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Abstract

Objectives: The aim of this study was to investigate the
changes in thiol/disulfide balance, pro-fibrotic mediators
(transforming growth factor-beta [TGF-β] and periostin) and
a potential biomarker for the prediction of HCV-induced
HCC (3β-hydroxysterol Δ24-reductase [DHCR24]) during
direct-acting antiviral (DAA) therapy in chronic hepatitis C
(CHC) patients.
Methods: This prospective cohort study included 56 non-
cirrhotic, treatment-naive CHC patients who were treated
with DAAs between January and June 2020. Laboratory
tests, including serum total/native thiol, TGF-β, periostin,
DHCR24, total bilirubin and albumin levels were measured
and disulfide levels were calculated at baseline, then at
1 month and at the end of therapy (EOT).
Results: Of the 56 patients, all achieved a sustained viro-
logical response after DAA therapy. There was a significant
decrease in serum levels of disulfide and TGF-β, (p=0.020
and p<0.001, respectively) and a significant increase in
serum levels of native thiol compared with baseline levels
(p=0.010). Therewas no significant change in levels of total
thiol, DHCR24 and periostin levels. Serum TGF-β levels
were found to be positively correlated with total bilirubin
levels (rs=0.470, p=0.001) and negatively with albumin

levels (rs=−0.483, p<0.001). A significantmoderate positive
correlation was determined between baseline serum
DHRC24 and disulfide levels (rs=0.356, p=0.007).
Conclusions: The study results suggest that the DAA
therapy may help to restore the impaired thiol/disulfide
balance and reduce the pro-fibrotic process in CHCpatients
bymarkedly decreasing serum levels of TGF-β, a key player
in HCV-induced liver fibrosis.

Keywords: direct-acting antiviral agents (DAA); disulfide;
hepatitis C virus (HCV); TGF-β; thiol.

Introduction

It is estimated thatmore than 180million peopleworldwide
are thought to have chronic hepatitis C (CHC) infections.
Hepatitis C virus (HCV) is a common pathogen globally and
is one of the leading causes of chronic liver disease that can
lead to liver cirrhosis and hepatocellular carcinoma (HCC)
[1]. Recent evidence has suggested that the progression of
liver damage and fibrogenesis in CHC infection is the result
of increased inflammatory activity, which might increase
virus-induced oxidative stress, rather than direct viral
cytotoxicity. Moreover, proteins expressed by HCV, pre-
dominantly NS5A proteins, damage to the mitochondrial
respiratory chain directly and lead to increased production
of reactive oxygen species (ROS) as well as reduced anti-
oxidative capacity, and contribute to oxidative stress [2–4].

The antioxidative defense system maintains redox
homeostasis in the liver by removing ROS, thereby protect-
ing cells from oxidative damage [5]. Dynamic thiol/disulfide
homeostasis is one of the major defense mechanisms
against oxidative stress. An imbalance in this homeostasis
indicates oxidative stress and has been shown to play a role
in the pathogenesis of many diseases including chronic
hepatitis B. However, there has been very little published
information about the role of this imbalance in the patho-
genesis of CHC infection [6–8]. Furthermore, it has been
established that chronic oxidative stimuli not only cause
hepatocyte death but also increase the production of
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profibrogenic factors such as transforming growth factor-
beta (TGF-β), a key player in the development of liver
fibrosis [9]. The serum levels of TGF-β have been reported
to be elevated in CHC patients and to be associated with
the severity of liver fibrosis which can be significantly
decreased with interferon (IFN) and ribavirin (RBV) ther-
apy [10, 11]. However, such data is limited in direct-acting
antiviral (DAAs) therapy. Periostin is another critical
mediator that contributes to liver fibrosis which is
strongly induced by TGF-β [12]. Another important aspect
of hepatic oxidative stress is that it is strongly associated
with an increased risk of HCC in CHC patients [13].
3β-hydroxysterol Δ24-reductase (DHCR24) has been one of
the most prominent biomarkers recently used to in
demonstrate this association [14]. It has been established
that the upregulation of DHCR24 expression induced by
HCV-mediated oxidative stress suppresses p53 activity
(DNA repair), thereby promoting tumorigenicity [4, 13].
There is also a growing body of evidence to suggest that it
might be a potential biomarker for the early detection of
HCC and for monitoring disease progression in CHC
patients [15].

With the use of DAAs, high success rates can be
achieved in the sustained suppression of viral replication
in CHC patients [16]. What remains unclear, however, is
whether or not the DAAs alone are sufficient to control the
increased oxidative stress secondary to the HCV and to
terminate the progressive tissue damage such as fibrosis
and carcinogenesis [17, 18]. If DAAs are not capable of
reducing in oxidative stress, CHC patients may still be at
an increased risk for the development of cirrhosis and
HCC, even if permanent virological suppression has been
achieved.

Therefore, the aim of this study was to determine
whether DAA therapy alone is sufficient to change the
increased oxidative stress and pro-fibrotic mediators
induced by HCV in CHC patients.

Materials and methods

Participants and study design

This prospective, single-center, cohort study was conducted on 56
antiviral therapy naïve non-cirrhotic CHC patients, all of whom
received DAA therapy between January 2020 and June 2020 at the
InfectiousDiseases Clinic of HatayMustafa KemalUniversityHospital,
a tertiary level university hospital in Hatay, Turkey. All patients
received DAA therapy for 8 or 12 weeks (with GLE/PIB: glecaprevir/
pibrentasvir and EXV/VIE: exviera/viekirax, respectively) and all
achieved a sustained virological response at 12 weeks after completion
of DAA therapy (SVR12). CHC was diagnosed on the basis of anti-HCV

positivity and was confirmed by the detection of HCV RNA with a
polymerase chain reaction. Patients co-infected with HBV/HIV, other
active infections, or chronic diseases (e.g. collagen tissue diseases,
malignancy, diabetes mellitus) were excluded.

The aspartate aminotransferase to platelet ratio index (APRI), a
noninvasive alternative to was utilized to assess patients’liver fibrosis
stages. Theupper limit of normal (ULN) ofASTwas 40 IU/L. APRI scores
were calculated as ([AST/ULN AST] × 100)/platelet count (109/L) [19].

Specimen collection

Blood samples were collected at baseline, at 1 month and at the end of
therapy (EOT) which is taken within 72 h after the last dose of therapy.
Fasting venous blood samples were collected from the HCV patients
into biochemistry tubes for serum separation and into lithium-heparin
coated tubes for plasma separation. All samples were centrifuged at
1,500 × g for 10 min within 45 min after sampling. Serum and plasma
samples were stored at −80 °C until analyses.

Biochemical analysis

Serum levels of albumin, total protein, total bilirubin, direct bilirubin
and ALT, AST activities were measured on Advia 1800 autoanalyzer
(Siemens, Germany).

Thiol/disulfide parameters

Plasma total and native thiol levels were assayed with a novel, fully
automated colorimetric method developed by Erel and Neselioglu
[7]. Following the reduction of disulfide bonds with sodium boro-
hydride to form free functional thiol groups, formaldehyde is used to
remove the unused sodium borohydride reductant for preventing the
reduction of DTNB (5,5′-dithiobis-[2-nitrobenzoic] acid). The levels of
reduced and native thiol groups were determined spectrophoto-
metrically at 415 nm after the reaction with DTNB. To calculate the
plasma concentration of disulfide the following formula was used:
Disulfide levels (µmol/L)=(total thiol – native thiol)/2 [20].

DHCR24 measurement

Serum DHCR-24 levels were measured by the enzyme-linked immu-
nosorbent assay (ELISA) using commercially available ELISA kits
(USCN, catalog no: SEF185Hu). The sensitivity of these DHCR24 kits
was 0.056 ng/mL and the assay ranges were 0.156–10 ng/mL with
intra-and interassay CV%of less than 10%. The results were presented
as ng/mL.

Periostin measurement

Serum periostin levels were assayed by the ELISA method using
commercially available periostin ELISA Kits (Elabscience catalog no:
E-EL-H2452). The sensitivity of these periostin kits was 0.1 ng/mL and
the assay ranges were 0.16–10 ng/mL with intra-and interassay CV%
of less than 10%. The results were presented as ng/mL.
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TGF-β1 measurement

Serum TGF-β1 levels were assayed by the ELISA method using
commercially available TGF-β1 ELISA Kits (Elabscience catalog
no:E-EL-H0110). The sensitivity of these TGF-β1 kits was 18.75 pg/mL
and the assay ranges were 31.25–2000 pg/mL with intra-and inter-
assay CV% of less than 10%. All samples were diluted 10-fold before
analysis. The results were presented as pg/mL.

Statistical analysis

All statistical analyses were carried out using SPSS software, version
23 for Mac (SPSS Inc, Chicago IL, USA). The normal distribution of
data was evaluated by the Shapiro-Wilk test. Categorical variables
were compared with the Chi-square test or Fisher’s Exact test. Com-
parisons of changes over time of non-normally distributed contin-
uous variables were performed using the Friedman test. To examine
the significance of pairwise differences, the Wilcoxon signed-rank
test was used with Bonferroni adjustment to account for multiple
comparisons. The Spearman rank-order correlation test was applied
to determine correlations between different variables. A value of
p<0.05 was considered statistically significant.

Results

The total 56 patients comprised 38 (67.9%) males and 18
(32.1%) females with a median age of 55.5 (32.0–70.5)
years. The baseline characteristics of the patients are
shown in Table 1.

The serum levels of the thiol-disulfide hemostasis
parameters (native thiol, total thiol and disulfide), TGF-β,
periostin, DHCR24 at baseline, 1 month and EOT are
shown in Table 2. From baseline to at the EOT, there was a
significant decrease in serum levels of disulfide and TGF-β
(p=0.020 and p<0.001, respectively) and a significant in-
crease in serum native thiol levels (p=0.010) (Table 2,
Figures 1, 2). There were no statistically significant dif-
ferences in the serum levels of periostin, total thiol, and
DHCR24 between those observed at baseline and at the
EOT (Table 2, Figures 1, 2).

There was a statistically significant decrease of the
APRI scores in CHC patients at the 1 month and EOT of
DAA therapy compared to baseline (p<0.001 for both).
However, there was no correlation between APRI scores
and TGF-beta (Spearman correlation coefficients were
0.126, p=0.384) (Table 2).

There was a significant moderate negative correlation
between the levels of baseline serum albumin and TGF-β
(rs=−0.483, p<0.001) and a moderate positive correlation
between baseline serum total bilirubin levels and TGF-β
(rs=0.470, p=0.001). A significant moderate positive

Table : Baseline characteristics of the patients with CHC.

Characteristics Total (n=)

Age, years . (.–.)
Age≥ years  (.)
Gender, male  (.)
Treatment regimen
EXV/VIE  (.)
GLE/PIB  (.)

Genotype b  (.)
Log serum HCV-RNA, IU/mL . (.–.)
ALT, U/L  (–)
AST, U/L . (.–.)
Total bilirubin, mg/dL . (.–.)
Direct bilirubin, mg/dL . (.–.)
Albumin, g/dL . (.–.)
Total protein, g/dL . (.–.)

EXV/VIE, exviera/viekirax; GLE/PIB, glecaprevir/pibrentasvir; HCV,
hepatitis C virus; RNA, ribonucleic acid; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; TGF-β,
transforming growth factor beta. Continuous data were expressed as
median ± interquartile range (IQR, th and th percentiles) while
categorical data were expressed as number and percentage.

Table : Changes in serum levels of periostin, TGF-β, DHCR and
thiol-disulphide hemostasis and the APRI score with direct-acting
antiviral therapy on the study population (n=).

Baseline  Month EOT p-
Value

TGF-β, ng/
mL

,.
(,.–
,.)

,.b

(,.–
,.)

,.a

(,.–
,.)

<.

Periostin,
ng/mL

.
(.–.)

.
(.–.)

.
(.–.)

.

DHCR,
μg/mL

. (.–
.)

. (.–
.)

. (.–
.)

.

Total thiol,
μmol/L

.
(.–
.)

.b

(.–
.)

.
(.–
.)

.

Native
thiol,
μmol/L

.
(.–
.)

.b

(.–
.)

.a

(.–
.)

.

Disulfide,
μmol/L

.
(.–
.)

. (.–
.)

.a

(.–
.)

.

APRI score .
(.–.)

.a

(.–.)
.a

(.–.)
<.

TGF-β, transforming growth factor beta; DHRC, β-hydroxysterol
Δ-reductase; APRI, AST to platelet ratio index. ap<. for
comparison with levels observed at baseline, bp<. for
comparison with levels observed at the end of therapy. Continuous
data were expressed as median±interquartile range (IQR, th and
th percentiles) while categorical data were expressed as number
and percentage. Bold values indicate statistical significant (p<.).
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correlation was determined between baseline serum
DHRC24 and disulfide levels (rs=0.356, p=0.007) (Figure 3).

Figures were plotted with Prism 8.0 (GraphPad Soft-
ware, La Jolla, CA, USA).

Discussion

It has been clearly established in several studies that there
is a strong association between CHC infection and oxida-
tive stress, whichmay also contribute to HCV-induced liver
fibrogenesis and tumorigenesis [4, 5, 13]. However, very
little is known about the reversibility of this impaired
oxidative balance and associated fibrogenic and tumori-
genic processes with new DAA regimens [11, 21]. Thus, in

this study it was aimed to address these gaps in the liter-
ature. The results of the current study indicated that DAA
therapy may help restore impaired oxidative balance and
may have the additional benefit of decreasing the levels of
TGF-β, the central fibrogenic factor as early as 8weeks after
the initiation of DAA therapy (at the EOT), which suggested
that DAA therapy could help reverse the liver fibrosis
promoted by TGF-β-induced MSCs.

Thiol-disulfide balance, which shifts towards disul-
fide bonds rather than thiol group formation has recently
been shown to be one of the most prominent alternative
indicators of oxidative stress recently. Thiols act as a
major antioxidant and neutralize reactive oxygen mole-
cules in cells. They are highly vulnerable to oxidation,
which is based on their-SH group [10–22]. Under oxidative

Figure 1: Comparison of the serum (A) native thiol, (B) total thiol and (C) disulphide levels in CHC cases at different time points. (A) *p=0.008
and **p=0.002, (B) *p=0.003, (C) *p=0.004. Data are presented with the Tukey box-and-whisker plot, where the middle line represents the
median, and the box represents the IQR (the 25th and 75th percentiles).

Figure 2: Comparison of (A) the serum TGF-β levels and (B) serum periostin levels in CHC cases at different time points. *p<0.001. Data are
presented with the Tukey box-and-whisker plot, where the middle line represents the median, and the box represents the IQR (the 25th and
75th percentiles). TGF-β, transforming growth factor-beta; CHC, chronic hepatitis C.
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stress, the oxidation of the thiol (C-SH) group results in the
formation of disulfide bonds (-S-S-). After the elimination of
oxidative stress, those disulfide bonds can be reduced back
to free thiol groups (-SH + -SH), and therefore the homeo-
stasis between thiol-disulfide pairs is maintained [6, 23, 24].
In the current study, the significantly decreased disulfide
levels might have been due to a decrease in oxidative stress
in DAA-treated CHC patients. In addition, the significantly
increased native thiol levels may have derived from the
regaining of antioxidant defensive capacity after HCV cure.
Nevertheless, according to recent evidence, it seems
possible that these results are due to the antiviral effect of
DAAs, which may reduce viral load, inflammation and
possibly virus-induced oxidative stress, rather than a direct
antioxidant effect. The parameters of dynamic thiol/disul-
fide balance have recently been studied as a novel oxidative
stress indicator in CHC patients [8]. However, to the best of
our knowledge, the current study is thefirst to have revealed
the benefits of DAA therapy in restoring this impaired
balance.

Chronic oxidative stress and concomitant increase in
ROS have been shown to stimulate the TGF-β signaling
pathway, which is a key driver for liver fibrogenesis [9, 25].
TGF-β is a profibrogenic cytokine, that induces hepatic
stellate cell (HSC) activation and the production of extra-
cellular matrix (ECM) proteins, such as collagen I and peri-
ostin. This consequently results in an enhancedECMprotein
deposition, thereby promoting liver fibrosis. Moreover, ROS
and TGF-β may also contribute indirectly to the fibrotic
process via enhanced inflammation [25, 26]. Serum TGF-β
levels have been shown to be increased in HCV-related
chronic liver disease compared with control subjects, which
correlates with fibrosis score [27, 28]. However, the reducing
effect of DAA therapy on TGF-β levels and its relation with
the regression on liver fibrosis has not been elucidated. The

results of this study showed that DAA therapy has an
improving effect on the serum levels of TGF-β.

We also evaluated the APRI score and compared its
value before and after DAA therapy. We found that there
was a statistically significant decrease in the APRI scores
in CHC patients after DAA therapy at month 1, as well as at
the EOT compared to baseline. Although there was no
correlation between APRI scores and TGF-β, this finding
supports the marked decrease in TGF-β levels with DAA
therapy. A moderate positive correlation was also deter-
mined between baseline serum total bilirubin levels and
TGF-β, whereas a moderate negative correlation was
found between the levels of serum albumin and TGF-β.
Plasma albumin (an indicator of liver synthesis capa-
bility) and bilirubin concentrations (an indicator of
hepatic detox excretion capability) commonly served as
laboratory indicators of the prognosis of liver diseases.
Thus, these findings suggest that the lowering of TGF-β
levels with DAAs may help reduce the progression of
fibrogenesis in these patients [29]. Nevertheless, further
studies are required to ascertain these results in the future.

Periostin, which is amatricellular protein involved in
the process of liver fibrogenesis, is secreted by activated
HSCs after stimulation with TGF-β. In turn, periostin
induces the production of TGF-β and enhances its activ-
ity, which suggests that there may be a potential recip-
rocal regulatory interaction between TGF-β and periostin
[12]. Interestingly, there was no significant change in serum
levels of periostin during DAA therapy compared with the
baseline in the current study. It is difficult to explain this
result because there are no previous studies in the literature
addressing this topic. One possible explanation for this
might be that periostin regulation is influenced not only
by the expression of TGF-β, but also by IL-4 and IL-13 [30].
As TGF-β is known to be a key player in the process of

Figure 3: Correlation coefficients and p values (in parentheses) of the Spearman rank correlations between different variables. (A) TGF-β and
albumin, (B) TGF-β and total bilirubin, (C) DHRC24 and disulfide. TGF-β, transforming growth factor-beta; DHRC24, 3β-hydroxysterol
Δ24-reductase.
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fibrogenesis, another possible explanation for this result
may be that too little time has passed after viral load sup-
pression for changes to occur infibrogenic factors other than
TGF-β [25].

HCV-induced hepatic oxidative stress leads to
increased oxidative DNA damage in hepatocytes, which
plays a pivotal role in the initiation andprogression ofHCC.
In this process, the overproduction of ROS can induce
3β-hydroxysterol Δ24-reductase (DHCR24) expression,
which plays a part in the protection of hepatocytes from
oxidative stress-induced apoptosis [13]. At this point, the
DHCR24 suppresses apoptotic responses by impairing p53
activity, which may increase tumorigenicity [31]. Consis-
tent with this evidence, a statistically significant moderate
positive correlation was observed in the current study
between baseline serum DHRC24 and disulfide levels. The
level of serum DHCR24 is expected to fall after DAA ther-
apy, as a result of decreased virus-induced oxidative stress.
However, in the present study, no significant change was
determined in serum DHCR24 levels with DAA therapy.
This result may be explained by the fact that the complete
biochemical improvement after DAA therapymight require
a longer disease-free period [17]. Thus, future studies with
longer follow-up periods are required to investigate the
long-term changes in plasma DHCR24 Ab levels after DAA
therapy.

Despite these encouraging results, this study had some
limitations, primarily that it was a small single-center
study. Another limitation was that only non-cirrhotic
patients were examined, so these results may not be
applicable to patients with cirrhosis. Nevertheless, the fact
that three serum samples were obtained at different time
points during treatment from each patient for comparison
is the main strength of this study.

In conclusion, the results of this study have shown
that DAA therapy may help restore impaired thiol/disul-
fide balance induced by HCV. The second major finding
was that DAA therapy canmarkedly decrease serum levels
of TGF-β, which have been found to be associated with a
reduction in serum total bilirubin (an indicator of hepatic
detox excretion capability) and an increase in plasma
albumin concentrations (an indicator of liver synthesis
capability), commonly served as laboratory indicators of
prognosis of liver diseases. Thus these results suggest that
the DAA therapy may help to reduce the pro-fibrotic
process in CHC patients by markedly decreasing serum
levels of TGF-β, a key player in HCV-induced liver fibrosis.
However, there is a need for further studies with larger
cohorts and longer follow-up periods in order to clarify
this issue.
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