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Methionine and choline-deficient diet (MCD)-induced fatty 
liver is one of the best-studied animal models of fatty liver 
disease. The present study was performed to clarify the 
relative contributions of individual lipid metabolic path-
ways to the pathogenesis of MCD-induced fatty liver. He-
patic lipogenesis mediated by the sterol regulatory ele-
ment-binding protein (SREBP-1c) was increased at 1 week, 
but not at 6 weeks, of MCD feeding. On the other hand, 14C-
palmitate oxidation did not change at 1 week, but signifi-
cantly decreased at 6 weeks. This decrease was associ-
ated with increased expression of fatty acid translocase, a 
key enzyme involved in fatty acid uptake. Expression of 
endoplasmic reticulum stress markers was increased in 
mice given MCD for both 1 and 6 weeks. These findings 
suggest the presence of time-dependent differences in 
lipid metabolism in MCD-induced fatty liver disease: 
SREBP-1c-mediated lipogenesis is important in the early 
stages of fatty liver disease, whereas increased fatty acid 
uptake and decreased fatty acid oxidation become more 
important in the later stages. 
 
 
INTRODUCTION 
 
The increasing prevalence of obesity has led to a rapid in-
crease in the incidence of non-alcoholic fatty liver disease 
(NAFLD) in industrialized countries (Schattenberg and Galle, 
2010). Its progressive form, non-alcoholic steatohepatitis (NASH), 
can lead to cirrhosis and end-stage liver disease (Larter and 
Yeh, 2008). The main risk factors for NAFLD are the metabolic 
abnormalities commonly observed in metabolic syndrome, 
including insulin resistance, visceral obesity and dyslipidemia. 
However, certain diets and toxins can also induce NAFLD (Ko-
teish and Diehl, 2001). Methionine and choline-deficient diet 
(MCD)-induced fatty liver is one of the best-studied animal 
models of NAFLD (Mato et al., 2008). In particular, this model is 
important for understanding the mechanism of NAFLD pro-
gression, since long-term administration of MCD has been 

shown to cause NASH, liver cirrhosis and hepatocellular carci-
noma (Nakae, 1999).  

Endoplasmic reticulum (ER) stress and sterol regulatory ele-
ment-binding protein isoform-1c (SREBP-1c)-dependent lipo-
genesis are considered important in the pathogenesis of fatty 
liver disease (Kaplowitz and Ji, 2006; Sozio et al., 2010). Lipo-
genesis in the liver is transcriptionally regulated by SREBP-1c 
and carbohydrate-responsive element-binding protein, with 
SREBP-1c considered a major regulator of the lipogenic path-
way (Ferré and Foufelle, 2010). The mature form of SREBP-1c 
is embedded in the membranes of the ER. In the presence of 
adequate signals (e.g., insulin, ER stress), SREBP-1c is acti-
vated by proteolytic cleavage and becomes involved in promot-
ing lipid synthesis (Ferré and Foufelle, 2010).  

However, studies in humans and in rodents have demon-
strated that other pathways of lipid metabolism are also in-
volved in the genesis of NAFLD. Excess fat accumulation in the 
liver can result from increased fatty acid delivery, from fat 
stored in white adipose tissue that flows to the liver by way of 
the plasma free fatty acid (FFA) pool; increased de novo fatty 
acid synthesis from glucose; reduced fatty acid oxidation; 
and/or reduced triglyceride (TG) export in the form of very low-
density lipoprotein (VLDL) (Ferré and Foufelle, 2010; Postic 
and Girard, 2008). The roles of these different pathways of lipid 
metabolism and ER stress in MCD-induced fatty liver disease 
are not clear. MCD feeding has been shown to increase fatty 
acid uptake and to decrease VLDL secretion, as well as to 
downregulate genes involved in lipid synthesis (Rinella et al., 
2008). Recent studies reported that MCD feeding significantly 
increases the expression of ER stress markers (Jr Soon et al., 
2010; Mu et al., 2010), but another study proposed that this 
stress response alone does not lead to liver injury (Jr Soon et 
al., 2010).  

We sought to clarify the roles of various pathways of lipid me-
tabolism and ER stress in the pathogenesis of MCD-induced 
NAFLD. We found that SREBP-1c-induced lipogenesis is im-
portant in the early stages of fatty liver disease, whereas in-
creased fatty acid uptake and decreased fatty acid oxidation
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Table 1. Composition of MCD 

Nutrient MCD 

L-Amino acids 142.0 

L-Methionine 0.0 

Choline chloride 0.0 

Cornstarch 100.0 

Dextrin 100.0 

Sucrose 408.6 

Cellulose 50.0 

Corn oil 50.0 

Sodium bicarbonate 4.3 

Primex (hydrogenated vegetable oil) 100.0 

Salt mix 35.0 

Vitamin mix 10.0 

Ferric citrate 0.1 

 

 

become more important in the later stages of this disease. 
 
MATERIALS AND METHODS 

 
Animal experiments 
Eight-week-old C57BL/6J mice were purchased from Central 
Animal Laboratory (Korea). All mice were housed at ambient 
temperature (22°C ± 1°C) with 12:12-h light:dark cycles and 
free access to water and diet. All animal experiments were 
approved by the Institutional Animal Care and Use Committee 
of the Asan Institute for Life Sciences. One group of mice (n = 
7) was fed normal chow, whereas a second group of mice (n = 
7) was fed MCD (no, 518810; Dyets, USA). The composition of 
MCD is shown in Table 1. After 1 and 6 weeks, the mice were 
fasted for 5 h in the morning and sacrificed. Their livers were 
rapidly removed and kept frozen at -70°C. 
 
Analysis of blood samples 
Plasma TG (Sigma, USA), cholesterol (BioVision, USA) and 
FFA concentrations (Wako, Japan) were measured by enzy-
matic methods according to the manufacturers’ instructions. 
Serum alanine aminotransferase (ALT) concentrations were 
measured using an IDTox Alanine Transaminase Endpoint 
Assay Kit (ID Labs Inc., Canada).  
 
Liver TG and cholesterol contents 
TG and cholesterol contents in the liver were determined using 
GPO-Trinder (Sigma) and cholesterol quantification (BioVision) 
kits, respectively, as described by their manufacturers.  
 
Histological analysis  
Liver tissue samples were fixed with 4% paraformaldehyde, 
embedded in paraffin, and stained with hematoxylin and eosin 
(H&E). Hepatic fibrosis was analyzed by trichrome C staining. 
Images were captured using a BX60 camera (Olympus, Japan). 
For measurements of lipid droplet size, 25 lipid droplets were 
randomly selected from four different sections of liver tissue for 
each mouse. For fibrotic area measurements, four random 
fields from each sample were selected. Quantification of lipid 
droplet size and fibrotic area was carried out using NIH Image J 
software (version 1.42q). Data are expressed as percentage of 
total sectional area, with each area represented as fold-
increase relative to that in age-matched control mice. 

Table 2. Gene-specific primers for real-time PCR 

mRNA Primer sequence 

5′-CTGGGGGTGAGACAGGGGAC-3′ SREBP-1c 

 5′-GATGGTGGAGGGGACAAGGG-3′ 

5′-CTGAGCGGCCTCTGTTCCTT-3′ FAS 

 5′-CCCAGCTATGCGGTAGGGTC-3′ 

5′-CCCTCAATGAATGTACTGAAGGATT-3′ Insig2a 

 5′-TGTGAAGTGAAGCAGACCAATGT-3′ 

5′-TCGACCTAGGCTTCTCCGGG-3′ GPAT1 

 5′-GACGGGACAGTTGTGCTGGG-3′  

5′-GATCGCAGTGGGTGCGAAAC-3′ DGAT2 

 5′-ATGCCATGGGGGTGGTATCC-3′ 

5′-ACACGCTTGGGAATGGACAC-3′ XBP-1s 

 5′-CCATGGGAAGATGTTCTGGG-3′ 

5′-TGTTAAGAAGAGTGCCACCAT-3′ ACO 

 5′-ATCCATCTCTTCATAACCAAATTT-3′ 

5′-ACTCCTGGAAGAAGAAGTTCA-3′ CPT1 

 5′-AGTATCTTTGACAGCTGGGAC-3′ 

5′-CACCGCAGCTTTCCGGAATGT-3′ MCAD 

 5′-TCGAAAGCGGCTCACAAGCAG-3′ 

5′-AATTAGTAGAACCGGGCCAC-3′ FAT/CD36 

 5′-CCAACTCCCAGGTACAATCA-3′ 

 

 
Fatty acid oxidation 
Fatty acid oxidation (FAO) rate was measured as 14CO2 gen-
eration from [14C] palmitate (NEN Life Sciences, USA), as pre-
viously described (Kim et al., 2002), with minor modifications. 
Briefly, 50 μl of liver homogenate was added to a reaction mix-
ture containing 0.2 mM palmitate (1-14C palmitate at 0.5 μCi/ml) 
and incubated for 30 min. at 30°C. Reactions were stopped by 
adding 50 μl of 4 N sulfuric acid, and the CO2 produced was 
trapped with 200 μl of 1N sodium hydroxide. The trapped 14CO2 
and the 14C-labeled acid soluble products were measured by 
liquid scintillation counting, and FAO rates were normalized to 
the protein content of each tissue sample. 
 
Western blot analysis 
Protein expression in cells and tissues was measured by We-
stern blot analysis. Isolated liver samples were lysed, loaded 
(30 μg per lane) onto 10% SDS-polyacrylamide gels, electro-
phoresed, and transferred to nitrocellulose membranes. After 
incubating in blocking buffer, the membranes were incubated 
with antibodies to (phospho) eukaryotic translation initiation 
factor 2α (eIF2α; Cell Signaling Technology, USA), CCAAT/ 
enhancer-binding protein (CHOP; Santa Cruz Biotechnology, 
USA) and β-actin (Sigma), washed and then incubated with 
horseradish peroxidase-conjugated secondary antibodies (Santa 
Cruz Biotechnology). Immunoreactive bands were visualized by 
enhanced chemiluminescence (Santa Cruz Biotechnology) and 
quantified densitometrically. Results were normalized to β-actin 
to correct for variations in sample loading and are expressed as 
percentages of control signals (% control) in each blot to correct 
for variations between blots.  
 
Quantification of mRNA levels 
Total RNA was isolated using the TRIzol reagent (Invitrogen, 
USA), and 1-μg aliquots were reverse-transcribed with random 
primers using a Reverse Aid M-MuLV reverse transcription kit 
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Table 3. Metabolic parameters of mice fed MCD 

1 week 6 weeks 
 

CON MCD CON MCD 

Body weight (g) 22.5 ± 0.3 19.6 ± 0.2* 26.5 ± 0.3 15.7 ± 0.8* 

Liver weight (g) 1.1 ± 0.1 0.8 ± 0.1* 1.1 ± 0.1 0.7 ± 0.1* 

Liver TG (mg/g tissue) 26.9 ± 2.5 69.6 ± 5.5* 29.5 ± 5.2 98.2 ± 11.5* 

Liver cholesterol (µg/g tissue) 1.2 ± 0.1 3.6 ± 0.3* 3.3 ± 0.4 2.6 ± 0.1 

Plasma TG (mg/dl) 156.4 ± 11.5 103.9 ± 8.8* 168.9 ± 15.0 116.2 ± 9.7* 

Plasma FFA (µEq/L) 891.0 ± 56.3 550.0 ± 54.2* 635.9 ± 90.7 520.5 ± 40.9 

Values are means ± SEMs (n = 7 each).  

*P < 0.05 compared with control mice. 
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(Fermentas, USA). Target cDNA levels were quantified by 
SYBR green-based real-time polymerase chain reaction (PCR) 
using gene-specific primers (Table 2) and the ABI PRISM 7000 
sequence detection system (Applied Biosystems, USA), as 
described previously (Won et al., 2010).  
 
Statistical analysis 
All results are reported as means ± standard errors of the mean 
(SEMs). Between-group differences were assessed using un-
paired two-tailed t-tests. P-values < 0.05 were considered sta-
tistically significant. All data were analyzed using the SPSS 
program (version 17.0).  
 

RESULTS 

 
MCD feeding induces lipid accumulation and fibrosis in  
the liver 
In agreement with previous results (Rinella et al., 2008), feeding 
of MCD for 1 and 6 weeks led to significant reductions in body 
weight and liver weight (Table 3). However, H&E staining 
showed that MCD significantly increased hepatic lipid accumu-
lation (Fig. 1A). Hepatic levels of TG and cholesterol were also 
increased in MCD-fed mice (Table 3). Moreover, serum ALT 
levels were significantly higher in mice fed MCD for 1 week 
than in control mice, a difference that became more pro-
nounced in mice fed MCD for 6 weeks (Fig. 1B). Trichrome C 

Fig. 1. MCD induces fatty liver

disease. (A) Histological analy-

sis of liver sections of MCD-fed

mice. H&E staining. bd, bile duct;

cv, central vein. The percentage

of the total area of liver sections

occupied by lipid droplets was

quantified using an image ana-

lysis system. (B) Serum ALT

concentrations in MCD-fed and

control mice. (C) Trichrome C

staining of mice given MCD for

6 weeks and control mice. The

arrow (blue) indicates the ac-

cumulation of collagen fibers.

Magnification, ×100. The percen-

tage of fibrotic area was quanti-

fied using an image analysis

system, and is represented as

fold-increase relative to that in

control mice. Data are means ±

SEMs (n = 7 each). *P < 0.05

versus age-matched control mice;
#
P < 0.05 versus mice given

MCD for 1 week. 
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Fig. 2. MCD feeding for 1 week increases mRNA expression of de 

novo lipogenesis genes. Real-time PCR analysis of the expression 

of mRNAs encoding (A) SREPB-1c, (B) Insig2a, (C) FAS, (D) 

GPAT1 and (E) DGAT2. Values are means ± SEMs (n = 7 each). 

*P < 0.05 versus control mice. 
 
 
staining showed that MCD feeding for 6 weeks increased he-
patic fibrosis (Fig. 1C). 
 
Expression of lipogenic genes is increased after 1 week of  

MCD feeding 

To examine the biochemical mechanisms underlying MCD-
induced fatty liver disease, we first analyzed the expression 
levels of mRNA encoding molecules involved in de novo lipid 
synthesis from glucose (Postic and Girard, 2008). We found 
that the mRNA levels of SREBP-1c and the lipogenic genes 
fatty acid synthase (FAS), glycerol-3-phosphate acyltransferase 
1 (GPAT1) and diacylglycerol transferase 2 (DGAT2) were all 

A 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
 
 
D 
 
 
 
 
 
 
 
 
 
E 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. MCD feeding for 6 weeks increases fatty acid uptake and 

decreases FAO. (A) Increased expression of FAT/CD36 mRNA. (B-

D) Increased expression of mRNAs encoding FAO genes at 1 week, 

but not at 6 weeks, of MCD feeding. (B) CPT1, (C) ACO1, (D) 

MCAD. (E) Decreased 
14

C-palmitate oxidation at 6 weeks of MCD 

feeding. Values are means ± SEMs (n = 7 each). *P < 0.05, **P < 

0.01 versus control mice. 
 
 
significantly increased in mice fed MCD for 1 week, and the 
mRNA level of Insig2a, which has been shown to inhibit 
SREBP-1c transport to the Golgi (Yabe et al., 2002), was sig-
nificantly decreased (Fig. 2). In contrast, this increase in the 
expression of the lipogenic genes was not observed after 6 
weeks of MCD feeding (Fig. 2). 
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MCD feeding for 6 weeks increases fatty acid translocase  
expression and decreases FAO 
Another source of fatty acids for hepatic TG is plasma FFA 
arising from adipose tissue. Increased FFA delivery, reduced 
FAO and/or reduced TG export in the form of VLDL would re-
sult in steatosis (Ferré and Foufelle, 2010; Postic and Girard, 
2008). As expected from their lower body weights, plasma FFA 
concentrations were significantly lower in mice fed MCD for 1 
week than in control mice (Table 3). However, the expression 
level of mRNA encoding fatty acid translocase (FAT)/CD36, the 
key enzyme involved in fatty acid uptake, was significantly in-
creased in mice fed MCD for 1 week. Similarly, the expression 
levels of mRNAs encoding the FAO genes, carnitine palmitoyl-
transferase 1 (CPT1), acyl-CoA oxidase 1 (ACO1) and medium 
chain acyl CoA dehydrogenase (MCAD), were significantly 
higher in mice fed MCD for 1 week than in control mice (Figs. 
3A-3D). However, FAO measured by 14C-palmitate was similar 
in mice fed MCD for 1 week and control mice (Fig. 3E), sug-
gesting that increased mRNA expression of the genes respon-
sible for fatty acid uptake and FAO in MCD-fed mice serves to 
compensate for the decrease in fatty acid delivery from plasma.  

Plasma FFA concentration also tended to be lower in mice 
fed MCD for 6 weeks than in control mice, but the difference 

was not statistically significant (Table 3). FAT/CD36 mRNA 
expression was markedly increased in mice fed MCD, whereas 
the expression of FAO genes did not differ significantly from 
that in control mice. However, FAO measured by 14C-palmitate 
was significantly lower in mice fed MCD for 6 weeks than in 
control mice (Fig. 3E). Plasma TG concentration was signifi-
cantly lower in mice fed MCD for 1 and 6 weeks than in control 
mice (Table 3). 
 
MCD activates the ER stress response 
Various markers for the ER stress response, namely mRNA 
expression of spliced X box-binding protein 1 (XBP-1s), phos-
phorylation of eIF2α protein, and the expression of CHOP pro-
tein, were increased in mice fed MCD for both 1 and 6 weeks 
(Fig. 4).  
 
DISCUSSION 

 
The MCD diet results in liver injury that is similar to human 
NASH. A previous study has shown that MCD feeding for 4 
weeks upregulates hepatic fatty acid transport proteins and 
increases hepatic uptake of 14C-linoleic acid (Rinella et al., 
2008). We also observed that the expression of FAT/CD36 

Fig. 4. Effect of MCD feeding on the ER stress

response. (A) Real-time PCR analysis of spliced

XBP-1s mRNA expression; (B, C) Western blot

analysis of (B) eIF2α phosphorylation and (C)

CHOP protein expression. Protein levels were

normalized to the expression of (B) total eIF2α

and (C) β-actin. Values are means ± SEMs (n =

7 each). *P < 0.05, **P < 0.01 versus control

mice. 
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profoundly increased in mice fed MCD for 6 weeks. In addition, 
we found time-dependent differences in lipid metabolism in 
MCD-induced NAFLD. The expression of SREBP-1c and lipo-
genic enzymes was significantly increased in mice fed MCD for 
1 week, but this increase was not observed in mice fed MCD 
for 6 weeks. In contrast, MCD feeding for 6 weeks significantly 
decreased FAO, measured with 14C-palmitate, and also in-
creased FAT/CD36 expression.  

MCD feeding for 1 week significantly increased the mRNA 
expression levels of SREBP-1c and the lipogenic enzymes 
FAS, GPAT1 and DGAT2. This suggests that the SREBP1c-
dependent increase in de novo lipogenesis is the main mecha-
nism of early steatosis in MCD-fed mice. It has been estimated 
that ~60% of hepatic TGs in obese humans are derived from 
the increased availability of plasma FFA, which is generated by 
unabated lipolysis of the larger adipose tissue mass (Donnelly 
et al., 2005; Ferré and Foufelle, 2010). On the other hand, MCD 
feeding led to significant weight loss and a significant reduction 
in plasma FFA concentration. Therefore, increased delivery of 
plasma FFA may not be the major mechanism for hepatic stea-
tosis. In our study, mRNA expression levels of FAT/CD36, 
which is responsible for fatty acid uptake, and the enzymes 
responsible for FAO, were increased at 1 week of MCD feeding. 
However, FAO measured by 14C-palmitate was similar in MCD-
fed mice and control mice. Taken together with the reduced 
plasma FFA level in these mice, these results suggest that 
increased expression of enzymes responsible for fatty acid 
uptake and oxidation in the liver serve to compensate for the 
decrease in FFA delivery from plasma.  

MCD feeding for 4 weeks has been shown to increase he-
patic fatty acid uptake and to decrease VLDL secretion from the 
liver (Rinella et al., 2008). In agreement, we found that plasma 
TG concentration, a measure of VLDL export, was significantly 
decreased in mice fed MCD for 6 weeks. While the plasma FFA 
level was not significantly different from that in control mice, the 
expression of FAT/CD36 in the liver was profoundly increased, 
suggesting an increase in hepatic FFA uptake. In addition, 
measurement of FAO by 14C-palmitate showed that MCD feed-
ing for 6 weeks clearly decreased FAO in the liver, although the 
expression of FAO genes in these mice did not differ signifi-
cantly from that in control mice. Oversupply of fatty acid, when 
not coupled with mitochondrial oxidation, can lead to increased 
biosynthesis of sphingolipids, including ceramide (Dara et al., 
2011). The synthesis of sphingomyelin from ceramide and 
phosphatidylcholine also generates diacylglycerol (Dara et al., 
2011). Ceramide and diacylglycerol, which were recently shown 
to be important mediators of inflammation and cell death (Cowart 
2009; Kennedy et al., 2009; Won et al., 2010), may mediate 
progression to NASH. Further studies, including measurement 
of these lipid metabolites, are needed to answer this important 
question.  

The ER is responsible for the folding and assembly of mem-
brane and secreted proteins, the synthesis of lipids and sterols, 
and the storage of calcium (Kaufman, 2002). The accumulation 
of misfolded or unfolded proteins in the ER lumen can activate 
a group of signal transduction pathways collectively termed the 
ER stress response or the unfolded protein response. In animal 
models of obesity and type 2 diabetes, ER stress has been 
shown to upregulate the lipogenic transcription factor SREBP-
1c and lipogenic genes, resulting in hepatic steatosis (Kaufman, 
2002; Tabas and Ron, 2011).  

Although these data suggest that ER stress-mediated lipo-
genesis is an important mechanism of hepatic steatosis, it re-
mains unclear whether the ER stress response is detrimental 
and contributes to progression to NASH or hepatic fibrosis (Ji, 

2008). Deficiencies in CHOP, a key component of ER stress-
mediated apoptosis, have been shown to attenuate liver fibrosis 
by reducing hepatocyte injury in bile duct-ligated mice (Tamaki 
et al., 2008). MCD was also shown to induce ER stress and 
hepatic cell death through activation of protein kinase C-δ 
(Greene et al., 2010). In contrast, a recent study suggested that 
the ER stress response itself does not lead to liver injury, and 
that CHOP does not play a central role in the pathogenesis of 
MCD-mediated liver disease (Jr Soon et al., 2010). We found 
that MCD feeding for both 1 and 6 weeks led to a significant 
increase in ER stress-response markers, whereas SREBP1c 
expression was increased only at 1 week, but not at 6 weeks, of 
MCD feeding. These results suggest that the ER stress re-
sponse is not only involved in the early states of hepatic steato-
sis, but also in the later stages of progression to NASH (Greene 
et al., 2010; Tamaki et al., 2008). However, further studies are 
needed to determine the mechanism underlying the increased 
ER stress response and its meaning in the pathogenesis of 
steatosis and NASH in MCD-fed mice.  

In summary, our results showed that increased de novo lipo-
genesis is an important determinant of early-stage fatty liver 
disease in MCD-fed mice, whereas increased fatty acid uptake 
and decreased FAO are major factors leading to later changes 
in fatty liver disease, including inflammation and fibrosis. MCD 
feeding for both 1 and 6 weeks led to a significant increase in 
ER stress-response markers. Future studies are needed to 
determine the contribution of ER stress to each stage (steatosis 
and inflammation) of the disease. 
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