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Abstract
Hepatitis E virus (HEV) is endemic in several developing countries of Africa and Asia. It mainly causes self-limiting water-
borne infections, in either sporadic or outbreak form. Recently, HEV was shown to cause chronic infections in immunosup-
pressed individuals. Ribavirin and interferon, the current off-label treatment options for hepatitis E, have several side effects. 
Hence, there is a need for new drugs. We evaluated the antimalarial drug artesunate (ART) against genotype 1 HEV (HEV-1) 
and HEV-3 using a virus-replicon-based cell culture system. ART exhibited 59% and 43% inhibition of HEV-1 and HEV-3, 
respectively, at the highest nontoxic concentration. Computational molecular docking analysis showed that ART can bind 
to the helicase active site (affinity score, -7.4 kcal/mol), indicating its potential to affect ATP hydrolysis activity. An in vitro 
ATPase activity assay of the helicase indeed showed 24% and 55% inhibition at 19.5 µM  (EC50) and 78 µM concentrations 
of ART, respectively. Since ATP is a substrate of RNA-dependent RNA polymerase (RdRp) as well, we evaluated the effect 
of ART on the enzymatic activity of the viral polymerase. Interestingly, ART showed 26% and 40% inhibition of the RdRp 
polymerase activity at 19.5 µM and 78 µM concentrations of ART, respectively. It could be concluded from these findings 
that ART inhibited replication of both HEV-1 and HEV-3 by directly targeting the activities of the viral enzymes helicase 
and RdRp. Considering that ART is known to be safe in pregnant women, we think this antimalarial drug deserves further 
evaluation in animal models.

Abbreviations
HEV   Hepatitis E virus
HEV-1 & 3   HEV genotypes 1 and 3
ART    Artesunate
SG   Subgenome

FG   Full genome
CQ   Chloroquine
HCQ   Hydroxychloroquine
RBV   Ribavirin
RTP   Ribavirin triphosphate
HCV   Hepatitis C virus

Introduction

Hepatitis E virus (HEV) is the global cause of acute viral 
hepatitis, with ~3.3 million cases and 44,000-70,000 deaths 
annually (~3.3% of the total mortality due to viral hepatitis) 
[1]. HEV exhibits the highest seroprevalence in developing 
countries due to poor drinking water quality and improper 
sanitation conditions [2–4]. HEV-1 and HEV-2 infect only 
humans and mainly cause self-limiting waterborne infec-
tions in developing countries [5, 6]. Hepatitis E can lead 
to adverse outcomes in old age and in patients with preex-
isting liver disease [7, 8]. HEV infection during the third 
trimester of pregnancy accounts for ~20-25% of maternal 
deaths and stillbirths [9, 10]. Although hepatitis E was previ-
ously thought to be a problem only in developing countries, 

Handling Editor: Michael A. Purdy.

 * Sarah Cherian 
 sarahcherian100@gmail.com

 * Kavita Lole 
 lolekavita37@yahoo.com

1 Hepatitis Group, Indian Council of Medical Research-
National Institute of Virology, Microbial Containment 
Complex, Pune, India

2 Bioinformatics and Data Management Group, Indian 
Council of Medical Research-National Institute of Virology, 
Dr. Ambedkar Road, Pune, India

3 Hepatitis Group, ICMR-National Institute of Virology, 
Microbial Containment Complex, Sus Road, Pashan, 
Pune 411021, India

4 Bioinformatics and Data Management Group, 
ICMR-National Institute of Virology, 20-A, Dr. Ambedkar 
Road, Pune 411001, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-023-05770-1&domain=pdf
http://orcid.org/0000-0001-6131-2268


 N. Bhise et al.

1 3

147 Page 2 of 20

in the last two decades, autochthonous HEV-3 and HEV-4 
infections have been reported in industrialized countries 
[11, 12]. HEV-3 and HEV-4 are animal viruses that occa-
sionally infect humans and cause infections that are usually 
self-limiting [13]. Although HEV-3 is not known to cause 
severe infections in pregnant women, it can cause chronic 
infections in immunocompromised individuals that may lead 
to the rapid progression of cirrhosis [14]. A recent study 
in Switzerland showed that males of older age are at high 
risk of HEV-3 and HEV-4 infections [15]. Chronicity due 
to HEV-1 has been reported in developing regions, but it is 
comparatively rare [16, 17].

HEV belongs to the family Hepeviridae, which is divided 
into two subfamilies: Orthohepevirinae and Parahepevirinae 
[18, 19]. The subfamily Orthohepevirinae includes viral var-
iants that infect humans. HEV is a quasi-enveloped, single-
strand, positive-sense RNA virus with a ~7.2-kb genome 
[20]. The viral genome has a 5’ methylguanosine cap, a 5’ 
non-coding region followed by three open reading frames 
(ORFs) – ORF1, ORF2, and ORF3 – and a 3’ non-coding 
region with a polyadenylated tail. ORF1 encodes nonstruc-
tural protein domains, including methyltransferase [MeT], 
Y domain, papain-like cysteine protease [PCP], macrodo-
main [X], RNA helicase [Hel], and RNA-dependent RNA 
polymerase [RdRp]. ORF2 encodes the viral capsid/ORF2 
protein, and ORF3 encodes a functional ion channel pro-
tein that plays a crucial role in the release of virus particles 
[21–23]. HEV-1 has an additional ORF, ORF4, encoding a 
protein that is believed to help the functioning of the viral 
polymerase [24].

HEV is transmitted via the feco-oral route through con-
taminated water and food. Water-borne transmission is the 
most common route for HEV-1 and HEV-2 transmission in 
resource-limited settings, while food-borne transmission is 
the predominant mode in endemic developed countries that 
experience sporadic cases [25]. HEV-3 and 4 are associated 
with food-borne zoonotic transmission due to the consump-
tion of meat or meat products prepared from infected ani-
mals [26]. Pigs have been shown to be the principal source 
of zoonotic transmission of the virus. HEV contamination 
has been detected in dry-cured pork products and pork liver 
sausages (consisting of raw liver) in European countries 
with heavy pork diets. Contamination of water bodies with 
ground water or sewage from pig farms has also been shown 
to spread HEV-3 and HEV-4 [27, 28].

Immunosuppressive therapies have been used for treat-
ing chronic hepatitis E [29, 30]. Moreover, although there 
is some off-label use of ribavirin (RBV) and pegylated 
interferon-α [PEG-IFNα] therapy, this is associated with 
severe side effects and the emergence of viral resistance, 
making it a less-than-ideal treatment option [31–34]. Ribavi-
rin is contraindicated during pregnancy due to its teratogenic 
effects [35]. Due to the drawbacks of ribavirin, direct-acting 

antiviral such as sofosbuvir came to light and  was found to 
be effective against HEV-1 and HEV-3 [36]. Hence, there is 
a need for new antivirals that are safe for pregnant women 
and effective in chronic hepatitis E cases.

Drug repurposing is an attractive strategy that uses a 
combination of experimental and in silico-based approaches 
to identify novel pharmacological applications of available 
drugs [37]. A recent study by Galani et al. [38] showed that 
antimalarial drugs such as amodiaquine and lumefantrine 
are good candidates for use against HEV. The authors used 
both in silico and in vitro approaches to screen eight licensed 
antimalarial drugs against HEV. Artemisinin, a natural prod-
uct obtained from the Chinese herb Artemisia annua [39], 
was also included in the study; however, it was not studied 
further because it showed a low binding affinity for HEV 
proteins. WHO has endorsed the use of artemisinin and its 
derivatives, such as artesunate [ART] and artemether, for the 
treatment of severe malaria during pregnancy [40]. ART is a 
hemisuccinate derivative of dihydroartemisinin and a highly 
potent compound with enhanced water solubility [41]. Arte-
misinin and ART have anticancer [42], anti-schistosomiasis 
[43], and antiviral activity [44–46]. Antiviral activity of 
ART has been shown against HIV-1 [47] and hepatitis B and 
C viruses [48–50]. In the present study, evaluation of ART 
against HEV using a replicon-base screening system showed 
>50% inhibition of replication of an HEV subgenomic rep-
licon, suggesting a possible influence on HEV nonstructural 
proteins such as the RdRp, helicase, protease, etc. To under-
stand the mode of action of ART, we carried out a molecu-
lar docking simulation of ART on HEV helicase. Interest-
ingly, ART showed binding at the NTP-binding site of HEV 
helicase with high affinity. Furthermore, in vitro enzymatic 
assays carried out in the presence of ART showed inhibition 
of the ATPase activity of HEV helicase. Although Galani 
et al. reported a low affinity of artemisinin for HEV RdRp, 
our in vitro RdRp polymerase assays showed that ART (an 
artemisinin derivative) also inhibited enzymatic activity, 
suggesting that ART is a direct-acting non-nucleotide drug 
that inhibits virus replication by targeting the helicase and 
polymerase activities of HEV by blocking the ATP-binding 
sites of these enzymes.

Materials and methods

Cells, clones, and expression plasmids

Huh-7-derived clonal S10-3 cells, pSK-HEV-2 (an HEV-1 
full-genome infectious cDNA clone [GenBank accession no. 
AF444002]) [51], and pSK P6-RLuc (an HEV-3 subgenomic 
clone [GenBank accession no. JQ679013]) [52] were a kind 
gift from Dr. S. Emerson, National Institutes of Health, 
Bethesda, MD, USA. The HEV-1 subgenomic replicon clone 



Artesunate as a potential HEV inhibitor

1 3

Page 3 of 20 147

pSK-HEV-Rluc containing a Renilla luciferase (Rluc) gene 
was a kind gift from Dr. X. J. Meng (Virginia Tech, Blacks-
burg, VA, USA) [53].

Drugs

The approved antimalarial drugs chloroquine (CQ; Abcam, 
cat. no. ab142116), hydroxychloroquine (HCQ; Abcam, cat. 
no. ab120827), artesunate (ART; Sigma-Aldrich, cat. no. 
A3731), and ribavirin (RBV; Santa Cruz Biotechnology, 
cat. no. sc-358731), which was used as a positive control, 
were tested for their inhibitory activity against HEV. Riba-
virin triphosphate (RTP; Santa Cruz Biotechnology, cat. no. 
sc-358826) was used as a positive control for in vitro enzy-
matic assays. Stock solutions were prepared in nuclease-free 
water for chloroquine (1 mM), hydroxychloroquine (1 mM), 
ribavirin (2 mM), and ribavirin triphosphate (1 mM) and in 
100% acetone for artesunate (86 mM). A working solution 
of 1 mM artesunate was prepared in nuclease-free water. 
Stock solutions of all drugs were stored at -20° C in aliquots 
until use.

Cell viability/ MTT assay

S10-3 human hepatoma cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco/Thermo Fisher 
Scientific, cat. no. 31600034) supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum (FBS; Gibco/Thermo 
Fisher Scientific, cat. no. 10099141), 100 U/ml of penicil-
lin, and 100 μg/ml of streptomycin (MP Biomedicals, cat. 
no. 0916702-CF) at 37°C in a humid atmosphere saturated 
with 5%  CO2. For the MTT assay, cells were seeded in 
96-well plates (10,000 cells/well) a day prior to the addition 
of drugs. Drugs were diluted in DMEM and added to cell 
monolayers, which were then incubated for 120 h. Cells were 
processed for measurement of toxicity using MTT reagent 
(thiazolyl blue tetrazolium bromide; Merck /Sigma-Aldrich, 
cat. no. M5655). The maximal nontoxic dose (MNTD) and 
half-maximal cytotoxic concentration  (CC50) were deter-
mined by nonlinear regression analysis in GraphPad Prism 
(version 8). Three sets of independent experiments were car-
ried out, with each concentration tested in triplicate. The 
values obtained were normalized to the solvent control.

Testing of antiviral activity of drugs

In vitro transcription and capping

The HEV-1 subgenomic (SG) and full genomic (FG) repli-
con-encoding plasmids were linearized at the 3' end using 
BglII (New England Biolabs, cat. no. R0144], and the p6 
HEV-3 SG  replicon plasmid was linearized with MluI (New 
England Biolabs, cat. no. R0198), and these were used as 

templates to synthesize capped RNA using an mMES-
SAGE mMACHINE T7 ULTRA Transcription Kit (Thermo 
Fisher Scientific/Invitrogen, cat. no. AM1345). The DNA 
template was removed by DNase I treatment at 37°C for 15 
min, and RNA was purified using the lithium chloride pre-
cipitation method. RNA was quantified using a NanoDrop 
ND-1000 spectrophotometer, (NanoDrop technologies), and 
its integrity was checked using denaturing 1% agarose gel 
electrophoresis.

Screening of drugs for anti‑HEV‑1 activity 
by luciferase assay

Primary screening of antiviral activity of the drugs was 
done using HEV-1 SG RNA harbouring the Rluc gene. The 
potential antiviral effect of the drug on HEV was tested at 
MNTD of the drug. Briefly, S10-3 cells (~10-15 ×  105 cells) 
were seeded in a 25-cm2 flask (Corning/Thermo Fisher Sci-
entific, cat. no. 08-757-500) and allowed to grow for 24 h 
until reaching ~80% confluency. The next day, 15 µg of SG 
replicon RNA plus pGL4.75 hFluc/CMV plasmid DNA or 
firefly luciferase (FLuc) plasmid (100 ng/flask) diluted in 
OptiMEM Reduced Serum Medium (Gibco/Thermo Fisher 
Scientific, cat. no. 31985070) were mixed with 15 µl of 
1,2-dimyristyl Rosenthal inhibitor ether C (DMRIE-C) trans-
fection reagent (Invitrogen/Thermo Fisher Scientific, cat. no. 
10459014) and added to the cells, which were then incu-
bated at 34.5°C. The cells were co-transfected with FLuc 
plasmid DNA together with HEV SG RNA to normalize the 
cell transfection efficiency and the Renilla luciferase signal. 
Complete DMEM was added 4 h after transfection, and the 
cells were incubated at 34.5°C. After 48 h, the transfected 
cells were trypsinized, seeded into a 96-well plate, and fur-
ther incubated for 24 h. Drugs were diluted in DMEM and 
added to the cells, which were then incubated further for 
48 h. Mock-treated cells were incubated with 1% acetone 
(solvent control) for ART, whereas CQ, HCQ, and RBV are 
water soluble. Cells were harvested and lysed in 1X Passive 
Lysis Buffer (Promega, cat. no. E1980) and stored at -80°C 
until use. For measurement of reporter gene expression lev-
els (Renilla luciferase activity), which correlates with the 
extent of HEV replication, cell lysates were thawed and 
centrifuged at 10,000 rpm for 2 min to remove cell debris, 
and the supernatant was used for measuring dual luciferase 
activity (Rluc and FLuc) using a Dual Luciferase Assay Kit 
(Promega, cat. no. E1980). Readings were taken on a Perkin 
Elmer Victor X3 Plate Reader Model 2030. Luminescence 
levels from drug-treated cells were compared with those of 
mock-treated cells, and the relative level of HEV replication 
was calculated. The half-maximal effective concentration 
 (EC50) of the drug was determined by using a twofold dilu-
tion series, starting with the half-maximal cytotoxic con-
centration  (CC50).  EC50 values for drugs were calculated by 
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doing nonlinear regression in GraphPad Prism (version 8). 
Three sets of independent experiments were carried out in 
triplicate.

Immunofluorescence assay (IFA)

S10-3 cells were seeded in 6-well plates and transfected with 
pSK HEV-2 FG RNA (5 µg/well) after 24 h. Transfected 
cells were treated with RBV and ART at MNTD concentra-
tions of 3.1µM and 23.4 µM, respectively. Cells were fixed 
and permeabilized with 90% acetone at -20°C for 20 min 
after 72 h and 96 h of transfection and washed twice with 
1X PBST. Furthermore, cells were blocked with 20% FBS 
in PBST for 45 min at 37°C and washed five times with 
PBST and incubated with anti-HEV-IgG-antibody-positive 
human serum diluted 1:50 in PBST with 20% FBS for 1 h 
at room temperature (RT). After washing five times with 
PBST, the cells were incubated with goat anti-human IgG 
antibody-FITC conjugate (Merck/Sigma-Aldrich, cat. no. 
AP113F) at RT for 1 h and again washed five times with 
PBST. Cells were incubated with DAPI (Merck /Sigma-
Aldrich, cat. no.10236276001) at RT for 2-3 min and then 
washed with PBST for removal of excess stain, mounted in 
80% glycerol, and visualized using a FLoid Cell Imaging 
Station (Invitrogen).

ORF2 detection by western blot analysis

Cell pellets were lysed with RIPA buffer (Real Gene, cat. 
no. 150001), and soluble protein fractions (30 µg) were 
separated by 15% SDS-PAGE and transferred to a PVDF 
membrane (Millipore, cat. no. IPVH00010). The membrane 
was incubated with primary antibodies (anti-HEV mAb 
generated against a partial ORF2 protein containing amino 
acids 458 to 607)/anti-GAPDH antibody (Santa Cruz Bio-
technology, cat. no. sc-365062). After washing three times 
with TBST buffer, the membrane was incubated with HRP-
conjugated goat anti-mouse IgG antibodies (Bio-Rad, USA, 
cat. no. 1721011), and detection was done using  ClarityTM 

Western ECL substrate (Bio-Rad, USA, cat. no. 1705060). 
The membrane was re-probed for detection of GAPDH as 
an internal control. Densitometric ratios were calculated by 
comparing the blot of the desired protein with GAPDH for 
accurate results using Gel Quant software, provided by Bio-
chemLabSolutions.com.

Quantitation of HEV‑1 RNA by reverse transcription 
quantitative polymerase chain reaction (RT‑qPCR)

Drugs showing more than 30% inhibitory activity in the 
SG replicon culture system were further evaluated using 
the FG HEV replicon  at MNTD concentrations of the 
drugs. The transfection protocol for the FG replicon was as 
follows: S10-3 cells were seeded in a 25-cm2 flask (10-15 
×  105 cells) and allowed to grow for 24 h. The next day, 15 
µg of FG replicon RNA diluted in OptiMEM was mixed 
with 15 µl of DMRIE-C, added to the cells, and incubated 
at 34.5°C for 4 h. Complete DMEM was added 4 h after 
transfection, and the cells were incubated at 34.5°C for 
a further 48 h. After incubation, transfected cells were 
removed and seeded into 24-well plates and further incu-
bated for 24 h. Drugs were diluted in DMEM and added 
to the cells, which were incubated further for 48 h. Mock-
treated cells were incubated with the appropriate concen-
tration of acetone (solvent control) for ART, whereas CQ, 
HCQ, and RBV are water soluble. After completion of 
the incubation period, the cell culture supernatant and 
cell pellets were harvested and stored at -80°C until fur-
ther use. To quantitate cell-associated encapsidated viral 
RNA, cells were washed with 1X PBS and lysed with 
lysis buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 
mM EDTA, 0.25% NP-40, and 8% sucrose) as described 
previously [54]. Similarly, virus particles released in the 
cell culture supernatant were lysed with lysis buffer. To 
quantitate intracellular and extracellular viral RNA from 
cell pellets and cell culture supernatant, respectively, virus 
particles were precipitated by adding polyethylene glycol 
6000 as described previously [55]. Both the cell lysate and 
the solubilized PEG precipitates were treated with DNase 

Table 1  Inhibitory activity 
of drugs against HEV-1 and 
HEV-3

CC50, half-maximal cytotoxic concentration;  EC50, half-maximal effective concentration; TI, therapeutic 
index  (CC50/EC50); ND, not determined

Drug CC50 (µM) EC50 (µM)
for HEV-1

TI
for HEV-1

HEV-1 inhibi-
tion (%)

HEV-3 inhibition
(%)

RBV 39 ± 5.9 2.9 ± 0.53 6.38 62 ± 7 46 ± 5
ART 189 ± 14.11 19.5 ± 4.03 9.68 59 ± 6 43 ± 5
CQ 4.77 ± 0.74 - - 23 ± 2 ND
HCQ 4.1 ± 0.052 - - 9 ± 1.4 ND
RTP 169 ± 1.6 7 ± 0.2 ND
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I (500 µg/ml) and RNase A (100 µg/ml) at 37°C for 30 
min to digest free replicon RNA and plasmid DNA (if 
present) and processed for viral RNA extraction using a 
QIAamp Viral RNA Mini Kit (QIAGEN, cat. no. 52906). 
HEV RNA levels were measured using TaqMan MGB 
probe primers on a 7300 Real-Time PCR system (Applied 
Biosystems, USA) as described earlier [56]. HEV-specific 
primers were used for quantitation of encapsidated viral 
RNA copies targeting ORF1, which consisted of a for-
ward primer (HEV-1 SET2F- AGT GCT YGA CCT GAC 
AAA TTC-AAT; 5065-5088), a reverse primer (HEV-1 
SET2R- GGC GCA GCA RAA GAC ATG TT; 5110-5129), 
and a probe (FAM- 5’TCG GGT GGA ATG AA3’-MGB). 
The thermal cycling protocol used was as follows: stage 
1, 48°C for 30 min; stage 2, 95°C for 10 min; stage 3, 45 
cycles of 95°C for 15 s and 60°C for 1 min. HEV-FG RNA 
was serially diluted to obtain  108 to 10 copies and used as 
an external standard for calculating RNA copy numbers 
in the samples. For normalization, the average number of 
HEV RNA copies in the cell supernatant and cell pellet, 
harvested at 48 h post-transfection, were taken as baseline/
input RNA copy numbers and subtracted from the respec-
tive values of the samples. Mean values were calculated 
from three sets of independent experiments carried out in 
triplicate.

Screening of drugs for anti‑HEV‑3 activity 
by luciferase assay

Drugs showing promising inhibitory activity against 
HEV-1 were also tested against HEV-3 using a sub-
genomic (SG) replicon. Transfection of S10-3 cells with 
HEV-3 SG RNA was done as described above for the 
HEV-1 SG replicon in a 25-cm2 flask. Cells were co-
transfected with firefly luciferase (FLuc) plasmid DNA 
together with HEV-3 SG RNA to normalize  the cell trans-
fection efficiency and the Renilla luciferase signal. Drugs 
were diluted in DMEM and added to cells. Mock-treated 
cells were incubated with the appropriate concentration 
of acetone (solvent control) for ART, whereas RBV is 
water soluble. Dual luciferase activities (Rluc and FLuc) 
were determined using a Dual Luciferase Assay Kit. Final 
readings were taken on a Perkin Elmer 2030 Reader, and 
luminescence levels from drug-treated cells were com-
pared with mock-treated cells to determine relative HEV 

Fig. 1  Cell cytotoxicity assay to determine  CC50 values. The effect of 
drugs on S10-3 cell viability was determined using MTT assay. Cells 
were exposed to different concentrations of drugs for 120 h and pro-
cessed for colorimetric measurements. (a) RBV  (R2 = 0.98), (b) CQ 
 (R2 = 0.94), (c) HCQ  (R2 = 0.99), (d) ART  (R2 = 0.91), (e) RTP  (R2 
= 0.93).  CC50 values were determined using GraphPad Prism. Three 
sets of independent experiments were carried out in triplicate for the 
 CC50 estimation.

▸
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replication. Mean values were calculated from three sets 
of independent experiments carried out in triplicate.

Helicase model building with SWISS‑Model server 
and molecular docking

Since three-dimensional (3D) crystallographic structure 
of the HEV helicase domain is not available in the Pro-
tein Data Bank (PDB), it was predicted using the online 
Swiss-Model server (https:// swiss model. expasy. org/ inter 
active). 3WRX.pdb (crystal structure of tomato mosaic 
virus helicase complex) was used as a template. This 
structure has a resolution of 2.5Å, and its sequence is 32% 
identical to the HEV sequence. The quality of the mod-
elled structure was assessed by generating a Ramachan-
dran plot using the PROCHECK module on the SAVES 
server (https:// saves. mbi. ucla. edu/).

The ligand-protein docking interactions of the modeled 
HEV helicase structures were simulated using AutoDock 
Vina. The 2-D structures of ligands such as artesunate 
were downloaded from PubChem (https:// pubch em. ncbi. 
nlm. nih. gov/) and preprocessed using AutodockTool 
(ADT) for further docking studies. The HEV helicase 
structure was also preprocessed and minimized by adding 
polar hydrogens and Gasteiger charges using ADT. The 

grid box parameters were set in such a way that the search 
was performed over the entire protein surface. Default 
values were used for all other docking parameters. The 
binding site predictions prior to docking studies, the inter-
action analysis, and molecular visualization of docked 

Fig. 2  Evaluation of inhibitory effects of drugs against HEV-1. 
Drugs were evaluated for antiviral activity against HEV-1 using a 
subgenomic-replicon-based culture system at the maximum nontoxic 
doses of RBV (3.12 µM), CQ (0.06 µM), HCQ (0.78 µM), and artesu-
nate (23.43 µM). HEV replication in cells was assessed by dual lucif-
erase assay. The HEV-1 replication in the solvent control was taken as 
100% to calculate percent HEV inhibition. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001. Data are expressed as mean values 
± SD. Mean values were calculated from three sets of independent 
experiments carried out in triplicate.

Fig. 3  Determination of  EC50 values for RBV and ART. A twofold 
dilution series of drugs was tested against HEV-1 using a subgenomic 
replicon system for determination of  EC50 values. (a) RBV  (R2 = 
0.94), (b) ART  (R2 = 0.96), (c) RTP  (R2 = 0.98).  EC50 values were 
determined using GraphPad Prism software. Each experiment was 
repeated three times in triplicate.

https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
https://saves.mbi.ucla.edu/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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complexes were performed using the BIOVIA Discovery 
Studio 2020 client software package.

Purification of the helicase protein and ATPase assay

The HEV helicase domain (amino acids 960 to 1204 of 
HEV-1 ORF1) clone pET15b.HEV Hel was constructed 
previously in our laboratory [57]. BL21-CodonPlus (DE3)-
RIL competent cells (Agilent Technologies, cat. no. 230245) 
were transformed with the plasmid, and induction was done 
with 1.0 mM IPTG for 4 h at 37°C. The N-terminal His tag 
fusion protein was purified from bacterial culture pellets as 
described earlier [58]. Fractions containing the desired pro-
tein were analyzed by 10% SDS-PAGE and further purified 
by dialysis in 50 mM HEPES buffer for 1-2 h. Western blot 
analysis was done using anti-HIS mAbs (Sigma-Aldrich, cat. 
no. SAB2702218-100UL). The protein concentration was 
determined by the Bradford method.

ATPase assays were performed by using a colorimetric 
method described earlier [58]. For testing the effect of drugs 
on the enzyme, the helicase protein was incubated with the 
stipulated concentration of drugs for 30 min before the assay. 
The ATPase activity of the protein was assayed in a 50-µl 
reaction containing 300 pmol of purified protein, 50 mM 
HEPES (pH 7.2), 2 mM  MgCl2, 10 mM KCl, 0.05 mg of 
BSA per ml, 2 mM dithiothreitol (DTT), and 100 µM ATP, 
with incubation at 37°C for 40 min. Colour was developed 
by adding an equal volume of malachite green molybdate 
reagent, followed by incubation at room temperature for 30 
min and absorbance measurement at 630 nm in a µQuant 
96-well plate reader (Bio-Tek). Mean values from three inde-
pendent experiments performed in triplicate were calculated. 
ATPase activity was measured as the amount of inorganic 
phosphate released by ATP hydrolysis, and a standard curve 
was plotted with known concentrations of potassium dihy-
drogen phosphate. Relative activity was calculated by taking 
the ATPase activity of helicase in the presence of the respec-
tive drug solvents as 100%.

Expression and purification of the HEV RdRp protein 
and polymerase assay

The recombinant plasmid pET28a.HEV RdRp, encoding 
the HEV RdRp domain encompassing all (A-H) conserved 
motifs of the protein (510 amino acids, aa 1199-1709 of the 
HEV ORF1 polyprotein; HEV-1, GenBank accession no. 
AF444002) was available in our laboratory. BL21-Codon-
Plus (DE3)-RIPL competent cells (Agilent Technologies, 
cat. no. 230280) were transformed with the above recombi-
nant plasmid, and induction was done with 0.5 mM IPTG 
and 5 mM  MgCl2 for 16 h at 28°C. The N-terminal His 
tag fusion protein was purified from bacterial culture pel-
lets using an Ni-NTA purification system (Thermo Fisher 

Scientific/Invitrogen, cat. no. K95001) under native condi-
tions. Briefly, the induced cell pellet (500 ml) was lysed in 
15 ml of native binding buffer (50 mM  NaH2PO4, pH 8.0, 
0.5 M NaCl, 10 mM imidazole, and 5 mM  MgCl2) con-
taining a 1X protease inhibitor mix (Merck/Roche, cat. no. 
11873580001) and 16 mg of lysozyme (Sigma-Aldrich/
Merck, cat. no. L6876). Cells were kept on ice for 30 min 
and then sonicated with 10-s on-off cycles for 20 min on ice. 
The cell lysate was treated with DNase I (200 Kunitz units; 
MP Biomedicals, cat. no. 02100575-CF) and RNase A (70 
Kunitz units; Sigma Aldrich/Merck, cat. no. R6513) for 30 
min and centrifuged at 12,000 rpm for 30 min at 4°C, and the 
supernatant was loaded onto an Ni-NTA resin affinity col-
umn. Binding of the desired proteins to the resins was car-
ried out for 1.5 h on ice, and unbound proteins were removed 
using 30 ml of native wash buffer (50 mM  NaH2PO4, pH 
8.0, 0.5 M NaCl, 5 mM  MgCl2] with 10 mM imidazole and 
15 ml of native wash buffer (50 mM  NaH2PO4, pH 8.0, 0.5 
M NaCl, and 5 mM  MgCl2) with 20 mM imidazole. The 
desired protein was eluted in native elution buffer (50 mM 
 NaH2PO4, pH 8.0, 0.5 M NaCl, 5 mM  MgCl2) with 100 
mM imidazole. Fractions were analyzed by SDS-PAGE, 
and those containing a 56-kDa protein were pooled, concen-
trated, and exchanged into HEPES buffer (50 mM HEPES 
[pH 7.4], 500 mM NaCl, and 5 mM  MgCl2) using Amicon 
®Ultra-15 Centrifugal Filter Units (cutoff, 10 kDa; Merck/
Millipore, cat. no. UFC9010). Protein was further purified 
by size exclusion chromatography using  Superdex® 200 
Increase 10/300 GL (Sigma-Aldrich/ Cytiva 28-9909-44, 
cat. no. GE28-9909-44), using an AKTA Basic 100 HPLC 
System (Amersham Pharmacia). The final purified protein 
was analyzed by 10% SDS-PAGE and confirmed by western 
blot using anti-His mAb (Sigma-Aldrich, cat. no. H1029), 
quantitated by the Bradford method, and stored in aliquots 
at -20°C until further use.

The colorimetric RdRp assay was carried out using mala-
chite green dye. The 50 µl reaction mixture contained 50 mM 
HEPES, pH 7.4, 5 mM  MgCl2, 4 mM DTT, 10 µg of BSA 
per ml, 2.5 mM rNTPs, and 0.5 µM enzyme, along with the 
desired concentration of the drug and 20 U of RNasin (Pro-
mega, Cat No. N2111). The reaction mixture was incubated 
at 37°C for 30 min to remove any contaminating RNase, and 
5 U of thermostable inorganic pyrophosphatase (NEB, cat. 
no. M0296) and 0.5 µM of in vitro-synthesized 3’NCR HEV 
RNA template were added as described previously [59]. The 
polymerization reaction was carried out at 30°C for 2 h. The 
reaction mixture was kept at 70°C for 30 min to inactivate 
the enzymes. Colour was developed by adding  100 µl of 
malachite green-molybdate reagent, followed by incubation 
at room temperature for 30 min and absorbance measure-
ment at 630 nm on a µQuant 96-well plate reader (Bio-Tek). 
Mean values of three independent experiments performed in 
triplicate were obtained to calculate the polymerase activity 
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based on the amount of inorganic phosphate released. A 
standard curve was prepared with known concentrations of 
potassium dihydrogen phosphate. The relative activity was 
calculated by taking the polymerase activity of RdRp in the 
presence of the respective drug solvents as 100%.

Statistical analysis

Data are expressed as the mean ± standard deviation of 
three sets of experiments carried out in triplicate. Statisti-
cal analysis was carried out using Excel for Windows, and 
statistical comparison of means was performed by using 
Student’s t-test after analysis of variance. Differences were 
considered statistically significant at p < 0.05. Graphs were 
plotted using GraphPad Prism 8.0 software for Windows.

Results

CC50 determination and evaluation of antiviral 
activity of drugs against HEV‑1

S10-3 human hepatoma cells were treated with RBV, CQ, 
HCQ, and ART to determine the MNTD and   CC50 using 
an MTT assay. RBV, a drug that is currently used for the 
treatment of hepatitis E, was included as a control in all cell 
culture experiments. The  CC50 values for RBV, CQ, HCQ, 
ART, and RTP were found to be 39 ± 5.9 µM 4.77 ± 0.74 
µM, 4.10 ± 0.05 µM, 189 ± 14.11 µM and 169 ± 1.6 µM, 
respectively (Table 1), while the MNTDs of these drugs 
were 3.12 µM, 0.06 µM, 0.78 µM, 23.43 µM, and 7.8µM, 
respectively (Fig. 1 a-e).

Primary-level evaluation of antiviral activity was done 
at the  MNTD of the drugs, using a subgenomic replicon 
culture system (HEV-1 SG), since it enabled quantitative 
assessment of HEV replication directly by measurement of  
Rluc activity. A known inhibitor of HEV, RBV, was used as 
a reference control in all HEV inhibition experiments [60]. 
RBV, CQ, HCQ, and ART showed 62%, 23%, 9%, and 59% 
inhibition of HEV replication, respectively (Fig. 2). Since 

CQ and HCQ showed little inhibition at the MNTD,  EC50 
values could not be calculated for these drugs. The  EC50 
values estimated for RBV, ART, and RTP were 2.9 ± 0.53 
µM, 19.51 ± 4.03 µM, and 7 ± 0.2 µM, respectively. RBV, 
ART, and RTP exhibited a dose-dependent increase in the 
inhibition of HEV replication, as evaluated by Renilla lucif-
erase activity (Fig. 3a-c and Table 1).

Evaluation of the inhibitory activity of RBV and ART 
using an HEV‑1 full‑genome replicon culture system

The inhibitory activity of RBV and ART was confirmed 
using an HEV-1 FG replicon because the subgenomic 
replicon is not able to synthesize functional ORF2 and 
ORF3 proteins, which are required for encapsidation and 
release of virus. The FG replicon undergoes a complete 
replication cycle with the release of virions. To compare 
the antiviral activity of these drugs in the two viral rep-
licon culture systems, S10-3 cells were transfected with 
HEV-1 FG RNA and treated with drugs. HEV replication 
was confirmed by detecting the expression of the ORF2 
(capsid) protein by immunofluorescence assay. ORF2 pro-
tein expression could be seen at 72 h post-transfection, 
with a significant further increase at 96 h post-transfection 
(Fig. 4a). Treatment of cells with RBV and ART showed 
decreased ORF2 levels after 72 h and 96 h (Fig. 4b and c). 
A decrease in ORF2 levels was also evident from western 
blot analysis (Fig. 4d). For quantitative estimation of the 
effectiveness of drugs against HEV, a real-time RT-PCR 
assay was used to quantitate HEV RNA. To avoid error 
due to carryover contamination with the viral RNA used 
for cell transfection, only encapsidated HEV was used to 
estimate the RNA copy numbers. The average number of 
HEV RNA copies in the cell supernatant and cell pellet 
harvested 48 h post-transfection was taken as the baseline/
input RNA copy number, and this was subtracted from 
the values obtained at later time points to estimate the 
number of encapsidated HEV RNA copies. Both RBV 
and ART were tested at the MNTD: 3.1 µM and 23.4 
µM, respectively. Interestingly, RBV treatment resulted 
in an 84% reduction in the number of HEV RNA copies 
in cells and a 92% reduction in supernatant, while ART 
treatment resulted in an 81% and 69% reduction, respec-
tively (Fig. 5a and  b and Table 2). The therapeutic indi-
ces  (CC50/EC50) for RBV and ART were 6.38 and 9.68, 
respectively. Thus, compared to the SG replicon, the FG 
replicon culture system showed significantly higher levels 
of inhibition of production of cell-free and cell-associated 
virions by both RBV and ART. The data suggest that ART 
is a potent inhibitor of HEV-1 replication. Since a sig-
nificant inhibitory effect of ART was also evident in the 
subgenomic culture system, this effect might be due to 

Fig. 4  Assessment of ORF2 expression in transfected cells. S10-3 
cells were transfected with an HEV-1 full-genomic replicon and 
treated with RBV or ART. Cells containing (a) no drugs, (b) RBV, 
and (c) ART were fixed at 72 h and 96 h post-transfection and pro-
cessed for immunofluorescence assay using anti-HEV-IgG-positive 
human serum as primary antibody and goat anti-human IgG-FITC 
conjugate as secondary antibody. Nuclei were counterstained with 
DAPI for fluorescence microscopy. Expression of ORF2 protein 
could be observed at the perinuclear region of cells. UT, untrans-
fected cells; ART C, solvent control for ART. (d) Western blot analy-
sis of cell pellets for detection of HEV ORF2 using anti-ORF2 mono-
clonal antibodies. Lane 1, RBV 72 h; lane 2, RBV 96 h; lane 3, ART 
C (solvent control); lane 4, ART 72 h; lane 5, ART 96 h

◂
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inhibition of viral enzymes or cellular factors that play 
important roles in HEV RNA replication.

To assess the effect of ART on HEV-3 replication, an 
HEV-3 subgenomic-replicon-based culture system was used. 

Interestingly, ART treatment resulted in a 43% reduction in 
Rluc activity, while RBV treatment resulted in a 46% reduc-
tion. This shows that ART is also effective against HEV-3 
(Fig. 6 and Table 1).

Molecular docking of ART on the HEV helicase 
protein

To assess whether ART might interact with the HEV 
helicase and RdRp proteins, which are the key enzymes 
involved in HEV RNA replication, we used a computational 
approach. Galani et al. [38] have reported that artemisinin, 
the parent molecule of ART, has low binding affinity to 
HEV RdRp; hence, we focused on HEV helicase.  As there 
was no crystal structure of HEV helicase in the PDB data-
base, the 3-D structure was predicted using tomato mosaic 
virus (ToMV) helicase, which has 32% sequence identity, 
as a template. Both ToMV and HEV are members of the 
alpha-like supergroup of positive-sense RNA viruses and 
possess superfamily 1 helicases (Fig. 7a). The quality of 
the predicted structure was evaluated by Ramachandran plot 
analysis (Fig. 7c), which showed a good-quality structure, 
with 89% of the residues lying within the most-allowed 
region and 9.1 and 1.1% of the residues lying in the addi-
tionally allowed and generously allowed regions, respec-
tively. The HEV helicase protein has multiple binding sites, 
but the most prominent and crucial site is the ATP bind-
ing site, as this provides energy via hydrolysis of ATP for 
the unwinding activity of the enzyme (Fig. 7b). The ATP 
binding site involves multiple motifs, including the Walker 
A motif (975-GVPGSGKSRS-985), the Walker B motif 

Fig. 5  Comparative inhibitory effect of RBV  and ART evaluated 
using the HEV-1 full-genome replicon. S10-3 cells were transfected 
with the HEV-1 full-genomic replicon, incubated for 72 h, and then 
treated with RBV (3.12 µM) or ART (23.43 µM) for 48 h. Both cell 
supernatants and cells were processed for HEV RNA estimation 
using real-time PCR. For normalization, the average number of HEV 
RNA copies in the cell supernatant and cell pellet harvested at 48 h 
post-transfection were taken as the baseline/input RNA copy num-
bers and subtracted from the respective values to calculate final HEV 
RNA copy numbers. (a and b) HEV RNA levels in (a) cell pellets and 
(b) culture supernatants. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P  ≤ 0.0001. Data are expressed as mean values ± SD. Mean 
values were calculated from three sets of independent experiments 
carried out in triplicate.

Table 2  Inhibition activity measured using a real-time PCR assay

MNTD, maximum nontoxic dose, the highest concentration of drug 
tolerated by S10-3 cells

Drug MNTD (µM) HEV-1 inhibition (%)

Cell pellet Cell supernatant

RBV 3.1 84 ± 3.7 92 ± 2.5
ART 23.4 81 ± 3.8 69 ± 7.3

Fig. 6  Evaluation of the inhibitory effect of ART against HEV-3. 
S10-3 cells were transfected with the HEV-3 subgenomic replicon, 
incubated for 72 h, and then treated with RBV (3.12 µM) or ART 
(23.43 µM) for 48 h. HEV replication in cells was assessed by dual 
luciferase assay. The luciferase activity obtained with the solvent con-
trol was taken as 100% to calculate percent inhibition in drug-treated 
cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
Data are expressed as mean values ± SD. Mean values were calcu-
lated from three sets of independent experiments carried out in trip-
licate.
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(1029-GRRVVIDEAP-1038), and motif III (1051-HLLG-
DPNQ-1058). The docking interaction of ART with HEV 
helicase showed good binding, with an affinity score of -7.4 
kcal/mol (Fig. 8c). ART was predicted to interact well with 
HEV helicase, with three hydrogen bonding interactions 
with the Walker A motif residues Gly 979, Lys 982, and Ser 
983, and it was also predicted to interact with Arg 984 via 
van der Waals interactions (Fig. 8d). In comparison, ATP 
formed multiple hydrogen bonds with motif A residues, with 
a binding affinity of -8.9 kcal/mol (Fig. 8a and b). Despite 
ART having a lower docking score than ATP, which might 
be due to lower site occupancy and solvent accessibility, 
ART was predicted to bind to crucial residues of the Walker 
A motif that could hinder the ATP hydrolysis function of the 
helicase and ultimately inhibit the viral replication process.

Inhibition of the ATPase activity of HEV‑1 helicase 
by ART 

To test whether ART indeed inhibits the ATP hydrolysis 
activity of HEV helicase, a recombinant HEV-1 helicase 
protein was used. The protein was expressed with an N-ter-
minal histidine tag in a bacterial expression system, puri-
fied using nickel affinity chromatography under denaturing 

conditions, and refolded in renaturation buffer. Renatured 
protein was dialysed in 50 mM HEPES, pH 7.2, for 1-2 h. 
The dialysed protein (28 kDa) was analyzed by 10% SDS-
PAGE (Fig. 9a) and western blot analysis (Fig. 9b). For the 
ATP hydrolysis assay [58], the helicase protein was pre-
incubated with different concentrations of ribavirin triphos-
phate (RTP) (3.5 to 56 µM) and ART (4.8 to 156 µM) for 30 
min, and its hydrolysis activity was measured using 100 µM 
ATP as a substrate. For all in vitro studies, instead of ribavi-
rin, ribavirin triphosphate was used as a control. The ATPase 
activity of the helicase in the solvent control samples, meas-
ured in the form of  PO4 release, was found to be 5551 ± 86 
pmol and 5404 pmol, which was considered 100% activ-
ity for ART and RTP, respectively. On pre-incubation of 
helicase with 7 µM RTP  (EC50), there was a 16% reduction 
in ATPase activity. Surprisingly, a reduction of 22% in the 
activity was observed with a lower (3.5 µM) concentration 
of RTP (Fig. 9c). Pre-incubation of helicase with 19.5 µM 
ART  (EC50) resulted in a 24% reduction in activity, and a 
similar reduction (23%) was observed at a lower concentra-
tion (4.8 µM). With increasing ART concentration, there 
was a proportionate decrease in the enzymatic activity up 
to 78 µM (~55% reduction) (Fig. 9d). These results support 

Fig. 7  HEV helicase protein structure predicted using the Swiss-
Model server. (a and b) Three-dimensional modeled structure of the 
HEV helicase domain shown (a) in ribbon form and (b) as a surface-

rendered view with the NTP binding site highlighted. (c) Ramachan-
dran plot analysis of the modeled structure
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Fig. 8  Docking interaction analysis of ATP and ART with the HEV 
helicase domain. (a and b) 3D and 2D interaction of the HEV heli-
case domain with ATP. (c and d) 3D and 2D interaction of the HEV 

helicase domain with ART. The docking site (NTP binding site) 
is shown as a surface-rendered view and coloured by interpolated 
charge.
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the molecular docking predictions that ART interacts with 
HEV helicase to inhibit ATPase activity.

Mechanism of inhibition of helicase by ART 

To investigate whether there is competition for the helicase 
binding site between ART and ATP, the HEV helicase pro-
tein was pre-incubated with a fixed concentration of ART 
 (EC50: 19.5 µM) for 30 min and assayed for ATPase activ-
ity by adding different concentrations of the substrate ATP 
(from 50 to 500 µM), keeping other reaction conditions con-
stant. In parallel, a control set of reactions was carried out 
with varying ATP concentrations without ART for compari-
son. As expected for the control reactions, with an increase 
in ATP concentration from 50-300 µM, the enzyme showed 
an increase in ATPase activity from 90% to 100%, while 
enzymatic activity decreased with a further increase in ATP 
above 300 µM. Importantly, pre-incubation with 19.5 µM 
ART resulted in a significant decrease in activity at 50 µM 
ATP, from 93% in the control reaction to 62% with ART. 
Interestingly, a further increase in the ATP concentration 
from 100 to 400 µM resulted in a gradual increase in ATPase 
activity up to 80%. However, the enzymatic activity did not 
reach to its 100% level  (Vmax) in the presence of ART even 
with higher concentrations of substrate ATP, indicating that, 
when the enzyme is pretreated with ART, ART behaves as a 
noncompetitive inhibitor (Fig. 10a).

To investigate whether pre-incubation of the enzyme with 
the substrate ATP has the ability to overcome the effect of 
ART, assays were carried out by incubating the enzyme with 
different concentrations of ATP for 30 min prior to the addi-
tion of 19.5 µM ART. Pretreatment with ATP resulted in 
higher ATPase activity when compared to pretreatment with 
ART. At 50 µM ATP, the ATP-pretreated enzyme showed 
~79% activity, whereas the ART-pretreated enzyme showed 
62% activity. At 100 µM ATP, these values were 86% and 
75%, respectively. With higher ATP concentrations, the 
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Fig. 9  Determination of the ATPase activity of HEV-1 helicase 
in the presence of drugs. (a) HEV-1 helicase protein was purified 
by Ni-NTA chromatography, and fractions containing a protein of 
the expected size (28 kDa) were analysed by 10% SDS-PAGE with 
Coomassie brilliant blue staining. Lane 1, protein molecular weight 
marker (Fermentas SM0431); lanes 2-5, protein purified with Ni-
chelating resin and dialyzed in 50 mM HEPES. (b) HEV-1 helicase 
protein was separated by 10% SDS-PAGE, transferred to a nitrocel-
lulose membrane, and detected using anti-his antibody. Lane 6, pro-
tein molecular weight marker; lane 7, helicase protein dialyzed in 50 
mM HEPES, pH 7.2. The ATPase activity of the helicase protein was 
evaluated in the presence of different concentrations of (c) RTP and 
(d) ART. The enzyme was pre-incubated with different concentra-
tions of the drugs for 30 min, followed by ATPase assay. The enzy-
matic activity of the helicase protein without drug treatment was con-
sidered 100%, and the percent inhibition at different RTP and ART 
concentrations was calculated. Each drug concentration was tested in 
triplicate in three independent experiments.
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Fig. 10  Determination of the mode of action of ART on the ATPase 
activity of HEV-1 helicase. ATPase assays were performed in the 
presence of ART with different concentrations of the substrate ATP. 
(a) The helicase protein was pre-incubated with (19.5 µM) ART for 
30 min and processed further for ATPase assay. (b) The helicase pro-
tein and ATP were pre-incubated for 30 min before addition of ART 
and  processed further for ATPase assay. All assays were done in trip-
licate in three independent experiments.

the site and presumably remained bound to the enzyme to 
hinder efficient ATP hydrolysis. Overall, it appears that the 
inhibition of helicase by ART is reversible.

Inhibition of the polymerase activity of HEV‑1 RdRp 
by ART 

Recombinant HEV-1 RdRp protein was used to determine 
whether ART has an inhibitory effect on the polymerase 
activity of this enzyme. RdRp with an N-terminal histidine 
tag was expressed in a bacterial expression system and 
purified using nickel affinity chromatography under native 
conditions. Further purification of the protein was carried 
out using size exclusion chromatography, and it was finally 
eluted in HEPES buffer. The purified protein (56 kDa) was 
analyzed by 10% SDS-PAGE (Fig. 11a) and western blot 
analysis (Fig. 11b). RTP has been reported previously to 
inhibit HEV replication by binding to RdRp protein [31, 61]. 
A polymerase inhibition assay was performed by incubating 
RdRp with different concentrations of ART (4.8 to 78 µM) 
and measuring the activity of the enzyme in the form of  PO4 
release, by colorimetric assay. The enzyme activity obtained 
with RTP solvent control (8547 ± 235 pmol) was taken as 
100% activity when measuring the inhibitory effect of RTP. 
At 7 µM RTP  (EC50), a 20% reduction in the polymerase 
activity was seen, which increased further to a maximum 
of 28% with an increase in the RTP concentration to 28 µM 
(Fig. 11c). In the solvent control, the polymerase assay pro-
duced 6332 ± 140 pmol of product, which was taken as 
100% activity for measuring the effect of ART. There was a 
38% reduction in polymerase activity at 4.8 µM ART,  a 26% 
reduction with 19.5 µM  (EC50) ART and 40% reduction in 
polymerase activity at maximum conc. of 78 µM (Fig. 11d). 
These results indicate that ART inhibits HEV replication 
by directly targeting the activities of two important HEV 
enzymes: RdRp and helicase.

Discussion

HEV is one of the leading causes of acute viral hepatitis 
in adults in India. HEV infection mostly follows a self-
limited course; however, a small proportion of individuals 
show higher disease severity, especially patients suffering 
from other liver infections or liver diseases. Acute HEV-1 
infections in pregnancy are associated with high mortality 
rates of ~25%. HEV-3 infections are exclusively found in 
developed countries and show zoonotic transmission [11, 
18]. Chronic HEV-3 infections have been reported in immu-
nosuppressed individuals and found to be associated with 
extrahepatic manifestations such as neurological and kid-
ney complications [62–64]. RBV and PEG-IFNα have been 
used in the treatment of both acute and chronic hepatitis E 

ATP-pretreated enzyme showed 100% activity, comparable 
to the control set. Thus, a higher concentration of the sub-
strate (200 µM ATP) was required in the presence of ART to 
achieve 100% activity of the enzyme  (Vmax), indicating that 
ART behaved as a competitive inhibitor in the ATP pretreat-
ment assay (Fig. 10b).

These observations clearly indicate that there is direct 
competition between ART and ATP for binding to the ATP-
binding site of the helicase protein. With higher binding 
affinity, ATP competed well with ART, and with prior addi-
tion it probably blocked the active site of the enzyme and 
prevented the binding of ART. However, pre-incubation of 
the enzyme with ART in the absence of ATP allowed it to 
bind to the active site. ATP was probably able to bind to 
the enzyme-ART complex but was not able to completely 
rescue the enzyme activity, since ART also has affinity for 
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patients; however, due to severe side effects, these drugs 
have limited application. Long-term use of ribavirin leads to 
side effects such as hemolytic anemia, pruritus, fatigue, and 
upper respiratory symptoms [65]. Both RBV and PEG-IFNα 
are contraindicated in pregnant women, while PEG-IFNα 
cannot be used in organ transplant patients [10, 11]. Chronic 
hepatitis E patients need at least a 12-week RBV treatment to 
achieve a sustained virological response [29]. There are few 
reports on viral relapse associated with RBV treatment. In 
vitro studies have also shown that resistance mutations in the 
HEV polymerase can arise with RBV treatment [31, 32, 34]. 
Hence, the availability of drugs with potency and efficacy 
similar to or better than currently available options would be 
extremely useful for treating high-risk hepatitis E patients.

In the present study, we tested the antimalarial drugs 
CQ, HCQ, and ART against HEV. We carried out primary 
screening of drugs using an HEV-1 subgenomic replicon, 
which allows quantitative estimation of HEV replication by 
measurement of Rluc activity. However, use of this replicon 
permits the evaluation of the effect of drugs on HEV tran-
scription, translation, and replication, but not on virus entry, 
encapsidation, and egress due to the lack of synthesis of 
ORF2 and ORF3 proteins and formation of virus particles. 
These drugs were tested at the MNTD to test whether they 
are potential inhibitors of HEV. At the highest possible dose, 
CQ showed 23% inhibition, HCQ showed 9% inhibition, and 
ART showed 59% inhibition, which was comparable to RBV 
(62%). ART was better tolerated by human hepatoma cells 
 (CC50, 189 ± 14.11 µM) than RBV  (CC50, 39 ± 5.9 µM). 
Both RBV and ART showed an increase in HEV inhibition 
in a dose-dependent manner, with  EC50 values of 2.9 ± 0.53 
µM and 19.51 ± 4.03 µM, respectively (Fig. 3a and b). Thus, 
RBV was found to be a more potent inhibitor, with a lower 
 EC50 value than that of ART. Since the inhibitory activity 
of ART was evaluated using an HEV subgenomic replicon 
that lacks functional ORF2 and ORF3 proteins, it was tested 
further using a full genomic replicon. The active replication 
of the pSK HEV-2 FG infectious cDNA clone was confirmed 

by detection of the ORF2 protein using IFA (Fig. 4a). RBV 
and ART reduced ORF2 expression significantly after 72 h 
and 96 h, as determined by IFA and western blot analysis 
(Fig. 4b, c, and d). In agreement with the results obtained 

Fig. 11  Determination of the polymerase activity of the HEV-1 RdRp 
protein in the presence of drugs. HEV-1 RdRp was purified first using 
an Ni-NTA chromatography column, followed by gel-filtration chro-
matography, and fractions containing protein of the expected size 
were pooled. (a) Purified RdRp protein (56 kDa) was analysed by 
10% SDS-PAGE with Coomassie brilliant blue staining. Lane 1, pro-
tein molecular weight marker (Fermentas SM0431); lane 2, HPLC-
purified RdRp protein. (b) The HEV-1 replicase protein was trans-
ferred on to nitrocellulose membrane and detected using an anti-His 
antibody. Lane 3, protein molecular weight marker; lane 4, HPLC-
purified protein. Polymerase activity was evaluated in the presence 
of different concentrations of (c) RTP and (d) ART. The enzymatic 
activity of the protein without drug treatment was considered 100%, 
and the percent inhibition of activity at different RTP and ART con-
centrations was calculated. Three independent experiments were per-
formed in triplicate for each concentration of the drug.

▸
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with the subgenomic replicon, the full-genome replicon cul-
ture system also showed an 81% reduction in the number of 
cell-associated HEV RNA copies and a 69% reduction in 
cell-free RNA copies (representing virus particles released 
into the culture supernatant) with ART (Fig. 5a and b), con-
firming its anti-HEV activity. It is especially important to 
note that ART was also found to be effective against HEV-3 
(43% inhibition), as this genotype is responsible for the 
majority of chronic HEV infections. It would be worthwhile 
to test the inhibitory effect of ART on HEV-4, HEV-5, HEV-
7, and HEV-8 as well as recently reported rat HEV isolates 
that have been shown to cause sporadic human infections 
[25, 66, 67].

Since ART showed a similar effect in subgenomic and 
full genomic replicon culture systems, we hypothesized 
that ART possibly influences the activities of viral enzymes 
encoded by ORF1. We selected the RdRp and helicase 
enzymes for analysis, as these are crucial for viral transcrip-
tion and genome replication. It was documented previously 
that anti-malarial drugs such as amodiaquine, lumefantrine, 
and pyrimethamine have potential antiviral activity against 
HEV-3. As docking of artemisinin, an analog of ART, with 
different HEV proteins showed low scores with HEV pro-
tease and RdRp, it was not investigated further [38]. Since 
our experiments showed effective inhibition of HEV-1 with 
ART, comparable to that observed with ribavirin, we per-
formed a docking simulation with HEV helicase. At a sta-
bilized docking pose, ART showed a binding energy of -7.4 
kcal/mol (Fig. 8c and d), with hydrogen bond interactions 
with three Walker A motif residues (Gly 979, Lys 982, and 
Ser 983) and van der Waals interactions with Arg 984 in the 
active site of helicase. The predicted energy of binding of 
helicase to ATP (substrate) was -8.9 kcal/mol (Fig. 8a and 
b). HEV helicase belongs to the SF-1 family and has seven 
signature motifs (I, Ia, II, III, IV, V, and VI). The function 
of HEV helicase is to unwind RNA duplexes using ATP as 
an energy source. Our previous study showed that replace-
ment of K (Lys) residues in the conserved Walker A motif 
XGXAGXGKT reduces the ATPase activity of the enzyme 
by ~70% [58]. This Lys residue binds to the beta and gamma 
phosphates of ATP-Mg2+ complexes. Notably, the docking 

results showed the interaction of ART with the Lys of the 
Walker A motif, indicating the possibility of an influence on 
the ATP hydrolysis function of HEV helicase. In addition, 
comparable binding scores of helicase to ATP (substrate) 
and ART (inhibitor) suggested that ATP and ART may com-
pete for the NTP binding site of the helicase.

To confirm the in silico results, ATPase assays were car-
ried out. ATPase assays performed in the presence of ART 
showed that enzymatic activity could be inhibited from 23% 
up to 55% with increasing concentrations of ART (Table 3). 
HEV helicase showed an increase in enzymatic activity with 
an increase in substrate concentration (ATP) and reached 
the 100% level in the presence of 100 µM ATP. However, 
pre-incubation of the enzyme with ART did not allow the 
enzymatic activity to reach to its 100% level, even with 
higher ATP concentrations. The maximum ATPase activity 
that could be achieved after pre-treatment with ART was 
80%. However, with prior addition of ATP, the activity could 
be restored to 100% with an increase in ATP concentration 
from 100 µM to 200 µM (Fig 10a and b). These observations 
clearly indicate that there is direct competition between ART 
and ATP for ATP binding sites on helicase proteins. With 
higher binding affinity, ATP competed well with ART, and 
prior incubation of the enzyme with ATP probably blocked 
the binding site of the enzyme or prevented efficient binding 
of ART. While pre-incubation of the enzyme with ART in 
the absence of ATP resulted in an enzyme-ART complex, 
ATP, which has stronger binding affinity, rescued most, but 
not all, of the enzyme molecules by competing with ART.

Several successful studies have already been performed 
targeting the hepatitis C virus (HCV) helicase [68–71]. 
Despite drug repurposing being very popular, limited data 
are available for helicase inhibitors of HEV. Parvez et al. 
have confirmed the critical role of helicase protein in HEV 
replication by saturation mutation analysis, which was fur-
ther confirmed by replicon-based in vitro experiments [72]. 
A study on SARS-CoV-2 helicase 3D structure prediction 
and drug docking has shown that remdesivir has the highest 
binding affinity to the NTPase site of the helicase enzyme 
and was found to be the most effective helicase inhibi-
tor among the potential drug molecules screened [73]. In 
another study, ivermectin, an FDA-approved antiparasitic 
drug, was predicted to be a SARS-CoV-2 helicase inhibitor 
using an in silico approach [74]. Elbasvir, an FDA-approved 
drug used for the treatment of chronic hepatitis C, was pre-
dicted to be an effective helicase inhibitor when docked 
against the SARS-CoV-2 helicase structure [75]. The SARS-
CoV-2 nonstructural protein 13 (nsp13) exhibits NTPase and 
RNA helicase activities that can hydrolyze all types of NTPs 
and unwind RNA helices in an ATP-dependent manner. Both 
coronaviruses and HEV belong to the alphavirus-like super-
family of viruses. Since the activity of SARS-CoV-2 heli-
case is analogous to that of HEV RNA helicase [76], drugs 

Table 3  Inhibition of HEV-1 helicase and RdRp assessed using in 
vitro enzymatic assays

EC50, half-maximal effective concentration

Drug EC50 concentra-
tion (µM)

Helicase 
ATPase activity 
inhibition
(% )

RdRp 
polymerase 
activity inhibi-
tion
(%)

RTP 7 ± 0.2 16 ± 1.6 20 ± 0.73
ART 19.5 ± 4.03 24 ± 2.6 26 ± 1.9
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that are found to be potent SARS-CoV helicase inhibitors 
could also have potential as HEV helicase inhibitors.

The observation that ART showed competitive binding 
at the NTP binding site of HEV helicase compelled us also 
to test the effect of ART on HEV RdRp activity. We used 
ribavirin triphosphate (RTP) for comparison instead of riba-
virin in the in vitro HEV polymerase assays. RTP and ART 
treatment resulted in 20% and 26% reduction in polymerase 
activity at their respective  EC50 concentrations (Table 3). 
However, ART treatment resulted in a 38% reduction at a 
lower concentration of 4.8 µM. Thus, as anticipated, ART 
also inhibited the polymerase activity of HEV RdRp, pos-
sibly by competing for the NTP binding site of the enzyme. 
This could not be confirmed, because the 3D structure of 
HEV RdRp has not yet been determined.

Although ART treatment resulted in a reduction in 
the polymerase activity of HEV RdRp in an enzymatic 
assay, its exact site of action is not clear. Examples of 
HEV polymerase inhibitors include direct-acting antivi-
rals (DAAs), which were originally used against hepatitis 
C virus but were found to be effective against HEV as 
well. Daclatasvir is a second-generation DAA that acts as a 
NS5A polymerase inhibitor, whereas sofosbuvir is a third-
generation DAA that acts as a nucleosidic NS5B polymer-
ase inhibitor against HCV. Daclatasvir and sofosbuvir have 
been used in combination with ribavirin for HEV treatment 
[77–79]. Other potential replicase inhibitors with reported 
activity against HEV include 2’-C-methylcytidine [80], 
mycophenolic acid [81], NITD008 [82], and zinc [55], but 
none of these studies have been taken further.

Our study is the first to show that ART hinders HEV 
replication by targeting two nonstructural proteins (heli-
case and RdRp). ART is a water-soluble semisynthetic 
derivative of the sesquiterpene lactone artemisinin with 
a short half-life and a moderate therapeutic index that is 
well tolerated by adults, children, and pregnant women 
[83–87]. It is formulated for intravenous, rectal, and oral 
administration [88]. ART has preferable pharmacoki-
netic properties and better effectiveness when compared 
to its parent artemisinin compound. ART has been found 
to be safe, stable, and well tolerated, but it occasionally 
may cause mild to moderate headache, nausea, vomiting, 
fatigue, anorexia, or severe hemolytic anaemia as side 
effects [89]. It was observed that ART is well tolerated 
when administered orally, and  Tmax is achieved in less than 
one hour, whereas the drug is eliminated from the body 
with a half-life of 21-72 minutes. In clinical trials, 600-
1200 mg of ART was administered orally per day for a 
period of 5 days as a monotherapy or 200-800 mg per day 
orally for a period of 3 days in combination therapy for 
malaria treatment [90]. In silico toxicity studies revealed 
no risk of reproductive or developmental toxicity due to 

ART, but it may be moderately mutagenic, tumorigenic, 
and hepatotoxic if used in high doses for a long time [91].

Ribavirin is the current drug of choice for hepatitis E. In 
this study, the therapeutic indices of RBV and ART were 
6.38 and 9.68, respectively, indicating that ART could be a 
better-tolerated drug than RBV (Table 1). ART monotherapy 
is the first line of drug treatment for severe malaria. ART 
is recommended by WHO for the treatment of malaria in 
pregnant women, especially during the second and third tri-
mesters. Considering this and its low toxicity profile, ART 
can potentially be used for the treatment of hepatitis E.

In conclusion, ART inhibits the replication of both 
HEV-1 and HEV-3. It acts as a direct-acting antiviral and 
inhibits the activities of the HEV polymerase and heli-
case. Its wide-ranging antiviral activity, satisfactory bio-
availability, and comparatively few adverse events make 
ART an attractive candidate for antiviral therapy against 
HEV. Hence, it can be a safe option for the treatment of 
HEV infection in high-risk individuals, including pregnant 
women, and deserves further evaluation in animal models.
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