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Abstract

Background and aims

Hepatitis C virus (HCV) infection is associated with insulin resistance, which may lead to
type 2 diabetes and its complications. Although HCV infects mainly hepatocytes, it may
impair insulin sensitivity at the level of uninfected extrahepatic tissues (muscles and adipose
tissue). The aim of this study was to assess whether an interferon-free, antiviral therapy
may improve HCV-associated hepatic vs. peripheral insulin sensitivity.

Methods

In a single-arm exploratory trial, 17 non-diabetic, lean chronic hepatitis C patients without
significant fibrosis were enrolled, and 12 completed the study. Patients were treated with a
combination of sofosbuvir/ledipasvir and ribavirin for 12 weeks, and were submitted to a 2-
step euglycemic hyperinsulinemic clamp with tracers, together with indirect calorimetry
measurement, to measure insulin sensitivity before and after 6 weeks of antivirals. A panel
of 27 metabolically active cytokines was analyzed at baseline and after therapy-induced
viral suppression.

Results

Clamp analysis performed in 12 patients who achieved complete viral suppression after 6
weeks of therapy showed a significant improvement of the peripheral insulin sensitivity
(13.1% [4.6—-36.7], p = 0.003), whereas no difference was observed neither in the endoge-
nous glucose production, in lipolysis suppression nor in substrate oxidation. A distinct sub-
set of hepatokines, potentially involved in liver-to-periphery crosstalk, was modified by the
antiviral therapy.
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Conclusion

Pharmacological inhibition of HCV improves peripheral (but not hepatic) insulin sensitivity in
non-diabetic, lean individuals with chronic hepatitis C without significant fibrosis.

Introduction

Hepatitis C virus (HCV) infection is a major public health issue worldwide. The World Health
Organization (WHO) has reported that HCV accounts for ~400,000 annual deaths globally,
mostly due to end-stage complications of chronic liver disease, and vowed to eliminate HCV
as a public health threat by the year 2030 [1]. This ambitious goal appears to be within reach
thanks to the advent of potent and safe direct-acting antiviral-based regimens, resulting in a
viral clearance in excess of 95% in most patients’ subgroups [2]. HCV clearance has been
shown to be associated with the improvement of a wide array of clinical outcomes, such as
hepatocarcinogenesis and liver-related mortality [3], but also with the restauration of innate
immune responses [4] and an improved quality of life [5, 6].

An excess HCV-related morbidity and mortality has also been consistently reported to
derive from several extrahepatic disorders, including insulin resistance (IR) and type 2 diabetes
[7-10]. The causal relationship between HCV and glucose metabolic disturbances is supported
by strong clinical and epidemiological evidence. Longitudinal studies have shown an excess of
incident type 2 diabetes in patients with chronic hepatitis C, after adjustment for common risk
factors, including elevated liver enzymes [11-13]. HCV clearance following antiviral therapy
leads to reduced IR [14], reduced incidence of impaired glucose tolerance and type 2 diabetes,
independently of other risk factors [15-17], reduced requirement of antidiabetic drugs in
patients with diabetes [18, 19], reduced incidence of renal and cardiovascular complications
[20-23] and of the associated mortality [24]. Chronic infection with hepatitis C genotype 3 is
characterized by a distinct disease phenotype, including a moderate to severe liver steatosis, an
accelerated liver fibrosis progression rate and an increased risk of hepatocellular carcinoma
[25]. Despite the fact that the risk of diabetes in HCV infected patients is independent of the
genotype [26], the clinical outcome in the genotype 3 is certainly worsen as compared to other
genotypes. The pathogenesis of type 2 diabetes associated with HCV infection proceeds
through IR. Patients with chronic hepatitis C have C-peptide and HOMA-IR levels signifi-
cantly increased compared to individuals with chronic hepatitis B matched for age, sex and
liver disease severity [27]. Since HCV infects primarily hepatocytes, it is intuitive to suggest a
direct interaction between HCV proteins and the insulin signaling cascade inside hepatocytes.
HCV-induced alterations of the insulin-mediated signal transduction have been reported in
experimental models and human livers [28-30]. Nevertheless, recent works on HCV patients
subjected to hyperinsulinemic-euglycemic clamp have suggested an indirect mechanism
involving the presence of a significant extrahepatic component of IR, essentially located in
skeletal muscles [26, 31, 32], implying undefined endocrine mediators secreted by infected
hepatocytes. The missing piece of evidence should come from the reversal of these effects via a
successful antiviral therapy. Treatment with IFNo.-based regimens reduces the whole body IR
[32, 33]. However, IFNa affects the insulin signaling transduction pathway via tyrosine phos-
phorylation of the insulin receptor substrate-1 [34], and may confound the interpretation of
data. The recent approval of IFNa-free regimens [2] allowed us addressing this issue. Given
the high prevalence of HCV infection worldwide, understanding the molecular mechanisms
leading to the development of IR is of major interest and may provide working hypotheses to
unravel the pathogenesis of type 2 diabetes.
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In a single-arm exploratory trial, we evaluated the impact of an IFNa-free therapy on the
level of hepatic vs. extrahepatic insulin sensitivity. The primary outcome of the study was to
determine glucose consumption variation (as measured by euglycemic hyperinsulinemic
clamp) in non-diabetic, lean chronic hepatitis C patients lacking significant fibrosis before and
after complete suppression of viral replication.

Materials and methods
Trial design

The TREND check list as well as the protocol of the trial are available as supplementary infor-
mation (S1 Checklist, SI Protocol). The study was approved by the ethics committee of the
Canton of Geneva and registered with ClinicalTrials.gov under the accession number
NCT02760355. The selection of patients followed at the Gastroenterology and Hepatology
Division of the Geneva University Hospitals started in 2016 and was performed during a rou-
tine consultation. Participants fulfilling all the following inclusion criteria were eligible for the
study: adult Caucasian patient males or non-pregnant or non-lactating females chronically
infected with HCV genotype 3 and 18-65 years at the time of the screening; lack of contraindi-
cations to the class of drugs under study, e.g. known hypersensitivity or allergy to class of
drugs or the investigational products; lack of significant fibrosis or any feature of metabolic
syndrome, two conditions which may impact glucose metabolism. Patients with excessive alco-
hol consumption (>30 g/day in males and >20 g/day in females), coinfection with human
immunodeficiency virus or hepatitis B virus, concomitant medications interacting with the
study drugs, or any significant medical condition potentially interfering with the adherence to
the study procedure were excluded. Written informed consent was obtained from all subjects
before entering the study.

Sample size calculation was based on the primary outcome i.e. an estimated difference in
peripheral insulin sensitivity between two interventions of 10%, with a standard deviation of
6%, and it was determined a sample size of nine volunteers would be sufficient.

Patients fulfilling the inclusion criteria received a fixed-dose combination tablet containing
400 mg of sofosbuvir and 90 mg of ledipasvir once daily plus body weight-based ribavirin (i.e.
1,000 mg if <75 Kg or 1,200 mg if >75 Kg, in two daily doses), delivered either by FN or GG
at the the Clinical Research Unit of Geneva University Hospitals. Although this regimen was
not included in international treatment guidelines for HCV genotype 3, due to limitations that
became evident at later stages, at the time of the trial set-up it seemed the most potent IFNo-
free regimen to treat this particularly resistant viral genotype [35]. Serum HCV RNA levels
were measured using the COBAS Ampliprep/COBAS TagMan 2.0 assay (Roche Molecular
Systems, Pleasanton, CA) with a lower limit of detection <15 IU/mL. Complete on-treatment
virological response was defined as undetectable HCV RNA in serum 6 weeks from treatment
start.

From March 2016 to May 2018, patients were submitted to two investigation visits (see
below for detailed metabolic protocol) before and after six weeks of treatment. After sustained
viral response (SVR), three out of the twelve patients participated to an additional clamp.

The day of each investigation, all data were collected and stored in an individual folder per
patient. In each folder, the following data were collected in a paper Case Report Form: demo-
graphic data, visit dates, concomitant medication, biochemical and viral data (extracted from
the electronic patient record of the Geneva University Hospitals), drug information provided
by the pharmacy, results of the metabolic analyses, and adverse events. The essential docu-
ments according to the ICH GCP guidelines E6(R2) including the Informed consent forms
were stored in the Trial Master File.
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Follow-up

Lost to follow-up (n=1)

Fig 1. Flowchart of the study design.
https://doi.org/10.1371/journal.pone.0217751.9001

Flowchart summarizing the study is depicted in Fig 1.

Metabolic protocol

To assess the relative contribution of hepatic vs. extrahepatic tissues to the whole body insulin
sensitivity, patients were asked to undergo a thorough investigation visit before and after six
weeks of treatment, conducted by GG at the Clinical Research Unit of Geneva University Hos-
pitals. For both visits, patients were admitted to the hospital in the morning, after an overnight
fast (>10h). Body weight, height, waist and hip circumference, blood pressure were measured.
An adipose tissue biopsy was obtained [36].

Insulin sensitivity was assessed by performing a two-step hyperinsulinemic euglycemic
clamp (0.3 mU - kg-1 - min—1 and 1 mU - kg-1 - min-1 for 90 min each) with non-radioactive
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tracers ([6,6]-°H,-glucose and *Hs-glycerol, Cambridge Isotope Laboratories, Innerberg, Swit-
zerland) [37] (S1 Fig). Blood samples were collected at 30 min intervals for the analysis of trac-
ers, non-esterified fatty acids (NEFA), glucose and insulin and every 5 min during the clamp
to control plasma glucose concentration, which was maintained constant at ~5 mmol/L by
infusing a 20% (w/v) glucose solution. Total glucose rate of appearance, endogenous glucose
production rate (EGP) and glycerol rate of appearance (glycerol Ra) were calculated [38].
Respiratory gas exchanges were monitored for the last 30 min of the different steps of the
clamp by open-circuit indirect calorimetry [39]. The instrument was calibrated according to
standard procedures.

Regional soft tissue composition were assessed at the femur (thigh), D12 and L5 level using
low dose unenhanced computed tomography (CT). Edge-detection and threshold techniques
were used to separate tissues (i.e. adipose, muscle and bone) based on attenuation characteris-
tics, which are directly related to tissue composition and density [40, 41]. To measure subcuta-
neous and visceral fat, single (1 cm) CT scan slices were obtained at the level of umbilicus and
at level of the thigh 15 cm from the greater trochanter. CT scans were analyzed using density
contour software (Osirix MD, v.9.0.2, Pixmeo, Switzerland). Adipose tissue was classified
according to a density of -250 to -50 Hounsfield units. Visceral fat area (within the borders of
the fascia transversalis), total thigh area and thigh subcutaneous fat area of the two legs were
measured and the thigh muscle area was calculated as the difference between total thigh area
of both legs and thigh subcutaneous fat area. Change in area was calculated as the difference
between the values obtained before and after 6 weeks of treatment [42].

Laboratory assays

Plasma glucose and NEFA concentrations were determined by a colorimetric method (RX
Monza, Randox Laboratories Ltd, United Kingdom). Plasma insulin was measured by RIA
(EMD Millipore, St. Louis, Missouri, USA). Plasma [6,6-2H2]glucose and *Hs-glycerol con-
centration were measured by gas chromatography-mass spectrometry [43].

Quantification of plasma cytokines

Levels of 27 cytokines and other proteins involved in metabolism or inflammation were mea-
sured in plasma before and after 6 weeks of antiviral treatment, using either a customized
bead-based multiplex (Human magnetic luminex assay, R&D systems) or by commercial
ELISA (S1 Table). Samples and standards were run in duplicate.

RNA extraction and real-time RT-PCR

Total RNA was extracted using the NucleoSpin RNA set for NucleoZOL kit (Macherey-Nagel,
Diiren, Germany). cDNA was synthesized from 500 ng total RNA with Transcriptor Universal
c¢DNA master (Roche Diagnosis, IN). For real-time PCR, the following primers were used:
hormone-sensitive lipase (LIPE, forward ACGGTGGCCGATGCCATGTT and reverse AGCTGC
GTGGGGCTGAGTTT) and adipose triglyceride lipase (ATGL, forward GTGTCAGACGGCGAG
AATG and reverse TGGAGGGAGGGAGGGATG). Relative quantification was performed by real-
time PCR as described [44].

Histology and morphometry

Adipose tissue biopsies were formalin-fixed, paraffin-embedded and processed for H&E stain-
ing. Lipid droplet area was calculated using Definiens software (Definiens AG, Munich,
Germany).
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Statistical analysis

Statistical analysis was performed using Graphpad Prism 7 software. All results were expressed
as means +SD and analysed by paired t-test. Correlation analyses were done by using the Pear-
son’s correlation coefficient test A value of p<<0.05 was considered significant. To account for
multiple testing, we corrected the p-value by calculating the false discovery rate (FDR) (Benja-
mini-Hochberg method) and using a cut-off value of FDR less than 0.1 to be significant.

Results
Characteristics of the study population

Seventeen non-diabetic, lean chronic hepatitis C patients infected with HCV genotype 3 and
without significant fibrosis, as determined by the Metavir score at liver biopsy or by transient
elastography (Fibroscan™) were included in the study (Table 1).

Out of the 17 patients enrolled, 13 (8 males and 5 females) completed the study and under-
went both hyperinsulinemic euglycemic clamps (Fig 1). During the visit at baseline, one
patient was not properly clamped with insulin and thus excluded from the analysis. Subjects
had a median age of 49.5 years [24-59] (Table 1).

All the 12 patients adhered to the treatment and reached complete virological response at 6
weeks (Table 2). No important adverse effects were reported.

The complete suppression of viral replication was accompanied by a significant decrease of
serum ASAT, ALAT and GGT, but also by an expected, significant increase of total and LDL
cholesterol [45] (Table 2). No changes were observed in body weight, body mass index, blood
pressure, or visceral/subcutaneous fat volume (Table 2 and S2 Fig).

Glucose metabolism

Basal levels of plasma glucose and insulin were similar as measured before and after 6 weeks of
treatment (Table 2). Under clamp conditions, insulin levels increased to similar steady-state
levels in both clamp experiments, while normoglycemia (plasma glucose 5.0 mmol/L) was
maintained (S3 Fig). Hepatic insulin sensitivity was estimated by calculating endogenous glu-
cose production (EGP), which corresponds to the difference between glucose rate of

Table 1. Characteristics of the study population (n = 12).

Patient Sex Age
no. (M/F) | (y)

37
44
55
33
56
24
55
55
59
42
56
38

O (0NN U s W N

=
Lmim|RRIRmIRIR ||

—_
—_

12

=

Opiate-substitution Liver fibrosis ALAT /ASAT | Fasting glucose | Fasting | HOMA-IR HbAlc %
therapy (yes/no) (stage F by Metavir or kPa by (U/L) (mM) insulin (mmol/mol)
Fibroscan™) (wU/MI)
no 3.5+0.8 33/25 5.2 11.2 2.6 5.1 (32)
no 4.4+1.2 28/24 5.4 10.3 2.5 4.8 (29)
no FO 44/30 5.5 4.9 1.2 5.2 (33)
no F1 82/37 4.4 9 1.8 4.9 (30)
no 3.8+2.9 202/135 6 25.8 6.9 5.4 (36)
yes F1 45/32 5 7.6 1.7 5.0 (31)
no 53 97/49 6.2 14.6 4 5.4 (36)
no 5.8 78/56 5.3 12.7 3 5.4 (36)
no FO 32/31 5.1 11 2.5 5.1(32)
no FO 137/107 5.2 11.6 2.7 4.8 (29)
no 3] 206/94 4.5 16.6 33 5.1(32)
no F1 66/39 5.3 8.5 2 5.4 (36)

Abbreviations: HOMA-IR, homeostatic model assessment of insulin resistance; HbAlc, glycated hemoglobin.

https://doi.org/10.1371/journal.pone.0217751.t001
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Table 2. Subjects characteristics at baseline after 6 weeks of antiviral treatment (n = 12).

Variable (n = 12) Baseline 6-week treatment P
BMI (kg/m?) 23029 23029 0.999
Body weight (Kg) 67 +12.9 67.07 13 0.815
Waist circumference (cm) 83.9+13.3 78.2 £ 16.1 0.105
Systolic BP (mmHg) 121.4+15.5 120.8 £ 13.9 0.881
Diastolic BP (mmHg) 76.6 + 13.3 75.7 £ 11.5 0.775
Glucose metabolism
Fasting glucose (mM) 53+0.5 53+0.5 0.685
Fasting insulin (uU/mL) 12.0+5.3 12.0 + 4.0 0.977
Liver enzymes
ASAT (U/L) 54.9 + 36.7 23.1+24 0.013
ALAT (U/L) 87.5+62.9 219+ 4.6 0.003
Alkaline phosphatase (U/L) 59.9 £ 23.0 59.5 +20.0 0.879
GGT (U/L) 37.0+21.6 17.6 £8.2 0.001
Lipids
Cholesterol (mmol/L) 42 +0.6 50+ 1.1 0.001
TG (mmol/L) 1.4+ 0.6 1.3+0.7 0.776
LDL (mmol/L) 2.1+0.6 2.8+09 0.0006
HDL (mmol/L) 1.5+0.37 1.6 £ 0.6 0.293
Subcutaneos fat volume 232.6 £ 118.5 228.7 £114.3 0.385
Visceral fat volume 84.3+67.3 85.83 + 70.4 0.447
HCV RNA Log10 (IU/mL) 6.4+ 6.6 <1.2 =

Abbreviations: BMI, body mass index; ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase; GGT, gamma glutamyl transpeptidase; TG, triglycerides;

LDL, low-density cholesterol; HDL, high density cholesterol. Data are means + SD.

https://doi.org/10.1371/journal.pone.0217751.t1002

appearance and exogenous glucose infusion rate. Low-dose insulin infusion rate induced EGP
suppression as compared to basal state, however no difference was observed in EGP between
before and after 6 weeks of treatment, under both basal and clamp conditions (p = 0.70 and
0.90, respectively) (Fig 2A). At high-dose insulin infusion rate, EGP was completely sup-
pressed. Peripheral insulin sensitivity was assessed by measuring glucose infusion rate during
high-dose insulin. Ten out of 12 patients exhibited a significantly increased glucose infusion rate
after 6 weeks of treatment compared to baseline (median [range]: 13.1% [4.6-36.7]) (p = 0.003)
(Fig 2B), indicating that HCV suppression led to an improved peripheral insulin sensitivity.
However, no significant alterations were found in oxidative and nonoxidative glucose, measured
by indirect calorimetry between before and after 6 weeks of treatment (S2 Table).

To confirm the improved insulin sensitivity, we performed a third clamp in three patients
who agreed to undergo the procedure, at least 6 months after the end of treatment. Two
patients who permanently cleared HCV maintained an increased glucose infusion rate (+8%
and +18%, respectively) with respect to pre-treatment levels. On the contrary, the peripheral
insulin sensitivity of the third patient who experienced a relapse in HCV infection returned to
baseline levels, consistent with the hypothesis that HCV directly induces this metabolic effect.

Transaminase levels are a proxy for liver inflammation. Thus, we assessed whether the
decline of ALAT levels would be correlated with the improvement of glucose infusion rate,
which provides a measure of peripheral insulin sensitivity. We found no correlation between
glucose infusion rate changes and ALAT decrease (r = -0.177, p = 0.58), suggesting that the
pathogenesis of peripheral IR induced by HCV in patients with mild liver damage may pro-
ceed independently of liver inflammation.
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Fig 2. Euglycemic hyperinsulinemic clamp. (A-B) Glucose metabolism. (C-D) Lipid metabolism. Endogenous glucose production (EGP) at baseline
(open bars) and after 6 weeks of antiviral treatment (black bars) in the basal state and during low-dose insulin infusion rate (0.3 mU.kg'l,min'l). Data are
means * SD. (B) Glucose infusion rate during high-dose insulin infusion rate (1 mU.kg'l.min'l) at baseline and after 6 weeks of antiviral treatment (**p =
0.003). Insulin-mediated lipolysis suppression at baseline and 6-week treatment measured by (C) glycerol tracer (n = 8) and by (D) non-esterified fatty
acid (NEFA) levels in plasma (n = 12), in basal state and clamp conditions. Data are means + SD.

https://doi.org/10.1371/journal.pone.0217751.9002

Lipid metabolism

Lipid metabolism was studied by determining insulin-mediated lipolysis suppression. In adi-
pose tissue, insulin suppresses triglyceride hydrolysis into glycerol and NEFA, and induces
lipogenesis leading to an increased energy storage. As expected, low-dose insulin infusion
induced a decrease of glycerol Ra and plasma levels of NEFA (Fig 2C and 2D, respectively). At
high-dose insulin infusion rate, lipolysis was completely suppressed. No significant variation
was observed between baseline and after 6 weeks of treatment in insulin-mediated lipolysis
suppression, both under basal and clamp conditions (Fig 2C and 2D). In accordance, the
expression of genes in adipose tissue involved in lipolysis (LIPE and ATGL) was unchanged as
compared to pre-treatment (S4A Fig). No effect of viral suppression on lipid oxidation was
observed (S2 Table). Adipose tissue histology and lipid droplet morphology and size were not
modified upon treatment (S4B Fig). These data suggest that HCV does not affect lipid homeo-
stasis in adipose tissue, contrary to what was observed in the liver [46, 47].
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Antiviral treatment affects cytokine profile

The plasma levels of 27 cytokines and other factors were measured at baseline and after 6
weeks of antiviral treatment in all patients. The levels of some of them were significantly modi-
fied upon viral suppression: compared to baseline, the levels of IP10, fractalkine, retinol bind-
ing protein 4 (RBP4), selenoprotein P (SEPP1), angiopoietin-like-4 (ANGPTL-4) and -6
(ANGPTL-6), insulin-like growth factor-binding protein 3 (IGFBP-3) and -7 (IGFBP-7),
fetuin-A, chemerin, and MCP-1 were decreased, while those of visfatin and vaspin were
increased after 6 weeks of treatment (Fig 3). Of note, we did not detect significant changes in
the circulating levels of TNFa. (Fig 3).

Discussion

In this study, we show that (i) the complete suppression of HCV replication induced by an
IFNo-free regimen in lean chronic hepatitis C patients without significant fibrosis significantly
improves the extrahepatic (but not the hepatic) insulin sensitivity, (ii) the improved glucose
homeostasis bears no correlation with the transaminase decline, suggesting the HCV-induced
extrahepatic IR and liver inflammation are probably disconnected from each other, (iii) HCV
does not seem to interfere with the insulin effects on lipid metabolism in adipose tissue, and
(iv) HCV modifies the circulating levels of factors likely involved in the pathogenesis of the
decreased peripheral insulin sensitivity.

The improvement in HCV-induced glucose metabolic alterations following antiviral ther-
apy has been initially reported using IFNa-based regimens [30]. These data should be taken
with caution, due to the known effects of IFNa on the insulin signaling pathway [25] and on
body weight. Recently, improved glucose homeostasis has been reported also in patients
treated with IFNo-free regimens, and patients with diabetes may even require reduced
amounts of medicines to maintain glycemic control [18, 19, 48, 49]. Such studies have mea-
sured the improvement of routine parameters of glucose metabolism, such as glycated hemo-
globin or HOMA-IR scores, thus falling short of analyzing in detail the relative contribution of
the liver vs. extrahepatic organs to the whole insulin sensitivity. A single study, using a clamp
assessment, assessed patients treated with an IFNa-based regimen [32]. Here, for the first time
we measured the hepatic and peripheral insulin sensitivity in patients treated with an IFNo.-
free regimen. In addition, we also chose to assess the insulin sensitivity at the time of complete
suppression of viral replication rather than upon consolidation of SVR, because the latter may
be associated with unpredictable changes in body weight [50].

Our data are in agreement with two previous independent studies in chronic hepatitis C
patients without stigmata of the metabolic syndrome [26, 31]. These were the first to report a
significant extrahepatic component of viral IR, based on euglycemic hyperinsulinemic clamp
measurements. However, only one of those studies [26] reported a hepatic component of the
whole body IR, while the other one [31] merely suggested a possible, small hepatic contribu-
tion. In a follow-up study [32], clamps performed before and after IFNa-induced viral clear-
ance could not identify with certitude a hepatic IR. It is possible that the hepatic IR shown in
the initial work by Vanni et al. [26] may be due to a higher degree of hepatic inflammation and
fibrosis, while all our patients lacked significant fibrosis. In our study, the reduction in the glu-
cose infusion rate during clamp at the time of complete viral suppression failed to correlate
with the improvement of ALAT levels, a proxy for liver inflammation. In addition, we failed to
detect significant changes in the circulating levels of TNFo, an inflammatory cytokine
increased in chronic hepatitis C [26, 31, 51], especially with type 2 diabetes [52]. Taken
together, these data suggest that the pathogenesis of peripheral IR induced by HCV in patients
with mild liver damage may proceed independently of liver inflammation and fibrosis. A
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Fig 3. Heat map of 27 cytokines and other metabolically relevant proteins determined in plasma of 12 chronic
hepatitis C patients before and after 6 weeks of antiviral treatment. Data are shown as Log-2 fold change to baseline
levels. Each row and column represents a specific cytokine and patient, respectively. Blue and red colors indicate cytokines
found to be down-regulated and up-regulated, respectively, after treatment. FC, fold change after 6 weeks of treatment
compared to pretreatment values. P-value were corrected for multiple testing by calculating the false discovery rate (FDR).
A cut-off value of FDR less than 0.1 was considered to be significant.

https://doi.org/10.1371/journal.pone.0217751.9003

significant inflammation may however accelerate this process, as suggested by experimental

[53] and clinical data [13].
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We also measured the circulating levels of several circulating factors which may influence
metabolic processes. For many of them, levels were unchanged upon treatment (Fig 3), sug-
gesting that they may not have any significant impact on HCV-induced IR. For others, changes
induced by antivirals deserve a comment, as they may be directly or indirectly involved in the
pathogenesis of HCV-related IR.

Nine liver-secreted factors were dysregulated in viremic patients: fractalkine, RBP4, SEPP1,
fetuin-A, IGFBP-3, IGFBP-7, chemerin and ANGPTL-4 and -ANGPTL-6. The plasma levels
of all these factors were significantly decreased upon suppression of the viral replication, sug-
gesting that HCV infection leads to their upregulation.

Fractalkine is a chemoattractant to T cells and monocytes, and may be a promoter of sys-
temic inflammation, although its role in diabetes is controversial [54]. In hepatitis C, it is asso-
ciated with liver disease severity and fibrosis progression [55, 56].

RBP4, a retinol transporting protein from liver to peripheral tissues, is upregulated in
HCV-infected persons vs. healthy controls [57]. In vitro, HCV stimulates RBP4 expression,
while RBP4 knockdown increases HCV replication, suggesting that RBP4 upregulation may be
a mechanism of viral attenuation or an adaptive host response to infection. RBP4 increases
gluconeogenesis by stimulating phosphoenolpyruvate kinase and impairs insulin signaling in
the muscle, leading to IR [58]. Indeed, RBP4 is an important biomarker for several metabolic
disorders [59].

SEPP1, a selenium transporter, impairs insulin signaling by inhibiting insulin-stimulated
glucose uptake in myotubes [60]. SEPP1 is increased in chronic hepatitis C patients with diabe-
tes vs. non-diabetic infected controls [61].

Fetuin-A is an important independent risk factor for the development of type 2 diabetes
[62], to the point that it has been suggested as a therapeutic target [59]. Its levels are increased
in patients with IR [63], including in chronic hepatitis C [61].

IGFBP-3 must be assessed as ratio IGF-1/IGFBP-3, reported for being inversely correlated
with IR [64]. In our work, IGF-I levels were unchanged, translating into an increased IGF-1/
IGFBP-3 ratio, consistent with the improved insulin sensitivity. Similarly, IGFBP-7 was
reported to be highly expressed in patients with IR [65].

Finally, chemerin, expressed in the adipose tissue but also in the liver, makes skeletal muscle
cells insulin resistant, inducing a markedly decrease glucose uptake [66]. Systemic levels are
elevated in chronic hepatitis C [67].

As to ANGPTL-4 and ANGPTL-6, their role in glucose homeostasis is less clear. In
humans, ANGPTL4 levels are inversely correlated with glycemia and HOMA-IR, while in
patients with type 2 diabetes, plasma levels of ANGPTL4 are significantly lower than in healthy
subjects [68]. Also ANGPTL-6 is playing a protective effect by antagonizing obesity and IR. In
humans, plasma concentrations were increased in diabetic vs. non-diabetic subjects [69]. The
changes observed in our work suggest that may be part of a host adaptive response to the glu-
cose metabolic alterations induced by HCV.

Vaspin and visfatin levels increased significantly upon viral suppression. Vaspin is an adi-
pokine elevated in obesity and type 2 diabetes [70]. Administration of vaspin improves glucose
tolerance in obese mice [71]. In humans, it increases after physical exercise [72], while in vitro
it has insulin-sensitizing effects [73]. Experimental data indicate that vaspin may be a host
compensatory response to decreased insulin sensitivity. The fact that HCV suppression leads
to increased vaspin levels suggests that the viral IR may be also mediated by blockade of host
adaptive responses. Since vaspin is secreted by adipocytes, this blockade seems indirect, again
suggesting a cross-talk between infected and uninfected tissues. Visfatin is another adipokine
that stimulates insulin signaling [74], and its increase upon viral suppression is consistent with
an increased insulin sensitivity.
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Thus, we identified a profile of cytokines likely involved in HCV-induced IR. Treatment-
induced viral suppression led to a decrease of circulating levels of cytokines promoting IR
(fractalkine, RBP4, SEPP1, fetuin-A, IGFBP-3, IGFBP-7 and chemerin) and to an increase of
two adipokines involved in protection from IR (vaspin and visfatin). The molecular mecha-
nisms leading to this altered profile in viremic patients may be direct (for hepatokines) or indi-
rect (for factors not expressed by hepatocytes). These results provide a rationale for studying
the details of the liver-to-periphery cross-talk leading to HCV-induced IR, as shown by our
clamp data after treatment-induced viral suppression.

Although the burden of hepatitis C worldwide is dwindling due to the advent of potent anti-
virals and the implementation of national strategies for viral elimination, our findings are still
relevant and worth being studied in detail to provide working hypotheses to analyze the phys-
iopathology of glucose homeostasis in other settings, such as non-alcoholic fatty liver disease,
type 2 diabetes, and energy homeostasis.

Supporting information

S1 Checklist.
(PDF)

S1 Table. Bead-based multiplex and commercial ELISA kits.
(DOCX)

S2 Table. Indirect calorimentry data of 12 chronic hepatitis C patients before and after 6
weeks of treatment.
(DOCX)

S1 Fig. Scheme of the euglycemic hyperinsulinemic clamp design.
(DOCX)

$2 Fig. Computed tomography (CT)-scan representative images (A), and fat and muscle vol-
ume quantification at baseline and after 6 weeks of treatment (B).
(DOCX)

$3 Fig. Plasma concentrations of glucose (A) and insulin (B) during euglycemic hyperinsuli-
nemic clamp, at baseline and 6-week treatment.
(DOCX)

S4 Fig. (A) mRNA levels of genes involved in lipolysis. (B) H&E-stained adipose tissue biop-
sies at baseline (a) and 6-week treatment (b) and quantification of the mean area of lipid drop-
lets.

(DOCX)

S1 Protocol.
(PDF)

Acknowledgments

This work was supported by grants from Gilead Sciences, Inc. Foster City, CA, US, the Swiss
National Science Foundation (314730-166609 to F.N.), the FLAGS Foundation and the Fon-
dation pour la Recherche sur le Diabéte, Geneva, Switzerland. We thank Dr Nicolas Liaudet
(Bioimaging Core Facility, Faculty of Medicine, Geneva) for his help and advice, Dr Annarita
Farina (Department of Internal Medicine, Faculty of Medicine, Geneva) for the support pro-
vided with the multiplex assays, and the Clinical Research Center, University Hospital of

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217751.s008
https://doi.org/10.1371/journal.pone.0217751

@ PLOS|ONE

HCV and peripheral insulin resistance

Geneva for its contribution. We gratefully acknowledge the patients who participated in the
study.

Author Contributions

Conceptualization: Giacomo Gastaldi, Sophie Clément, Francesco Negro.
Data curation: Giacomo Gastaldi, Diana Gomes, Xavier Montet, Sophie Clément.
Formal analysis: Diana Gomes, Sophie Clément.

Funding acquisition: Francesco Negro.

Investigation: Giacomo Gastaldi, Diana Gomes, Sophie Clément.
Methodology: Giacomo Gastaldi, Philippe Schneiter, Luc Tappy.

Project administration: Sophie Clément, Francesco Negro.

Resources: Philippe Schneiter, Xavier Montet, Luc Tappy, Francesco Negro.
Supervision: Francesco Negro.

Validation: Philippe Schneiter, Luc Tappy, Sophie Clément.

Visualization: Giacomo Gastaldi, Diana Gomes.

Writing - original draft: Diana Gomes, Sophie Clément, Francesco Negro.

Writing - review & editing: Giacomo Gastaldi, Philippe Schneiter, Xavier Montet, Luc
Tappy.

References
1.  WHO. Global Hepatitis Report 2017. World Health Organization. 2017.

2. Liver. EAftSot. EASL Recommendations on Treatment of Hepatitis C 2018. J Hepatol. 2018; 69
(2):461-511. https://doi.org/10.1016/j.jhep.2018.03.026 PMID: 29650333

3. CarratF, Fontaine H, Dorival C, Simony M, Diallo A, Hezode C, et al. Clinical outcomes in patients with
chronic hepatitis C after direct-acting antiviral treatment: a prospective cohort study. Lancet. 2019; 393
(10179):1453-64. https://doi.org/10.1016/S0140-6736(18)32111-1 PMID: 30765123

4. Nakamura |, Furuichi Y, Sugimoto K. Restoration of natural killer cell activity by interferon-free direct-
acting antiviral combination therapy in chronic hepatitis C patients. Hepatol Res. 2018; 48(11):855-61.
https://doi.org/10.1111/hepr.13186 PMID: 29732688

5. KaishimaT, Akita T, Ohisa M, Sakamune K, Kurisu A, Sugiyama A, et al. Cost-effectiveness analyses
of anti-hepatitis C virus treatments using quality of life scoring among patients with chronic liver disease
in Hiroshima prefecture, Japan. Hepatol Res. 2018; 48(7):509—-20. https://doi.org/10.1111/hepr.13053
PMID: 29316059

6. YounossiZM, Stepanova M, Reddy R, Manns MP, Bourliere M, Gordon SC, et al. Viral eradication is
required for sustained improvement of patient-reported outcomes in patients with hepatitis C. Liver Int.
2019; 39(1):54-9. https://doi.org/10.1111/liv.13900 PMID: 29893462

7. LeeM-H, YangH-I, Lu S-N, Jen C-L, You S-L, Wang L-Y, et al. Chronic hepatitis C virus infection
increases mortality from hepatic and extrahepatic diseases: a community-based long-term prospective
study. The Journal of infectious diseases. 2012; 206(4):469-77. https://doi.org/10.1093/infdis/jis385
PMID: 22811301

8. NegroF, Forton D, Craxi A, Sulkowski MS, Feld JJ, Manns MP. Extrahepatic morbidity and mortality of
chronic hepatitis C. Gastroenterology. 2015; 149(6):1345-60. https://doi.org/10.1053/j.gastro.2015.08.
035 PMID: 26319013

9. YounossiZ, Park H, Henry L, Adeyemi A, Stepanova M. Extrahepatic Manifestations of Hepatitis C: A
Meta-analysis ofPrevalence, Quality of Life, and Economic Burden. Gastroenterology. 2016; 150
(7):1599-608. https://doi.org/10.1053/j.gastro.2016.02.039 PMID: 26924097

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 13/17


https://doi.org/10.1016/j.jhep.2018.03.026
http://www.ncbi.nlm.nih.gov/pubmed/29650333
https://doi.org/10.1016/S0140-6736(18)32111-1
http://www.ncbi.nlm.nih.gov/pubmed/30765123
https://doi.org/10.1111/hepr.13186
http://www.ncbi.nlm.nih.gov/pubmed/29732688
https://doi.org/10.1111/hepr.13053
http://www.ncbi.nlm.nih.gov/pubmed/29316059
https://doi.org/10.1111/liv.13900
http://www.ncbi.nlm.nih.gov/pubmed/29893462
https://doi.org/10.1093/infdis/jis385
http://www.ncbi.nlm.nih.gov/pubmed/22811301
https://doi.org/10.1053/j.gastro.2015.08.035
https://doi.org/10.1053/j.gastro.2015.08.035
http://www.ncbi.nlm.nih.gov/pubmed/26319013
https://doi.org/10.1053/j.gastro.2016.02.039
http://www.ncbi.nlm.nih.gov/pubmed/26924097
https://doi.org/10.1371/journal.pone.0217751

@ PLOS|ONE

HCV and peripheral insulin resistance

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Cacoub P, Buggisch P, Carrion JA, Cooke GS, Zignego AL, Beckerman R, et al. Direct medical costs
associated with the extrahepatic manifestations of hepatitis C infection in Europe. Journal of viral hepati-
tis. 2018; 25(7):811—7. https://doi.org/10.1111/jvh.12881 PMID: 29476572

Mehta SH, Brancati FL, Strathdee SA, Pankow JS, Netski D, Coresh J, et al. Hepatitis C virus infection
and incident type 2 diabetes. Hepatology. 2003; 38(1):50-6. https://doi.org/10.1053/jhep.2003.50291
PMID: 12829986

Wang CS, Wang ST, Yao WJ, Chang TT, Chou P. Community-based study of hepatitis C virus infection
and type 2 diabetes: an association affected by age and hepatitis severity status. Am J Epidemiol.
2003; 158(12):1154-60. https://doi.org/10.1093/aje/kwg259 PMID: 14652300

Lin Y-J, Shaw T-WG, Yang H-1, Lu S-N, Jen C-L, Wang L-Y, et al. Chronic hepatitis C virus infection
and the risk for diabetes: a community-based prospective study. Liver international: official journal of
the International Association for the Study of the Liver. 2017; 37(2):179-86.

Romero-Gomez M, Del Mar Viloria M, Andrade RJ, Salmeron J, Diago M, Fernandez-Rodriguez CM,
et al. Insulin resistance impairs sustained response rate to peginterferon plus ribavirin in chronic hepati-
tis C patients. Gastroenterology. 2005; 128(3):636—41. PMID: 15765399

Romero-Gomez M, Fernandez-Rodriguez CM, Andrade RJ, Diago M, Alonso S, Planas R, et al. Effect
of sustained virological response to treatment on the incidence of abnormal glucose values in chronic
hepatitis C. Journal of hepatology. 2008; 48(5):721-7. https://doi.org/10.1016/j.jhep.2007.11.022
PMID: 18308416

Arase Y, Suzuki F, Suzuki Y, Akuta N, Kobayashi M, Kawamura Y, et al. Sustained virological response
reduces incidence of onset of type 2 diabetes in chronic hepatitis C. Hepatology. 2009; 49(3):739—44.
https://doi.org/10.1002/hep.22703 PMID: 19127513

Aghemo A, Prati GM, Rumi MG, Soffredini R, D’Ambrosio R, Orsi E, et al. Sustained virological
response prevents the development of insulin resistance in patients with chronic hepatitis C. Hepatol-
ogy. 2012; 56(5):1681—7. https://doi.org/10.1002/hep.25867 PMID: 22619107

Pavone P, Tieghi T, d’Ettorre G, Lichtner M, Marocco R, Mezzaroma |, et al. Rapid decline of fasting glu-
cose in HCV diabetic patients treated with direct-acting antiviral agents. Clin Microbiol Infect. 2016; 22
(5):462 e1-3.

Fabrizio C, Procopio A, Scudeller L, Dell’Acqua R, Bruno G, Milano E, et al. HCV and diabetes: towards
a 'sustained’ glycaemic improvement after treatment with DAAs? Clin Microbiol Infect. 2017 23(5):342—
3. https://doi.org/10.1016/j.cmi.2016.09.021 PMID: 27693659

Nahon P, Bourcier V, Layese R, Audureau E, Cagnot C, Marcellin P, et al. Eradication of Hepatitis C
Virus Infection in Patients With Cirrhosis Reduces Risk of Liver and Non-Liver Complications. Gastroen-
terology. 2017; 152(1):142-56.e2. https://doi.org/10.1053/j.gastro.2016.09.009 PMID: 27641509

Mahale P, Engels EA, Li R, Torres HA, Hwang L-Y, Brown EL, et al. The effect of sustained virological
response on the risk of extrahepatic manifestations of hepatitis C virus infection. Gut. 2018; 67(3):553—
61. https://doi.org/10.1136/gutjnl-2017-313983 PMID: 28634198

Butt AA, Yan P, Shuaib A, Abou-Samra AB, Shaikh OS, Freiberg MS. Direct-Acting Antiviral Therapy
for HCV Infection Is Associated With a Reduced Risk of Cardiovascular Disease Events. Gastroenterol-
ogy. 2019; 156(4):987-96.€8. https://doi.org/10.1053/j.gastro.2018.11.022 PMID: 30445009

Hsu YC, Lin JT, Ho HJ, Kao YH, Huang YT, Hsiao NW, et al. Antiviral treatment for hepatitis C virus
infection is associated with improved renal and cardiovascular outcomes in diabetic patients. Hepatol-
ogy. 2014; 59(4):1293-302. https://doi.org/10.1002/hep.26892 PMID: 24122848

Cacoub P, Desbois AC, Comarmond C, Saadoun D. Impact of sustained virological response on the
extrahepatic manifestations of chronic hepatitis C: a meta-analysis. Gut. 2018; 67(11):2025-34. https://
doi.org/10.1136/gutjnl-2018-316234 PMID: 29703790

Goossens N, Negro F. Is the genotype 3 of the hepatitis C virus the new villain? Hepatology. 2014; 59
(6):2403—-12. https://doi.org/10.1002/hep.26905 PMID: 24155107

Vanni E, Abate ML, Gentilcore E, Hickman |, Gambino R, Cassader M, et al. Sites and mechanisms of
insulin resistance in nonobese, nondiabetic patients with chronic hepatitis C. Hepatology. 2009; 50
(3):697-706. https://doi.org/10.1002/hep.23031 PMID: 19582803

Moucari R, Asselah T, Cazals-Hatem D, Voitot H, Boyer N, Ripault M-P, et al. Insulin resistance in
chronic hepatitis C: association with genotypes 1 and 4, serum HCV RNA level, and liver fibrosis.
Gastroenterology. 2008; 134(2):416-23. https://doi.org/10.1053/j.gastr0.2007.11.010 PMID: 18164296

Pazienza V, Clément S, Pugnale P, Conzelman S, Foti M, Mangia A, et al. The Hepatitis C Virus Core
Protein of Genotypes 3a and 1b Down-Regulates Insulin Receptor Substrate 1 via Genotype-Specific
Mechanisms. Hepatology. 2007; 45(5):1164—71. https://doi.org/10.1002/hep.21634 PMID: 17465001

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 14/17


https://doi.org/10.1111/jvh.12881
http://www.ncbi.nlm.nih.gov/pubmed/29476572
https://doi.org/10.1053/jhep.2003.50291
http://www.ncbi.nlm.nih.gov/pubmed/12829986
https://doi.org/10.1093/aje/kwg259
http://www.ncbi.nlm.nih.gov/pubmed/14652300
http://www.ncbi.nlm.nih.gov/pubmed/15765399
https://doi.org/10.1016/j.jhep.2007.11.022
http://www.ncbi.nlm.nih.gov/pubmed/18308416
https://doi.org/10.1002/hep.22703
http://www.ncbi.nlm.nih.gov/pubmed/19127513
https://doi.org/10.1002/hep.25867
http://www.ncbi.nlm.nih.gov/pubmed/22619107
https://doi.org/10.1016/j.cmi.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27693659
https://doi.org/10.1053/j.gastro.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27641509
https://doi.org/10.1136/gutjnl-2017-313983
http://www.ncbi.nlm.nih.gov/pubmed/28634198
https://doi.org/10.1053/j.gastro.2018.11.022
http://www.ncbi.nlm.nih.gov/pubmed/30445009
https://doi.org/10.1002/hep.26892
http://www.ncbi.nlm.nih.gov/pubmed/24122848
https://doi.org/10.1136/gutjnl-2018-316234
https://doi.org/10.1136/gutjnl-2018-316234
http://www.ncbi.nlm.nih.gov/pubmed/29703790
https://doi.org/10.1002/hep.26905
http://www.ncbi.nlm.nih.gov/pubmed/24155107
https://doi.org/10.1002/hep.23031
http://www.ncbi.nlm.nih.gov/pubmed/19582803
https://doi.org/10.1053/j.gastro.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18164296
https://doi.org/10.1002/hep.21634
http://www.ncbi.nlm.nih.gov/pubmed/17465001
https://doi.org/10.1371/journal.pone.0217751

@ PLOS|ONE

HCV and peripheral insulin resistance

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Kawaguchi T, Yoshida T, Harada M, Hisamoto T, Nagao Y, Ide T, 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(5):1499-508. https://doi.org/10.1016/S0002-9440(10)63408-6 PMID: 15509521

Bugianesi E, Salamone F, Negro F. The interaction of metabolic factors with HCV infection: does it mat-
ter? J Hepatol. 2012; 56 Suppl 1:556-65.

Milner KL, van der Poorten D, Trenell M, Jenkins AB, Xu A, Smythe G, et al. Chronic hepatitis C is asso-
ciated with peripheral rather than hepatic insulin resistance. Gastroenterology. 2010; 138(3):932—41
e1-3. https://doi.org/10.1053/j.gastro.2009.11.050 PMID: 19962985

Milner KL, Jenkins AB, Trenell M, Tid-Ang J, Samocha-Bonet D, Weltman M, et al. Eradicating hepatitis
C virus ameliorates insulin resistance without change in adipose depots. J Viral Hepat. 2014; 21
(5):325-32. https://doi.org/10.1111/jvh.12143 PMID: 24716635

Kawaguchi T, Ide T, Taniguchi E, Hirano E, ltou M, Sumie S, et al. Clearance of HCV improves insulin
resistance, beta-cell function, and hepatic expression of insulin receptor substrate 1 and 2. Am J Gas-
troenterol. 2007; 102(3):570-6. https://doi.org/10.1111/j.1572-0241.2006.01038.x PMID: 17222321

Platanias LC, Uddin S, Yetter A, Sun XJ, White MF. The type | interferon receptor mediates tyrosine
phosphorylation of insulin receptor substrate 2. J Biol Chem. 1996; 271(1):278-82. https://doi.org/10.
1074/jbc.271.1.278 PMID: 8550573

Gane EJ, Hyland RH, An D, Svarovskaia E, Pang PS, Brainard D, et al. Efficacy of ledipasvir and sofos-
buvir, with or without ribavirin, for 12 weeks in patients with HCV genotype 3 or 6 infection. Gastroenter-
ology. 2015; 149(6):1454—61 e1. https://doi.org/10.1053/j.gastro.2015.07.063 PMID: 26261007

Minehira K, Vega N, Vidal H, Acheson K, Tappy L. Effect of carbohydrate overfeeding on whole body
macronutrient metabolism and expression of lipogenic enzymes in adipose tissue of lean and over-
weight humans. Int J Obes Relat Metab Disord. 2004; 28(10):1291-8. https://doi.org/10.1038/sj.ijo.
0802760 PMID: 15303106

Zanchi A, Tappy L, Le K-A, Bortolotti M, Theumann N, Halabi G, et al. Pioglitazone improves fat distribu-
tion, the adipokine profile and hepatic insulin sensitivity in non-diabetic end-stage renal disease subjects
on maintenance dialysis: a randomized cross-over pilot study. PloS one. 2014; 9(10):e109134. https://
doi.org/10.1371/journal.pone.0109134 PMID: 25330088

Aeberli I, Hochuli M, Gerber PA, Sze L, Murer SB, Tappy L, et al. Moderate amounts of fructose con-
sumption impair insulin sensitivity in healthy young men: a randomized controlled trial. Diabetes care.
2013; 36(1):150-6. https://doi.org/10.2337/dc12-0540 PMID: 22933433

Hargreaves M, Kiens B, Richter EA. Effect of increased plasma free fatty acid concentrations on muscle
metabolism in exercising men. J Appl Physiol (1985). 1991; 70(1):194-201. https://doi.org/10.1152/
jappl.1991.70.1.194 PMID: 2010376

Kelley DE, Slasky BS, Janosky J. Skeletal muscle density: effects of obesity and non-insulin-dependent
diabetes mellitus. Am J Clin Nutr. 1991; 54(3):509-15. https://doi.org/10.1093/ajcn/54.3.509 PMID:
1877507

Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R. Skeletal muscle attenuation determined by com-
puted tomography is associated with skeletal muscle lipid content. J Appl Physiol (1985). 2000; 89
(1):104-10.

Hoyer D, Boyko EJ, McNeely MJ, Leonetti DL, Kahn SE, Fujimoto WY. Subcutaneous thigh fat area is
unrelated to risk of type 2 diabetes in a prospective study of Japanese Americans. Diabetologia. 2011;
54(11):2795-800. https://doi.org/10.1007/s00125-011-2275-5 PMID: 21837509

Schneiter P, Gillet M, Chiolero R, Jequier E, Tappy L. Hepatic nonoxidative disposal of an oral glucose
meal in patients with liver cirrhosis. Metabolism: clinical and experimental. 1999; 48(10):1260-6.

Clement S, Juge-Aubry C, Sgroi A, Conzelmann S, Pazienza V, Pittet-Cuenod B, et al. Monocyte che-
moattractant protein-1 secreted by adipose tissue induces direct lipid accumulation in hepatocytes.
Hepatology. 2008; 48(3):799-807. https://doi.org/10.1002/hep.22404 PMID: 18570214

Poynard T, Ratziu V, McHutchison J, Manns M, Goodman Z, Zeuzem S, et al. Effect of treatment with
peginterferon or interferon alfa-2b and ribavirin on steatosis in patients infected with hepatitis C. Hepa-
tology. 2003; 38(1):75-85. https://doi.org/10.1053/jhep.2003.50267 PMID: 12829989

Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M, et al. The lipid droplet is an important
organelle for hepatitis C virus production. Nat Cell Biol. 2007; 9(9):1089-97. https://doi.org/10.1038/
nchb1631 PMID: 17721513

Alvisi G, Madan V, Bartenschlager R. Hepatitis C virus and host cell lipids: an intimate connection. RNA
Biol. 2011; 8(2):258-69. https://doi.org/10.4161/rna.8.2.15011 PMID: 21593584

Dawood AA, Nooh MZ, Elgamal AA. Factors Associated with Improved Glycemic Control by Direct-Act-
ing Antiviral Agent Treatment in Egyptian Type 2 Diabetes Mellitus Patients with Chronic Hepatitis C

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 15/17


https://doi.org/10.1016/S0002-9440(10)63408-6
http://www.ncbi.nlm.nih.gov/pubmed/15509521
https://doi.org/10.1053/j.gastro.2009.11.050
http://www.ncbi.nlm.nih.gov/pubmed/19962985
https://doi.org/10.1111/jvh.12143
http://www.ncbi.nlm.nih.gov/pubmed/24716635
https://doi.org/10.1111/j.1572-0241.2006.01038.x
http://www.ncbi.nlm.nih.gov/pubmed/17222321
https://doi.org/10.1074/jbc.271.1.278
https://doi.org/10.1074/jbc.271.1.278
http://www.ncbi.nlm.nih.gov/pubmed/8550573
https://doi.org/10.1053/j.gastro.2015.07.063
http://www.ncbi.nlm.nih.gov/pubmed/26261007
https://doi.org/10.1038/sj.ijo.0802760
https://doi.org/10.1038/sj.ijo.0802760
http://www.ncbi.nlm.nih.gov/pubmed/15303106
https://doi.org/10.1371/journal.pone.0109134
https://doi.org/10.1371/journal.pone.0109134
http://www.ncbi.nlm.nih.gov/pubmed/25330088
https://doi.org/10.2337/dc12-0540
http://www.ncbi.nlm.nih.gov/pubmed/22933433
https://doi.org/10.1152/jappl.1991.70.1.194
https://doi.org/10.1152/jappl.1991.70.1.194
http://www.ncbi.nlm.nih.gov/pubmed/2010376
https://doi.org/10.1093/ajcn/54.3.509
http://www.ncbi.nlm.nih.gov/pubmed/1877507
https://doi.org/10.1007/s00125-011-2275-5
http://www.ncbi.nlm.nih.gov/pubmed/21837509
https://doi.org/10.1002/hep.22404
http://www.ncbi.nlm.nih.gov/pubmed/18570214
https://doi.org/10.1053/jhep.2003.50267
http://www.ncbi.nlm.nih.gov/pubmed/12829989
https://doi.org/10.1038/ncb1631
https://doi.org/10.1038/ncb1631
http://www.ncbi.nlm.nih.gov/pubmed/17721513
https://doi.org/10.4161/rna.8.2.15011
http://www.ncbi.nlm.nih.gov/pubmed/21593584
https://doi.org/10.1371/journal.pone.0217751

@ PLOS|ONE

HCV and peripheral insulin resistance

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Genotype 4. Diabetes Metab J. 2017; 41(4):316-21. https://doi.org/10.4093/dmj.2017.41.4.316 PMID:
28868829

Hum J, Jou JH, Green PK, Berry K, Lundblad J, Hettinger BD, et al. Improvement in Glycemic Control
of Type 2 Diabetes After Successful Treatment of Hepatitis C Virus. Diabetes care. 2017; 40(9):1173—
80. https://doi.org/10.2337/dc17-0485 PMID: 28659309

Schlevogt B, Deterding K, Port K, Siederdissen CHZ, Sollik L, Kirschner J, et al. Interferon-free cure of
chronic Hepatitis C is associated with weight gain during long-term follow-up. Z Gastroenterol. 2017; 55
(9):848-56. https://doi.org/10.1055/s-0043-112656 PMID: 29186639

Polyak SJ, Khabar KS, Rezeig M, Gretch DR. Elevated levels of interleukin-8 in serum are associated
with hepatitis C virus infection and resistance to interferon therapy. J Virol. 2001; 75(13):6209-11.
https://doi.org/10.1128/JV1.75.13.6209-6211.2001 PMID: 11390624

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 J Gastroenterol.
20083; 98(12):2751-6. https://doi.org/10.1111/j.1572-0241.2003.08728.x PMID: 14687828

Brenachot X, Ramadori G, loris RM, Veyrat-Durebex C, Altirriba J, Aras E, et al. Hepatic protein tyrosine
phosphatase receptor gamma links obesity-induced inflammation to insulin resistance. Nat Commun.
2017; 8(1):1820. https://doi.org/10.1038/s41467-017-02074-2 PMID: 29180649

Liu W, Jiang L, Bian C, Liang Y, Xing R, Yishakea M, et al. Role of CX3CL1 in Diseases. Arch Immunol
Ther Exp (Warsz). 2016; 64(5):371-83.

Garcia-Alvarez M, Berenguer J, Guzman-Fulgencio M, Micheloud D, Catalan P, Munoz-Fernandez
MA, et al. High plasma fractalkine (CX3CL1) levels are associated with severe liver disease in HIV/HCV
co-infected patients with HCV genotype 1. Cytokine. 2011; 54(3):244-8. https://doi.org/10.1016/j.cyto.
2011.03.001 PMID: 21463954

Wasmuth HE, Zaldivar MM, Berres ML, Werth A, Scholten D, Hillebrandt S, et al. The fractalkine recep-
tor CX3CR1 is involved in liver fibrosis due to chronic hepatitis C infection. J Hepatol. 2008; 48(2):208—
15. https://doi.org/10.1016/j.jhep.2007.09.008 PMID: 18078680

Gouthamchandra K, Kumar A, Shwetha S, Mukherjee A, Chandra M, Ravishankar B, et al. Serum pro-
teomics of hepatitis C virus infection reveals retinol-binding protein 4 as a novel regulator. J Gen Virol.
2014; 95(Pt 8):1654—67. https://doi.org/10.1099/vir.0.062430-0 PMID: 24784414

Yang Q, Graham TE, Mody N, Preitner F, Peroni OD, Zabolotny JM, et al. Serum retinol binding protein
4 contributes to insulin resistance in obesity and type 2 diabetes. Nature. 2005; 436(7049):356—62.
https://doi.org/10.1038/nature03711 PMID: 16034410

Meex RCR, Watt MJ. Hepatokines: linking nonalcoholic fatty liver disease and insulin resistance. Nat
Rev Endocrinol. 2017; 13(9):509-20. https://doi.org/10.1038/nrendo.2017.56 PMID: 28621339

Misu H, Takamura T, Takayama H, Hayashi H, Matsuzawa-Nagata N, Kurita S, et al. A liver-derived
secretory protein, selenoprotein P, causes insulin resistance. Cell Metab. 2010; 12(5):483-95. https://
doi.org/10.1016/j.cmet.2010.09.015 PMID: 21035759

Ali SA, Nassif WM, Abdelaziz DH. Alterations in serum levels of fetuin A and selenoprotein P in chronic
hepatitis C patients with concomitant type 2 diabetes: A case-control study. Clin Res Hepatol Gastroen-
terol. 2016; 40(4):465-70. https://doi.org/10.1016/j.clinre.2015.12.003 PMID: 26823042

Stefan N, Fritsche A, Weikert C, Boeing H, Joost HG, Haring HU, et al. Plasma fetuin-A levels and the
risk of type 2 diabetes. Diabetes. 2008; 57(10):2762—7. https://doi.org/10.2337/db08-0538 PMID:
18633113

Stefan N, Hennige AM, Staiger H, Machann J, Schick F, Krober SM, et al. Alpha2-Heremans-Schmid
glycoprotein/fetuin-A is associated with insulin resistance and fat accumulation in the liver in humans.
Diabetes Care. 2006; 29(4):853—7. https://doi.org/10.2337/diacare.29.04.06.dc05-1938 PMID:
16567827

Himoto T, Tani J, Miyoshi H, Yoneyama H, Mori H, Inukai M, et al. The ratio of insulin-like growth factor-
I/insulin-like growth factor-binding protein-3 in sera of patients with hepatitis C virus-related chronic liver
disease as a predictive marker of insulin resistance. Nutr Res. 2013; 33(1):27-33. https://doi.org/10.
1016/j.nutres.2012.11.007 PMID: 23351407

Liu'Y, Wu M, Ling J, Cai L, Zhang D, Gu HF, et al. Serum IGFBP7 levels associate with insulin resis-
tance and the risk of metabolic syndrome in a Chinese population. Sci Rep. 2015; 5:10227. https://doi.
org/10.1038/srep10227 PMID: 25984973

Sell H, Laurencikiene J, Taube A, Eckardt K, Cramer A, Horrighs A, et al. Chemerin is a novel adipo-
cyte-derived factor inducing insulin resistance in primary human skeletal muscle cells. Diabetes. 2009;
58(12):2731-40. https://doi.org/10.2337/db09-0277 PMID: 19720798

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 16/17


https://doi.org/10.4093/dmj.2017.41.4.316
http://www.ncbi.nlm.nih.gov/pubmed/28868829
https://doi.org/10.2337/dc17-0485
http://www.ncbi.nlm.nih.gov/pubmed/28659309
https://doi.org/10.1055/s-0043-112656
http://www.ncbi.nlm.nih.gov/pubmed/29186639
https://doi.org/10.1128/JVI.75.13.6209-6211.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390624
https://doi.org/10.1111/j.1572-0241.2003.08728.x
http://www.ncbi.nlm.nih.gov/pubmed/14687828
https://doi.org/10.1038/s41467-017-02074-2
http://www.ncbi.nlm.nih.gov/pubmed/29180649
https://doi.org/10.1016/j.cyto.2011.03.001
https://doi.org/10.1016/j.cyto.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21463954
https://doi.org/10.1016/j.jhep.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18078680
https://doi.org/10.1099/vir.0.062430-0
http://www.ncbi.nlm.nih.gov/pubmed/24784414
https://doi.org/10.1038/nature03711
http://www.ncbi.nlm.nih.gov/pubmed/16034410
https://doi.org/10.1038/nrendo.2017.56
http://www.ncbi.nlm.nih.gov/pubmed/28621339
https://doi.org/10.1016/j.cmet.2010.09.015
https://doi.org/10.1016/j.cmet.2010.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21035759
https://doi.org/10.1016/j.clinre.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26823042
https://doi.org/10.2337/db08-0538
http://www.ncbi.nlm.nih.gov/pubmed/18633113
https://doi.org/10.2337/diacare.29.04.06.dc05-1938
http://www.ncbi.nlm.nih.gov/pubmed/16567827
https://doi.org/10.1016/j.nutres.2012.11.007
https://doi.org/10.1016/j.nutres.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23351407
https://doi.org/10.1038/srep10227
https://doi.org/10.1038/srep10227
http://www.ncbi.nlm.nih.gov/pubmed/25984973
https://doi.org/10.2337/db09-0277
http://www.ncbi.nlm.nih.gov/pubmed/19720798
https://doi.org/10.1371/journal.pone.0217751

@ PLOS|ONE

HCV and peripheral insulin resistance

67.

68.

69.

70.

71.

72.

73.

74.

Kukla M, Zwirska-Korczala K, Gabriel A, Waluga M, Warakomska |, Szczygiel B, et al. Chemerin, vas-
pin and insulin resistance in chronic hepatitis C. J Viral Hepat. 2009; 17(9):661—7. https://doi.org/10.
1111/j.1365-2893.2009.01224.x PMID: 20002564

Xu A, Lam MC, Chan KW, Wang Y, Zhang J, Hoo RL, et al. Angiopoietin-like protein 4 decreases blood
glucose and improves glucose tolerance but induces hyperlipidemia and hepatic steatosis in mice. Proc
Natl Acad Sci U S A. 2005; 102(17):6086—91. https://doi.org/10.1073/pnas.0408452102 PMID:
15837923

Ebert T, Bachmann A, Lossner U, Kratzsch J, Bluher M, Stumvoll M, et al. Serum levels of angiopoietin-
related growth factor in diabetes mellitus and chronic hemodialysis. Metabolism. 2009; 58(4):547-51.
https://doi.org/10.1016/j.metabol.2008.11.016 PMID: 19303977

Feng R, Li Y, Wang C, Luo C, Liu L, Chuo F, et al. Higher vaspin levels in subjects with obesity and type
2 diabetes mellitus: a meta-analysis. Diabetes Res Clin Pract. 2014; 106(1):88-94. https://doi.org/10.
1016/j.diabres.2014.07.026 PMID: 25151227

Hida K, Wada J, Eguchi J, Zhang H, Baba M, Seida A, et al. Visceral adipose tissue-derived serine pro-
tease inhibitor: a unique insulin-sensitizing adipocytokine in obesity. Proc Natl Acad Sci U S A. 2005;
102(30):10610-5. https://doi.org/10.1073/pnas.0504703102 PMID: 16030142

Youn BS, Kloting N, Kratzsch J, Lee N, Park JW, Song ES, et al. Serum vaspin concentrations in
human obesity and type 2 diabetes. Diabetes. 2008; 57(2):372—7. https://doi.org/10.2337/db07-1045
PMID: 17991760

Jung CH, Lee WJ, Hwang JY, Seol SM, Kim YM, Lee YL, et al. Vaspin protects vascular endothelial
cells against free fatty acid-induced apoptosis through a phosphatidylinositol 3-kinase/Akt pathway. Bio-
chem Biophys Res Commun. 2011; 413(2):264-9. https://doi.org/10.1016/j.bbrc.2011.08.083 PMID:
21893030

Jacques C, Holzenberger M, Mladenovic Z, Salvat C, Pecchi E, Berenbaum F, et al. Proinflammatory
actions of visfatin/nicotinamide phosphoribosyltransferase (Nampt) involve regulation of insulin signal-
ing pathway and Nampt enzymatic activity. J Biol Chem. 2012; 287(18):15100-8. https://doi.org/10.
1074/jbc.M112.350215 PMID: 22399297

PLOS ONE | https://doi.org/10.1371/journal.pone.0217751  June 6, 2019 17/17


https://doi.org/10.1111/j.1365-2893.2009.01224.x
https://doi.org/10.1111/j.1365-2893.2009.01224.x
http://www.ncbi.nlm.nih.gov/pubmed/20002564
https://doi.org/10.1073/pnas.0408452102
http://www.ncbi.nlm.nih.gov/pubmed/15837923
https://doi.org/10.1016/j.metabol.2008.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19303977
https://doi.org/10.1016/j.diabres.2014.07.026
https://doi.org/10.1016/j.diabres.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25151227
https://doi.org/10.1073/pnas.0504703102
http://www.ncbi.nlm.nih.gov/pubmed/16030142
https://doi.org/10.2337/db07-1045
http://www.ncbi.nlm.nih.gov/pubmed/17991760
https://doi.org/10.1016/j.bbrc.2011.08.083
http://www.ncbi.nlm.nih.gov/pubmed/21893030
https://doi.org/10.1074/jbc.M112.350215
https://doi.org/10.1074/jbc.M112.350215
http://www.ncbi.nlm.nih.gov/pubmed/22399297
https://doi.org/10.1371/journal.pone.0217751

