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Abstract. Non-alcoholic fatty liver disease (NAFLD) is
considered to be associated with metabolic syndrome;
however, a number of NAFLD patients are not obese. To
explore any differences in lipid metabolism between obese
and non-obese patients, we determined the expression of fatty
acid metabolism-related genes. Expression levels of target
genes were quantified by real-time PCR using liver biopsy
samples from NAFLD patients and normal controls. Serum
adipocytokine levels were also determined. The expression of
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genes related to fatty acid synthesis and uptake was generally
up-regulated in NAFLD patients; however, no significant
difference was seen between obese and non-obese groups.
Most of the genes tested related to fatty acid and reactive
oxygen species (ROS) elimination, were overexpressed in
NAFLD and the levels were significantly higher in non-obese
patients. As an exception, peroxisome proliferator-activated
receptor a expression was suppressed in NAFLD and the
levels were lower in the obese group. Triglyceride synthesis-
related genes were up-regulated and lipolytic enzymes were
decreased in NAFLD, but there was no significant difference
between the obese and non-obese groups. In NAFLD,
increased de novo synthesis and uptake of fatty acids led to
further hepatocyte accumulation of fatty acids. The up-
regulation of fatty acid oxidation and the antioxidant pathway
and the suppression of lipolysis seemed to be involved in this
process. Expression of genes related to fatty acid oxidation and
ROS elimination were higher in the non-obese group than in
the obese group, which contributes to the trend of more severe
liver injury, insulin resistance and steatosis in obese patients.

Introduction

Non-alcoholic fatty liver disease (NAFLD), which is
characterized by triglyceride accumulation in hepatocytes
(hepatic steatosis), is one of the most common hepatic diseases
and its prevalence has markedly increased (1-3). More than
10% of NAFLD patients progress to a severe form, with
hepatitis and fibrosis, non-alcoholic steatohepatitis (NASH),
and in more severe cases, cirrhosis, hepatic failure and
hepatocellular carcinoma (3-5). Therefore, it is critical to
understand lipid metabolism, particularly fatty acid metabolism
in NAFLD.

Fatty acids in the liver are derived from de novo synthesis
and uptake of plasma free fatty acids. Up-regulation of
synthesis and/or uptake can result in fatty acid accumulation.
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In turn, fatty acids in hepatocytes are metabolized by two
pathways: i) oxidation to generate ATP in the mitochondria
microsomes and peroxisomes and ii) esterification to produce
triglycerides, which are either incorporated into lipoproteins
for export or stored as a lipid droplet within the hepatocytes.
Dysfunction of these pathways can lead to hepatic steatosis.
We have previously estimated the role of these pathways in
NAFLD patients by evaluating the expression of genes related
to fatty acid metabolism (6-10). We found that all of the
pathways investigated, namely de novo synthesis, oxidation of
fatty acids, reactive oxygen species (ROS) elimination and
triglyceride production, are significantly up-regulated in
NAFLD. Therefore, dysregulation of de novo synthesis is
thought to be a problem in NAFLD, that is to say, fatty acid
synthesis was up-regulated despite lipid accumulation in
hepatocytes.

NAFLD is often associated with obesity and/or insulin
resistance and is considered to be closely implicated in
metabolic syndrome; however, we often encounter non-obese
NAFLD patients. In this study, using biopsy samples from
obese and non-obese NAFLD and healthy livers, we compared
hepatocyte fatty acid metabolism between obese and non-obese
NAFLD patients by determining the expression of genes
involved in de novo synthesis, uptake, oxidation, antioxidant
pathways and triglyceride synthesis and catalysis.

Patients and methods

Sample tissue was obtained by liver biopsy from 25 patients
with histologically diagnosed NAFLD, including four patients
with NASH, who were admitted to the Kyushu University
Hospital between 2004 and 2006. Patients were divided into
two groups; non-obese (body mass index: BMI <25 kg/m?)
and obese (BMI >25 kg/m?). The background and clinical
characteristics of the patients with NAFLD are shown in
Table 1. As a control, healthy liver was also obtained by
biopsy from 10 liver transplantation donors whose liver
function test and histological findings were completely
normal. Real-time RT-PCR was performed as previously
reported (6).

Total RNA was prepared with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and cDNA was synthesized from 1.0 ug
RNA with GeneAmp™ RNA PCR (Applied Biosystems,
Branchburg, NJ, USA) using random hexamers. PCR was
performed using LightCycler-FastStart DNA Master SYBR-
Green 1 (Roche, Tokyo, Japan) according to the manufacturer's
instruction. The reaction mixture (20 pl) contained Light
Cycler-FastStart DNA Master SYBR-Green 1, 4 mM MgCl,,
0.5 uM of the upstream and downstream PCR primers and
2 ml of the first-strand cDNA as a template. The primers for
target genes have been described previously (6-8).

To adjust for variations in the reactions, all PCRs were
normalized against -actin expression. The expression levels
of the tested genes are shown as a percentage of NAFLD
against normal control. All results are shown as the mean + SD.
Comparisons were made using the Mann-Whitney U test.
Serum adiponectin, leptin, resistin and TNF-a were
quantified using ELISA kits (Fujirebio, Tokyo, Japan). Liver
fat percentage was assessed microscopically by biopsy
samples.
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Table I. Background characteristics of the patients.

Non-obese Obese
Number (male/female) 11 (5/6) 14 (7/7)
Height (cm) 164.7+8.6 158.8+£9.7
Weight (kg) 63.1+£8.3 76.8£9.2
BMI (kg/cm?) 23.2+1.5 30.6+4.0
ALT (1U/1) 43.5+45.5 68.9+71.2
TC (mg/dl) 202.7£50.2 185.1+42.4
TG (mg/dl) 146.7+144 4 116.4+£52.6
FBS (mg/dl) 103.4+£27 4 101.9+26.8
IRI (2 U/ml) 7.18+5.88 18.10+£17.08
HOMA-IR 1.83+£1.88 5.09+5.74
Liver fat (%) 30.45+£21.62 41.79+18.77

BMI, body mass index; ALT, alanine aminotransferase; TC, total
cholesterol; TG, triglyceride; FBS, fasting blood sugar; IRI,
immunoreactive insulin and HOMA-IR, homeostasis model
assessment-insulin resistance.
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Figure 1. Real-time RT-PCR analysis of genes related to de novo synthesis
and uptake of fatty acids in NAFLD patients with or without obesity. BMI,
body mass index; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase;
SREBP-Ic, sterol regulatory element-binding protein 1¢c and ADRP, adipose
differentiation-related protein (adipophilin).

Results

The expression of genes related to de novo synthesis and
uptake of fatty acids. The process of fatty acid synthesis is
promoted by acetyl-CoA carboxylase (ACC) -1, -2, and fatty
acid synthase (FAS) (11). Both ACC and FAS were positively
regulated by a transcriptional factor, sterol regulatory element-
binding protein 1c (SREBP lc) (11). Fatty acids in hepatocytes
are transferred from serum by adipose differentiation-related
protein (ADRP) (12). The expression levels of all these genes
were 2- to 5-fold higher in NAFLD than in normal liver
(100%); however, the levels were not significantly different
between the obese and non-obese groups (Fig. 1).

Expression of genes related to mitochondrial f3-oxidation.
Carnitine palmitoyltransferase la (CPT1a), which is a
regulatory enzyme in mitochondrial B-oxidation, transfers



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 22: 663-667, 2008 665
: 100
= SEANDIDGS 1200 .
[] Bmi<2s *
S 1000 ] BMIZ25 80 |
= L
2 800 . 60 |
@
=5 600
Q 40 |
§ 400 |
&) 20 |
200 |
0 0
’ CPTla LCAD HADHo UCP2 PPARGa.

Figure 2. Real-time RT-PCR analysis of genes related to mitochondrial B-oxidation in NAFLD patients with or without obesity. “Significant difference (p<0.05)
between the obese and non-obese groups. BMI, body mass index; CPT1a, carnitine palmitoyltransferase la; LCAD, long-chain acyl-CoA dehydrogenase;
HADHa, long-chain L-3-hydroxyacyl-coenzyme A dehydrogenase «; UCP2, uncoupling protein 2 and PPAR«, peroxisome proliferators-activated receptor a.
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Figure 3. Real-time RT-PCR analysis of genes related to peroxisomal or
microsomal oxidation in NAFLD patients with or without obesity. “Significant
difference (p<0.05) between the obese and non-obese groups. BMI, body
mass index; ACOX, straight-chain acyl-CoA oxidase; BOX, branched-chain
acyl-CoA oxidase and CYP, cytochrome P450.

fatty acids from the cytosol to mitochondria. 3-oxidation is
then catalyzed by enzymes such as long-chain acyl-CoA
dehydrogenase (LCAD) and long-chain L-3-hydroxyacyl-
coenzyme A dehydrogenase a (HADHa). Uncoupling protein 2
(UCP2), a mitochondrial inner-membrane protein emerging
as a potential regulator of mitochondrial ROS production,
mediates proton leak across the inner membrane and uncouples
fuel oxidation from ATP synthesis (13,14). Peroxisome
proliferators-activated receptor o (PPARa) is a major
transcriptional activator of genes involved in mitochondrial
B-oxidation, peroxisomal straight-chain acyl-CoA oxidase
(ACOX) and microsomal CYP4As (18,21). PPARa also
induces the expression of enzymes related to B-oxidation
(15-17). In NAFLD, CPT1a expression was almost the same
as those in control (100%) and no difference was seen between
the obese and non-obese patients (Fig. 2). LCAD and HADHa
levels were increased in NAFLD liver compared with normal
controls and the increase was significantly greater in the
non-obese patients (>5- and 8-fold for LCAD and HADHa,
respectively) than in obese patients (nearly 1.5- and 4-fold for
LCAD and HADHa, respectively) (Fig. 2). In NAFLD, UCP2

expression was nearly 2-fold higher compared with that in
normal liver, with similar levels in the obese and non-obese
groups (Fig. 2). In contrast, PPARa expression was lower in
NAFLD than the normal controls and the magnitude of
suppression was significantly greater in obese patients (Fig. 2).

Expression of other genes related to fatty acid oxidation.
When mitochondrial oxidative capacity is impaired, alternative
oxidation pathways are activated in peroxisomes (-oxidation)
and microsomes (w-oxidation). ACOX and branched-chain
acyl-CoA oxidase (BOX) are involved in peroxisomal B-
oxidation (18). In microsomal w-oxidation, CYP2EI and
CYP4A11, and inducible hepatic microsomal cytochromes
P-450, initiate the autopropagative process of lipid oxidation
(15-17). Therefore, the expression levels of these genes were
examined (Fig. 3). All the genes tested, especially BOX,
CYP2E1 and CYP4Al11, were extensively up-regulated in
NAFLD in comparison with the levels in normal controls
(100%). Moreover, the increasing ratio was significantly higher
in non-obese patients.

Expression of genes related to antioxidant pathways.
Molecules collectively referred to as ROS are formed in the
fatty acid oxidation pathway. Cytotoxic ROS is normally
catalyzed by antioxidant molecules such as superoxide
dismutase (SOD), catalase, and glutathione, which is produced
by glutathione synthetase (GSS) (19). In NAFLD, the
expression of SOD and catalase were 5- and 10-fold higher,
respectively, than in normal livers, whereas GSS expression
was unchanged (Fig. 4). SOD and catalase levels were
significantly higher in non-obese than obese patients (Fig. 4).

Expression of genes related to lipid droplet formation. Fatty
acids are also metabolized into triglycerides by esterification
and stored within lipid droplets. Diacylglycerol O-acyl-
transferase 1 (DGATI) is involved in triglyceride synthesis
and hormone sensitive lipase (HSL) is a lipolytic enzyme for
catalyzing triglyceride accumulation. DGAT1 expression in
NAFLD was slightly increased compared with normal liver
(100%), while HSL levels were decreased by 80% compared
with normal liver (Fig. 4). No significant difference was seen
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Figure 4. Real-time RT-PCR analysis of genes related to ROS elimination, triglyceride synthesis and lipolysis in NAFLD patients with or without obesity.
“Significant difference (p<0.05) between the obese and non-obese groups. BMI, body mass index; SOD, superoxide dismutase; GSS, glutathione synthetase;

DGAT1, diacylglycerol O-acyltransferase 1 and HSL, hormone sensitive lipase.
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Figure 5. Serum adipocytokine levels in NAFLD patients with or without obesity. “Significant difference (p<0.05) between the obese and non-obese groups.

BMI, body mass index and TNF, tumor necrosis factor.

in either of the genes between the non-obese and obese groups
(Fig. 4).

Serum levels of adipocytokines. Adipocytokines are important
humoral factors that are associated with lipid and glucose
metabolism. In contrast with the non-obese patients, insulin-
resistance was obvious in the obese patients (Table I).
Therefore, we examined the serum values of the adipo-
cytokines, leptin, adiponectin, resistin and TNF-a. We found
that, although there were no significant differences in
adiponectin, resistin and TNF-a levels, leptin levels were
significantly higher in obese patients (Fig. 5).

Discussion

Fatty acid metabolism in hepatocytes can occur via four
mechanisms: a) de novo fatty acid synthesis and uptake of
plasma-free fatty acids; b) fatty acid catalysis by mitochondrial,
peroxisomal and microsomal oxidation; c) neutralization of
ROS derived from fatty acid oxidation; and d) conversion
between fatty acids and triglyceride. In this study, we
investigated the differences in fatty acid metabolism between

obese and non-obese NAFLD patients. Fatty acid metabolism-
related genes were generally overexpressed in NAFLD;
however, the expression of genes associated with pathways of
fatty acid synthesis and uptake, triglyceride synthesis and
lipolysis was similar in the obese and non-obese groups
(Figs. 1 and 4). An obvious difference was found in the fatty
acid oxidation and ROS elimination pathways (Figs. 2, 3
and 4), therefore, the expression of the genes tested was
significantly higher in the non-obese group.

These results indicate that, in obese patients, an overload of
mitochondrial -oxidation, following fatty acid accumulation
by up-regulation of de novo synthesis and uptake, cannot be
compensated by B- and w-oxidation in peroxisomes and
microsomes, respectively. Nevertheless, this overload may, to
some degree, be compensated in non-obese patients. This
difference may result in more severe liver injury, insulin
resistance and steatosis in obese patients compared with
non-obese patients, as shown in Table I. What derives the
difference in fatty acid metabolism between the obese and
non-obese groups? At present, there are no clear answers;
however, one clue may be the serum levels of adipocytokines.
Although serum levels of some adipocytokines are strongly
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and non-obese groups. Here, we found that only
leptin levels were markedly higher in the obese group (Fig. 5).

Leptin is a hormone produced by adipocytes and exerts
metabolic effects in peripheral tissues, for example, leptin
induces PPARa gene expression and stimulates fatty acid
oxidation (20). As a consequence of their increased fat mass,
elevated circulating levels of leptin in obese patients is to be
expected. The expression of leptin receptors was also up-
regulated in NAFLD patients but the levels were not different
between the obese and non-obese patients (data not shown).
Therefore, if leptin and its signaling pathway functioned
normally in obese patients, the expression of PPAR« and other
genes related to fatty acid oxidation should be more up-
regulated in obese than in non-obese patients. The unexpected
response of fatty acid oxidation-associated genes and PPARa
in our study may thus be explained by leptin resistance (21).
The mechanism of leptin resistance still remains unclear.
Because the peripheral effect of leptin is, in part, through the
central nervous system, defective leptin transport across the
blood-brain barrier may be implicated in this process (22).
Many institutes have begun to examine the mechanisms of
leptin receptor signal attenuation (23,24). They mainly
investigated the inhibitory molecules for leptin receptor
signaling such as suppressor of cytokine signaling-3 (SOCS-3).
We also tested the expression of SOCS-3; however, the
expression levels were suppressed in both the obese and non-
obese groups (data not shown). Therefore, other factors
associated with under-responsiveness to leptin should be
evaluated in our patients.

In summary, our results indicate the following: i) Fatty acid
synthesis and uptake were increased similarly in both the
obese and non-obese groups, despite an accumulation of fatty
acids in hepatocyte. ii) In obese patients, fatty acid oxidation
and ROS elimination was insufficiently compensated, which
resulted in worse liver damage, steatosis and insulin resistance
in these patients. iii) Differences in fatty acid metabolism
between the obese and non-obese groups might be due to
leptin resistance. Further studies are needed to clarify the
relationship between leptin resistance and NAFLD.
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