Journal of K\
Clinical Medicine MD\Py
Article

Hepatitis C Clearance by Direct-Acting Antivirals
Impacts Glucose and Lipid Homeostasis

Christiana Graf 1'*, Tania Welzel 1, Dimitra Bogdanou 1 Johannes Vermehren !, Anita Beckel 1,
Jorg Bojunga 1, Mireen Friedrich-Rust 1, Julia Dietz 1, Alica Kubesch 179, Antonia Mondorf 1,
Sarah Fischer 2, Thomas Lutz 2, Philipp Stoffers !, Eva Herrmann 3, Thierry Poynard ?,

Stefan Zeuzem !, Georg Dultz ! and Ulrike Mihm !

1 Department of Internal Medicine, University Hospital Frankfurt, 60596 Frankfurt, Germany;

tmwelzel@web.de (T.W.); bogdanou@endomedica.gr (D.B.); jvermehren@gmx.de (J.V.);
anita.beckel@kgu.de (A.B.); Joerg.Bojunga@kgu.de (J.B.); mireen.friedrich-rust@kgu.de (M.E-R.);
julia.dietz@kgu.de (J.D.); alica.kubesch@kgu.de (A.K.); antonia.mondorf@kgu.de (A.M.);
philipp.stoffers@kgu.de (P.S.); stefan.zeuzem@kgu.de (S.Z.); Georg.Dultz@kgu.de (G.D.);
ulrike. mihm@kgu.de (U.M.)

Infektiologikum, Center for Infectious Diseases, 60596 Frankfurt, Germany;
fischer@infektiologikum.de (5.EF); lutz@infektiologikum.de (T.L.)

Institute of Biostatistics and Mathematical Modeling, Goethe University Frankfurt,
60596 Frankfurt, Germany; herrmann@med.uni-frankfurt.de

BioPredictive, 75007 Paris, France; thierry@poynard.com

*  Correspondence: christiana.graf@kgu.de; Tel.: +49-69-6301-5122; Fax: +49-69-6301-83112

check for
Received: 13 July 2020; Accepted: 14 August 2020; Published: 21 August 2020 updates

Abstract: Background: Chronic hepatitis C virus (HCV) infections are causally linked with metabolic
comorbidities such as insulin resistance, hepatic steatosis, and dyslipidemia. However, the clinical
impact of HCV eradication achieved by direct-acting antivirals (DAAs) on glucose and lipid
homeostasis is still controversial. The study aimed to prospectively investigate whether antiviral
therapy of HCV with DAAs alters glucose and lipid parameters. Methods: 50 patients with chronic
HCV who were treated with DA As were screened, and 49 were enrolled in the study. Biochemical
and virological data, as well as noninvasive liver fibrosis parameters, were prospectively collected at
baseline, at the end of treatment (EOT) and 12 and 24 weeks post-treatment. Results: 45 of 46 patients
achieved sustained virologic response (SVR). The prevalence of insulin resistance (HOMA-IR) after
HCV clearance was significantly lower, compared to baseline (5.3 + 6.1 to 2.5 + 1.9, p < 0.001), which
is primarily attributable to a significant decrease of fasting insulin levels (18.9 + 17.3 to 11.7 £ 8.7;
p =0.002). In contrast to that, HCV eradication resulted in a significant increase in cholesterol levels
(total cholesterol, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein (HDL-C)
levels) and Controlled Attenuated Score (CAP), although BMI did not significantly change over time
(p = 0.95). Moreover, HOMA-IR correlated significantly with noninvasive liver fibrosis measurements
at baseline und during follow-up (TE: r = 0.45; p = 0.003, pSWE: r = 0.35; p = 0.02, APRI: r = 0.44;
p = 0.003, FIB-4: v = 0.41; p < 0.001). Conclusion: Viral eradication following DAA therapy may have
beneficial effects on glucose homeostasis, whereas lipid profile seems to be worsened.

Keywords: hepatitis C virus; hepatic fibrosis; insulin resistance; direct-acting antivirals

1. Introduction

Hepeatitis C Virus (HCV) infection is a global public health burden, affecting approximately 71
million persons worldwide [1]. Chronic HCV (CHC) causes a chronic state of inflammation, thus
increasing the risk for severe consequences such as end-stage liver disease, hepatocellular carcinoma,
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and liver-related mortality [2]. Beyond that, there is emerging evidence that CHC is causally linked to
cardiometabolic risk factors such as insulin resistance (IR), hepatic steatosis, and hyperlipidemia [3-5].
Accordingly, patients with CHC are more likely to develop type 2 diabetes mellitus (T2DM), as
compared to the general population or to patients with chronic viral hepatitis, other than HCV [6-9].
Although the precise molecular mechanisms are not fully understood, there is considerable evidence
for several interactions between HCV and the insulin signaling pathway. Oxidative stress and
upregulation of proinflammatory cytokines have been identified as key mechanisms in the pathogenesis
of HCV-mediated IR [10,11].

The reduction of IR and T2DM during and after HCV eradication has been extensively examined
within the literature, but the results are still conflicting. Several studies reported that SVR induced
by interferon (IFN)-based or direct-acting antiviral (DAA) therapies has beneficial effects on the
glycometabolic control [12-15]. However, a statistically significant effect could not always be detected,
and there is still a lack of prospective long-term studies which confirm a maintaining effect of SVR on
IR over time [16-18].

Beyond that, HCV alters lipid pathways in order to enhance its replication. Components of VLDL
are especially involved in the process of HCV assembly and secretion [3]. Higher SVR rates have been
reported by combining statins with IFN-based therapy, which further confirms the pathophysiological
relevance of lipids in the HCV replication cycle [19-21]. However, changes in lipid parameters during
and after the IFN-free DAA regimen have not been adequately assessed.

The aim of the present study was to prospectively evaluate the impact of HCV clearance following
direct-acting antiviral agent (DAA) treatment on glucose and lipid homeostasis.

2. Material and Methods

2.1. Patients

All patients aged 18 and over with CHC who were referred to the outpatient clinic of the
Department of Gastroenterology and Hepatology of the University of Frankfurt for antiviral treatment
with DAA, from August 2018 to April 2019, were considered for enrollment in the study. Positive HCV
RNA in plasma for at least six months proved the diagnosis of CHC.

Criteria of exclusion were co-infection with human immunodeficiency virus and other viral
hepatitis, decompensated cirrhosis (Child > B), and significant alcohol consumption (>20 g/d in women
and >30 g/d in men). DA A-therapy was administered according to the European Association for the
Study of the Liver guidelines for HCV treatment 2018 and 2019 [22]. Patient demographics, including
age at inclusion, gender, ethnicity, and previous history of antiviral treatment, were recorded at baseline.
BMI was assessed at baseline and throughout follow-up.

The study and its protocol were approved by the local ethics committee of Frankfurt University
Hospital, in accordance with the Declaration of Helsinki (ethics committee reference number: 392/17).
Patients provided written informed consent prior to study participation.

2.2. Serum Biomarkers

At baseline and at each follow-up visit, a biochemical dataset including liver and renal function
tests, virological values, and biochemical parameters for calculating FibroTest (FT), Fibrosis 4 (FIB-4),
and aspartate-aminotransferase-to-platelet ratio index (APRI) was assessed.

Beyond that, fasting samples were prospectively collected for measurements of lipids (serum total
cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides) and
diabetic values (HbAlc, serum fasting glucose (FG), and serum insulin).

Subjects with HOMA-IR levels >3 were defined as IR, as previously described [23]. HOMA-IR
was calculated according to the homeostatic assessment model: fasting glucose (mmol/L) X fasting
glucose (mmol/L)/22.5.
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FibroTest is a patented fibrosis marker which was developed by BioPredictive (Paris, France).
It was calculated by using a combination of six biomarkers [24]. FIB-4 and APRI were calculated as
previously described [25,26]. The thresholds used for each fibrosis marker to discriminate significant
fibrosis and cirrhosis were those reported in the original publications [24-26].

2.3. Liver Stiffness Measurement

Liver stiffness was performed by ARFI imaging and Transient Elastography (TE) for each patient,
under fasting conditions. Details of the examination procedure and technical principles of both
methods have been described elsewhere [27]. The examinations were performed in the right lobe of
the liver during real-time B-mode imaging.

Ten successful measurements were obtained in each patient. The median value was taken as
representative. Test results for ARFI and TE were expressed in meters per seconds (m/s) and in kPa,
respectively. The thresholds used for diagnosing significant fibrosis and cirrhosis were those described
previously in the literature: 1.37 and 1.75 kPa for ARFI imaging, and 7.2 and 11.0 kPa for TE [27,28].

2.4. Statistical Analysis

Data were expressed as mean + standard deviation, if normally distributed, and as median and
interquartile-range (IQR), if not normally distributed. Associations between categorial variables were
tested by Spearman’s correlation coefficients and their associated probability. Comparisons between
groups were assessed by using the Mann-Whitney U-test. Friedman’s test was carried out to detect
longitudinal differences of metabolic parameters and noninvasive fibrosis assessments during 24 weeks
of follow-up.

A p value of less than 0.05 was judged to be statistically significant. All analyzes were performed
by using IBM SPSS 26.0 statistical software package (SPSS/IBM, Munich, Germany).

3. Results

A total of 49 patients were enrolled. Three patients discontinued the study prematurely. A total of
46 consecutive patients (47.8% male; mean age 51.7 + 14.7; age range: 23-82) continued at least until
the end of treatment, and the metabolic effects of HCV eradication could be investigated. A summary
of baseline patient demographics, biochemical, and metabolic features is listed in Table 1.

HCV genotypes were distributed as follows: 36.9% genotype la (17/46), 28.2% genotype
1b (13/46), 21.8% genotype 2 (10/46), 2.2% genotype 3 (1/46), and 10.9% genotypes 4-6 (5/46).
Antiviral regimens for treatment of HCV infection were velpatasvir/sofosbuvir, with (1/46)
or without ribavirin (5/46), glecaprevir/pibrentasvir (36/46), elbasvir/grazoprevir (3/46), and
sofosbuvir/velpatasvir/voxilaprevir (1/46).

Out of 46 patients, 13 (28.2%) were cirrhotic (all Child Pugh A), 2 (4.3%) had advanced fibrosis
(F3), 10 (21.7%) had moderate fibrosis (F2), and 21 (45.8%) had no significant fibrosis (FO-1).

BMI was 25.4 + 4.2, reflecting a study population in the upper range of normal weight. Atbaseline,
mean fasting plasma glucose (FG) levels were in the prediabetes range (105.0 + 37.7). Mean fasting
plasma insulin was 21.7 + 27.9 (HOMA-IR: 6.0 + 9.1). IR, defined by HOMA-IR > 3, was present in 25
patients (54.3%). Twenty-one patients (45.6%) had normal HOMA-IR values (<3). Patients with IR were
significantly older (p = 0.03) and had significantly higher transaminases (AST: p = 0.02; ALT: p = 0.05),
lipid parameters (total cholesterin: p = 0.01, LDL: p = 0.01; triglycerides: p = 0.02) and noninvasive
liver fibrosis values (TE: p = 0.008; pSWE: p = 0.02; APRI: p = 0.01; FIB-4: p = 0.004; FT: p = 0.007).
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Table 1. Baseline patient characteristics.

Characteristics Patients (n = 46)
Patient age (years), mean + SD 51.7 + 14.1
Male gender, 1 (%) 22 (47.8%)
Caucasian ethnicity, 1 (%) 32 (69.0%)
BMI (kg/m?), mean + SD 25.4 + 4.2
HCV genotype 1a/1b/2/3/4-6, n (%) 17 (36.9)/13 (28.2)/10 (21.7)/1 (3)/5 (10.8)
Median baseline HCV RNA (logyo, IU/mL) 6.06
Previous antiviral therapy, 1 (%) 6 (13.0)
Metabolic Comorbidity, 1 (%)
Hyperlipidemia 5 (8.6%)
Hypertension 13 (28.3%)
Diabetes mellitus 5 (10.9%)
Compensated cirrhosis, 1 (%) 12 (26.1%)
Child Class A/B, n (%) * 12(26.1)/0(0)
MELD score, mean + SD * 9.7+4.0
Total bilirubin (mg/dL), mean + SD 054 +£0.3
Serum albumin (g/dL), mean + SD 44+04
AST (IU/L), mean + SD 57.6 = 39.6
ALT (IU/L), mean + SD 739 +£53.3
GGT (IU/L), mean + SD 79.1 £ 68.9
Total cholesterol (mg/dL), mean + SD 158.1 +42.4
LDL cholesterol (mg/dL), mean + SD 94.8 +34.7
HDL cholesterol (mg/dL), mean + SD 49.8 £12.7
Triglycerides (mg/dL), mean + SD 112.7 £ 73.6
HbA1lc (%), mean + SD 54+ 0.5
Fasting glucose (mg/dL), mean + SD 105.0 + 37.7
Insulin (WIU/mL), mean + SD 189 +£17.3
HOMA-IR, mean + SD 53+6.1

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma glutamyl
transpeptidase; HCV, hepatitis C virus; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MELD, model
for end-stage liver disease. * Patients with cirrhosis.

IR was significantly more common in patients with cirrhosis than in related controls (58.6% vs.
41.3%; p = 0.02). At baseline and at single follow-ups there was a statistically significant positive
correlation of HOMA-IR levels with noninvasive fibrosis assessments (baseline: TE: Spearman’s
rho = 0.46; p = 0.003, pSWE: r = 0.35; p = 0.02, APRI: » = 0.41; p = 0.005, FIB-4: r = 0.44; p = 0.003;
FT:r = 0.5; p < 0.001; Table S1) and liver parameters (baseline: AST: r = 0.4; p = 0.006, ALT: r = 0.31;
p = 0.04, GGT: r = 0.55, p < 0.001; Table S1). Significant inverse correlations could be detected between
HOMA-IR and lipid parameters (baseline total cholesterin: r = —0.36, p = 0.02; LDL: r = —0.43, p = 0.003).
Mean total and LDL cholesterol were 158.1 + 42.4 and 94.8 + 34.7, respectively, indicating average
values below the normal range. Mean HDL and triglyceride levels at baseline were 49.8 + 12.7 and
112.7 + 73.6, respectively.

Longitudinal Study

Forty-six patients continued a full course of treatment (EOT). After that, two patients were lost
before week 12 of follow-up, and three patients before week 24 of follow-up. SVR was detected in 43
patients. One patient experienced a relapse at 12 weeks of post-DAA treatment.

Changes in liver parameters, HCV RNA, and liver fibrosis parameters relative to baseline are
presented in Table 2.
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Table 2. Liver parameters, HCV RNA, and liver stiffness during follow-up.

Variable Baseline EOT FU12 FU24 "
(n = 46) (n = 46) (n=44) (n=41) p
AST (IU/L), mean + SD 57.6 +39.6 28.6 +15.8 27.6 +12.1 274 +14.0 <0.001
ALT (IU/L), mean + SD 739 £ 53.3 234 +13.8 23.9 +£20.9 242 +17.9 <0.001
GGT (IU/L), mean + SD 79.1 + 68.9 175.5 + 32.8 28.0 +30.9 29.0 +29.6 <0.001
Total bilirubin (IU/L), 05+03 0.6+ 0.4 0503 0.6 +0.4 0.14
mean + SD
Serum albumin (g/dL), 44+04 44+04 45+03 46+03 0.09
mean + SD
Median HCV RNA 6.1 Undetectable  Undetectable  Undetectable <0.001
(log1o, IU/mL)

Median TE (kPa) 7.7 5.8 53 5.4 0.01
Median ARFI (m/s) 14 14 1.1 1.1 <0.001
Median APRI score 0.6 0.3 0.3 0.3 <0.001
Median FIB-4 score 15 1.1 1.2 1.1 0.11

Median FT score 14 0.5 0.7 0.3 <0.001

Median CAP (dB/M) 240.0 240.5 248.2 250.0 0.03

AST, aspartate aminotransaminase; ALT, alanine aminotransaminase; BMI, body mass index; CAP, Controlled
Attenuated Score; FT, FibroTest; GGT, gamma-glutamyl transpeptidase; SD, standard deviation. p *, Friedman Test
for comparison of baseline with FU24, n = 41.

As expected, transaminase levels significantly reduced after viral clearance by DAA. Regarding
noninvasive liver fibrosis assessments, we found decreases in TE (p = 0.01), pSWE (p < 0.001), APRI
(p <0.001), FIB-4 (p = 0.12) and FibroTest values (p < 0.001; Table 2). Conversely, a significant increase in
CAP values (p = 0.03; Table 2) was observed at the end of follow-up relative to baseline. Table 3 shows
metabolic parameters at baseline and at each follow-up visit. FG and HbAlc did not significantly
change over time, although they tended to decrease from baseline to FU24 (FG: p = 0.11; HbAlc:
p = 0.82; Figure 1A,B). However, a significant reduction over time could be detected in basal insulin
levels and HOMA-IR (insulin: 18.9 + 17.3 to 11.7 + 8.7; p = 0.002; HOMA-IR: 5.3 + 6.1 to 2.5 + 1.9,
p < 0.001; Table 3; Figure 1C,D). Accordingly, the proportion of patients with IR was significantly lower
at et end of follow-up, compared to baseline: 24 weeks after EOT, nine patients (19.6%) were IR vs. 25
patients (54.3%) at baseline (p < 0.001). These changes in insulin sensitivity could be detected, although
BMI did not significantly decrease over time (25.4 + 4.2 to 26.3 + 5.6; p = 0.95; Figure 1E).

Table 3. Changes in metabolic parameters during and after DAA therapy.

Baseline 12W 24W 48W

- *
Variable (n = 46) (n = 46) (n = 44) (n = 41) P
Fasting glucose (mg/dL); mean + SD 105.0 £37.7 105+ 37.7 945 +23.8 93.1+175 0.11
HbA1lc (%); mean + SD 54+05 54+0.6 5.6 + 0.6 55+ 0.6 0.82
Insulin (WIU/mL); mean + SD 189 +£17.3 16.5 + 18.5 122 +£11.3 11.7 £ 8.7 0.001
HOMA-IR; mean + SD 53+6.1 3.9+50 3.9+50 25+19 0.001
BMI (kg/mz); mean + SD 254 +42 25.1+5.6 251 +4.1 263 +5.6 0.95

HDL cholesterol (mg/dL); mean + SD 49.8 +12.7 494 +11.1 525+13.1 53.8+12.4 0.002

LDL cholesterol (mg/dL); mean + SD 948 +£342 111.8+33.7 116.5+37.1 1205+39.8 <0.001

Total cholesterol (mg/dL); mean + SD 158 +42.4 1755 +£328 176.7+433 182.6+37.7 <0.001
Triglycerides (mg/dL); mean + SD 1127 +£73.6 1043 +472 103.6+50.3 101.3 +45.1 0.83

AST, aspartate aminotransaminase; ALT, alanine aminotransaminase; BMI, body mass index; GGT, gamma-glutamyl
transpeptidase; SD, standard deviation; p *, Friedman Test for comparison of baseline with FU24, n = 41.
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Figure 1. Changes in metabolic parameters over time, during and after DAA therapy. (A) Fasting
glucose (FG), (B) HbAlc, (C) insulin, (D) HOMA-IR, and (E) BMI. The top and bottom of the boxes are
the first and third quartiles, respectively. The middle line through the middle of each box represents the
median. X represents mild outliers which lie between 1.5 and 3.0 times the IQR. * represents extreme
outliers which lie more than 3.0 times the IQR. Abbreviations: BMI, body mass index; FG, fasting
glucose; HOMA-IR, homeostasis model of insulin resistance.

Moreover, HCV eradication following DAA treatment affected the lipid profile. Serum HDL, LDL,
and total cholesterol significantly increased at the end of follow-up (p = 0.002; p < 0.001; p < 0.001;
Table 3; Figure 2A-C). However, we did not observe an increase in triglycerides, which were even
slightly lower at the end of follow-up, compared to baseline (p = 0.83, Figure 2D).



J. Clin. Med. 2020, 9, 2702 7of 11

p =0.002 p <0.001

®
3

.000

1+ = 7 ¢

HDL-cholesterin during follow-up (mg/dl)
8 3
LDL-cholesterin during follow-up (mg/dl)
3

Baseline EOT FU12 FU24 Baseline EOT FU12 FU24
C p<0.001 D p=Ns

350 1.000

= 300

3 =

g 250 % =}

Y E

S

? 200 o

3 :

8 2

o 150 2

€ g 100

° 3

£ 3

% 100 5% §

2 x s

S

s £

s 2

° -

e
50 10

Baseline EOT FU12 FU24 Baseline EOT FU12 FUu24

Figure 2. Changes in lipid parameters over time, during and after DAA therapy. (A) HDL-cholesterin,
(B) LDL-cholesterin, (C) total cholesterin, and (D) triglycerides. The top and bottom of the boxes are
the first and third quartiles, respectively. The middle line through the middle of each box represents the
median. X represents mild outliers which lie between 1.5 and 3.0 times the IQR. * represents extreme
outliers which lie more than 3.0 times the IQR. Abbreviations: EOT, end of treatment; FU12, 12 weeks;
IQR, interquartile range.

The top and bottom of each box represent the first and third quartiles, respectively. The middle
line represents the median. Abbreviations: EOT, end of treatment; FU12, 12 weeks.

4. Discussion

The association between chronic HCV infection and metabolic disease, involving IR, hepatic
steatosis, and altered lipid homeostasis, has been extensively examined in the literature. However,
there has still been insufficient evaluation of metabolic effects of interferon-free DAA treatment during
therapy and after SVR.

The novelty of our study lies in a prospective comprehensive analysis of metabolic findings,
several noninvasive liver fibrosis parameters, and the CAP score, a measure of steatosis, in individuals
undergoing interferon-free DAA treatment.

In our study, based on a well-characterized cohort of patients with chronic HCV infection, SVR
was found to be associated with a significant improvement in HOMA-IR, thus supporting theories of a
direct pathophysiologic mechanism between T2DM and chronic HCV. Interestingly, a highly significant
decrease in insulin levels primarily contributed to this reduction of HOMA-IR, whereas FG levels did
not significantly change over time. As previously shown, IR in chronic HCV mainly results from an
increased peripheral resistance to insulin activity which is triggered by proinflammatory cytokines and
chronic hepatic inflammation [29,30]. Consequently, an improvement of hepatic inflammation during
and after HCV eradication probably contributes to the reduction of insulin levels and consecutively
of IR.
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Of course, there are also other factors, besides viral infection, which have to be taken into
consideration when interpreting these results. An improvement in health perception and physical
self-awareness during HCV treatment, for example, may have a positive effect on a more active
lifestyle. However, we did not detect a significant weight reduction in our cohort, which strengthens
the suggestion that chronic HCV might be an independent risk factor for the development of IR [12,31].

T2DM has been proposed to promote the progression of hepatic inflammation and fibrosis in
HCV-infected patients. Several studies have reported a significant association between T2DM and the
incidence of liver fibrosis and cirrhosis in patients with CHC [32-34]. However, there are also negative
study results regarding this issue, and the association of glycemic control and liver fibrosis has not been
sufficiently examined until now [35,36]. In our study, IR was significantly more common in patients
with cirrhosis, compared to related controls. Beyond that, a significantly positive correlation could be
detected between IR and several noninvasive liver fibrosis parameters at baseline, during therapy, and
after HCV eradication, which might propose a pathophysiological association between T2DM and
hepatic fibrosis. However, care should be taken when interpreting these results, as biochemical response
to HCV therapy may influence not only serum biomarkers but also liver stiffness measurements.
Moreover, the rapid decline of all noninvasive fibrosis markers at an early time point (six months
post-EOT) after therapy suggests that the results rather reflect the regression of necroinflammation
and liver edema than the reversal of fibrosis. Accordingly, the overall correlation between IR and
noninvasive fibrosis parameters at baseline and during follow-up might reflect the complex interaction
between inflammatory cytokines, IR, and hepatic steatosis which promotes the progression of fibrosis
during chronic HCV and which is resolved by antiviral therapy.

Beyond exploring the effects of HCV eradication on glycemic control, we also evaluated the lipid
profile. In our study, we observed a significant increase in total, HDL, and LDL cholesterol during
and after antiviral therapy. HCV is known to hijack lipid metabolic pathways for virion maturation
and secretion. Very low density lipoproteins (VLDL) are essential for viral assembly and envelope
acquisition, building complexes with circulating HCV, termed lipoviral particles, which contain host
apolipoproteins (APOs) such as APOB, APOE, and APOC3 [3]. The formation of those lipoviral
particles is thought to enable HCV to enter hepatocytes by binding LDL-receptors [37]. Accordingly,
chronic HCV is associated with altered lipid metabolism in terms of enhanced lipogenesis and reduced
secretion of lipoproteins, leading to lower concentrations of total cholesterol, HDL, and LDL. The rapid
increase of lipid levels during and after HCV clearance likely reflects the reversal of lipid metabolism
perturbation by inhibiting HCV replication.

Interestingly, a significant increase over time could also be observed for CAP, a measure of liver
steatosis. This finding was obviously independent of weight gain, since no significant change in BMI
could be detected over time. The increase of liver steatosis and lipid levels and lipid levels resulting
from HCV eradication might suggest a direct causal relationship that needs to be further studied.

Our study has some limitations. It is limited to a relatively short-term follow-up. Therefore,
further studies are required to investigate whether these observations are maintained over a more
extended follow-up period. Beyond that, a possible confounder when analyzing and interpreting our
results could be the heterogeneity of our study population, which consists of different viral genotypes
and different stages of liver fibrosis. Patients suffering from advanced stages of cirrhosis are especially
lacking in the present study.

5. Conclusions

In conclusion, our results suggest a significant and continuous reduction of liver stiffness by
noninvasive fibrosis measurements after DAA-induced SVR. The decline during and after therapy
to FU 12 rather reflects the reduction in necroinflammation activity than fibrosis regression during
this short period of follow-up. Moreover, our data demonstrate that HCV eradication following DAA
treatment leads to a progressive reduction of insulin resistance. Insulin resistance was significantly
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positively correlated with noninvasive fibrosis assessments throughout follow-up, implicating a
pathophysiological link which might be relevant for the progression of fibrosis during chronic HCV.

Moreover, our results show a dynamic change of serum lipid parameters with a significant increase
in lipid parameters and CAP values from baseline to follow-up. The impact of these findings on
patients” health should be investigated.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/9/2702/s1.
Table S1: Correlation of HOMA-IR with noninvasive liver fibrosis assessments and liver parameters, at different
time points, during and after antiviral treatment.

Author Contributions: Conceptualization, C.G., TW., D.B., and U.M.; methodology, J.V., C.G., A.B., ].B., and
M.F.-R,, PS,; software, G.D., ].D., T.P, and S.F,, formal analysis, C.G., E.H., and U.M,; data curation, AK,, J.D,,
AB,SE,TL., and S.Z; first draft of the manuscript was written by C.G. and U.M.; with input from J.B.,, M.F.-R,,
G.D., and E.H.; the manuscript was revised by C.G., UM, and E.H., with input from S.Z., D.B., TM.W,, and ].D;
visualization, C.G., G.D., AM., and A K,; supervision, TW., G.D., and U.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO. The Global Burden of Viral Hepatitis: Better Estimates to Guide Hepatitis Elimination Efforts.
Available online: http://www.who.int/mediacentre/commentaries/better-estimates-hepatitis/en/ (accessed on
20 April 2020).

2. El-Serag, H.B. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology 2012, 142,
1264-1273.el. [CrossRef] [PubMed]

3. Meissner, E.G.; Lee, Y.-J.; Osinusi, A.; Sims, Z.; Qin, J.; Sturdevant, D.; McHutchison, J.; Subramanian, M.;
Sampson, M.; Naggie, S.; et al. Effect of sofosbuvir and ribavirin treatment on peripheral and hepatic
lipid metabolism in chronic hepatitis C virus, genotype 1-infected patients. Hepatology 2015, 61, 790-801.
[CrossRef] [PubMed]

4. Allison, M.E.; Wreghitt, T.; Palmer, C.R.; Alexander, G.J. Evidence for a link between hepatitis C virus
infection and diabetes mellitus in a cirrhotic population. J. Hepatol. 1994, 21, 1135-1139. [CrossRef]

5. Mehta, S.H.,; Brancati, FL.; Sulkowski, M.S.; Strathdee, S.A.; Szklo, M.; Thomas, D.L. Prevalence of type 2
diabetes mellitus among persons with hepatitis C virus infection in the United States. Ann. Intern. Med.
2000, 133, 592-599. [CrossRef] [PubMed]

6. Mason, A.L; Lau, ].Y.; Hoang, N.; Qian, K.; Alexander, G.J.; Xu, L.; Guo, L.; Jacob, S.; Regenstein, F.G.;
Zimmerman, R.; et al. Association of diabetes mellitus and chronic hepatitis C virus infection. Hepatology
1999, 29, 328-333. [CrossRef]

7. Imazeki, F.; Yokosuka, O.; Fukai, K.; Kanda, T.; Kojima, H.; Saisho, H. Prevalence of diabetes mellitus and
insulin resistance in patients with chronic hepatitis C: Comparison with hepatitis B virus-infected and
hepatitis C virus-cleared patients. Liver Int. 2008, 28, 355-362. [CrossRef]

8. Soverini, V.; Persico, M.; Bugianesi, E.; Forlani, G.; Salomone, F.; Masarone, M.; La Mura, V.; Mazzotti, A.;
Bruno, A.; Marchesini, G. HBV and HCV infection in type 2 diabetes mellitus: A survey in three diabetes
units in different Italian areas. Acta Diabetol. 2011, 48, 337-343. [CrossRef]

9.  White, D.L.; Ratziu, V.; El-Serag, H.B. Hepatitis C infection and risk of diabetes: A systematic review and
meta-analysis. ]. Hepatol. 2008, 49, 831-844. [CrossRef]

10.  Sheikh, M.Y,; Choi, J.; Qadri, I.; Friedman, J.E.; Sanyal, A.J. Hepatitis C virus infection: Molecular pathways
to metabolic syndrome. Hepatology 2008, 47, 2127-2133. [CrossRef]

11. Kawaguchi, T.; Yoshida, T.; Harada, M.; Hisamoto, T.; Nagao, Y.; Ide, T.; Taniguchi, E.; Kumemura, H.;
Hanada, S.; Maeyama, M.; et al. Hepatitis C virus down-regulates insulin receptor substrates 1 and 2 through
up-regulation of suppressor of cytokine signaling 3. Am. J. Pathol. 2004, 165, 1499-1508. [CrossRef]

12.  Russo, FP; Zanetto, A.; Gambato, M.; Bortoluzzi, I.; Al Zoairy, R.; Franceschet, E.; De Marchi, F.; Marzi, L.;
Lynch, E.N.; Floreani, A.; et al. Hepatitis C virus eradication with direct-acting antiviral improves insulin
resistance. J. Viral Hepat. 2019, 27, 188-194. [CrossRef] [PubMed]


http://www.mdpi.com/2077-0383/9/9/2702/s1
http://www.who.int/mediacentre/commentaries/better-estimates-hepatitis/en/
http://dx.doi.org/10.1053/j.gastro.2011.12.061
http://www.ncbi.nlm.nih.gov/pubmed/22537432
http://dx.doi.org/10.1002/hep.27424
http://www.ncbi.nlm.nih.gov/pubmed/25203718
http://dx.doi.org/10.1016/S0168-8278(05)80631-2
http://dx.doi.org/10.7326/0003-4819-133-8-200010170-00009
http://www.ncbi.nlm.nih.gov/pubmed/11033586
http://dx.doi.org/10.1002/hep.510290235
http://dx.doi.org/10.1111/j.1478-3231.2007.01630.x
http://dx.doi.org/10.1007/s00592-011-0293-x
http://dx.doi.org/10.1016/j.jhep.2008.08.006
http://dx.doi.org/10.1002/hep.22269
http://dx.doi.org/10.1016/S0002-9440(10)63408-6
http://dx.doi.org/10.1111/jvh.13215
http://www.ncbi.nlm.nih.gov/pubmed/31596996

J. Clin. Med. 2020, 9, 2702 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Li, J.; Zhang, T.; Gordon, S.C.; Rupp, L.B.; Trudeau, S.; Holmberg, S.D.; Moorman, A.C.; Spradling, P.R.;
Teshale, E.H.; Boscarino, ]J.A ; et al. Impact of sustained virologic response on risk of type 2 diabetes among
hepatitis C patients in the United States. J. Viral Hepat. 2018, 25, 952-958. [CrossRef] [PubMed]

Salomone, F.; Catania, M.; Montineri, A.; Bertino, G.; Godos, ].; Rizzo, L.; Magri, G.; Volti, G.L. Hepatitis
C virus eradication by direct antiviral agents improves glucose tolerance and reduces post-load insulin
resistance in nondiabetic patients with genotype 1. Liver Int. 2018, 38, 1206-1211. [CrossRef] [PubMed]
Viral Clearance Is Associated With Improved Insulin Resistance in Genotype 1 Chronic Hepatitis C but Not
Genotype 2/3. 2012. Available online: https://pubmed.ncbi.nlm.nih.gov/21873466/?from_single_result=10.
1136%2Fgut.2010.236158 (accessed on 1 June 2020).

Stine, J.G.; Wynter, J.A.; Niccum, B.; Kelly, V.; Caldwell, S.H.; Shah, N.L. Effect of treatment with direct acting
antiviral on glycemic control in patients with diabetes mellitus and chronic hepatitis C. Ann. Hepatol. 2017,
16, 215-220. [CrossRef]

Chaudhury, C.S.; Sheehan, J.; Chairez, C.; Akoth, E.; Gross, C.; Silk, R.; Kattakuzhy, S.; Rosenthal, E.;
Kaoittilil, S.; Masur, H.; et al. no improvement in hemoglobin Alc following hepatitis C viral clearance in
patients with and without HIV. |. Infect. Dis. 2017, 217, 47-50. [CrossRef]

Hepatitis C Direct Acting Antivirals and Ribavirin Modify Lipid but Not Glucose Parameters. Available
online: https://pubmed.ncbi.nlm.nih.gov/30884773/ (accessed on 1 June 2020).

Rao, G.A.; Pandya, PK. Statin therapy improves sustained virologic response among diabetic patients with
chronic hepatitis C. Gastroenterology 2011, 140, 144-152. [CrossRef]

Atsukawa, M.; Tsubota, A.; Kondo, C.; Itokawa, N.; Narahara, Y.; Nakatsuka, K.; Hashimoto, S.; Fukuda, T.;
Matsushita, Y.; Kidokoro, H.; et al. Combination of fluvastatin with pegylated interferon/ribavirin therapy
reduces viral relapse in chronic hepatitis C infected with HCV genotype 1b. ]. Gastroenterol. Hepatol. 2012, 28,
51-56. [CrossRef]

Harrison, S.A.; Rossaro, L.; Hu, K.-Q.; Patel, K.; Tillmann, H.; Dhaliwal, S.; Torres, D.M.; Koury, K.; Goteti, V.S.;
Noviello, S.; et al. Serum cholesterol and statin use predict virological response to peginterferon and ribavirin
therapy. Hepatology 2010, 52, 864-874. [CrossRef]

Pawlotsky, ].M.; Negro, E; Aghemo, A.; Berenguer, M.; Dalgard, O.; Dusheiko, G.; Marra, F,; Puoti, M.;
Wedemeyer, H. European Association for the Study of the Liver (EASL) recommendations on treatment of
hepatitis C 2018. J. Hepatol. 2018, 69, 461-511. [CrossRef]

Moucari, R.; Asselah, T, Cazals-Hatem, D.; Voitot, H.; Boyer, N.; Ripault, M., Sobesky, R.;
Martinot-Peignoux, M.; Maylin, S.; Nicolas-Chanoine, M.; et al. Insulin resistance in chronic hepatitis
C: Association with genotypes 1 and 4, serum HCV RNA level, and liver fibrosis. Gastroenterology 2008, 134,
416-423. [CrossRef]

Imbert-Bismut, F.; Ratziu, V.; Piéroni, L.; Charlotte, F.; Benhamou, Y.; Poynard, T. Biochemical markers of
liver fibrosis in patients with hepatitis C virus infection: A prospective study. Lancet 2001, 357, 1069-1075.
[CrossRef]

Wai, C.; Marrero, J.A.; Conjeevaram, H.S.; Lok, A.S.; Greenson, ].K.; Fontana, R.J.; Kalbfleisch, ].D. A simple
noninvasive index can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C.
Hepatology 2003, 38, 518-526. [CrossRef] [PubMed]

Sterling, R K,; Lissen, E.; Clumeck, N.; Sola, R.; Correa, M.C.; Montaner, J.; Sulkowski, M.S.; Torriani, FJ.;
Dieterich, D.T.; Thomas, D.L.; et al. Development of a simple noninvasive index to predict significant fibrosis
in patients with HIV/HCV coinfection. Hepatology 2006, 43, 1317-1325. [CrossRef] [PubMed]
Friedrich-Rust, M.; Wunder, K.; Kriener, S.; Sotoudeh, F.; Richter, S.; Bojunga, J.; Herrmann, E.; Poynard, T.;
Dietrich, C.F,; Vermehren, J.; et al. Liver fibrosis in viral hepatitis: Noninvasive assessment with acoustic
radiation force impulse imaging versus transient elastography. Radiology 2009, 252, 595-604. [CrossRef]
[PubMed]

Marcellin, P.; Ziol, M.; Bedossa, P.; Douvin, C.; Poupon, R.; De Ledinghen, V.; Beaugrand, M. Non-invasive
assessment of liver fibrosis by stiffness measurement in patients with chronic hepatitis B. Liver Int. 2009, 29,
242-247. [CrossRef] [PubMed]

Knobler, H.; Zhornicky, T.; Sandler, A.; Haran, N.; Ashur, Y.; Schattner, A. Tumor necrosis factor-alpha-induced
insulin resistance may mediate the hepatitis C virus-diabetes association. Am. ]. Gastroenterol. 2003, 98,
2751-2756. [CrossRef]


http://dx.doi.org/10.1111/jvh.12887
http://www.ncbi.nlm.nih.gov/pubmed/29478263
http://dx.doi.org/10.1111/liv.13669
http://www.ncbi.nlm.nih.gov/pubmed/29265719
https://pubmed.ncbi.nlm.nih.gov/21873466/?from_single_result=10.1136%2Fgut.2010.236158
https://pubmed.ncbi.nlm.nih.gov/21873466/?from_single_result=10.1136%2Fgut.2010.236158
http://dx.doi.org/10.5604/16652681.1231581
http://dx.doi.org/10.1093/infdis/jix517
https://pubmed.ncbi.nlm.nih.gov/30884773/
http://dx.doi.org/10.1053/j.gastro.2010.08.055
http://dx.doi.org/10.1111/j.1440-1746.2012.07267.x
http://dx.doi.org/10.1002/hep.23787
http://dx.doi.org/10.1016/j.jhep.2018.03.026
http://dx.doi.org/10.1053/j.gastro.2007.11.010
http://dx.doi.org/10.1016/S0140-6736(00)04258-6
http://dx.doi.org/10.1053/jhep.2003.50346
http://www.ncbi.nlm.nih.gov/pubmed/12883497
http://dx.doi.org/10.1002/hep.21178
http://www.ncbi.nlm.nih.gov/pubmed/16729309
http://dx.doi.org/10.1148/radiol.2523081928
http://www.ncbi.nlm.nih.gov/pubmed/19703889
http://dx.doi.org/10.1111/j.1478-3231.2008.01802.x
http://www.ncbi.nlm.nih.gov/pubmed/18637064
http://dx.doi.org/10.1111/j.1572-0241.2003.08728.x

J. Clin. Med. 2020, 9, 2702 11 0f 11

30.

31.

32.

33.

34.

35.

36.

37.

Knobler, H.; Malnick, S. Hepatitis C and insulin action: An intimate relationship. World J. Hepatol. 2016, 8,
131-138. [CrossRef]

Adinolfi, L.E.; Nevola, R.; Guerrera, B.; Marrone, A.; Giordano, M.; Rinaldi, L.; D"Alterio, G. Hepatitis C
virus clearance by direct-acting antiviral treatments and impact on insulin resistance in chronic hepatitis C
patients. J. Gastroenterol. Hepatol. 2018, 33, 1379-1382. [CrossRef]

Alsatie, M.; Kwo, P.Y.; Gingerich, J.R.; Qi, R.; Eckert, G.; Cummings, O.W.; Imperiale, T.F. A multivariable
model of clinical variables predicts advanced fibrosis in chronic hepatitis C. J. Clin. Gastroenterol. 2007, 41,
416-421. [CrossRef]

Fartoux, L.; Poujol-Robert, A.; Guéchot, J.; Wendum, D.; Poupon, R.; Serfaty, L. Insulin resistance is a cause
of steatosis and fibrosis progression in chronic hepatitis C. Gut 2005, 54, 1003-1008. [CrossRef]

Huang, Y.-W,; Yang, S.-S.; Fu, S.-C.; Wang, T.-C.; Hsu, C.-K.; Chen, P--].; Hu, ].-T.; Kao, J. Increased risk of
cirrhosis and its decompensation in chronic hepatitis C patients with new-onset diabetes: A nationwide
cohort study. Hepatology 2014, 60, 807-814. [CrossRef] [PubMed]

Ghany, M.G.; Kleiner, D.E.; Alter, H.; Doo, E.; Khokar, F; Promrat, K.; Herion, D.; Park, Y.; Liang, T,;
Hoofnagle, ].H. Progression of fibrosis in chronic hepatitis C. Gastroenterology 2003, 124, 97-104. [CrossRef]
[PubMed]

Papatheodoridis, G.; Chrysanthos, N.; Savvas, S.; Sevastianos, V.; Kafiri, G.; Petraki, K.; Manesis, E.K.
Diabetes mellitus in chronic hepatitis B and C: Prevalence and potential association with the extent of liver
fibrosis. J. Viral Hepat. 2006, 13, 303-310. [CrossRef] [PubMed]

Agnello, V,; Abel, G.; Elfahal, M.; Knight, G.B.; Zhang, Q.-X. Hepatitis C virus and other Flaviviridae viruses
enter cells via low density lipoprotein receptor. Proc. Natl. Acad. Sci. USA 1999, 96, 12766-12771. [CrossRef]
[PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4254/wjh.v8.i2.131
http://dx.doi.org/10.1111/jgh.14067
http://dx.doi.org/10.1097/01.mcg.0000225593.93577.64
http://dx.doi.org/10.1136/gut.2004.050302
http://dx.doi.org/10.1002/hep.27212
http://www.ncbi.nlm.nih.gov/pubmed/24919583
http://dx.doi.org/10.1053/gast.2003.50018
http://www.ncbi.nlm.nih.gov/pubmed/12512034
http://dx.doi.org/10.1111/j.1365-2893.2005.00677.x
http://www.ncbi.nlm.nih.gov/pubmed/16637860
http://dx.doi.org/10.1073/pnas.96.22.12766
http://www.ncbi.nlm.nih.gov/pubmed/10535997
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Patients 
	Serum Biomarkers 
	Liver Stiffness Measurement 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

