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Abstract

In our examination of the distribution of abdominal fat,
dietary intake and biochemical data in patients with
nonalcoholic fatty liver disease (NAFLD), non-obese
NAFLD patients without insulin resistance presented a
characteristic pattern of dietary intake. Dietary choles-
terol intake was superabundant in non-obese patients
compared with obese patients, although total energy
and carbohydrate intake was not excessive. Namely,
excess cholesterol intake appears to be one of the
main factors associated with NAFLD development and
liver injury. Therefore, the control of dietary cholesterol
intake may lead to an improvement in NAFLD, and the
NPC1L1 inhibitor ezetimibe might be a promising treat-
ment for NAFLD. We review one pathogenic aspect of
lipid metabolism dysregulation in NAFLD and survey
new strategies for NAFLD treatment based on the
modification of cholesterol metabolism.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), which encom-
passes a broad spectrum of liver disorders ranging from
simple hepatic steatosis to steatohepatitis and cirrhosis, is
currently the most common cause of chronic liver disease
and abnormal liver function tests in Western countties.
The development of hepatic steatosis is considered to
be associated with an excess intake of calories, visceral
obesity and insulin resistance, which result in an increased
release of free fatty acids from adipocytes and increased
rates of fatty acid synthesis in the liver?. However, the
mechanisms involved in the pathogenesis of NAFLD
in humans have not been thoroughly investigated.
Because of the associated triglyceride accumulation in
hepatocytes, NAFLD has been mainly investigated as a
lipogenic disorder. Indeed, fatty acid overload because of
the acceleration of de novo synthesis and cellular uptake
results in mitochondrial dysfunction, oxidative stress
and impaired VLDL formation, which lead to disease
progression“’zl. These changes related to lipid metabolism
were positively linked to transcriptomic and metabolomic
profiles in rats with NAFLD induced by a high fat
diet”. Tn addition, from our analyses of the expression
profile of fatty acid metabolism-associated genes in
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biopsy samples from NAFLD liver, a similar expression
pattern was seen, which indicated that the expression of
sterol regulatory element-binding protein-1c (SREBP-
1c), a positive regulator of fatty acid synthesis, was still
upregulated and the expression of AMP-activated protein
kinase, a negative regulator of fatty acid synthesis, was
down-regulated despite the increased uptake of free
fatty acids and intracellular accumulation of fatty acids
and triglycerides™”. These results suggest a breakdown
of the feedback regulation from the increased level of
intracellular fatty acids. Recently, it has been considered
that cholesterol metabolism has a significant role in
the pathogenesis of NAFLD. In the examination of
cholesterol metabolism-associated genes, despite chole-
sterol overload in hepatocytes, de novo synthesis of
cholesterol is still activated in the NAFLD liver, meaning
that cholesterol metabolism is dysregulated in NAFLD".
This review focuses on the intrahepatic cholesterol dysre-
gulation in NAFLD and potential emerging therapies for
NAFLD.

To understand the nature of NAFLD, a nutritional
approach provided helpful information. Among NAFLD
patients, a large percentage of patients have obesity with
insulin resistance, however, many non-obese individuals

12, Considering visceral fat and

are also included
insulin resistance, which are evident in obese patients,
the distribution of abdominal fat, dietary intake and
biochemical data were compared between obese (BMI
> 25 kg/m’) and non-obese patients (BMI < 25 kg/m’)
to identify potential nutritional factors that affect
NAFLD"". Visceral fat and dietary intake of total
energy and carbohydrates were at overtly higher levels
in the obese group as a matter of course. In contrast, in
non-obese patients, dietary cholesterol was significantly
higher and dietary polyunsaturated fatty acids (PUFA)
were significantly lower than those in obese patients.
Mean concentrations of serum total cholesterol, LLDI.-
cholesterol and triglycerides were near the upper limit of
the normal range, and serum levels of adipocytokines
were not in the abnormal range in either group.

Namely, superabundant dietary cholesterol and
decreased dietary PUFA intake may contribute to
NAFLD development without the presence of obesity
or insulin resistance. These findings are supported by
some animal models fed a high-cholesterol diet, which
show hepatic steatosis without obesity!"”"". However,
these animals had obvious hypercholesterolemia in
contrast to NAFLD patients. This might be because
the dietary cholesterol levels are considerably higher
(0.2%-1.25%) in animal models than in our examined
NAFLD patients. Furthermore, in these patients, hyper-
cholesterolemia might be masked by the overwork of
hepatocytes, resulting in cholesterol overload in tissues.
Cholesterol supply and fatty acid synthesis are associated
on a stream of the liver X receptor oo (LXRa)-SREBP-
1c pathway. In hepatocytes, LXRa, is a key regulator of
cholesterol and fatty acid metabolism, and its endogenous
agonistic ligands are oxysterols, which are metabolites
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of cholesterol. Surplus cholesterol produces increased
levels of oxysterols, resulting in activation of the
LXRa-SREBP-1c¢ pathway and enhancement of fatty
acid synthesis. Furthermore, upregulation of LXRa
expression was more noticeable in non-obese than in
obese NAFLD patientsm. Also, in the study of PUFA,
patients with NAFLD were found to have lower levels
of hepatic n-3 and n-6 PUFA, and n-3 PUFA dietary
intake had therapeutic effects on fatty liver in patients
with NAFLD"**. n-3 PUFAs, such as eicosapentaenoic
acid, which function as suppressors of SREBP-1c, are
considered to reduce hepatic levels of triglycerides.
However, clinically, a drug containing eicosapentaenoic
acid does not have a high enough efficacy in many cases
to overcome NAFLD (our own data).

Until now, investigations of therapeutic interventions
have largely focused on agents that modify oxidative stress
and insulin sensitivity, but clearly, an effective therapy
for NAFLD has not been proven. If excess cholesterol
plays a key role in the onset and progression of NAFLD,
the control of dietary cholesterol intake should be a
beneficial treatment strategy. Niemann-Pick C1 like 1
(NPC1L1), found in the proximal jejunum and canalicular
aspect of hepatocytes, is essential for the absorption/
reabsorption of cholesterol from the intestines and liver.
Accordingly, the NPC1L1 inhibitor ezetimibe is expected
to decrease intracellular cholesterol levels and to down-
regulate/inactivate the LXRa-SREBP-1¢ pathway, and
may be a suitable candidate for NAFLD treatment. In
animal models, knocking out NPC1L1 or treatment
with a NPC1L1 inhibitor provides resistance against
steatosis”*”. Clinically, we encountered and reported a
patient with NAFLD in whom ezetimibe clearly provided
an improvement against liver injury and steatosis™”. In a
clinical study, to reduce cholesterol load, ezetimibe was
administered (10 mg/d, orally) to non-obese NAFLD
patients (# = 12) without any other treatments and
any lifestyle modifications (unpublished data). In fact,
ezetimibe was effective for liver injury because significant
improvements were seen in serum aminotransferase levels,
with 75% of subjects normalizing their transaminases.
Six months after the treatment, alanine aminotransferase
levels decreased by nearly 60% on average. However,
a steatotic appearance remained as determined by liver
echotexture in many of the patients (9/12) after 12 mo of
treatment, indicating that a significant attenuation of fat
content was not necessarily found. Of note, suppression
of dietary cholesterol absorption may be a feasible option
to successfully treat NAFLD, particularly in non-obese
patients.

Considering the above findings, cholesterol-modi-
fying treatments are favorable for NAFLD patients, and
ezetimibe is expected to show a prompt clinical effect on
laboratory findings for at least non-obese patients. Hence,
the following should be examined and determined: (1)
Are HMG-CoA reductase (HMGR) inhibitors (statins),
which suppress de novo cholesterol synthesis, effective for
NAFLD as well as ezetimibe? In recent reports, some
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I, However, statins,

affirm but some deny the effect'
with the exception of pravastatin, have generally shown
promising results with improved serum aminotransferase
levels. Combination therapy with an HMGR inhibitor
plus ezetimibe might be more effective than monotherapy,
although several cases of hepatic injury as an adverse effect
have been reported in patients with pre-existing chronic
liver disease” " (2) Is the control of cholesterol levels also
effective in obese NAFLD patients with insulin resistance?
Because dietary cholesterol intake was also significantly
higher in obese patients than in normal individuals"”,
ezetimibe is possibly effective for obese patients. However,
in obese patients, it is difficult to remove the impact of
other factors such as lifestyle modifications and other
baseline agents; therefore, a study in obese patients requires
circumspection; (3) Does the control of cholesterol levels
improve steatosis in long-term observations? In the studies
of NAFLD treatment by statins, a consistent opinion has
not been drawn on the matter of the improving effect
in hepatic steatosism’zﬂ; (4) Further studies are required
to determine whether cholesterol modifications are
effective for both types of NAFLD, simple steatosis and
steatohepatitis; and (5) Does the control of cholesterol
levels show an additive therapeutic effect with any other
treatments such as antioxidants, hepatoprotective agents or
insulin sensitizers?

CONCLUSION

According to our nutritional examinations, increased
cholesterol intake may be one of the main causes of
an increase in the prevalence of NAFLD. Therefore,
as a potential treatment, cholesterol-lowering agents
look promising. Indeed, several recent studies endorse
the clinical indication of statin therapy for NAFLD.
Ezetimibe has recently been viewed as an alternative
to statin therapy in patients with hypercholesterolemia.
Ezetimibe targets the cholesterol absorption/reabsorption
step, and accordingly ezetimibe may be a suitable
treatment for NAFLD. Larger trials are needed to confirm
whether ezetimibe or statins are really efficacious as
monotherapeutic agents and, to maximize clinical benefits
while minimizing side effects, further trials may be
required to investigate the best combination partners for
the treatment of NAFLD.

REFERENCES

1  Browning JD, Horton JD. Molecular mediators of hepatic
steatosis and liver injury. | Clin Invest 2004; 114: 147-152

2 Cheung O, Sanyal AJ. Recent advances in nonalcoholic fatty
liver disease. Curr Opin Gastroenterol 2009; 25: 230-237

3 Xie Z, Li H, Wang K, Lin ], Wang Q, Zhao G, Jia W, Zhang
Q. Analysis of transcriptome and metabolome profiles
alterations in fatty liver induced by high-fat diet in rat.
Metabolism 2009; Epub ahead of print

4 Nakamuta M, Kohjima M, Morizono S, Kotoh K, Yoshimoto
T, Miyagi I, Enjoji M. Evaluation of fatty acid metabolism-
related gene expression in nonalcoholic fatty liver disease.
Int | Mol Med 2005; 16: 631-635

5 Kohjima M, Enjoji M, Higuchi N, Kato M, Kotoh K,

1494

&?s:iﬁmg"‘ WJG | www.wjgnet.com

802

10

11

12

13

14

15

16

17

18

19

Yoshimoto T, Fujino T, Yada M, Yada R, Harada N,
Takayanagi R, Nakamuta M. Re-evaluation of fatty acid
metabolism-related gene expression in nonalcoholic fatty
liver disease. Int | Mol Med 2007; 20: 351-358

Kohjima M, Higuchi N, Kato M, Kotoh K, Yoshimoto T,
Fujino T, Yada M, Yada R, Harada N, Enjoji M, Takayanagi
R, Nakamuta M. SREBP-1c, regulated by the insulin and
AMPK signaling pathways, plays a role in nonalcoholic
fatty liver disease. Int ] Mol Med 2008; 21: 507-511

Higuchi N, Kato M, Shundo Y, Tajiri H, Tanaka M, Yamashita
N, Kohjima M, Kotoh K, Nakamuta M, Takayanagi R, Enjoji
M. Liver X receptor in cooperation with SREBP-1c is a major
lipid synthesis regulator in nonalcoholic fatty liver disease.
Hepatol Res 2008; 38: 1122-1129

Nakamuta M, Kohjima M, Higuchi N, Kato M, Kotoh K,
Yoshimoto T, Yada M, Yada R, Takemoto R, Fukuizumi K,
Harada N, Taketomi A, Maehara Y, Nakashima M, Enjoji
M. The significance of differences in fatty acid metabolism
between obese and non-obese patients with non-alcoholic
fatty liver disease. Int | Mol Med 2008; 22: 663-667

Enjoji M, Yada R, Fujino T, Yoshimoto T, Yada M, Harada
N, Higuchi N, Kato M, Kohjima M, Taketomi A, Maehara
Y, Nakashima M, Kotoh K, Nakamuta M. The state of
cholesterol metabolism in the liver of patients with primary
biliary cirrhosis: the role of MDR3 expression. Hepatol Int
2009; Epub ahead of print

Nakamuta M, Fujino T, Yada R, Yada M, Yasutake K,
Yoshimoto T, Harada N, Higuchi N, Kato M, Kohjima M,
Taketomi A, Maehara Y, Nakashima M, Kotoh K, Enjoji M.
Impact of cholesterol metabolism and the LXRalpha-SREBP-
1c pathway on nonalcoholic fatty liver disease. Int | Mol Med
2009; 23: 603-608

Kojima S, Watanabe N, Numata M, Ogawa T, Matsuzaki
S. Increase in the prevalence of fatty liver in Japan over the
past 12 years: analysis of clinical background. | Gastroenterol
2003; 38: 954-961

Nonomura A, Enomoto Y, Takeda M, Tamura T, Kasai T,
Yoshikawa T, Nakamine H, Kojima H, Uemura M, Zen
Y, Minato H. Clinical and pathological features of non-
alcoholic steatohepatitis. Hepatol Res 2005; 33: 116-121
Yasutake K, Nakamuta M, Shima Y, Ohyama A, Masuda K,
Haruta N, Fujino T, Aoyagi Y, Fukuizumi K, Yoshimoto T,
Takemoto R, Miyahara T, Harada N, Hayata F, Nakashima
M, Enjoji M. Nutritional investigation of non-obese patients
with non-alcoholic fatty liver disease: the significance of
dietary cholesterol. Scand | Gastroenterol 2009; 44: 471-477
Allison SJ. Liver: Dietary links to NAFLD in nonobese
patients. Nat Rev Gastroenterol Hepatol 2009; 6: 320

Kainuma M, Fujimoto M, Sekiya N, Tsuneyama K, Cheng
C, Takano Y, Terasawa K, Shimada Y. Cholesterol-fed rabbit
as a unique model of nonalcoholic, nonobese, non-insulin-
resistant fatty liver disease with characteristic fibrosis. |
Gastroenterol 2006; 41: 971-980

Matsuzawa N, Takamura T, Kurita S, Misu H, Ota T, Ando
H, Yokoyama M, Honda M, Zen Y, Nakanuma Y, Miyamoto
K, Kaneko S. Lipid-induced oxidative stress causes steato-
hepatitis in mice fed an atherogenic diet. Hepatology 2007;
46: 1392-1403

Wouters K, van Gorp PJ, Bieghs V, Gijbels MJ, Duimel
H, Lutjohann D, Kerksiek A, van Kruchten R, Maeda N,
Staels B, van Bilsen M, Shiri-Sverdlov R, Hofker MH.
Dietary cholesterol, rather than liver steatosis, leads to
hepatic inflammation in hyperlipidemic mouse models of
nonalcoholic steatohepatitis. Hepatology 2008; 48: 474-486
Allard JP, Aghdassi E, Mohammed S, Raman M, Avand G,
Arendt BM, Jalali P, Kandasamy T, Prayitno N, Sherman M,
Guindi M, Ma DW, Heathcote JE. Nutritional assessment
and hepatic fatty acid composition in non-alcoholic fatty
liver disease (NAFLD): a cross-sectional study. | Hepatol
2008; 48: 300-307

Kajikawa S, Harada T, Kawashima A, Imada K, Mizuguchi

February 21, 2010 | Volume 16 | Issue 7 |



20

21

22

23

K. Suppression of hepatic fat accumulation by highly
purified eicosapentaenoic acid prevents the progression
of d-galactosamine-induced hepatitis in mice fed with a
high-fat/high-sucrose diet. Biochim Biophys Acta 2009; 1791:
281-288

Perez-Martinez P, Perez-Jimenez F, Lopez-Miranda J. n-3
PUFA and lipotoxicity. Biochim Biophys Acta 2009; Epub
ahead of print

Davies JP, Scott C, Oishi K, Liapis A, lIoannou YA. Inacti-
vation of NPCIL1 causes multiple lipid transport defects and
protects against diet-induced hypercholesterolemia. ] Biol
Chem 2005; 280: 12710-12720

Deushi M, Nomura M, Kawakami A, Haraguchi M, Ito
M, Okazaki M, Ishii H, Yoshida M. Ezetimibe improves
liver steatosis and insulin resistance in obese rat model of
metabolic syndrome. FEBS Lett 2007; 581: 5664-5670

Enjoji M, Tanaka M, Miyazaki M, Higuchi N, Kato M, Kotoh
K, Matsunaka K, Nishinakagawa T, Machida K, Nakashima
M, Nakamuta M. Clinical effectiveness of ezetimibe for a

144

TR
Reishideng”

WJG | www.wjgnet.com

803

24

25

26

27

28

Enjoji M et al. Dietary cholesterol intake and NAFLD

non-obese patients with nonalcoholic fatty liver disease. Am |
Case Rep 2009; 10: 145-148

Hyogo H, Tazuma S, Arihiro K, Iwamoto K, Nabeshima
Y, Inoue M, Ishitobi T, Nonaka M, Chayama K. Efficacy of
atorvastatin for the treatment of nonalcoholic steatohepatitis
with dyslipidemia. Metabolism 2008; 57: 1711-1718

Nelson A, Torres DM, Morgan AE, Fincke C, Harrison SA. A
pilot study using simvastatin in the treatment of nonalcoholic
steatohepatitis: A randomized placebo-controlled trial. | Clin
Gastroenterol 2009; 43: 990-994

Kashi MR, Torres DM, Harrison SA. Current and emerging
therapies in nonalcoholic fatty liver disease. Semin Liver Dis
2008; 28: 396-406

Bhardwaj SS, Chalasani N. Lipid-lowering agents that
cause drug-induced hepatotoxicity. Clin Liver Dis 2007; 11:
597-613, vii

Vuppalanchi R, Chalasani N. Statins for hyperlipidemia
in patients with chronic liver disease: are they safe? Clin
Gastroenterol Hepatol 2006; 4: 838-839

S- Editor Tian L L- Editor Webster JR E- Editor Ma WH

February 21, 2010 | Volume 16 | Issue 7 |



