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Abstract

Chronic hepatitis C has been associated with metabolic syndrome that includes insulin

resistance, hepatic steatosis and obesity. These metabolic aberrations are risk factors for

disease severity and treatment outcome in infected patients. Experimental infection of mar-

mosets with GBV-B serves as a tangible, small animal model for human HCV infection, and

while virology and pathology are well described, a full investigation of clinical disease and

the metabolic milieu is lacking. In this study six marmosets were infected intravenously with

GBV-B and changes in hematologic, serum biochemical and plasma metabolic measures

were investigated over the duration of infection. Infected animals exhibited signs of lympho-

cytopenia, but platelet and RBC counts were generally stable or even increased. Although

most animals showed a transient decline in blood glucose, infection resulted in several fold

increases in plasma insulin, glucagon and glucagon-like peptide 1 (GLP-1). All infected ani-

mals experienced transient weight loss within the first 28 days of infection, but also became

hypertriglyceridemic and had up to 10-fold increases in adipocytokines such as resistin and

plasminogen activator inhibitor 1 (PAI-1). In liver, moderate to severe cytoplasmic changes

associated with steatotic changes was observed microscopically at 168 days post infection.

Collectively, these results suggest that GBV-B infection is accompanied by hematologic,

biochemical and metabolic abnormalities that could lead to obesity, diabetes, thrombosis

and atherosclerosis, even after virus has been cleared. Our findings mirror those found in

HCV patients, suggesting that metabolic syndrome could be conserved among hepaci-

viruses, and both mechanistic and interventional studies for treating HCV-induced metabolic

complications could be evaluated in this animal model.
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Introduction

Hepatitis C virus (HCV) causes chronic hepatitis leading to fibrosis, cirrhosis and hepatocellu-

lar carcinoma in 80% of infected individuals [1]. About 2.8% of the world’s population is

infected with HCV with associated mortality approximating 500,000 deaths per year [2–4]. In

addition to liver disease-related mortality, HCV-infected patients are prone to type 2 diabetes

and cardiovascular disease [5,6]. A myriad of metabolic aberrations including elevated triglyc-

erides, elevated fasting glucose and abdominal obesity can exacerbate the development of met-

abolic syndrome, which in turn leads to cardiovascular disease and type 2 diabetes mellitus [7].

Numerous studies have reported the association of HCV and its role in insulin resistance,

hepatic steatosis, atherosclerosis and other metabolic aberrations that have been specifically

described as HCV-associated dysmetabolic syndrome (HCADS) [8–10]. These metabolic aber-

rations especially steatosis, have been identified as predictors of poor treatment outcome for

interferon-based therapy in chronic HCV infection in the early 2000s [11–14]. In the current

era of directly acting antivirals, the impact of metabolic disorders on treatment outcome has

not been well studied. A better understanding of the dysmetabolic milieu in HCV-infected

patients will be helpful in attaining improved sustained virological response rates followed by

successful HCV eradication.

HCV also has a direct role in inducing metabolic dysfunctions. HCV core protein interferes

with insulin signaling pathways, thus inducing insulin resistance in the infected patients

[15,16]. The expression of HCV non-structural protein 5A (NS5A) in human hepatoma cells

lead to upregulated gluconeogenic and lipoegenic gene expression, which in turn favors the

development of insulin resistance and metabolic syndrome [16]. In infected hepatocytes, inter-

nalized HCV disrupts the host lipid metabolism for its own replication and assembly, leading

to hepatic steatosis and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepati-

tis (NASH) [9]. Several pathways have been reported to describe HCV mediated lipid dysregu-

lation in a genotypic specific manner. These include hepatic fat accumulation by activation of

SREBP-1 and 2, impairment of peroxisome proliferator-activated receptor expression, inhibi-

tion of MTP activity and promotion of de-novo lipid synthesis [17–19].

Insulin resistance predates steatosis development, which in turn aggravates steatosis leading

to a inflammatory liver microenvironment. This results in activation of cell stress pathways,

formation of inflammasome and further hepatocellular injury. Along with liver and pancreas,

adipose tissue, acting as an endocrine organ also regulates lipid and glucose metabolism. Dys-

functional adipose tissue is associated with imbalanced production of pro-inflammatory adi-

pokines including adiponectin, monocyte chemoattractant protein-1 (MCP-1), visfatin and

others, all contributing to local and systemic metabolic dysregulation [20–24]. A state of

chronic, low-level inflammation is associated with the metabolic syndrome, either underlying

or exacerbating it, predisposing chronic patients to the risk of developing hepatocellular carci-

noma and cardiovascular complications such as atherosclerosis [25–28].

Animal models play an important role in understanding the pathogenesis and immunology

of infectious agents, and chimpanzees were formally the primary model for HCV and played a

critical role in elucidating the natural history of the disease [29–31]. However, limitations due

to ethical and cost reasons have led to a generalized reduction in use of chimpanzees in bio-

medical research. Marmosets are a promising surrogate nonhuman primate model for HCV

due to their high degree of homology with humans immunologically [32]. Most importantly,

GB virus-B (GBV-B) belonging to the same family and genus as HCV causes an analogous dis-

ease to HCV in new world monkeys, including marmosets [33–37]. In addition to their immu-

nological similarity, marmosets have similar suites of body composition, alterations in glucose

and lipid metabolism as observed in humans and other nonhuman primates [38–41]. They are
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more prone to developing insulin resistance, diabetes mellitus, NAFLD and obesity and are

used as models for the same conditions [38–40]. Collectively, the increasing knowledge of

marmoset immunology and metabolic pathways, limited size and cost, and availability of

cross-reactive reagents makes marmosets an attractive animal model.

Methods

Ethics statement and animals

Six common marmosets (Callithrix jacchus) were used for this study and were housed in BSL2

biocontainment facilities at the New England Primate Research Center in accordance with the

guidelines of the local institutional animal care and use committee, and the Department of

Health and Human Services (DHHS) Guide for the Care and Use of Laboratory Animals. The

Harvard University IACUC approved all procedures prior to study. All animals were socially

housed and enrolled in the NEPRC environmental enrichment program designed to provide

mental and sensory stimulation and promote development of behavioral and logical skills

using varied stimuli (i.e., foraging devices). Blood draws consisted of no more than 1% of body

weight and not more than 3 ml. Post-blood draw analgesics were administered at the discre-

tion of the veterinarian. Animals were fed a commercial new world nonhuman primate diet,

which was supplemented with fruits, vegetables, eggs and nuts. Water was available ad libitum.

Additional information on the animals used in this study is found in Table 1. Animals were

weighed at weekly intervals for the first 4 weeks followed by monthly weight measurements

until day 168 post-infection (pi). Sequential blood draws were performed pre- and post-

GBV-B inoculation during morning hours for every time point. For all procedures animals

were sedated with ketamine (40–50 mg/kg). Animals were sacrificed at 168 days pi with IV

administration of an overdose (>>50 mg/kg) of pentobarbital verified by auscultation with a

stethoscope. Evident post mortem pathology was recorded by the attending veterinarian and

pathologist.

Virus inoculum

All animals were inoculated IV with 1.0 x 103 to 4.0 x 103 virus copy equivalents of uncloned

GBV-B virus stock as described [42].

Blood chemistry

Whole blood was also collected at indicated time points and sera were collected at monthly

intervals. At pre-infection and monthly time points 0.5 to 1ml (based on body weight of the

animal) of whole blood and 1 ml of clotted blood was collected; 0.5ml of blood was collected at

day 7, 14 and 21 pi. Blood cell counts were performed by automated analysis (Hemavet HV

Table 1. Pathological lesions in GBV-B infected animals.

Animal Sex Age (yrs) Gross pathology Steatosis score*

228–2007 Male 7 Enlarged peripheral lymph nodes; splenomegaly; hepatomegaly; kidney pale and mottled 2

16–2007 Male 7 Enlarged peripheral lymph nodes; cardiomegaly; liver enlarged & friable 2

282–2006 Female 8 Enlarged peripheral lymph nodes; splenomegaly; hepatomegaly 2

123–2010 Male 4 No significant findings 1

379–2009 Male 4 Splenomegaly 3

27–2009 Female 5 Splenomegaly; hepatomegaly; kidneys pale, mottled, and cortex pitted 2

* Liver of infected animals were scored for histological changes associated with steatosis at 168 days pi

doi:10.1371/journal.pone.0170240.t001
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1700FS instrument), and biochemical analyses were performed by standard veterinary diag-

nostics (IDEXX, Grafton MA). The medians and ranges of serum enzymes and analytes of ani-

mals at baseline (day 0) are shown in Table 2.

Histopathology

Liver samples were processed, stained by haematoxylin and eosin and scored as described [42].

The scores for hepatic steatosis were as follows: None-0, Mild-1, Moderate-2, Severe-3.

Luminex assay

Marmoset plasma samples were analyzed for glucagon, glucagon like peptide-1 (GLP-1), glu-

cose inhibitory peptide (GIP), insulin, leptin, plasminogen activator inhibitor type -1 (PAI-1),

resistin, and visfatin by Luminex [43]. Due to limited availability of samples, plasma samples

of only three animals (228–07, 16–07 and 27–09) were analyzed.

Statistics

Statistical significance of difference was determined by non-parametric Kruskal-Wallis test fol-

lowed by Dunn’s multiple comparison post-test or paired Students t test using GraphPad

Prism 6.0 software. Differences between the mean ranks of different time points compared to

the mean rank of day 0 were considered significant when the p value was less than 0.05. Corre-

lations between metabolic and biochemical factors were analyzed by Spearman correlation test

using GraphPad Prism 6.0 software.

Table 2. Serum chemistry baseline/normal values.

Clinical Parameters Units Median Range

ALP U/L 61 54–73

ALT (SGPT) U/L 6.5 3–8

AST (SGOT) U/L 89.5 77–135

CK U/L 343 187–870

LDH U/L 308 252–422

GGT U/L 7.5 3–13

Amylase U/L 260.5 151–284

Albumin g/dL 4.05 3.8–4.3

Total protein g/dL 6.55 6.1–6.7

Globulin g/dL 2.45 2.1–2.8

BUN mg/dL 22 19–26

Creatinine mg/dL 0.4 0.3–0.4

Cholesterol mg/dL 199 135–223

Glucose mg/dL 199.5 172–266

Calcium mg/dL 9.8 9.4–10.2

Phosphorus mg/dL 3.65 3.0–4.0

TCO2 (Bicarbonate) mEq/L 21 13–23

Chloride mEq/L 107.5 103–110

Potassium mEq/L 3.2 2.8–3.4

Sodium mEq/L 150.5 146–154

Triglyceride mg/dL 122.5 77–1017

doi:10.1371/journal.pone.0170240.t002
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Results

Clinical presentation of GBV-B infection

Six marmosets were infected with GBV-B and the clinical course of the disease was studied lon-

gitudinally over 168 days pi. Viral loads were analyzed in the plasma of infected animals by real

time PCR [42]. Post-infection, there was a reduction in percent body weight coinciding approx-

imately with peak mean viremia (Fig 1). Up to 5 to 10% loss in body weight was observed in all

animals when compared to baseline values (median = 0.43 kg; range = 0.303–0.496 kg). A return

to normal body weight and expected weight gain only occurred after viral clearance.

Hematological changes in GBV-B infection

Reduction in the total white blood cell count in all animals was observed at day 28 and at later

time points (Fig 2A). Similarly significant loss in lymphocyte count was observed in all animals

except 282–06 at days 28 and 56 pi (Fig 2B). Interestingly, platelet counts increased signifi-

cantly at days 28, 140 and 168 pi (Fig 2C). RBC numbers reduced, although not significantly

coinciding with the leukocyte counts at day 28, but not at later time points (Fig 2D). No signifi-

cant differences were observed in eosinophils, basophils and monocytes (data not shown).

Biochemical changes indicative of tissue inflammation

Sera at baseline (day 0, Table 2) and time points’ pi were analyzed for several biochemical

parameters. As observed in other reports [44–46], serum enzymes such as alanine aminotran-

saminase (ALT), aspartate aminotransaminase (AST) and alkaline phosphatase (ALP) indica-

tive of hepatitis were elevated in infected animals although they were not correlated with viral

loads [42]. Gamma glutamyl aminotransferase (GGT), another serum enzyme associated with

liver damage in marmosets [39], was elevated by at least 1.5 to 2-fold in all infected animals

when compared to day 0 values (Fig 3A). Decreases in blood urea nitrogen (BUN) were

observed at all time points (Fig 3B). Creatine Kinase (CK) was elevated by more than 2-fold

than baseline values in all animals at different time points (Fig 3C) suggesting in addition to

liver damage, more generalized activation or cardiovascular damage. No significant changes

were observed in levels of albumin, globulin, total proteins and electrolytes such as calcium,

phosphorous, chloride, potassium and sodium (data not shown).

Fig 1. GBV-B viremia and transient weight loss. Kinetics of mean plasma viral load determined by real

time PCR and body weight measurements expressed as percent changes compared to baseline values in

GBV-B infected marmosets.

doi:10.1371/journal.pone.0170240.g001
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Dysregulated glucose metabolism in GBV-B infection

Serum glucose and plasma hormones involved in glucose metabolism were monitored at

monthly time points post infection. A transient but consistent decline in blood glucose was

observed by day 28 pi, returning to normal levels by viral clearance (Fig 4A). Based on sample

availability, plasma from only three animals—228–07, 16–07 and 27–09 were analyzed for hor-

mones involved in glucose metabolism by Luminex assay. The major pancreatic hormones,

insulin and glucagon were increased at multiple time points in all three animals (Fig 4B & 4C).

GIP and GLP-1 are incretin hormones produced by the gut. While GLP-1 was elevated at days

28, 56 and 168 at significant levels (Fig 4D) in the three animals, GIP was increased in 228–07

and 16–07 but not in 27–09 (Fig 4E).

Lipid dysfunctions in infected animals

Altered lipid profiles that drive steatosis and insulin resistance have been previously associated

with HCV infection [47–49]. In GBV-B-infected marmosets, serum cholesterol levels were

generally not variable (Fig 5A), whereas elevated triglycerides were observed at later time

points exceeding 400mg/dL in animals 228–07, 16–07 and 27–09 (Fig 5B). Triglyceride con-

centrations more than 400mg/dL is considered as hypertriglyceridemia in marmosets [38].

Interestingly, the animal 228–07 had high triglyceride levels even at baseline, which further

increased by 2 to 3-fold at later time points.

Adipocytokines are cytokines secreted by adipose tissues and are associated with obesity

and insulin resistance. PAI-1, visfatin, resistin and leptin are some of the adipocytokines that

were analyzed in the plasma of 228–07, 16–07 and 27–09. Increases in PAI-1 as high as 10-fold

Fig 2. Changes in blood cell counts during GBV-B infection. Changes in cell counts of (A) white blood

cells, (B) lymphocytes, (C) platelets and (D) red blood cells of blood from GBV-B infected marmosets. Asterisk

indicates significant differences between mean of respective time point and day 0 by Kruskal Wallis test

followed by Dunn’s multiple comparison at p value < 0.05.

doi:10.1371/journal.pone.0170240.g002
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Fig 3. Changes in serum biochemistry. Serum biochemistry for (A) gamma glutamyl transferase (GGT),

(B) blood urea nitrogen (BUN), (C) creatine kinase (CK) in GBV-B infected marmosets.

doi:10.1371/journal.pone.0170240.g003

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 7 / 15



or more were observed in all three animals at most time points of the study (Fig 5C). Resistin

was elevated in animals 228–07 and 16–07 and reached significant levels at day 168 (Fig 5D).

Interestingly, resistin levels correlated with triglyceride levels (r = 0.759, p<0.001) in the

plasma of infected animals. Visfatin was increased in 27–09 at day 28 pi, and in 16–07 at later

time points (Fig 5E). No major changes were observed in leptin levels (Fig 5F).

Pathological changes towards hepatic steatosis in infected animals

At day 168 pi all infected animals were necropsied and gross pathology was noted. Table 1 lists

the various anomalies detected in internal organs of infected marmosets. The most common

observations included enlarged liver, spleen and lymph nodes and mottled kidneys.

Fig 4. Dysregulated glucose and associated hormones in GBV-B infected animals. Changes in (A)

glucose, (B) insulin, (C) glucagon, (D) GLP-1 and (E) GIP in plasma of infected marmosets by luminex assay.

Asterisk indicates significant differences between mean of respective time point and day 0 by paired t test at p

value < 0.05.

doi:10.1371/journal.pone.0170240.g004

Fig 5. Dyslipidemic profile in GBV-B infected animals. Changes in (A) cholesterol, (B) triglycerides, (C)

PAI-1, (D) resistin, (E) visfatin and (F) leptin in plasma of infected marmosets by luminex assay. Asterisk

indicates significant differences between mean of respective time point and day 0 by paired t test at p

value < 0.05.

doi:10.1371/journal.pone.0170240.g005
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Previous observations from our lab confirmed the presence of hepatitis and liver fibrosis in

GBV-B-infected animals by histopathological evaluation [42]. Further examination for steato-

sis revealed cytoplasmic vacuoles with peripheral nuclei indicating macrovesicular steatosis in

the liver of infected animals at day 168 pi compared to normal animals (Fig 6). Quantitative

evaluation of liver histopathology identified varying levels of steatotic changes in all infected

animals–ranging from mild steatosis in 123–10 to severe steatosis in 27–09 (Table 1).

Discussion

Previous studies including our own observations have shown that GBV-B induces acute hepa-

titis in marmosets and tamarins with elevated serum enzymes such as ALT, isocitrate dehydro-

genase and glutamate dehydrogenase [42,44–46]. However, the hematological, biochemical

and metabolic changes over the course of GBV-B infection have not been described in detail.

In this study, marmosets infected with GBV-B were assessed for changes in both hematological

and serum metabolic parameters from onset of infection until after viral clearance.

Many flaviviruses infect hematopoietic cells which, as a general feature of this family of

viruses, can lead to neutropenia, bone marrow hypocellularity and abnormal megakaryocyte

formation [50]. Thrombocytopenia in combination with leukopenia and hemolysis secondary

to HCV infection has been reported [51]. Interestingly, although virus was cleared in most ani-

mals by days 28 or 56, recovery of lymphocyte counts was observed much later. However, leu-

kopenia and decreased RBC levels observed in most animals at day 28 could be the result of

repeated phlebotomy within the first month of infection. Although thrombocytopenia has

been specifically associated with chronic HCV [52–55], platelet counts were not reduced in

GBV-B infection. A probable reason for the difference in platelet count between the two hepa-

civiruses could be the generally acute nature of GBV-B infection which might be insufficient

in duration compared to chronic HCV to induce thrombocytopenia.

Dysfunctions of glucose metabolism and insulin resistance are common features in chronic

hepatitis due to the major role(s) the liver plays in glucose metabolism. Indeed HCV directly

interrupts signaling in the insulin receptor substrate-1 pathway through its core protein [56].

Most infected animals showed evidence of an acute hypoglycemia, but also exhibited elevated

levels of insulin, glucagon and GLP-1 (Fig 4). Hyperinsulinemia has been demonstrated in

chronic HCV infection [57,58], and both hyperinsulinemia and hyperglucagonemia can be

found in cirrhotic patients [59]. GIP is elevated in type 2 diabetes mellitus and in impaired

Fig 6. Hepatic steatotic lesions in GBV-B infected animals. Representative micrographs show

histopathological changes associated with liver steatosis by H&E (magnification,400x; scale bar 100μm) in

healthy and GBV-B infected marmosets.

doi:10.1371/journal.pone.0170240.g006
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glucose tolerant patients [60,61] while GLP-1 improves insulin sensitivity in mice and humans

[62]. However, the changes of glucagon, GLP-1 and GIP hormones in viral hepatitis induced

insulin resistance are not completely clear [63,64].

Other than insulin resistance, the metabolic complications most commonly associated with

chronic HCV infection include hepatic steatosis and dyslipidemia [65–68]. Patients with

hepatic steatosis had significantly increased serum triglycerides than HCV-infected patients

without hepatic steatosis [69], and severity of liver injury has been correlated with low choles-

terol levels [70–72]. Marmosets infected with a HCV/GBV-B chimera demonstrated patho-

logical changes in liver including lymphocyte infiltration, hepatic edema, cholestasis and

ultrastructural changes such as lipid droplets indicative of fatty liver degeneration [73]. In this

study, infected animals showed accumulation of lipid in hepatocytes as evidenced by steatosis

in liver and additionally hepatomegaly (Table 1), thus recapitulating NAFLD in humans. Fur-

ther, necrotic hepatocellular structures, inflammatory cell infiltration and mild levels of fibro-

sis in liver were observed in the same cohort of animals [42] indicating progression of liver

injury towards NASH. This data is in accordance with the marmoset model of NAFLD and

NASH where elevated serum GGT and triglycerides were suggested as useful biochemical

markers of liver dysfunction [39,74].

Obesity and insulin resistance are independent negative predictors for SVR in chronic hep-

atitis C patients undergoing combination therapy [75]. Adipose tissue derived cytokines or

adipocytokines are reported to play an important role in the development of obesity derived

insulin resistance [76,77]. Resistin, an adipocytokine was higher in NAFLD patients with mod-

erate/severe liver fibrosis than patients with mild fibrosis [78]. Hyperresistinemia has been

reported in Chronic HCV patients [48,79] and IL-8 and resistin levels predicted severe/moder-

ate fibrosis in HCV infected patients [79]. At day 168 pi, significant hyperresistinemia was

observed in infected animals. In addition, association between resistin and triglyceride levels

indicates that viral hepatitis could drive insulin resistance and lipid dysregulation. PAI-1,

another adipocytokine, was elevated in infected animals 2-fold up to 30-fold. PAI-1 levels were

associated with triglyceride levels in chronic HCV patients [49]. Elevated PAI-1 levels have

been associated with diabetic nephropathy [80,81]. Renal complications such as albuminuria,

cryoglobulinemia-induced glomerulonephritis and chronic kidney disease have all been asso-

ciated with HCV infection [82–84]. Abnormal changes in BUN were observed in some animals

and could indicate renal disease. Acute experimental liver damage in cirrhotic rats also in-

duced renal dysfunction with increases in serum creatinine, bilirubin, and BUN levels [85].

Collectively, these data suggest that GBV-B, like many other viral infections, could induce kid-

ney dysfunction, but it is also important to point out that marmosets have a propensity to

develop spontaneous benign glomerulonephropathy [86–88]. Thus, further studies will be nec-

essary to determine if kidney disease is a true complication of GBV-B infection. Further, a gen-

eral state of chronic inflammation is associated with these metabolic aberrations [25–27]. In all

GBV-B infected animals, CK was elevated up to 18-fold above baseline. Multiple studies have

founded elevated CK and myositis associated with HCV infection [89–92]. This is further sup-

ported by the gross pathological observations of hepatomegaly, splenomegaly, kidney lesions

and peripheral lymphadenopathy–indicative of an underlying state of inflammation caused by

GBV-B infection and similarity to HCV disease.

In summary, despite the relatively low numbers of animals evaluated in this study, our data

suggest that GBV-B infection in marmosets could induce significant clinical and metabolic

dysregulation as evidenced by hypertriglyceridemia and potential pre-diabetic manifestations

similar to disease found in HCV infection of humans. The most notable similarities were signs

of systemic inflammation, liver damage, dysfunctional lipid and glucose metabolism, all of

which could influence progression of disease and/or response to treatment. Although the
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measurement of non-fasting plasma glucose is a caveat in this study, several pre-diabetic

parameters such as adipocytokine dysregulation in combination with lipid dysregulation indi-

cates a risk of diabetic manifestation. In addition, steatotic changes in liver confirmed triglyc-

eride accumulation leading to fatty liver degeneration. Further, these metabolic aberrations

were seen in animals even after virus was completely cleared, which could be indicative of per-

manent liver damage resulting in progressive dysregulation of metabolic pathways irrespective

of virus replication. Therefore, GBV-B infection, regardless of duration, might induce hemato-

logic and metabolic dysfunctions in marmosets similar to those observed in HCV, but the full

mechanism of hepacivirus-induced metabolic disease will require further study in additional

animal cohorts. Nonetheless, the similarity of disease between the marmoset model and

humans could help to better understand the role(s) metabolic dysfunction plays in disease

pathogenesis as well as evaluations of these disease complications when considering treatment.

Acknowledgments

We thank the Division of Primate Resources of the New England Primate Research Center for

expert animal care.

Author Contributions

Conceptualization: RKR.

Data curation: CM RKR.

Formal analysis: CM RKR.

Funding acquisition: RKR.

Investigation: CM LW AJM LDG.

Methodology: CM LW AJM LDG RKR.

Project administration: RKR.

Supervision: RKR.

Validation: CM RKR.

Visualization: CM.

Writing – original draft: CM.

Writing – review & editing: RKR CM LW LDG.

References
1. Hoofnagle JH (2002) Course and outcome of hepatitis C. Hepatology 36: S21–29. doi: 10.1053/jhep.

2002.36227 PMID: 12407573

2. Kohli A, Shaffer A, Sherman A, Kottilil S (2014) Treatment of hepatitis C: a systematic review. JAMA

312: 631–640. doi: 10.1001/jama.2014.7085 PMID: 25117132

3. Liakina V, Hamid S, Tanaka J, Olafsson S, Sharara AI, et al. (2015) Historical epidemiology of hepatitis

C virus (HCV) in select countries—volume 3. J Viral Hepat 22 Suppl 4: 4–20.

4. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, et al. (2012) Global and regional mortality from

235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of

Disease Study 2010. Lancet 380: 2095–2128. doi: 10.1016/S0140-6736(12)61728-0 PMID: 23245604

5. Jinjuvadia R, Liangpunsakul S (2014) Association between metabolic syndrome and its individual com-

ponents with viral hepatitis B. Am J Med Sci 347: 23–27. doi: 10.1097/MAJ.0b013e31828b25a5 PMID:

23514672

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 11 / 15

http://dx.doi.org/10.1053/jhep.2002.36227
http://dx.doi.org/10.1053/jhep.2002.36227
http://www.ncbi.nlm.nih.gov/pubmed/12407573
http://dx.doi.org/10.1001/jama.2014.7085
http://www.ncbi.nlm.nih.gov/pubmed/25117132
http://dx.doi.org/10.1016/S0140-6736(12)61728-0
http://www.ncbi.nlm.nih.gov/pubmed/23245604
http://dx.doi.org/10.1097/MAJ.0b013e31828b25a5
http://www.ncbi.nlm.nih.gov/pubmed/23514672


6. Dyal HK, Aguilar M, Bartos G, Holt EW, Bhuket T, et al. (2016) Diabetes Mellitus Increases Risk of

Hepatocellular Carcinoma in Chronic Hepatitis C Virus Patients: A Systematic Review. Dig Dis Sci 61:

636–645. doi: 10.1007/s10620-015-3983-3 PMID: 26703125

7. National Cholesterol Education Program Expert Panel on Detection E, Treatment of High Blood Choles-

terol in A (2002) Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on

Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III)

final report. Circulation 106: 3143–3421. PMID: 12485966

8. Oliveira LP, de Jesus RP, Boulhosa RS, Onofre T, Mendes CM, et al. (2016) Factors Associated with

Insulin Resistance in Patients with Chronic HCV Genotype 1 Infection without Obesity or Type 2 Diabe-

tes. J Am Coll Nutr 35: 436–442. doi: 10.1080/07315724.2015.1072756 PMID: 26933768

9. Kralj D, Virovic Jukic L, Stojsavljevic S, Duvnjak M, Smolic M, et al. (2016) Hepatitis C Virus, Insulin

Resistance, and Steatosis. J Clin Transl Hepatol 4: 66–75. doi: 10.14218/JCTH.2015.00051 PMID:

27047774

10. Lonardo A, Adinolfi LE, Restivo L, Ballestri S, Romagnoli D, et al. (2014) Pathogenesis and significance

of hepatitis C virus steatosis: an update on survival strategy of a successful pathogen. World J Gastro-

enterol 20: 7089–7103. doi: 10.3748/wjg.v20.i23.7089 PMID: 24966582

11. Patton HM, Patel K, Behling C, Bylund D, Blatt LM, et al. (2004) The impact of steatosis on disease pro-

gression and early and sustained treatment response in chronic hepatitis C patients. J Hepatol 40:

484–490. doi: 10.1016/j.jhep.2003.11.004 PMID: 15123364

12. Restivo L, Zampino R, Guerrera B, Ruggiero L, Adinolfi LE (2012) Steatosis is the predictor of relapse in

HCV genotype 3- but not 2-infected patients treated with 12 weeks of pegylated interferon-alpha-2a

plus ribavirin and RVR. J Viral Hepat 19: 346–352. doi: 10.1111/j.1365-2893.2011.01555.x PMID:

22497814

13. Yaginuma R, Ikejima K, Okumura K, Kon K, Suzuki S, et al. (2006) Hepatic steatosis is a predictor of

poor response to interferon alpha-2b and ribavirin combination therapy in Japanese patients with

chronic hepatitis C. Hepatol Res 35: 19–25. doi: 10.1016/j.hepres.2006.02.001 PMID: 16531110

14. Harrison SA, Brunt EM, Qazi RA, Oliver DA, Neuschwander-Tetri BA, et al. (2005) Effect of significant

histologic steatosis or steatohepatitis on response to antiviral therapy in patients with chronic hepatitis

C. Clin Gastroenterol Hepatol 3: 604–609. PMID: 15952103

15. Lee S, Park U, Lee YI (2001) Hepatitis C virus core protein transactivates insulin-like growth factor II

gene transcription through acting concurrently on Egr1 and Sp1 sites. Virology 283: 167–177. doi: 10.

1006/viro.2001.0892 PMID: 11336542

16. Parvaiz F, Manzoor S, Iqbal J, McRae S, Javed F, et al. (2014) Hepatitis C virus nonstructural protein

5A favors upregulation of gluconeogenic and lipogenic gene expression leading towards insulin resis-

tance: a metabolic syndrome. Arch Virol 159: 1017–1025. doi: 10.1007/s00705-013-1892-3 PMID:

24240483

17. Oem JK, Jackel-Cram C, Li YP, Zhou Y, Zhong J, et al. (2008) Activation of sterol regulatory element-

binding protein 1c and fatty acid synthase transcription by hepatitis C virus non-structural protein 2. J

Gen Virol 89: 1225–1230. doi: 10.1099/vir.0.83491-0 PMID: 18420801

18. Perlemuter G, Sabile A, Letteron P, Vona G, Topilco A, et al. (2002) Hepatitis C virus core protein inhib-

its microsomal triglyceride transfer protein activity and very low density lipoprotein secretion: a model of

viral-related steatosis. FASEB J 16: 185–194. doi: 10.1096/fj.01-0396com PMID: 11818366

19. de Gottardi A, Pazienza V, Pugnale P, Bruttin F, Rubbia-Brandt L, et al. (2006) Peroxisome proliferator-

activated receptor-alpha and -gamma mRNA levels are reduced in chronic hepatitis C with steatosis

and genotype 3 infection. Aliment Pharmacol Ther 23: 107–114. doi: 10.1111/j.1365-2036.2006.

02729.x PMID: 16393287

20. Kamei N, Tobe K, Suzuki R, Ohsugi M, Watanabe T, et al. (2006) Overexpression of monocyte che-

moattractant protein-1 in adipose tissues causes macrophage recruitment and insulin resistance. J Biol

Chem 281: 26602–26614. doi: 10.1074/jbc.M601284200 PMID: 16809344

21. Maeda N, Shimomura I, Kishida K, Nishizawa H, Matsuda M, et al. (2002) Diet-induced insulin resis-

tance in mice lacking adiponectin/ACRP30. Nat Med 8: 731–737. doi: 10.1038/nm724 PMID:

12068289

22. Stastny J, Bienertova-Vasku J, Vasku A (2012) Visfatin and its role in obesity development. Diabetes

Metab Syndr 6: 120–124. doi: 10.1016/j.dsx.2012.08.011 PMID: 23153983

23. Saad Y, Ahmed A, Saleh DA, Doss W (2013) Adipokines and insulin resistance, predictors of response

to therapy in Egyptian patients with chronic hepatitis C virus genotype 4. Eur J Gastroenterol Hepatol

25: 920–925. doi: 10.1097/MEG.0b013e32835f2726 PMID: 23442415

24. Chen CL, Yang WS, Yang HI, Chen CF, You SL, et al. (2014) Plasma adipokines and risk of hepatocel-

lular carcinoma in chronic hepatitis B virus-infected carriers: a prospective study in taiwan. Cancer Epi-

demiol Biomarkers Prev 23: 1659–1671. doi: 10.1158/1055-9965.EPI-14-0161 PMID: 24895413

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 12 / 15

http://dx.doi.org/10.1007/s10620-015-3983-3
http://www.ncbi.nlm.nih.gov/pubmed/26703125
http://www.ncbi.nlm.nih.gov/pubmed/12485966
http://dx.doi.org/10.1080/07315724.2015.1072756
http://www.ncbi.nlm.nih.gov/pubmed/26933768
http://dx.doi.org/10.14218/JCTH.2015.00051
http://www.ncbi.nlm.nih.gov/pubmed/27047774
http://dx.doi.org/10.3748/wjg.v20.i23.7089
http://www.ncbi.nlm.nih.gov/pubmed/24966582
http://dx.doi.org/10.1016/j.jhep.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15123364
http://dx.doi.org/10.1111/j.1365-2893.2011.01555.x
http://www.ncbi.nlm.nih.gov/pubmed/22497814
http://dx.doi.org/10.1016/j.hepres.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16531110
http://www.ncbi.nlm.nih.gov/pubmed/15952103
http://dx.doi.org/10.1006/viro.2001.0892
http://dx.doi.org/10.1006/viro.2001.0892
http://www.ncbi.nlm.nih.gov/pubmed/11336542
http://dx.doi.org/10.1007/s00705-013-1892-3
http://www.ncbi.nlm.nih.gov/pubmed/24240483
http://dx.doi.org/10.1099/vir.0.83491-0
http://www.ncbi.nlm.nih.gov/pubmed/18420801
http://dx.doi.org/10.1096/fj.01-0396com
http://www.ncbi.nlm.nih.gov/pubmed/11818366
http://dx.doi.org/10.1111/j.1365-2036.2006.02729.x
http://dx.doi.org/10.1111/j.1365-2036.2006.02729.x
http://www.ncbi.nlm.nih.gov/pubmed/16393287
http://dx.doi.org/10.1074/jbc.M601284200
http://www.ncbi.nlm.nih.gov/pubmed/16809344
http://dx.doi.org/10.1038/nm724
http://www.ncbi.nlm.nih.gov/pubmed/12068289
http://dx.doi.org/10.1016/j.dsx.2012.08.011
http://www.ncbi.nlm.nih.gov/pubmed/23153983
http://dx.doi.org/10.1097/MEG.0b013e32835f2726
http://www.ncbi.nlm.nih.gov/pubmed/23442415
http://dx.doi.org/10.1158/1055-9965.EPI-14-0161
http://www.ncbi.nlm.nih.gov/pubmed/24895413


25. Hanley AJ, Festa A, D’Agostino RB Jr., Wagenknecht LE, Savage PJ, et al. (2004) Metabolic and

inflammation variable clusters and prediction of type 2 diabetes: factor analysis using directly measured

insulin sensitivity. Diabetes 53: 1773–1781. PMID: 15220201

26. Shulman GI (2000) Cellular mechanisms of insulin resistance. J Clin Invest 106: 171–176. doi: 10.

1172/JCI10583 PMID: 10903330

27. Hotamisligil GS (2003) Inflammatory pathways and insulin action. Int J Obes Relat Metab Disord 27

Suppl 3: S53–55.

28. Ballestri S, Nascimbeni F, Romagnoli D, Baldelli E, Targher G, et al. (2016) Type 2 Diabetes in Non-

Alcoholic Fatty Liver Disease and Hepatitis C Virus Infection—Liver: The "Musketeer" in the Spotlight.

Int J Mol Sci 17: 355. doi: 10.3390/ijms17030355 PMID: 27005620

29. Alter HJ, Purcell RH, Holland PV, Popper H (1978) Transmissible agent in non-A, non-B hepatitis. Lan-

cet 1: 459–463. PMID: 76017

30. Houghton M (2009) Discovery of the hepatitis C virus. Liver Int 29 Suppl 1: 82–88.

31. Bukh J (2004) A critical role for the chimpanzee model in the study of hepatitis C. Hepatology 39: 1469–

1475. doi: 10.1002/hep.20268 PMID: 15185284

32. t Hart BA, Laman JD, Bauer J, Blezer E, van Kooyk Y, et al. (2004) Modelling of multiple sclerosis: les-

sons learned in a non-human primate. Lancet Neurol 3: 588–597. doi: 10.1016/S1474-4422(04)00879-

8 PMID: 15380155

33. Bukh J, Apgar CL, Govindarajan S, Purcell RH (2001) Host range studies of GB virus-B hepatitis agent,

the closest relative of hepatitis C virus, in New World monkeys and chimpanzees. J Med Virol 65: 694–

697. PMID: 11745933

34. Bukh J, Apgar CL, Yanagi M (1999) Toward a surrogate model for hepatitis C virus: An infectious molec-

ular clone of the GB virus-B hepatitis agent. Virology 262: 470–478. doi: 10.1006/viro.1999.9941 PMID:

10502525

35. Simons JN, Pilot-Matias TJ, Leary TP, Dawson GJ, Desai SM, et al. (1995) Identification of two flavivi-

rus-like genomes in the GB hepatitis agent. Proc Natl Acad Sci U S A 92: 3401–3405. PMID: 7724574

36. Muerhoff AS, Leary TP, Simons JN, Pilot-Matias TJ, Dawson GJ, et al. (1995) Genomic organization of

GB viruses A and B: two new members of the Flaviviridae associated with GB agent hepatitis. J Virol

69: 5621–5630. PMID: 7637008

37. Deinhardt F, Peterson D, Cross G, Wolfe L, Holmes AW (1975) Hepatitis in marmosets. Am J Med Sci

270: 73–80. PMID: 171953

38. Tardif SD, Power ML, Ross CN, Rutherford JN, Layne-Colon DG, et al. (2009) Characterization of

obese phenotypes in a small nonhuman primate, the common marmoset (Callithrix jacchus). Obesity

(Silver Spring) 17: 1499–1505.

39. Kramer JA, Grindley J, Crowell AM, Makaron L, Kohli R, et al. (2015) The common marmoset as a

model for the study of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Vet Pathol 52:

404–413. doi: 10.1177/0300985814537839 PMID: 24913270

40. Power ML, Ross CN, Schulkin J, Ziegler TE, Tardif SD (2013) Metabolic consequences of the early

onset of obesity in common marmoset monkeys. Obesity (Silver Spring) 21: E592–598.

41. Ross CN, Power ML, Artavia JM, Tardif SD (2013) Relation of food intake behaviors and obesity devel-

opment in young common marmoset monkeys. Obesity (Silver Spring) 21: 1891–1899.

42. Manickam C, Rajakumar P, Wachtman L, Kramer JA, Martinot AJ, et al. (2016) Acute liver damage

associated with innate immune activation in a small nonhuman primate model of Hepacivirus infection.

J Virol.

43. Giavedoni LD (2005) Simultaneous detection of multiple cytokines and chemokines from nonhuman pri-

mates using luminex technology. Journal of Immunological Methods 301: 89–101. doi: 10.1016/j.jim.

2005.03.015 PMID: 15896800

44. Lanford RE, Chavez D, Notvall L, Brasky KM (2003) Comparison of tamarins and marmosets as hosts

for GBV-B infections and the effect of immunosuppression on duration of viremia. Virology 311: 72–80.

PMID: 12832204

45. Bright H, Carroll AR, Watts PA, Fenton RJ (2004) Development of a GB virus B marmoset model and its

validation with a novel series of hepatitis C virus NS3 protease inhibitors. J Virol 78: 2062–2071. doi:

10.1128/JVI.78.4.2062-2071.2004 PMID: 14747571

46. Weatherford T, Chavez D, Brasky KM, Lanford RE (2009) The marmoset model of GB virus B infec-

tions: adaptation to host phenotypic variation. J Virol 83: 5806–5814. doi: 10.1128/JVI.00033-09 PMID:

19279089

47. Durante-Mangoni E, Zampino R, Marrone A, Tripodi MF, Rinaldi L, et al. (2006) Hepatic steatosis and

insulin resistance are associated with serum imbalance of adiponectin/tumour necrosis factor-alpha in

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15220201
http://dx.doi.org/10.1172/JCI10583
http://dx.doi.org/10.1172/JCI10583
http://www.ncbi.nlm.nih.gov/pubmed/10903330
http://dx.doi.org/10.3390/ijms17030355
http://www.ncbi.nlm.nih.gov/pubmed/27005620
http://www.ncbi.nlm.nih.gov/pubmed/76017
http://dx.doi.org/10.1002/hep.20268
http://www.ncbi.nlm.nih.gov/pubmed/15185284
http://dx.doi.org/10.1016/S1474-4422(04)00879-8
http://dx.doi.org/10.1016/S1474-4422(04)00879-8
http://www.ncbi.nlm.nih.gov/pubmed/15380155
http://www.ncbi.nlm.nih.gov/pubmed/11745933
http://dx.doi.org/10.1006/viro.1999.9941
http://www.ncbi.nlm.nih.gov/pubmed/10502525
http://www.ncbi.nlm.nih.gov/pubmed/7724574
http://www.ncbi.nlm.nih.gov/pubmed/7637008
http://www.ncbi.nlm.nih.gov/pubmed/171953
http://dx.doi.org/10.1177/0300985814537839
http://www.ncbi.nlm.nih.gov/pubmed/24913270
http://dx.doi.org/10.1016/j.jim.2005.03.015
http://dx.doi.org/10.1016/j.jim.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15896800
http://www.ncbi.nlm.nih.gov/pubmed/12832204
http://dx.doi.org/10.1128/JVI.78.4.2062-2071.2004
http://www.ncbi.nlm.nih.gov/pubmed/14747571
http://dx.doi.org/10.1128/JVI.00033-09
http://www.ncbi.nlm.nih.gov/pubmed/19279089


chronic hepatitis C patients. Aliment Pharmacol Ther 24: 1349–1357. doi: 10.1111/j.1365-2036.2006.

03114.x PMID: 17059516

48. Tiftikci A, Atug O, Yilmaz Y, Eren F, Ozdemir FT, et al. (2009) Serum levels of adipokines in patients

with chronic HCV infection: relationship with steatosis and fibrosis. Arch Med Res 40: 294–298. doi: 10.

1016/j.arcmed.2009.04.008 PMID: 19608019

49. Miki D, Ohishi W, Ochi H, Hayes CN, Abe H, et al. (2012) Serum PAI-1 is a novel predictor for response

to pegylated interferon-alpha-2b plus ribavirin therapy in chronic hepatitis C virus infection. J Viral Hepat

19: e126–133. doi: 10.1111/j.1365-2893.2011.01516.x PMID: 22239510

50. Kurtzman G, Young N (1989) Viruses and bone marrow failure. Baillieres Clin Haematol 2: 51–67.

PMID: 2537667

51. Emilia G, Luppi M, Ferrari MG, Barozzi P, Marasca R, et al. (1997) Hepatitis C virus-induced leuko-

thrombocytopenia and haemolysis. J Med Virol 53: 182–184. PMID: 9334931

52. Garcia-Suarez J, Burgaleta C, Hernanz N, Albarran F, Tobaruela P, et al. (2000) HCV-associated

thrombocytopenia: clinical characteristics and platelet response after recombinant alpha2b-interferon

therapy. Br J Haematol 110: 98–103. PMID: 10930984

53. Benci A, Caremani M, Tacconi D (2003) Thrombocytopenia in patients with HCV-positive chronic hepa-

titis: efficacy of leucocyte interferon-alpha treatment. Int J Clin Pract 57: 17–19. PMID: 12587936

54. Wang CS, Yao WJ, Wang ST, Chang TT, Chou P (2004) Strong association of hepatitis C virus (HCV)

infection and thrombocytopenia: implications from a survey of a community with hyperendemic HCV

infection. Clin Infect Dis 39: 790–796. doi: 10.1086/423384 PMID: 15472809

55. Nagamine T, Ohtuka T, Takehara K, Arai T, Takagi H, et al. (1996) Thrombocytopenia associated with

hepatitis C viral infection. J Hepatol 24: 135–140. PMID: 8907565

56. Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, Tsukamoto K, et al. (2004) Hepatitis C virus infection and

diabetes: direct involvement of the virus in the development of insulin resistance. Gastroenterology

126: 840–848. PMID: 14988838

57. Fartoux L, Poujol-Robert A, Guechot J, Wendum D, Poupon R, et al. (2005) Insulin resistance is a

cause of steatosis and fibrosis progression in chronic hepatitis C. Gut 54: 1003–1008. doi: 10.1136/gut.

2004.050302 PMID: 15951550

58. Furutani M, Nakashima T, Sumida Y, Hirohama A, Yoh T, et al. (2003) Insulin resistance/beta-cell func-

tion and serum ferritin level in non-diabetic patients with hepatitis C virus infection. Liver Int 23: 294–

299. PMID: 12895270

59. Yoshida T, Ninomiya K, Matsumoto T, Baatar D, Bandoh T, et al. (1998) Glucagon and insulin metabo-

lism in cirrhotic patients. Hepatogastroenterology 45: 468–471. PMID: 9638429

60. Calanna S, Urbano F, Piro S, Zagami RM, Di Pino A, et al. (2012) Elevated plasma glucose-dependent

insulinotropic polypeptide associates with hyperinsulinemia in metabolic syndrome. Eur J Endocrinol

166: 917–922. doi: 10.1530/EJE-11-0765 PMID: 22391044

61. Vollmer K, Holst JJ, Baller B, Ellrichmann M, Nauck MA, et al. (2008) Predictors of incretin concentra-

tions in subjects with normal, impaired, and diabetic glucose tolerance. Diabetes 57: 678–687. doi: 10.

2337/db07-1124 PMID: 18057091

62. Parlevliet ET, de Leeuw van Weenen JE, Romijn JA, Pijl H (2010) GLP-1 treatment reduces endoge-

nous insulin resistance via activation of central GLP-1 receptors in mice fed a high-fat diet. Am J Physiol

Endocrinol Metab 299: E318–324. doi: 10.1152/ajpendo.00191.2010 PMID: 20530733

63. Kawaguchi T, Taniguchi E, Itou M, Sakata M, Sumie S, et al. (2011) Insulin resistance and chronic liver

disease. World J Hepatol 3: 99–107. doi: 10.4254/wjh.v3.i5.99 PMID: 21731901

64. Itou M, Kawaguchi T, Taniguchi E, Sumie S, Oriishi T, et al. (2008) Altered expression of glucagon-like

peptide-1 and dipeptidyl peptidase IV in patients with HCV-related glucose intolerance. J Gastroenterol

Hepatol 23: 244–251. doi: 10.1111/j.1440-1746.2007.05183.x PMID: 17944883

65. Giusti G, Pasquale G, Galante D, Russo M, Sardaro C, et al. (1993) Clinical and histological aspects of

chronic HCV infection and cirrhosis. Hepatogastroenterology 40: 365–369. PMID: 8406307

66. Negro F, Sanyal AJ (2009) Hepatitis C virus, steatosis and lipid abnormalities: clinical and pathogenic

data. Liver Int 29 Suppl 2: 26–37.

67. Konrad T, Zeuzem S, Toffolo G, Vicini P, Teuber G, et al. (2000) Severity of HCV-induced liver damage

alters glucose homeostasis in noncirrhotic patients with chronic HCV infection. Digestion 62: 52–59.

PMID: 10899726

68. Lonardo A, Adinolfi LE, Loria P, Carulli N, Ruggiero G, et al. (2004) Steatosis and hepatitis C virus:

mechanisms and significance for hepatic and extrahepatic disease. Gastroenterology 126: 586–597.

PMID: 14762795

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 14 / 15

http://dx.doi.org/10.1111/j.1365-2036.2006.03114.x
http://dx.doi.org/10.1111/j.1365-2036.2006.03114.x
http://www.ncbi.nlm.nih.gov/pubmed/17059516
http://dx.doi.org/10.1016/j.arcmed.2009.04.008
http://dx.doi.org/10.1016/j.arcmed.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19608019
http://dx.doi.org/10.1111/j.1365-2893.2011.01516.x
http://www.ncbi.nlm.nih.gov/pubmed/22239510
http://www.ncbi.nlm.nih.gov/pubmed/2537667
http://www.ncbi.nlm.nih.gov/pubmed/9334931
http://www.ncbi.nlm.nih.gov/pubmed/10930984
http://www.ncbi.nlm.nih.gov/pubmed/12587936
http://dx.doi.org/10.1086/423384
http://www.ncbi.nlm.nih.gov/pubmed/15472809
http://www.ncbi.nlm.nih.gov/pubmed/8907565
http://www.ncbi.nlm.nih.gov/pubmed/14988838
http://dx.doi.org/10.1136/gut.2004.050302
http://dx.doi.org/10.1136/gut.2004.050302
http://www.ncbi.nlm.nih.gov/pubmed/15951550
http://www.ncbi.nlm.nih.gov/pubmed/12895270
http://www.ncbi.nlm.nih.gov/pubmed/9638429
http://dx.doi.org/10.1530/EJE-11-0765
http://www.ncbi.nlm.nih.gov/pubmed/22391044
http://dx.doi.org/10.2337/db07-1124
http://dx.doi.org/10.2337/db07-1124
http://www.ncbi.nlm.nih.gov/pubmed/18057091
http://dx.doi.org/10.1152/ajpendo.00191.2010
http://www.ncbi.nlm.nih.gov/pubmed/20530733
http://dx.doi.org/10.4254/wjh.v3.i5.99
http://www.ncbi.nlm.nih.gov/pubmed/21731901
http://dx.doi.org/10.1111/j.1440-1746.2007.05183.x
http://www.ncbi.nlm.nih.gov/pubmed/17944883
http://www.ncbi.nlm.nih.gov/pubmed/8406307
http://www.ncbi.nlm.nih.gov/pubmed/10899726
http://www.ncbi.nlm.nih.gov/pubmed/14762795


69. Hwang SJ, Luo JC, Chu CW, Lai CR, Lu CL, et al. (2001) Hepatic steatosis in chronic hepatitis C virus

infection: prevalence and clinical correlation. J Gastroenterol Hepatol 16: 190–195. PMID: 11207900

70. Vergani C, Trovato G, Delu A, Pietrogrande M, Dioguardi N (1978) Serum total lipids, lipoprotein choles-

terol, and apolipoprotein A in acute viral hepatitis and chronic liver disease. J Clin Pathol 31: 772–778.

PMID: 690242

71. Feher J, Romics L, Jakab L, Feher E, Szilvasi I, et al. (1976) Serum lipids and lipoproteins in chronic

liver disease. Acta Med Acad Sci Hung 33: 217–223. PMID: 1031549

72. Maggi G, Bottelli R, Gola D, Perricone G, Posca M, et al. (1996) Serum cholesterol and chronic hepatitis

C. Ital J Gastroenterol 28: 436–440. PMID: 9032585

73. Li T, Zhu S, Shuai L, Xu Y, Yin S, et al. (2013) Infection of common marmosets with hepatitis C virus/GB

virus-B chimeras. Hepatology.

74. Koike K (2005) Hepatitis C as a metabolic disease: Implication for the pathogenesis of NASH. Hepatol

Res 33: 145–150. doi: 10.1016/j.hepres.2005.09.023 PMID: 16202646

75. Romero-Gomez M, Del Mar Viloria M, Andrade RJ, Salmeron J, Diago M, et al. (2005) Insulin resistance

impairs sustained response rate to peginterferon plus ribavirin in chronic hepatitis C patients. Gastroen-

terology 128: 636–641. PMID: 15765399

76. Pittas AG, Joseph NA, Greenberg AS (2004) Adipocytokines and insulin resistance. J Clin Endocrinol

Metab 89: 447–452. doi: 10.1210/jc.2003-031005 PMID: 14764746

77. Ahima RS, Flier JS (2000) Adipose tissue as an endocrine organ. Trends Endocrinol Metab 11: 327–

332. PMID: 10996528

78. Jamali R, Hatami N, Kosari F (2016) The Correlation Between Serum Adipokines and Liver Cell Dam-

age in Non-Alcoholic Fatty Liver Disease. Hepat Mon 16: e37412. doi: 10.5812/hepatmon.37412

PMID: 27313636

79. Baranova A, Jarrar MH, Stepanova M, Johnson A, Rafiq N, et al. (2011) Association of serum adipocy-

tokines with hepatic steatosis and fibrosis in patients with chronic hepatitis C. Digestion 83: 32–40.

80. Lee HB, Ha H (2005) Plasminogen activator inhibitor-1 and diabetic nephropathy. Nephrology (Carlton)

10 Suppl: S11–13.

81. Kolseth IB, Reine TM, Parker K, Sudworth A, Witczak BJ, et al. (2016) Increased levels of inflammatory

mediators and proinflammatory monocytes in patients with type I diabetes mellitus and nephropathy. J

Diabetes Complications.

82. Molnar MZ, Alhourani HM, Wall BM, Lu JL, Streja E, et al. (2015) Association of hepatitis C viral infec-

tion with incidence and progression of chronic kidney disease in a large cohort of US veterans. Hepatol-

ogy 61: 1495–1502. doi: 10.1002/hep.27664 PMID: 25529816

83. Perico N, Cattaneo D, Bikbov B, Remuzzi G (2009) Hepatitis C infection and chronic renal diseases.

Clin J Am Soc Nephrol 4: 207–220. doi: 10.2215/CJN.03710708 PMID: 19129320

84. Fabrizi F, Dixit V, Martin P, Messa P (2012) The evidence-based epidemiology of HCV-associated kid-

ney disease. Int J Artif Organs 35: 621–628. doi: 10.5301/IJAO.2012.9448 PMID: 22886564

85. Rivera-Huizar S, Rincon-Sanchez AR, Covarrubias-Pinedo A, Islas-Carbajal MC, Gabriel-Ortiz G, et al.

(2006) Renal dysfunction as a consequence of acute liver damage by bile duct ligation in cirrhotic rats.

Exp Toxicol Pathol 58: 185–195. doi: 10.1016/j.etp.2006.05.001 PMID: 16829063

86. Collins MG, Rogers NM, Jesudason S, Kireta S, Brealey J, et al. (2014) Spontaneous glomerular

mesangial lesions in common marmoset monkeys (Callithrix jacchus): a benign non-progressive glo-

merulopathy. J Med Primatol 43: 477–487. doi: 10.1111/jmp.12134 PMID: 24980800

87. Brack M (1990) [IgM nephropathy (nephritis) in clawed monkeys (Primates, Anthropoidea, Platyrrhina,

Callithricidae)]. Zentralbl Veterinarmed A 37: 692–707. PMID: 2127975

88. Isobe K, Adachi K, Hayashi S, Ito T, Miyoshi A, et al. (2012) Spontaneous glomerular and tubulointersti-

tial lesions in common marmosets (Callithrix jacchus). Vet Pathol 49: 839–845. doi: 10.1177/

0300985811427151 PMID: 22156228

89. Aisa Y, Yokomori H, Kashiwagi K, Nagata S, Yanagisawa R, et al. (2001) Polymyositis, pulmonary fibro-

sis and malignant lymphoma associated with hepatitis C virus infection. Intern Med 40: 1109–1112.

PMID: 11757765

90. Fiore G, Giacovazzo F, Giacovazzo M (1996) HCV and dermatomyositis: report of 5 cases of dermato-

myositis in patients with HCV infection. Riv Eur Sci Med Farmacol 18: 197–201. PMID: 9177622

91. Kee KM, Wang JH, Lee CM, Changchien CS, Eng HL (2004) Chronic hepatitis C virus infection associ-

ated with dermatomyositis and hepatocellular carcinoma. Chang Gung Med J 27: 834–839. PMID:

15796260

92. Villanova M, Caudai C, Sabatelli P, Toti P, Malandrini A, et al. (2000) Hepatitis C virus infection and

myositis: a polymerase chain reaction study. Acta Neuropathol 99: 271–276. PMID: 10663969

Metabolic Syndrome in Hepacivirus Infection

PLOS ONE | DOI:10.1371/journal.pone.0170240 January 13, 2017 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11207900
http://www.ncbi.nlm.nih.gov/pubmed/690242
http://www.ncbi.nlm.nih.gov/pubmed/1031549
http://www.ncbi.nlm.nih.gov/pubmed/9032585
http://dx.doi.org/10.1016/j.hepres.2005.09.023
http://www.ncbi.nlm.nih.gov/pubmed/16202646
http://www.ncbi.nlm.nih.gov/pubmed/15765399
http://dx.doi.org/10.1210/jc.2003-031005
http://www.ncbi.nlm.nih.gov/pubmed/14764746
http://www.ncbi.nlm.nih.gov/pubmed/10996528
http://dx.doi.org/10.5812/hepatmon.37412
http://www.ncbi.nlm.nih.gov/pubmed/27313636
http://dx.doi.org/10.1002/hep.27664
http://www.ncbi.nlm.nih.gov/pubmed/25529816
http://dx.doi.org/10.2215/CJN.03710708
http://www.ncbi.nlm.nih.gov/pubmed/19129320
http://dx.doi.org/10.5301/IJAO.2012.9448
http://www.ncbi.nlm.nih.gov/pubmed/22886564
http://dx.doi.org/10.1016/j.etp.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/16829063
http://dx.doi.org/10.1111/jmp.12134
http://www.ncbi.nlm.nih.gov/pubmed/24980800
http://www.ncbi.nlm.nih.gov/pubmed/2127975
http://dx.doi.org/10.1177/0300985811427151
http://dx.doi.org/10.1177/0300985811427151
http://www.ncbi.nlm.nih.gov/pubmed/22156228
http://www.ncbi.nlm.nih.gov/pubmed/11757765
http://www.ncbi.nlm.nih.gov/pubmed/9177622
http://www.ncbi.nlm.nih.gov/pubmed/15796260
http://www.ncbi.nlm.nih.gov/pubmed/10663969

