, cyclosporin coadministration 
increased systemic exposures (Cmax and AUC) of voxil-
aprevir (100 mg dose) to 19.0- and 9.4-fold of respective 
control and sofosbuvir (400 mg dose) to 2.5- and 4.5-fold 
of respective control, while exposure to velpatasvir (100 
mg single dose) was minimally altered (Table 5; [39]). The 
FDA-approved prescribing information recommends that 
Vosevi and cyclosporin are not coadministered [39].

Cytochrome P450-dependent biotransformation of 
NS3/4A protease inhibitors appears more important than for 
other classes of DAAs. An exception is the NS5A inhibitor 
daclatasvir, which undergoes biotransformation by CYP3A4. 
However, DDIs between daclatasvir and cyclosporin 
appeared to be relatively unimportant in HCV-infected 
patients after liver transplantation and dose adjustments 
are not required [128]. Taken together, it seems likely that 
the observed cyclosporin-mediated DDIs are more likely 
due to altered transport of HCV DAAs rather than to CYP 
inhibition.

7.2.2 � Rifampicin

Administration of multiple doses of rifampicin activates 
PXR-inducible genes, including CYPs 3A, PgP and several 
other drug-metabolising enzymes and transporters [21, 22]. 
In contrast, treatment with single doses of rifampicin pro-
duces short-term inhibition of CYP3A4 and several trans-
porters. Such inhibitory interactions are potentially signifi-
cant during the initiation phase of treatment with rifampicin. 
The interplay of multiple interactions with transporters and 
enzymes is a complex clinical issue.
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Table 5   HCV DDAs as victim drugs in potential DDIs

Perpetrator drug DAAs References

AUC​ Cmax AUC​ Cmax AUC​ Cmax

Cyclosporin 
(600 mg single) Sofosbuvir (400 mg single) Voxilaprevir (100 mg) Velpatasvir (100 mg)

4.5 2.5 9.4 19 2.0 1.6 [39]
(400 mg single) Glecaprevir (300 mg) Pibrentasvir (120 mg)

5.1 4.5 1.9 1.2 [47]
(400 mg single) Grazoprevir (200 mg) Elbasvir (50 mg)

15 17 2.0 2.0 [48, 62]
Rifampicin
(600 mg single) Voxilaprevir (100 mg) Velpatasvir (100 mg)

11 7.9 1.5 1.3 [39]
(600 mg single) Glecaprevir (300 mg) Pibrentasvir (120 mg)

8.6 6.5 1.0 0.9 [47]
(600 mg single) Grazoprevir 1300 mg) Elbasvir (50 mg)

8.4 6.5 1.2 1.3 [40]
(600 mg OD; glecaprevir 

and
Glecaprevir (300 mg) Pibrentasvir (120 mg)

Pibrentasvir 24 h after 
final dose)

0.12 0.14 0.13 0.17 [47]

(600 mg OD) Sofosbuvir (400 mg)
0.28 0.23 [85]

(600 mg OD) Voxilaprevir (100 mg)
0.27 0.91 [39]

(600 mg OD) Velpatasvir (100 mg)
0.18 0.29 [39]

(600 mg OD) Ledipasvir (90 mg)
0.41 0.65 [42]

(600 mg OD) Daclatasvir (60 mg)
0.21 0.44 [41]

Carbamazepine
(200 mg BD) Glecaprevir (300 mg) Pibrentasvir (120 mg)

0.34 0.33 0.50 0.49 [47]
Efavirenz/emtricitabine/

tenofovir
(600 mg/200 mg/300 mg 

OD)
Sofosbuvir (400 mg) Velpatasvir (100 mg)

1.0 1.4 0.47 0.50 [39]
Ketoconazole
(400 mg OD) Grazoprevir (100 mg)

3.0 1.1 [152]
(400 mg OD) Daclatasvir (10 mg 

single)
3.0 1.6 [41]

Omeprazole
(40 mg OD) Glecaprevir (300 mg) Pibrentasvir (120 mg)

0.49 0.36 1.2 0.85 [47]
(40 mg OD; 4 h Sofosbuvir (400 mg) Voxilaprevir (100 

mg)
velpatasvir (100 mg)

After vosevi) 0.82 0.94 0.95 1.1 0.49 0.36 [39]
Ritonavir (100 mg)-

boosted regimen
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Table 5   (continued)

Perpetrator drug DAAs References

AUC​ Cmax AUC​ Cmax AUC​ Cmax

(With atazanavir 300 mg 
single)

Glecaprevir (300 mg) Pibrentasvir (120 mg)

6.5 4.1 1.6 1.3 [47]
(With atazanavir 300 mg 

OD)
Grazoprevir (200 mg) Elbasvir (50 mg)

11 6.2 4.2 4.8 [48, 62]
(With atazanavir 300 mg 

single)
Sofosbuvir (400 mg) Voxilaprevir (100 

mg)
velpatasvir (100 mg)

1.4 1.3 4.3 4.4 1.9 1.3 [39]
(With atazanavir 300 mg 

OD;
Sofosbuvir (400 mg) Velpatasvir (100 mg) [39]

Emcitracibine 200 mg 
OD;

1.2 1.1 2.4 1.6

Tenofovir disoproxil
Fumarate 300 mg OD)
(With atazanavir 300 mg 

OD)
Daclatasvir (20 mg OD)

0.70 0.45 [41]
(With lopinavir 400 mg 

BD)
Glecaprevir (300 mg) Pibrentasvir (120 mg)

4.4 2.6 2.5 1.4 [47]
(With lopinavir 400 mg 

BD)
Grazoprevir (200 mg) Elbasvir (50 mg)

13 7.3 3.7 2.9 [48, 62]
(With lopinavir 400 mg 

BD)
Daclatasvir (30 mg OD)

0.58 0.34 [41]
(With darunavir 800 mg 

OD)
Glecaprevir (300 mg) Pibrentasvir (120 mg)

5.0 3.1 1.2 0.9 [47]
(With darunavir 600 mg 

BD)
Grazoprevir (200 mg) Elbasvir (50 mg)

7.5 5.3 1.7 1.7 [48, 62]
(With darunavir 800 mg 

OD)
Daclatasvir (30 mg OD)

0.70 0.38 [41]
(With Darunavir 800 mg; Sofosbuvir (400 mg) Voxilaprevir (100 

mg)
velpatasvir (100 mg)

Emitricitabine 200 mg, 0.78 0.70 2.4 1.7 1.0 0.8 [39]
Tenofovir disoproxil
Fumarate 300 mg OD)
Cobicistat (150 mg)-

boosted regimen
(With elvitagrevir 150 

mg;
Glecaprevir (300 mg) Pibrentasvir (120 mg)

Emtricitabine 200 mg, 3.1 2.5 1.6 1.2 [47]
Tenofovir 10 mg OD)
(With elvitagrevir 150 

mg;
Sofosbuvir (400 mg) Voxilaprevir (200 

mg)
Velpatasvir (100 

mg)
Emtricitabine 200 mg, 1.2 1.3 2.7 1.9 1.2 1.0 [39]
Tenofovir 10 mg OD)
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Rifampicin is a substrate for OATP1B1 [129] and PgP 
[130] and is also an OATP1B1/1B3 inhibitor [131]. In 12 
subjects who received Mavyret, rifampicin (600 mg single 
dose) increased exposure to glecaprevir (Cmax and AUC to 
6.5- and 8.6-fold of respective control), but not pibrentasvir 
(Table 5; [47]). Similarly, single-dose rifampicin strongly 
increased exposure to voxilaprevir (Cmax and AUC) to 7.9- 
and 11-fold of control, but not velpatasvir (1.46- and 1.28-
fold of control) (Table 5; [39]). Single-dose rifampicin (600 
mg orally) did not markedly affect exposure to elbasvir (Cmax 
and AUC were 1.29- and 1.29-fold of control, respectively) 
but strongly increased grazoprevir exposure (Cmax and AUC 
to 6.52- and 8.35-fold of control) (Table 5; [40]). It is pos-
sible that increased exposure could be due to inhibition by 
rifampicin of influx transporters, such as OATP1B1, that 
would decrease DAA uptake from serum into tissues. Alter-
nately, rifampicin could inhibit intestinal efflux transporters 
and promote absorption. However, rifampicin was found to 
be a relatively non-potent inhibitor of efflux transporters so 
this possibility may not be clinically important [132, 133]. 
Further information on the relative affinities of individual 
HCV DAAs for transporters would facilitate a mechanis-
tic understanding of rifampicin-mediated effects on DAA 
exposure.

The administration of multiple doses of rifampicin acti-
vates the PXR gene battery. In 12 patients rifampicin (600 
mg daily) markedly decreased the Cmax and AUC of gle-
caprevir to 0.14- and 0.12-fold of control, respectively, and 
the Cmax and AUC for pibrentasvir to 0.17- and 0.13-fold of 
respective control (Table 5; [47]). Multiple-dose rifampicin 
(600 mg daily) also decreased exposure to voxilaprevir (Cmax 
and AUC to 0.27- and 0.91-fold of control), velpatasvir (to 
0.18- and 0.29-fold of control), daclatasvir (to 0.44- and 
0.21-fold of control), and ledipasvir (90 mg single dose) to 
0.65- and 0.41-fold of control, respectively (Table 5; [39, 
41, 42]). These findings are consistent with induction of 
CYP3A4, PgP and/or BCRP, which would be expected to 
enhance oxidation and efflux of the DAAs [134]. Rifampicin 
(600 mg for 10 days) also strongly decreased exposure (Cmax 

and AUC) to sofosbuvir (400 mg single dose) to 0.23- and 
0.28-fold of respective control, which is probably due to 
PgP induction because CYP3A4 does not mediate sofos-
buvir biotransformation (Table 5; [85]). In contrast, mul-
tiple-dose rifampicin (600 mg daily) did not significantly 
alter exposure to grazoprevir (Cmax and AUC to 1.16- and 
0.93-fold of control) (Table 5; [40]). Differences between 
the effects of induction on exposure to different HCV DAAs 
are likely due to the relative importance of PXR-inducible 
genes in their disposition. However, even though CYP3A4 
has a minor role in the basal biotransformation of several 
DAAs, after induction, this pathway could assume greater 
quantitative significance. This may well contribute to the 
marked decreases in exposure to several NS5A inhibitors 
after multiple doses of rifampicin. The coadministration of 
rifampicin with Mavyret, Vosevi, Zepatier and Daklinza is 
contraindicated, and not recommended with Harvoni and 
Epclusa due to the potential loss of therapeutic effect of the 
HCV DAAs [38–42, 60].

Consistent with these findings, other agents that acti-
vate the PXR also decreased the systemic exposure to some 
DAAs. In 10 patients who received carbamazepine (200 mg 
twice daily) exposure to glecaprevir/pibrentasvir (300/120 
single dose) was decreased. Thus, Cmax and AUC values 
(fold of control) for glecaprevir were 0.33 and 0.34, respec-
tively, and for pibrentasvir were 0.49 and 0.50, respectively 
(Table 5; [47]). Similarly, PXR activation by efavirenz, when 
administered in combination with emtricitabine and tenofo-
vir, decreased the Cmax and AUC of velpatasvir to 0.50 and 
0.47-fold of control, respectively, most likely due to induc-
tion of PgP and possibly CYP3A4 (Table 5; [39]). Accord-
ingly, coadministration of Vosevi with efavirenz-containing 
antiretroviral regimen is not recommended. Clinical stud-
ies have shown that rifampicin also decreases the AUC of 
the PgP substrates digoxin and dabigatran etexilate [135]. 
Despite these changes, the regimen were well tolerated and 
did not elicit major adverse events.

Table 5   (continued)

Perpetrator drug DAAs References

AUC​ Cmax AUC​ Cmax AUC​ Cmax

(With elvitagrevir 150 
mg;

Grazoprevir (200 mg) Elbasvir (50 mg)

Emtricitabine 200 mg, 5.4 4.6 2.2 1.9 [48, 62]
Enofovir disoproxil
Fumarate 300 mg OD)

BD twice daily, OD once daily; values under AUC and Cmax are fold-changes in exposure relative to those in the absence of DAAs
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7.2.3 � Antivirals

Over 2.3 million individuals worldwide are co-infected with 
HCV and the human immunodeficiency virus (HIV) [136]. 
Because multiple drugs are administered in these patients 
there is a significant potential for DDIs that may complicate 
therapy.

Ritonavir and cobicistat are used as boosters to pro-
long the duration of action of HIV protease inhibitors by 
decreasing their elimination. Ritonavir elicits a wide range 
of DDIs by inhibiting multiple influx and efflux transporters 
and CYPs [137–139]. Cobicistat is a structural analogue of 
ritonavir that was introduced because it has a lower DDI 
potential [140–142]. However, despite a narrower range of 
targets, pharmacokinetic data indicate that the elimination of 
HCV DAAs may still be impaired by cobicistat-containing 
regimen.

Ritonavir-boosted HIV drug regimen disrupt Mavyret 
therapy [143]. Thus, in 12 subjects, coadministration of 
atazanavir/ritonavir (300/100 mg) increased exposure to 
glecaprevir (Cmax and AUC to 4.1- and 6.5-fold of respec-
tive control), but not pibrentasvir (Table 5; [47]). Similarly, 
lopinavir/ritonavir (400/100 mg twice daily) also increased 
glecaprevir exposure (Cmax and AUC to 2.56- and 4.4-fold 
of control)[38], as did darunavir/ritonavir (800/100 mg once 
daily) to 3.1- and 5.0-fold of control (Table 5; [47]).

Ritonavir-containing regimen also increased exposure 
to grazoprevir and elbasvir, when administered as Zepa-
tier. Thus, atazanavir/ritonavir (300 mg/100 mg once daily) 
increased grazoprevir (200 mg once daily) exposure (Cmax 
and AUC to 10.6 and 6.2-fold of control) in 12 subjects and 
elbasvir (50 mg once daily) exposure in 10 subjects (Cmax 
and AUC to 4.8- and 4.2-fold of control; Table 5) [48, 62]. 
Similarly, in 10 subjects, lopinavir/ritonavir (400/100 mg 
twice daily) increased elbasvir (50 mg once daily) exposure 
(Cmax and AUC were altered to 3.7- and 2.9-fold of respective 
control) and exposure to grazoprevir (200 mg once daily) in 
13 patients (Cmax and AUC to 12.9- and 7.3-fold of respective 
control) [48, 62]. Ritonavir (100 mg) with darunavir (600 mg 
twice daily) also increased grazoprevir (200 mg once daily) 
exposure in 13 patients (Cmax and AUC) to 7.5- and 5.3-
fold of control, but increases in exposure to elbasvir (50 mg 
once daily) in 10 patients were much less pronounced [48, 
62]. Glecaprevir and grazoprevir are substrates of CYP3A4, 
OATP1B1/1B3 and PgP, while pibrentasvir and elbasvir are 
PgP substrates, but are minimally metabolised by CYP3A4. 
Thus, it is feasible that potential DDIs could be due to inhibi-
tion of OATP1B1/3, PgP or CYP3A4 by ritonavir.

Ritonavir in combination with other antiretrovirals also 
increased HCV DAA exposure. Thus, the coadministration 
of ritonavir/darunavir/emtricitabine/tenofovir disoproxil 

fumarate (100/800/200/300 mg) or atazanavir/ritonavir 
(300/100 mg) with Vosevi (single dose) increased the AUC 
of voxilaprevir to 2.4- and 4.3-fold of control, respectively, 
which could be due to inhibition of OATP1B1/1B3, PgP, 
and/or CYP3A. In combination with atazanavir/emtricit-
abine/tenofovir disoproxil fumarate (300/200/300 mg once 
daily), ritonavir (100 mg) moderately increased velpatasvir 
(100 mg daily) exposure (Cmax and AUC) to 1.6- and 2.4-
fold of control, respectively (Table 5; [39]). This mechanism 
likely involves transporter inhibition because velpatasvir is a 
substrate of OATP1B1/1B3, PgP and BCRP and both ataza-
navir and ritonavir are established inhibitors of these trans-
porters [144]. Ritonavir-containing regimen also increased 
sofosbuvir and GS-331007 exposure, which is probably due 
to inhibition of BCRP and/or PgP [86]. It was suggested 
that coadministration of sofosbuvir with tipranavir/ritonavir 
would likely decrease the serum concentrations of sofos-
buvir, leading to reduced therapeutic effect; the use of this 
combination is not recommended [145].

Cobicistat, in combination with elvitegravir, emtricitabine 
and tenofovir, increased the Cmax and AUC of glecaprevir 
(300 mg once daily) to 2.5- and 3.1-fold of respective con-
trol, while pibrentasvir (120 mg once daily) exposure was 
unchanged [47]. Similarly, in the case of Zepatier, grazo-
previr exposure (Cmax and AUC) was increased markedly 
by the elvitegravir, emtricitabine and tenofovir combination 
to 5.4- and 4.6-fold of control, while elbasvir exposure was 
only slightly increased (Cmax and AUC to 2.2- and 1.9-fold 
of control; Table 5; [48, 62]). Increased grazoprevir expo-
sure could be related to inhibition by cobicistat of OATP1B-
mediated influx of the DAA into tissues [144].

Cobicistat/elvitegravir/emtricitabine/tenofovir alafena-
mide also increased exposure (Cmax and AUC) to the 
NS3/4A protease inhibitor voxilaprevir (100 mg once daily) 
to 1.9- and 2.7-fold of control (Table 5; [39]). Voxilaprevir is 
a substrate for OATP1B1/1B3, PgP and BCRP, while elvite-
gravir, like cobicistat, is an inhibitor of PgP and, to a lesser 
extent, BCRP [146]. Emtricitabine is a substrate for several 
transporters including BCRP [147] and is an inhibitor of 
OCT2 [148] and MRPs 1/2/3 [149]. Thus, cobicistat, emtric-
itabine or elvitegravir could contribute to increased exposure 
produced by the antiretroviral combination by competing for 
multiple transporters.

Ritonavir is also an inducer when used in multiple-dose 
regimen because it activates the PXR pathway [150]. The 
combination of ritonavir and lopinavir (100/400 mg twice 
daily) decreased daclatasvir exposure (Cmax and AUC) to 
0.34- and 0.58-fold of respective control (Table 5; [41]). 
Similarly, darunavir/ritonavir (800 mg/100 mg daily) also 
decreased daclatasvir exposure (Cmax to 0.38- and AUC to 
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0.70-fold of control; [41]). To date, there is no evidence that 
cobicistat activates the PXR pathway.

Liver dysfunction may occur in some patients who 
receive Mavyret or Zepatier [151]. The US FDA-approved 
prescribing information recommends caution when these 
drugs are combined with certain HIV antiretroviral agents 
because of altered serum concentrations of the HCV DAAs. 
Thus, coadministration with atazanavir is contraindicated. 
Similarly, coadministration of Mavyret with darunavir, lopi-
navir, ritonavir and efavirenz is not recommended [38] and 
the concurrent use of Zepatier with darunavir, lopinavir, 
saquinavir and tipranavir is contraindicated due to possi-
ble increases in alanine transaminase consistent with liver 
dysfunction [40]. While coadministration of Vosevi with 
atazanavir, lopinavir, tipranavir, ritonavir or efavirenz is also 
not recommended, its combination with tenofovir disoproxil 
fumarate should be accompanied by monitoring for serum 
tenofovir concentrations [39].

7.2.4 � Ketoconazole and Omeprazole

CYP3A4 inhibitors may increase exposure to HCV DAAs 
that undergo biotransformation by the enzyme (Table 5). 
Thus, ketoconazole (400 mg once daily) increased the 
AUCs of grazoprevir (100 mg single dose) and daclatasvir 
(10 mg) to 3-fold of control [41, 152, 153]. In contrast, clini-
cally significant interactions were not reported with other 
HCV DAAs. Daclatasvir plasma concentrations were also 
reportedly increased by other CYP3A inhibitors, such as 
erythromycin and itraconazole, which may require possible 
dose adjustments [118]. Indeed, it has been suggested that, 
to prevent increased exposure, the dose of daclatasvir should 
be halved when potent inhibitors of CYP3A4 are coadmin-
istered [41].

Omeprazole decreases exposure to glecaprevir (Cmax to 
0.36- and AUC to 0.49-fold of control) [47], and velpatasvir 
to 0.49- and 0.49-fold of control, respectively (Table 5; 
[39]). The precise mechanism is unclear but, because the 
time-frame over which this interaction occurred is short, it 
is unlikely to reflect induction. It is feasible that omeprazole 
alters DAA absorption after oral administration. However, 
no clinically relevant changes were reported with other HCV 
DAAs.

7.3 � Drugs that do not Mediate Clinically Significant 
Interactions with HCV DAAs

During the course of HCV DAA drug development and 
clinical evaluation, a large number of other agents have 
been evaluated for the propensity to elicit pharmacokinetic 
DDIs. Based on such studies conducted with Vosevi or its 
components, no DDIs of potential clinical significance were 
observed with darunavir, elvitegravir, emtricitabine, ethinyl 

estradiol/norgestimate, gemfibrozil, rilpivirine, tenofovir 
alafenamide or voriconazole (Vosevi), dolutegravir, keto-
conazole or raltegravir (Epclusa) and darunavir/ritonavir, 
efavirenz, emtricitabine, methadone, oral contraceptives, 
raltegravir, rilpivirine, tenofovir disoproxil fumarate, metha-
done or tacrolimus (Sovaldi) [39, 60, 145].

Dosage adjustments are not required when Mavyret is 
coadministered with abacavir, amlodipine, buprenorphine, 
caffeine, dextromethorphan, dolutegravir, emtricitabine, 
felodipine, lamivudine, lamotrigine, losartan, methadone, 
midazolam, naloxone, norethindrone or other progestin-only 
contraceptives, omeprazole, raltegravir, rilpivirine, tacroli-
mus, tenofovir alafenamide, tenofovir disoproxil fumarate, 
tolbutamide or valsartan [38]. Similarly, dose adjustments 
are not required when Zepatier is used with proton pump 
inhibitors, H2-receptor antagonists, antacids, buprenorphine/
naloxone, digoxin, dolutegravir, methadone, mycophenolate 
mofetil, oral contraceptives, phosphate binders, pitavastatin, 
pravastatin, prednisone, raltegravir, ribavirin, rilpivirine or 
tenofovir disoproxil fumarate [40]. Clinically relevant DDIs 
are not expected when Zepatier is co-administered with 
abacavir, emtricitabine, entecavir, and lamivudine.

In the case of Daklinza, clinically relevant interactions 
were not anticipated with peginterferon-α, ribavirin, rilpiv-
irine or antacids. Clinically relevant alterations in daclatasvir 
exposure were not observed with cyclosporin, darunavir/
ritonavir, dolutegravir, escitalopram, ethinyl estradiol/norg-
estimate, lopinavir/ritonavir, methadone, midazolam, tac-
rolimus or tenofovir. Dosage modifications with daclatasvir 
are not required with coadministered darunavir/cobicistat or 
moderate CYP3A inhibitors, including atazanavir, fosampre-
navir, ciprofloxacin, diltiazem, erythromycin, fluconazole, 
or verapamil [41].

In the case of Harvoni, DDIs of potential clinical signifi-
cance did not occur with abacavir, cyclosporin, efavirenz, 
emtricitabine, lamivudine, methadone, oral contraceptives, 
pravastatin, raltegravir, rilpivirine, tacrolimus, tenofovir 
disoproxil fumarate, or verapamil [42].

8 � Summary and Conclusions

Current HCV DAAs elicit fewer DDIs and appear safer than 
the original DAA drugs. Nevertheless, there is evidence that 
the agents currently approved by the US FDA and EMA 
also have the potential to elicit serious DDIs and toxici-
ties. An understanding of the mechanisms of these DDIs 
is critical in avoiding the use of potentially hazardous drug 
combinations in patients. Thus, detailed information on the 
drug-metabolising enzymes and transporters that determine 
HCV DAA pharmacokinetics is essential. Most of the cur-
rently accessible information is contained in documents 
approved by regulatory agencies, based on data provided by 
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pharmaceutical manufacturers. These documents focus on 
major potential preclinical DDI mechanisms and also pro-
vide important follow-up assessments of clinical relevance 
in healthy volunteers. However, additional evaluations of 
whether DAAs are substrates for a wider range of drug-
metabolising enzymes and transporters are now warranted, 
as are more detailed estimations of inhibitory data (e.g., IC50 
values) against other CYPs and transporters.

Agents that are potential inhibitors or inducers of drug 
metabolising enzymes or transporters may alter the systemic 
exposure to coadministered drugs [90, 97, 101]. Regulatory 
agencies recommend the use of pharmacokinetic modelling 
to assess the DDI potential of new drugs. As stated in the US 
FDA guidance to industry, modelling approaches can help 
translate in vitro observations into in vivo predictions of 
potential clinical DDIs [90]. Unbound serum concentrations 
of HCV DAAs are extremely low relative to their apparent 
inhibitory potencies against enzymes and transporters. How-
ever, using the US FDA-recommended cut-off of R≥1.1, a 
number of potential systemic DDIs could be clinically sig-
nificant (Table 3). Some DDIs could also be mediated in the 
intestine where the local concentrations of HCV DAAs after 
oral administration may be high. Indeed, calculated Igut/IC50 
values greatly exceeded the proposed cut-off value of 10 for 
a number of DAAs (Table 3).

As suggested by Kiang, additional pharmacokinetic 
studies analysed statistically would also be helpful to more 
fully evaluate the DDI potential of DAAs in target popula-
tions [58]. More information would assist the interpreta-
tion of the mechanisms by which HCV DAAs are victim 
drugs in DDIs. In most cases, the only available infor-
mation is altered pharmacokinetic exposure (AUC and 
Cmax). Thus, the provision of more detailed pharmacoki-
netic information, including clearance and half-life, could 
provide greater insight into whether clinical DDI mecha-
nisms involve inhibition or induction of drug-metabolising 
enzymes or transporters in vivo. While it has previously 
been difficult to discriminate between altered bioavailabil-
ity and altered clearance, Sodhi and Benet recently pro-
posed a method by which this might be achieved [154]. It 
was noted that such an approach could assist DDI interpre-
tation during drug development and regulatory evaluation.

Even though the available data are valuable for predic-
tions of clinically relevant scenarios, pharmacokinetic-
pharmacodynamic relationships for HCV DAAs have 
not always been evaluated. Potential DDIs have rarely 
been studied in target populations. Indeed, pathophysi-
ological regulation of drug-metabolising enzymes and 
transporters is an important consideration for the safety 
and use of many drugs, including HCV DAAs. Thus, it 
is established that cirrhosis and other forms of chronic 
liver disease may be characterised by fibrosis, chronic lipid 
infiltration, portosystemic shunting and increased activity 

of proinflammatory mediators that dysregulates multiple 
CYPs and transporters, which impairs drug metabolism 
and transport activity [28–32]. Altered nutrition and diet 
are other factors that may alter the expression of drug-
metabolising enzymes and transporters [35–37]. Because 
HCV DAAs are used in individuals with chronic liver 
injury, who may also have impaired nutritional status, it is 
now important to assess how disease alters the metabolism 
and transport of the drugs. Moreover, increased exposure 
with DAAs like Mavyret or Zepatier could exacerbate the 
hepatic impairment that is already present [40, 151].

Comorbidities are also potentially important for the pro-
pensity of DDIs. Many individuals worldwide are coinfected 
with HCV and HIV [136]. Because multiple drugs are used 
in these patients the potential for DDIs that may complicate 
therapy is high. The US FDA-approved prescribing infor-
mation recommends caution with certain HIV antiretro-
viral agents because of increased serum concentrations of 
HCV agents. Coadministration of Mavyret with darunavir, 
lopinavir, ritonavir and efavirenz or coadministration of 
Vosevi with atazanavir, lopinavir, efavirenz, tipranavir and 
ritonavir is not recommended [38, 39]. Coadministration of 
Harvoni with tipranavir/ritonavir is not recommended due 
to decreases in the concentration of ledipasvir and sofosbu-
vir, leading to decreased therapeutic effect [42]. Because of 
potential toxicity, serum monitoring of tenofovir is recom-
mended when the drug is used in combination with Vosevi 
[39] and possibly Harvoni [42]. The use of alternate HCV 
DAAs or antiretroviral agents may avoid potential increases 
in tenofovir exposures.

Individual patient factors may also influence the incidence 
of DDIs and associated drug safety. Single nucleotide poly-
morphisms (SNPs) and other polymorphisms are prevalent in 
the genes that encode and regulate many drug-metabolising 
enzymes and transporters [14, 43–45]. Some polymorphisms 
are more common in certain ethnic populations, so that altered 
metabolism and transport may be more common when HCV 
DAAs are used in these groups [14, 43–45]. How pharmacog-
enomic factors influence DDIs with HCV DAAs is an under-
explored area that should be evaluated more fully in future.
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