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onalcoholic fatty liver disease (NAFLD) and hepatitis C
irus (HCV)-related liver disease are common in the
eneral population, but their concurrence is 2- to 3-fold
igher than would be expected by chance alone. In
atients with chronic HCV infection, steatosis is attribut-
ble to a variable combination of the mechanisms con-
idered to play a role in the pathogenesis of NAFLD—
nsulin resistance in the obese and in the lean subject—
long with a direct effect of HCV on hepatic lipid
etabolism that leads to triglyceride accumulation
hrough inhibition of export proteins that are required for
ery low density lipoprotein (VLDL) assembly and secre-
ion. Accumulating evidence suggests that steatosis
ontributes to the progression of fibrosis in HCV-related
isease in a pattern similar to that observed in NAFLD.
otential mechanisms of this effect include the in-
reased sensitivity of steatotic livers to oxidative stress
nd cytokine-mediated injury. Steatosis-related hepatic
nsulin resistance may also play a role through the pro-
brogenic effects of the compensatory hyperinsulinemia
nd provides a potential explanation for the association
etween HCV and type 2 diabetes mellitus. Indeed, an
ppreciation of the importance of fat in HCV has recently
ed to trials of adjuvant therapy for HCV directed at
teatosis-associated disease mechanisms, with encour-
ging results reported for various modalities, including
eight loss and antioxidants. Future therapy should be
imed at exploiting the interactions of HCV with host
nsulin and lipid metabolism, particularly in nonre-
ponders to standard antiviral schedules.

he term “nonalcoholic steatohepatitis” (NASH) was
first coined by Ludwig et al. in 1980.1 NASH is now

ecognized to be part of a larger spectrum of disease
nown as nonalcoholic fatty liver disease (NAFLD) that
ncompasses all of the classical histologic lesions of al-
oholic liver disease (steatosis, steatohepatitis with or
ithout fibrosis and cirrhosis) but is observed in subjects
ho deny drinking alcohol to excess.2 The clinical im-
ortance of NAFLD appears to have been appreciated
ven before Ludwig’s seminal paper,3,4 whereas its close
ssociation with the metabolic syndrome dates back to
992.5 Only recently, however, has this condition been
ecognized to be a chronic liver disease that affects a
ubstantial proportion of the world’s population.6,7 This
eems likely to be due, in part, to an epidemic explosion
n the conditions associated with NAFLD (type 2 diabe-
es mellitus [T2DM], obesity, and dyslipidemia) as well
s to an increased awareness of the condition.8 Although
symptomatic in most cases, NAFLD may be the pre-
ursor lesion of cryptogenic cirrhosis, hepatocellular car-
inoma, and end-stage liver failure necessitating trans-
lantation.9–14

Similar to NAFLD, hepatitis C virus (HCV)-related
iver disease is a common and clinically significant con-
ition. HCV is an RNA virus belonging to the flaviviri-
ae family that is transmitted parenterally and is cur-
ently considered to be one of the most common chronic
iral infections worldwide. Following exposure to HCV,
hronic hepatitis develops in 60%–85% of cases, and up
o 20% may progress to cirrhosis.15 HCV is a common
ause of hepatocellular carcinoma and of end-stage liver
isease, necessitating liver transplantation.16 In contrast
o chronic hepatitis B viral infection,17 steatosis is a
ommon histologic feature of chronic infection with
CV.18 This raises 3 important questions. First, is the

resence of steatosis in chronic HCV infection a chance
ssociation of 2 common conditions, or does HCV infec-
ion contribute to the development of steatosis? Second,

Abbreviations used in this paper: HCV, hepatitis C virus; MTP, mi-
rosomal triglyceride transfer protein; NAFLD, Nonalcoholic fatty liver
isease; NASH, nonalcoholic steatohepatitis; T2DM, type 2 diabetes
ellitus.
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oes the steatosis observed in HCV play any role in the
rogression of chronic HCV-related disease? Third, how
an this knowledge be exploited to improve current and
uture treatment of HCV-related chronic liver disease?
his review aims to answer these questions by analyzing

he pathogenesis and potential consequences of steatosis
n chronic HCV infection in light of our increasing
nderstanding of the epidemiologic profile, risk factors,
nd pathogenic and clinical features of NAFLD.

Epidemiology

Is the concurrence of HCV infection and steatosis
chance or causal association? The precise prevalence of
AFLD in the general population is unknown. Epide-
iologic studies using ultrasonography both from Ja-

an19,20 and Italy21,22 have reported that the prevalence of
fatty liver syndromes” (fatty liver and steatohepatitis of
lcoholic and nonalcoholic etiology) in the general pop-
lation is around 20% (reviewed in Loria et al.23). An ad
oc analysis of the NHANES III database suggests that
he prevalence of NAFLD in the United States may be as
igh as 14%–31% of men and 11%–16% of women.2

he prevalence of anti-HCV positivity in the United
tates is 1.8%, corresponding to an estimated 3.9 mil-
ion people with chronic HCV infection.24 In Northern
taly, the prevalence of HCV chronic infection increases
s a function of the age, averaging 3.2% in the general
opulation.22 This is markedly lower than data from
entral and some areas of southern Italy, where figures
ange from 8%–25%, respectively.25,26

Although NAFLD and HCV-related liver disease are
ommon conditions and would therefore be expected to
oexist by chance in some patients, circumstantial evi-
ence suggests that their concurrence is greater than
redicted by chance alone. The prevalence of HCV in-
ection in Chinese patients with NAFLD is higher than
n the general population.27 Conversely, the prevalence of
teatosis in liver biopsy specimens from patients with
hronic HCV infection has been reported at around 50%,
ith a range of 30%–70%.28–30 From the data on prev-

lence of NAFLD and chronic HCV infection quoted
bove, it can be calculated that the frequency of a chance
oncurrence of HCV and steatosis should be 0.36% of
he general population or 20% of all cases of HCV
nfections. Therefore, the observed value of steatosis in
CV-infected patients is 2.5-fold higher than would be

xpected to occur by chance alone. This suggests either
hat chronic HCV infection directly causes steatosis
nd/or that the presence of steatosis favors the progres-
ion of HCV-related liver disease, resulting in its higher
han expected frequency in HCV patients subjected to
iver biopsy.

Mechanisms and Factors
Associated With Steatosis in HCV
Insulin Resistance

It has recently been shown that the presence of
teatosis in some patients with chronic HCV infection is
ssociated with risk factors for NASH rather than with
lcohol consumption.31 This finding implies that steato-
is in the context of HCV chronic infection may repre-
ent a host-related reaction and enables us to anticipate
hat conditions associated with NAFLD, principally in-
ulin resistance and its clinical correlates, including obe-
ity, diabetes, and arterial hypertension, will also be
ssociated with steatosis in HCV. Obesity is the best
stablished risk factor, both for the occurrence of
AFLD and for its progression to fibrosis and cirrhosis

reviewed in Loria et al.23). The association between
besity, particularly with a central-type body fat distri-
ution,32 and steatosis is now thought to be due to the
ssociated insulin resistance and secondary hyperinsulin-
mia which, in turn, lead to an increased supply of free
atty acids to the liver and to inhibition of hepatic lipid
xidation and export.33–35 The association between obe-
ity, insulin resistance, and fibrosis in NAFLD may be
ue to steatosis per se being involved in fibrogenesis, or
lternatively, to high levels of insulin and glucose stim-
lating the release of the fibrogenic growth factor or
onnective tissue growth factor (CTGF) from hepatic
tellate cells36 and/or to a fibrogenic effect of the adipose
issue–derived hormone leptin (reviewed in Anania37). It
s perhaps not surprising, therefore, that an increased
ody mass index (BMI) and T2DM have both been
ssociated with the development of steatosis and fibrosis
n patients with chronic HCV infection.38–42 More re-
ent studies have shown that the steatosis in patients
ith chronic HCV is strictly correlated with abdominal

at mass,43 suggesting that, as in NAFLD, it is insulin
esistance and an increased supply of fatty acids to the
iver that is important in the pathogenesis of obesity-
elated steatosis in chronic HCV infection.

A Direct Steatogenic Effect of HCV

Some of this article’s authors (L.E.A., G.R.) have
ecently demonstrated that, although obesity plays a role
n the development of steatosis in patients with HCV
enotypes 1 and perhaps 2a/c, it is not essential in
atients infected with genotype 3a.43 In this latter
roup,44,45 and in patients infected with HCV of un-
nown genotype,46 steatosis correlates with levels of in-
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rahepatic viral replication, suggesting that HCV exerts
direct steatogenic effect. This is further supported by a

ecent report that steatosis resolves following successful
ntiviral treatment in patients with chronic hepatitis C
nfected with genotype 3 but not genotype 1.47 Consis-
ent with a direct steatogenic effect of HCV, it has been
hown that the HCV core protein induces accumulation
f intracytoplasmic triglyceride-rich droplets in trans-
enic mice and transfected cells,48,49 with the effect most
rominent in (although not restricted to) cells trans-
ected with constructs derived from genotype 3 iso-
ates.50 The core protein expression alters the double

embrane structure within mitochondria and causes an
mpairment of lipid oxidation, which contributes to the
evelopment of steatosis.51 More recently, it has been
hown in the HCV core protein transgenic mouse model
f HCV-related steatosis that the HCV core protein
argets microsomal triglyceride transfer protein (MTP)
ctivity, thus interfering with the hepatic assembly and
ecretion of apolipoprotein (apo) B-containing very low
ensity lipoproteins (VLDL).52 Consistent with this
odel, studies in humans have demonstrated that the

everity of steatosis in patients with chronic HCV cor-
elates with hypobetalipoproteinemia,53 mirroring the
ituation in congenital abetalipoproteinemia in which
teatosis is due to mutations in the MTP gene leading to
mpaired VLDL assembly.54 This is in marked contrast to
he situation in “normal” NAFLD in which hyperlipid-
mia is common55 and serum levels of triglycerides,
holesterol, and apoB are independent predictors of an
ltrasonographic “bright liver.”21 Here, as in T2DM,
ypertriglyceridemia is the most common finding and
robably results from steatosis-associated insulin resis-
ance attenuating the down-regulating effect of hyperin-
ulinemia on hepatic apoB-100 synthesis and accordingly
LDL secretion.56 The development and persistence of

teatosis in these patients is presumably due to hepatic
poB synthesis remaining low relative to triglyceride
ynthesis despite the presence of hepatic insulin resis-
ance.33,34,57

Steatosis and Progression of
Chronic Hepatitis C
Given that steatosis is common in chronic HCV,

hat is the evidence that it plays a role in disease
rogression? Similar to studies in NAFLD,58,59 indirect
vidence supporting a role for steatosis in progression of
hronic HCV has come from several studies showing that
he severity of steatosis on index biopsy or its worsening
re independent predictors of both the severity and the
rogression of fibrosis in HCV-positive patients with and
ithout genotype 3.40,43,60–63 Further evidence that ste-
tosis is involved in the pathogenesis of fibrosis in HCV
omes from the striking similarity between risk factors
or disease progression in chronic HCV and NAFLD.
everal studies have shown that alcohol intake, BMI,
2DM, age, and male gender are associated with fibrosis

n HCV-related liver disease,40–42,64 and all of these
actors have also been associated with an increased risk of
brosis in patients with NAFLD.64–68 Alcohol intake,
MI, T2DM, and, most recently reported, increasing
ge69 would all be expected to increase the severity of
teatosis as at least one potential profibrotic mechanism.
erhaps the best evidence that steatosis plays a role in the
CV-related fibrosis thus far comes from the recent

nding that weight reduction in chronic HCV-related
iver disease leads not only to a decrease in steatosis and
n abnormal liver enzymes but also to an improvement in
brosis despite persistence of the virus.70 Importantly,
teatosis may also adversely affect the response to �-
nterferon therapy,71 offering an explanation for reports
hat elevated serum �-GT, a common finding in steato-
is,43,72 predicts a low chance of response to interferon
herapy.73–76 These observations have led to the as yet
ntested, hypothesis that weight reduction may improve
he response to interferon in chronic HCV infection
hrough a reduction in steatosis.43,77

Mechanisms of Fibrosis Associated
With Steatosis in HCV
If, as seems likely, steatosis is involved in the

brotic progression of HCV, what are the potential
echanisms of this effect? A recent study has reported

hat steatohepatitis-type lesions, sinusoidal fibrosis, and
allooning degeneration are present in 16% and 19% of
atients with chronic HCV, respectively, and, along with
ge and the presence of T2DM, correlate with the sever-
ty of fibrosis.42 A second study has confirmed that the
attern of fibrosis in HCV (subsinusoidal and central
ein) is similar to that observed in NAFLD.61 These
eports suggest that the mechanisms of fibrosis in HCV-
ssociated steatosis are likely to share similarities with
hose involved in NAFLD. A recent consensus has
merged that steatosis—the first “hit”—requires a sec-
nd “hit” or insult for its progression to inflammation
nd fibrosis.8,78 The strongest candidates for this second
it in NAFLD are oxidative stress leading to lipid per-
xidation—the products of which are both proinflamma-
ory and profibrotic—and cytokines. Certainly, lipid per-
xidation has been detected in liver biopsy specimens
rom patients with chronic HCV, and its magnitude and
ocation correlate with the stage and site of fibrosis,
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espectively.79 Further support for a role of oxidative
tress in the progression of chronic HCV has come from

pilot study showing that antioxidant therapy with
itamin E abrogates the fibrogenesis cascade in patients
ith chronic HCV refractory to interferon therapy.80 The
xidant stimulus for lipid peroxidation in HCV is un-
lear at present; however, as in NAFLD, increased fatty
cid oxidation by mitochondria and microsomal CYP2E1
econdary to steatosis-induced hepatic insulin resistance
eem likely to play a role in that both generate reactive
xygen species.81–83 However, the fact that fibrosis ap-
ears to be more common in HCV-related steatosis than
n NAFLD despite a greater amount of fat in the latter
ondition suggests that the second hits are of greater
agnitude in HCV-related disease. The most obvious

andidate for the “extra” second hit in chronic HCV
nfection is the antiviral inflammatory response, which
ill produce a source of free radicals as well as proin-
ammatory and profibrotic cytokines. In support, the
tudy by Clouston et al. showed that the degree of
inusoidal fibrosis, in addition to steatosis, correlated
ith the severity of both portal and lobular inflamma-

ion,61 and steatotic livers have an increased sensitivity to
ytokine-mediated inflammation in an animal model of
AFLD.84 More recently, it has been shown, both in

itro and in vivo, that HCV core protein may induce
xidative stress directly through an effect on mitochon-
rial electron transport.85 In addition to a role in fibrosis,
his induction of oxidative stress by HCV may contribute
o HCV-related hepatocarcinogenesis.86 In addition to
he direct profibrogenic effect of steatosis acting as the
first hit,” the potential contribution of hepatic steatosis
o insulin resistance discussed below may contribute
ndirectly to NAFLD and HCV-related fibrosis via hy-
erinsulinemia and hyperglycemia, increasing the ex-
ression of CTGF in the liver.36

Role of Steatosis in the
Association Between HCV and Type
2 Diabetes
Type 2 Diabetes Mellitus and NAFLD

Previous studies have reported that between 21%
nd 55% of patients with NAFLD have either overt
2DM or hyperglycemia.87 More recent studies have

eported that insulin resistance is present in almost all
atients with NAFLD irrespective of the coexistence of
mpaired glucose tolerance or obesity,35,81,88,89 leading to
he suggestion that NAFLD/NASH is the liver manifes-
ation of the insulin resistance or metabolic syndrome.88

ontrary to previous reports, these studies showed that
he hyperinsulinemia was not due to impaired hepatic
nsulin extraction but to enhanced insulin secretion com-
ensating for insulin resistance.35,89 Accordingly,
AFLD has been considered to be an effect of peripheral

nsulin resistance because of an increased supply of fatty
cids from unopposed adipose tissue lipolysis along with
he steatogenic effects of the secondary hyperinsulin-
mia.90 However, as alluded to above, a growing body of
vidence has recently shown that the accumulation of fat
n nonadipose tissue, including muscle and liver, is as-
ociated with insulin resistance as part of the syndrome of
ipotoxicity.91 Support for this hypothesis comes from
bservations in patients with lipodystrophy syndromes
hat have a severe deficiency/absence of peripheral adi-
ose tissue. Possibly as a result of the limitation in
riglyceride deposition in adipose tissue storage depots
which may divert triglycerides for accumulation in other
issues such as the liver), along with leptin deficiency,92

hese patients develop marked hepatic steatosis, which
an be associated with NASH, and are severely insulin
esistant.93–95 This suggests that, in NAFLD, steatosis
ay be a contributory cause as well as an effect of insulin

esistance and T2DM. In support, 2 studies have dem-
nstrated impaired insulin-mediated suppression of he-
atic glucose production in patients with NAFLD com-
ared with controls.81,88 A third study has reported that
epatic steatosis is characterized by insulin resistance in
ormal weight and moderately overweight subjects in-
ependent of body mass index and intra-abdominal and
verall obesity.96 The mechanism of the anti-insulin
ffect of steatosis is unclear but may involve an increased
oncentration of fatty acids or their metabolites that have
een postulated to activate a serine kinase cascade lead-
ng to defects in insulin signaling.91 Polyunsaturated
atty acids, particularly those of the n-3 family, have been
hown to suppress directly the up-regulation of lipogenic
nd glycolytic enzymes by insulin,97 and free fatty acids
lso directly impair the ability of insulin to suppress
epatic glucose output.98 As discussed above, once es-
ablished, hyperglycemia, along with insulin, up-regu-
ates the expression of CTGF36 providing a further ex-
lanation for the associations between steatosis severity,
he presence of T2DM/hyperinsulinemia, and fibrosis in
AFLD and probably in chronic HCV infection.

Type 2 Diabetes and HCV

The association between chronic HCV and T2DM
as been reported by several groups working in different
eographic areas,99–104 with only one study reporting a
ack of any association.104 A large case-control study
howed that chronic HCV infection and age were the
nly significant independent predictors for T2DM,100

nd a more recent study has confirmed the association
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ith age, showing that T2DM is more common in
atients with HCV over the age of 40 years.103 In this
atter study, the prevalence of HCV genotype 2a was
ignificantly higher in HCV patients with T2DM (29%)
han in HCV patients without T2DM (3%). Interest-
ngly, genotype 2a has also been reported to be associated
ith mixed cryoglobulinemia and monoclonal gam-
opathy in patients with chronic HCV infection.106–108

he T2DM seen in patients with chronic HCV is asso-
iated with worsening insulin sensitivity and an im-
aired first phase insulin response101 and is independent
f the presence of cirrhosis.101,102 It has, therefore, been
uggested that HCV is diabetogenic through an extra-
epatic effect, which might be either direct, through the
CV core protein,104 or immune-mediated.109 Alterna-

ively, in light of the above discussion, it would appear
ogical to suggest that HCV infection causes T2DM
hrough the induction of hepatic steatosis and associated
epatic insulin resistance, which, if prolonged, will lead
o the development of glucose intolerance in predisposed
ndividuals. In this model, the increased incidence of
2DM with age in HCV is explained by the recently

eported age-related increase in liver and muscle lipid
ontent and associated insulin resistance that has been
ttributed to a decline in mitochondrial oxidative and
hosphorylation function.69 In support of this hypothe-
is, a recent study in 103 HCV patients has reported that
nly 25% with T2DM had no steatosis compared with
0% without T2DM.110 If this hypothesis were true, one
ould expect that the same HCV genotype(s) that induce

teatosis would also be associated with T2DM. Patients
nfected with genotype 3 have the highest prevalence of
teatosis43–45,111–113 followed by type 2a/c and type
,43,112 whereas only genotype 2a has been associated
ith T2DM.100 It is important to note, however, that
atients infected with genotype 3a are significantly
ounger that those infected with genotype 2a/c,43,111,113

nd because the prevalence of T2DM increases with age,
his may account for the lack of association between
enotype 3a and T2DM at present.

Steatosis, HCV, and
Atherosclerosis
The observation that arterial hypertension is

ighly prevalent in subjects with ultrasonographic evi-
ence of steatosis114,115 further supports the notion that
AFLD is part of the metabolic syndrome. More unex-

ectedly, hypertension has been shown to be an indepen-
ent predictor of advanced fibrosis in obesity-associated
AFLD, attributed by the authors of the study to a

otential fibrogenic effect of angiotensin II.68 Hyperten-
ion, along with other features of the metabolic syn-
rome, insulin-resistance, and dyslipidemia (high tri-
lyceride, low HDL-cholesterol), plays a significant role
n the pathogenesis of atherosclerosis. Because steatosis
an contribute to the development of insulin resistance
nd subsequent dyslipidemia, we have hypothesized that
t could trigger, worsen, or perpetuate these cardiovas-
ular risk factors and play a central role in atherogenesis
n patients with NAFLD.34,57 The prevalence and signif-
cance, if any, of arterial hypertension in patients with
hronic HCV infection remain to be ascertained. How-
ver, an association between HCV infection and the risk
f atherosclerosis has recently been reported in a series of
784 subjects from Japan. HCV seropositivity was asso-
iated with carotid artery plaque formation and carotid
ntima-media thickening, which was independent of the
lassical risk factors for atherosclerosis.116 The role of
teatosis in development of atheroma in HCV seems
orthy of further study.

Therapeutic Approaches: Present
and the Future
Current Therapy for NAFLD

If it is accepted that the steatosis occurring in
ssociation with chronic HCV infection is important in
isease progression and possibly some of the extrahepatic
anifestations, can this be used to inform treatment

trategies for this growing number of patients? Optimal
herapy for NAFLD has not been established but tradi-
ionally includes dietary intervention and correction of
omorbid risk factors.6,7,13,117,118 Weight loss achieved
y a moderately restricted diet, with or without exercise
nd optimal treatment of T2DM and dyslipidemia, has
een consistently shown to result in biochemical, ultra-
onographic, and even histologic improvement in some
atients.119–125 No pharmacologic treatments for
AFLD have been tested in randomized clinical trials;

owever, a number of encouraging pilot studies have
een reported with treatments directed at either oxidant
tress or insulin resistance. Thus, treatment with the
eak antioxidant ursodeoxycholic acid (UDCA) resulted

n a significant improvement in liver biochemistry but
ot in hepatic histology.125 Vitamin E (�-tocopherol)
ormalized liver biochemistry in children with NASH127

nd improved biochemistry and histology in adults, and
etaine, another antioxidant agent, also leads to a signif-
cant improvement in serum aminotransferase levels and
istology in 10 adults with NASH.128 Metformin and
he thiazolidinediones troglitazone and rosiglitazone that
mprove insulin sensitivity, therefore reducing hyperin-
ulinemia, have been successfully used in NASH in 3
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uman pilot studies and a mouse model of NAFLD.129–132

hlebotomy to near iron depletion has also recently been
eported to normalize aminotransferase and plasma glu-
ose levels in NAFLD patients with impaired glucose
olerance.133 Whether this reflects a beneficial effect on
nsulin clearance,134 hepatic insulin sensitivity,135 or an
ntioxidant effect is unclear at present.

Therapy for HCV-Related Liver Disease
Directed at Steatosis

Treatment for patients with chronic hepatitis C is
urrently based on antiviral therapy with a combination
f interferon and ribavirin. Unfortunately, this leads to a
ustained clearance of virus in only 30%–60% of pa-
ients,136,137 indicating a need for alternative or adjuvant
herapy. Evidence that steatosis may be involved in the
rogression of chronic HCV and may impair the response
o interferon71 has recently led several investigators to
xplore adjuvant therapy for HCV that is directed either
t steatosis—the first “hit”—or at oxidative stress—an
mportant second “hit” in the progression of NAFLD.

oreover, the beneficial effects of some other adjuvant
reatments may be explained by their effects on steatosis-
elated mechanisms. Considering the first hit, a recent
ilot study has shown that weight loss in patients with
hronic HCV is associated with a reduction in steatosis
nd an improvement in liver biochemistry and fibrosis in
he absence of any antiviral effects.70 If confirmed by
urther studies, this would suggest that weight reduction
nd/or other lifestyle/pharmacologic therapies aimed at
mproving insulin sensitivity should be important adju-
ant treatment strategies for patients with chronic HCV.
his appears to be the case for nonsteroidal antiinflam-
atory drugs, which have also been used as adjuvant

herapy in chronic HCV on the basis of their ability to
nhance the activity of interferon, with a pilot study
eporting that some interferon nonresponders can benefit
rom a combination of interferon and ketoprofen.138 Re-
ent evidence that nonsteroidal antiinflammatory drugs
meliorate insulin resistance by inhibiting I�B kinase
139,140 suggests that their beneficial effect may also be
ue to an improvement in peripheral and hepatic insulin
esistance in HCV patients with steatosis.

With respect to the second hit (oxidative stress), sev-
ral studies have demonstrated that UDCA, alone or in
ombination with interferon, may reduce disease severity
n patients with chronic HCV,141,142 and 2 pilot studies
ave reported beneficial effects of vitamin E either as
onotherapy80 or as an adjuvant to interferon therapy.143

s in NAFLD, the reported beneficial effect of iron
epletion in chronic HCV, either by menstruation144 or
y phlebotomy,145–150 may also be due to improved
epatic insulin sensitivity and lowered insulin levels,151

n addition to any antioxidant effect or a direct effect on
iral replication.152,153 In support of a role for iron in the
rogression of HCV-related liver disease are 2 recent
tudies that have used multivariate regression analysis to
ontrol for confounding factors and have reported that
oth hemochromatosis-associated HFE gene mutations
re associated with iron loading and advanced fibrosis in
CV-infected individuals.154,155 This contrasts with the

ituation in NAFLD in which there is, as yet, no con-
incing and reproducible evidence that hepatic iron ex-
ess or the presence of HFE gene mutations are associated
ith disease severity.156,157 On the basis of the current
ata, we suggest that there is now sufficient evidence to
ustify pilot studies of established129–132 and novel158

nsulin-sensitizing drugs in patients with HCV infection
nd steatosis, particularly in nonresponders to standard
ntiviral therapy.

Therapy for HCV and Host Lipid Metabolism

In addition to its effects on hepatic lipid metab-
lism that contribute directly to the development of
teatosis,48,52,159 other interactions between HCV and
ost lipid metabolism have important implications both
or the treatment of any associated hyperlipidemia and
otentially for the treatment of HCV per se. HCV core
rotein is localized around cytoplasmic lipid droplets in
itro in HCV core expressing cells and binds to apoli-
oprotein A2 (apoA2).52,160 The HCV nonstructural pro-
ein NS5A colocalizes with core protein on these lipid
roplets in hepatocyte cell lines and associates with
poA1 as well as with apoA2.161 The biologic signifi-
ance of these interactions between structural and non-
tructural HCV proteins and apoA proteins, the major
rotein components of high-density lipoprotein (HDL)
articles, is presently unknown, although some evidence
uggests that the interaction may favor the secretion of
iral proteins from the cell.160 In addition to these HCV-
ipid interactions within the hepatocyte, HCV circulates
n association with �-lipoproteins (low-density lipopro-
ein [LDL] and VLDL) in the sera of infected patients.162

his led Monazahian et al. to propose a model whereby
CV infects hepatocytes via the LDL receptor.163 This
odel anticipates that an increase in serum �-lipopro-

eins would interfere with the rate of HCV infection of
iver cells, resulting in decreased HCV replication in the
iver and, accordingly, decreased HCV antigen in the
era. In support, Andre et al.164 reported that HCV RNA
irculates in large spherical particles (100 nm) contain-
ng triglycerides, apoB, and core protein. These particles
ind to and enter hepatocyte cell lines in a competitive
ay with VLDL and LDL. Anti-apoB antibodies de-
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rease, and LDL receptor up-regulation increases, their
nternalization into cells. This model provides a potential
eleological explanation for the inhibition of MTP by
CV. The inhibition of VLDL secretion by hepatocytes

nd the resulting lowered serum concentration of VLDL
nd LDL will favor the entry of HCV into hepatocytes by
educing competition for the LDL receptor. Steatosis can
herefore be viewed as an epiphenomenon of this prosur-
ival effect of HCV. In view of the inhibitory effect of
CV on MTP activity and VLDL secretion,52,53 hyper-

ipidemia is uncommon in patients with chronic HCV.
evertheless, this model has potential implications for

he use of lipid-lowering drugs in these patients. Treat-
ent of hypercholesterolemia with statins, which in-

rease the expression of LDL receptors,165 might facilitate
he entry of HCV into hepatocytes and exacerbate
hronic HCV infection, whereas treatment of hypertri-
lyceridemia with fibrates, which induce the expression
f apoA2 in hepatocyte cell lines,166 may modulate the
ecretion of HCV core protein.161 Of greater interest,
owever, is the potential of using the interaction be-
ween HCV and host lipid metabolism to reduce hepatic
CV replication. For example, lifestyle changes or drug

reatments that induce a decrease in the number of LDL
eceptors will theoretically decrease HCV entry into
epatocytes and subsequent replication.

Summary
Steatosis is common in patients with chronic

CV infection because of a combination of the usual risk
actors for NAFLD and to a direct steatogenic effect of
ome genotypes of the virus. The capacity of HCV to
nduce steatosis directly through interference with lipid
etabolism may teleologically represent a mechanism

avoring the entry of HCV into hepatocytes with a
ubsequent increase in viral replication. A growing body
f evidence supports the view that steatosis plays a role in
he progression of HCV to fibrosis providing the sub-
trate or “first hit” for HCV-related oxidative stress and
ytokine release—the “second hits”—to induce necroin-
ammation, apoptosis, and fibrosis. Steatosis may also be
nvolved in some of the extrahepatic manifestations of
CV, including type 2 diabetes and atherosclerosis.

Future Research Needs
Although a considerable body of work has been

erformed on the mechanisms and significance of steato-
is occurring in patients with chronic HCV infection, a
umber of outstanding questions remain unanswered
hat clearly warrant further study. First, with respect to
echanisms of steatosis, more direct evidence of a role
or insulin resistance in the pathogenesis of HCV-related
teatosis should be sought by correlating steatosis sever-
ty with measures of hepatic, muscle, and adipose tissue
nsulin sensitivity, derived from formal clamp studies
ombined with isotopic tracer studies.81 It will be im-
ortant to determine whether any associations observed
etween tissue-specific insulin sensitivity and steatosis
iffer according to viral genotype. With respect to the
irect steatogenic effect of HCV, more studies on trans-
ected cells and transgenic mice using genotype-specific
onstructs are required to increase our understanding of
he mechanistic basis for the apparent between-genotype
ifferences in steatogenic potential. Second, with respect
o mechanisms of fibrosis, the recently reported associa-
ion between a “low activity” promoter polymorphism in
he MTP gene and steatosis and fibrosis severity in
AFLD167,168 provides an excellent opportunity to look

or genetic evidence of a link between steatosis and
brosis in HCV. Whether the profibrogenic effect of
teatosis is via sensitizing the liver to the putative second
hits” or by contributing to insulin resistance will be
ifficult to determine; however, indirect evidence that
he latter mechanism plays a role should be sought by
ooking for a correlation between fibrosis severity in

CV and fasting levels of insulin and glucose as has been
eported in both NAFLD68 and alcoholic liver disease.169

The apparent ability of HCV genotype 3a to induce
teatosis in lean patients43 provides an opportunity to
est the hypothesis that steatosis per se is capable of
nducing insulin resistance in the absence of concomitant
besity and thereby provides more direct evidence of a
ole for steatosis in the pathogenesis of HCV and non-
CV-related type 2 diabetes. If this can be confirmed,

hen studies examining the frequency of other features of
he metabolic syndrome in patients with HCV appear
arranted, as do studies assessing the prevalence of isch-

mic vascular disease and its association with steatosis.
inally, with respect to treatment of HCV, there now
ppears to be sufficient scientific rationale, along with
ome encouraging pilot data, to justify formal random-
zed controlled trials of pharmacologic and nonpharma-
ological therapies directed at steatosis and associated
nsulin resistance in patients who are nonresponders to
ntiviral therapy. In addition, the development of anti-
iral therapies based on exploiting the interaction be-
ween HCV and host lipid metabolism appears to be a
articularly fertile area for future research efforts.
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