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Introduction
Nonalcoholic fatty liver disease (NAFLD) is one of 

the most prevalent chronic liver diseases worldwide. It 

is excessive fat accumulation not caused by alcohol in 
hepatic cells, which leads to severe liver inflammation 
and advanced liver cirrhosis (1-3). Although excessive 
accumulation of fat in the liver is generally considered 
the hallmark of NAFLD, inflammation and liver fibrosis 
are regarded as more significant prognostic factors that 
determine the fate of the disease (4-6).

The liver regulates the balance between energy 
generation from food sources and energy storage 
according to the tissue requirements. For example, 
the liver maintains normal lipid metabolism by taking 
up and synthesizing fatty acids, and then secreting 
them in the form of triglycerides (TG) (7). NAFLD is 
believed to be a result of poor regulation in the liver of 
this energy homeostasis. One of the most important 
peptide hormones in energy homeostasis is insulin. 
Insulin controls the glucose level throughout the body by 
suppressing glucose metabolism in the liver. However, it 
is reported that this function of insulin may be hindered 
by increased hepatic TG content (8). The process of fatty 
acid and TG synthesis in the liver, called lipogenesis, 
is elaborately controlled by several molecules. Sterol 
regulatory element binding proteins (SREBPs) can 
be up-regulated by insulin and facilitate lipogenesis. 
Enzymes including fatty acid synthase (FAS) and 
stearoyl-CoA desaturase (SCD) also play a direct role in 
de novo lipogenesis (9).

While excess fat accumulation in the liver may  cause 
no further symptoms, when the changes in NAFLD lead 
to inflammation and liver fibrosis, poorer prognoses such 
as total liver failure can occur (4). The exact mechanism 
that leads from simple fatty liver disease to inflammation 
and cirrhosis has not been completely elucidated. It has 
been suggested that once increase in fat content occurs 
due to metabolic alterations, various stimuli may trigger 
liver inflammation. For example, transforming necrosis 
factor (TNF)-α levels increase, and regulatory immune 
cells such as forkhead box P3 (Foxp3)-positive cells 
are suppressed; thus intensifying further inflammatory 
activities (10, 11). Repeated liver injury can activate 
hepatic stellate cells, the main cellular component 
in the production of fibrous tissue, resulting in the 
accumulation of fibrous collagen fibers. The tensile 
strength of accumulated extracellular matrix (ECM) is 
further strengthened through the molecular crosslinking 
of collagen. This process is facilitated by enzymes in the 
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lysyl oxidase (LOX) family (12, 13).
Even with the current knowledge on NAFLD, the 

pathogenesis of NAFLD requires further investigation in 
order to offer treatments other than lifestyle modification 
through diet and exercise (14). Animal models of NAFLD 
are valuable for elucidating the pathogenesis and for 
examining the therapeutic effects of various treatments. 
The liver of NAFLD animals should contain fat 
accumulation, inflammation, and ideally fibrosis. Since 
there seems to be a strong link between diet, metabolic 
syndrome, and NAFLD; the majority of the animal models 
focus on providing a diet that causes these damages. 

The standard method to generate NAFLD animal 
models is to feed mice a diet high in fat and sucrose 
content. The ideal duration of feeding is yet to be defined, 
although longer feeding times result in more severe 
inflammatory and fibrous changes (15). Nevertheless, 
feeding mice for an extended period of time requires a 
lot of resources and research time. Therefore, we were 
curious about the effect of a reduced time span for the 
development of NAFLD, so that time and resources 
might be saved in NAFLD experiments. 

We fed C57BL/6 mice a high-fat diet (HFD) for 8 to 
24 weeks and evaluated the changes in the liver with 
respect to fat accumulation, inflammation, and fibrosis. 
Significant pathologic fat accumulation, inflammation 
and fibrosis in the liver could only be noticed after 24 
weeks of HFD. However, dysregulated immune function 
was noticed as early as 8 weeks after the start of the 
diet, whereas the molecular changes associated with the 
fat accumulation was detected at 12 weeks. Evidence 
of liver fibrosis were the latest changes to emerge after 
the start of HFD. Our results suggest that alterations in 
inflammation and fat metabolism can be detected earlier 
than liver fibrosis in the NAFLD animal model developed 
by feeding a HFD.

Results 
Evaluating changes in liver fat content

Mice given a high-fat diet (HFD) for 24 weeks had 
a mean body weight of 41.9 ± 3.03g, while mice fed 
a standard diet weighed 32.33 ± 1.15g. There was a 
significant difference between the two groups (p = 
0.007) (Figure 1). 

We evaluated fat content by scoring the percentage 
of H&E stained hepatocytes that contained fat vesicles 
(grade 0: none, grade 1: <25%, grade 2: 26–50%, grade 
3: 51–75%, grade 4: 76–100%). Significant fat tissue 
changes were noticed after 24 weeks of HFD (2.60 ± 
0.245), compared to normal tissue specimens (0.00 ± 
0.000) that were harvested from mice fed a standard 
diet for 24 weeks (Figure 2A). Fat changes were also 
estimated by measuring the triglyceride (TG) content 
of the liver tissue. Giving HFD resulted in significantly 

increased liver TG content after 24 weeks (66.84 ± 2.65 
mg/g protein), as compared to mice fed with a standard 
diet (44.29 ± 7.37 mg/g protein) (Figure 2B).
   Although pathologically noticeable fat changes in 
the liver were detected only after 24 weeks of HFD, 
we investigated whether molecular changes that might 
assist fat accumulation could be detected at earlier time 
points. We performed quantitative real-time polymerase 
chain reaction (RT-PCR) on the mRNA of SREBP-1c, 
a gene that could trigger lipogenesis, FAS, a gene that 
catalyzes fatty acid synthesis, and SCD, a gene that 
converts saturated fatty acid to unsaturated fatty acid. 
The expression was compared to that of animals fed 
with the standard diet for 24 weeks. Increased SREBP-
1c expression was noticed by week 12 (5.94 ± 0.88 fold 
change) (Figure 2C), but the incremental increase in the 
expression of SREBP-1c was largest at week 24 (34.41 
± 5.05 fold change), showing statistical significance. In 
addition, the expression of SCD started to increase by 
week 12 (3.25 ± 0.40 fold change) (Figure 2C). However, 
the change in week 24 (4.58 ± 0.50 fold change) was not 
significant when compared with that of week 12. There 
was no significant change in FAS mRNA expression 
during HFD (Figure 2C).

Evaluating changes in liver inflammation
Evaluation of liver inflammation was done after H&E 

staining by counting inflammatory foci in 20 consecutive 
high-power fields. Significant pathologic inflammation 
was detectable after 24 weeks of HFD (2.80 ± 0.20 
foci), compared to normal tissue specimens (0.00 
± 0.00 foci) that were harvested from mice fed with a 
standard diet for 24 weeks (Figure 3A). In association 
with liver inflammation, we evaluated the expression 
of FOXP3 mRNA, which is a relatively specific marker 
for regulatory T cells, which are known to control and 
suppress liver inflammation (16). Surprisingly, FOXP3 
mRNA expression was suppressed as early as 8 weeks 
(0.056 ± 0.02 fold change) after the start of HFD, before 

Figure 1: Changes in body weight during a standard diet 
versus high-fat diet (HFD). 
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the changes of other molecular markers related to fat 
accumulation were present (Figure 3B). The expression 
of TNF-α, a cytokine involved in systemic inflammation, 
was increased from week 12 (13.74 ± 1.54 fold change) 
through week 24 (15.87 ± fold change) (Figure 3B).

Evaluating changes in liver fibrosis
Histological assessment of liver fibrosis was 

performed after Sirius Red staining using an image 
analysis system. The area of Sirius Red–stained collagen 
fibers was calculated. Significant formation of fibrous 
tissue was found after 24 weeks of HFD (1.51 ± 0.16 %) 
(Figure 4A). The expression of collagen α1(I) (col1α(I)) 
mRNA, a marker for collagen fibers, was elevated at 
week 12 (5.74 ± 0.98 fold change) through 24 (18.05 ± 
1.77 fold change), earlier than the pathologic changes 
(Figure 4B). However, smooth muscle α-actin (αSMA) 
mRNA, a marker for activated hepatic stellate cells, 
which are the main cellular component that produce 
collagen fibers in the liver, were increased by week 24 
(14.24 ± 1.37 fold change) (Figure 4B). The expression 
of LOXL2, which facilitates the crosslinking of collagen 
so as to consolidate ECM, also increased by week 24 
(3.50 ± 0.71 fold change) (Figure 4B).

Discussion
In this experiment, we compared the liver specimens 

of mice fed an HFD for 8, 12 and 24 weeks with 
those of mice fed a standard diet for 24 weeks. We 
performed histological evaluation in terms of the fat 
accumulation, inflammation, and fibrosis. We also 

investigated the molecular changes on genes related 
with lipid metabolism, fibrosis and inflammation. The 
study demonstrated that molecular changes leading to 
NAFLD start as early as 8 weeks after the start of HFD, 
while pathologically noticeable NAFLD can be achieved 
only after 24 weeks of HFD administration. Among the 
molecular changes, suppressed regulatory T cells, 
identified by decreased FOXP3 mRNA expression, were 
present first and followed by altered expression of genes 
related to lipogenesis and inflammatory cytokines. 
This suggests that alterations in inflammation and fat 
metabolism can be detected earlier than liver fibrosis in 
the NAFLD animal model developed by feeding HFD.

The most popular theory of the mechanism of 
NAFLD is the “2-hit” hypothesis (10). It suggests that 
the accumulation of free fatty acids and TG’s in the liver 
is the first hit. The second hit may come from oxidative 
stress, the production of inflammatory cytokines, 
and alterations in the immune system. Among these 
factors, immune regulation of cytokine production is 
thought to be particularly important (16). In a previous 
study, depleting regulatory T cells led to increased 
inflammatory cytokine production and aggravated 
NAFLD (16). In our study, regulatory T cell suppression 
was present before other molecular and pathological 
changes in liver fat production were detected, at 8 weeks 
after HFD. The inhibited regulatory T cell function was 
followed by increased production of the inflammatory 
cytokine TNF-α and liver fat synthesis, as detected by 
elevated SREBP-1c and SCD expression. It seems that 
actual accumulation of excessive fat in the liver might 

Figure 2: Fat accumulation in the liver. (A) A representative picture of the liver with H&E staining (200X) and the evaluation of 
fat accumulation. The accumulation was scored as the percentage of hepatocytes containing fat vesicles (grade 0: none, grade 1: 
<25%, grade 2: 26–50%, grade 3: 51–75%, grade 4: 76–100%). A representative area of fat accumulation is indicated by a black 
arrow. (B) Evaluation of liver tissue triglyceride (TG) content. (C) Changes in the expression of the following genes related to liver fat 
accumulation: SREBP-1c, which triggers lipogenesis; FAS, which catalyzes fatty acid synthesis; and SCD, which converts saturated 
fatty acid to unsaturated fatty acid. *p < 0.05, when compared with that of the normal liver, harvested after 24 weeks of a standard 
diet. **p < 0.05 when compared with the HFD-fed liver specimen, harvested the previous week.
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not always be necessary in order to trigger immunologic 
abnormalities. We believe that over-production of fat 
in the body itself might be triggering regulatory T cell 
dysfunction, thereby producing inflammatory cytokines. 
The precise role of excessive fat inflow and initiation of 
regulatory T cell dysfunction should be studied in more 
elaborate experiments in which the function of regulatory 
T cells is evaluated by more direct means.

Liver fibrosis results from repeated liver insult and 
inflammation (3). In our study, liver fibrosis was found 
after 24 weeks of HFD, similar to the other pathological 
abnormalities. On the other hand, molecular changes 
that suggest an increased amount of liver collagen 
fiber, estimated by quantification of col1α(I) mRNA, 
were noticed after 12 weeks of HFD. Increased LOXL2 
expression, which might play a role in the consolidation 
of the ECM, increased at week 24 after the production of 
excessive collagen fibers. According to previous studies, 
hepatic stellate cells are activated at the beginning of 
the fibrosis event, and αSMA is the marker of these 
activated hepatic stellate cells (17). Interestingly, in our 
investigation, even though col1α(I) expression started 
to increase at week 12, a significant increase in αSMA 
expression was not present until week 24. Although a 
precise explanation for this result cannot be made from 
this study, we believe that since hepatic stellate cells 
make up a very small portion of liver cells, activation 
and proliferation of these cells at the beginning might 
have not been obvious enough to make any significant 
difference. However, delayed αSMA up-regulation in 

our study should be verified by other means such as 
immunohistochemical study of hepatic stellate cell 
activation. 

Our study compared liver tissue of mice fed an HFD 
for 8, 12 and 24 weeks with those of mice fed a standard 
diet for 24 weeks. Therefore, one of the limitations of our 
study is that the comparison was only made with mice 
fed a standard diet for 24 weeks instead of for each 
corresponding time point. There is very little scientific 
evidence to suggest that aging mice have the same level 
of liver fat accumulation, inflammation, or fibrosis as 
younger mice. 

In our study, the administration of HFD, which induces 
surplus fat in the body, resulted in suppressed regulatory 
T cells before a significant accumulation of TG in the liver 
could be detected. It seems that changes associated 
with generation and progression of NAFLD may not 
always follow the typical sequence of inflammation and 
then liver fibrosis. Abnormal fat synthesis and storage 
may instead induce changes related with inflammation 
and fibrosis in a very short time and all the alterations 
take place within a short interval. This result indicates 
that a NAFLD experiment using the HFD mouse model 
can be designed according to the object of the study, and 
NAFLD experiments that aim to investigate immunologic 
alterations may be achieved with a shorter duration of 
HFD feeding.

Figure 3: Liver inflammation. (A) Evaluation of liver inflammation after H&E staining. Inflammatory foci were counted in 20 
consecutive high-power fields (40X objective) (average histological grade, grade 0: no foci, grade 1: <2 foci per high-power field, 
grade 2: ≥2 foci per high-power field). Representative inflammatory foci are indicated by a black arrow. (B) Changes in the expression 
of genes related to liver inflammation: FOXP3, a marker for regulatory T cells known to control and suppress liver inflammation and 
TNF-α, a cytokine involved in systemic inflammation. *p < 0.05, when compared with that of the normal liver, harvest after 24 weeks 
of a standard diet. **p < 0.05 when compared with the HFD-fed liver specimen, harvested on the previous week.
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Methods
Animals 
The experimental procedures and protocols were 
approved by the Institutional Animal Care and Use 
Committee (IACUC) of Gangnam Severance Hospital, 
Yonsei University College of Medicine. The study was 
carried out in accordance with the recommendations 
and restrictions of the IACUC (permit number: 2013-
0173-1).
   Male C57BL/6 mice at 8 weeks of age were obtained 
from the Central Lab Animal Inc. (Seoul, Korea) and 
housed with a 12 hour light-dark cycle. The mice were 
fed with either standard diet or HFD that consisted of 15% 
anhydrous milk fat, 1.0% cholesterol, and 50% sucrose. 
The mice fed with standard diet (n = 5) were sacrificed 
and their livers were harvested after 24 weeks. The mice 
fed with HFD were sacrificed 8 (n = 5), 12 (n = 5), or 24 
(n = 5) weeks after the start of the diet. A portion of fresh 
liver tissue was fixed in 10% buffered formalin, and the 
remaining tissue was snap-frozen in liquid nitrogen and 
stored at –80°C.

Histological Evaluation
Sections of liver tissue fixed in 10% formalin 

and embedded in paraffin wax were stained with 
H&E and Sirius Red for histological evaluation. A 
pathologist, blinded to the study, assessed the slides 
for fat accumulation, inflammation, and fibrosis, as 
in previous studies (18-20), with minor modifications. 
Fat accumulation was scored as the percentage of 

hepatocytes containing fat vesicles (grade 0: none, grade 
1: <25%, grade 2: 26–50%, grade 3: 51–75%, grade 4: 
76–100%). Inflammation was histologically quantified by 
counting inflammatory foci in 20 consecutive high-power 
fields (40X objective) (average histological grade, grade 
0: no foci, grade 1: <2 foci per high-power field, grade 2: 
≥2 foci per high-power field). 

The area of collagen was calculated using an image 
analysis system as described by a previous study (21) 
with some modifications. Images of Sirius Red–stained 
sections were captured with a 10X magnification. The 
stain colors the fibrosis area as red and the parenchyma 
as grey. After the image was converted into a binary 
image, the 2-dimensinal patterns were measured by 
direct pixel counting on the binary images. The total area 
was the sum of the area of microscopic fields including 
parenchyma and fibrosis. For each slide, the area of 
fibrosis was evaluated in 20 consecutive high-power 
fields and averaged.

RNA Extraction and Gene Expression Analysis
Total RNA was extracted from the frozen whole 

liver using Trizol reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. RNA 
samples were quantified by spectrophotometry. 
The RNA integrity was assessed using agarose gel 
electrophoresis and ethidium bromide staining. The 
RNA samples were then diluted in RNase-free water 
and stored at –70°C until use. Five micrograms of RNA 
were reverse-transcribed using RNA PCR kit version 1.2 

Figure 4: Liver fibrosis. (A) A representative picture of the liver with Sirius Red staining (100X). Percent region of fibrosis was 
determined after Sirius Red staining by calculating the fibrosis ratio using an image analysis system. A representative stained part 
is indicated by a black arrow. (B) Changes in the expression of genes related to liver fibrosis: collagen α1(I) (col1α(I)), a marker 
for collagen fibers, smooth muscle α-actin (αSMA), a marker for activated hepatic stellate cells, and LOXL2, which facilitates 
crosslinking of collagen so as to consolidate the ECM. *p < 0.05, when compared with that of the normal liver, harvested after 24 
weeks of a standard diet. **p < 0.05 when compared with the HFD-fed liver specimen, harvested on the previous week.
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(Takara Bio Inc, Japan) according to the manufacturer’s 
recommendations. We used the oligonucleotide primers 
and TaqMan probes for the following genes, with 18S 
as an internal control: collagen α1(I) (col1α(I)), smooth 
muscle α-actin (αSMA) lysyl oxidase homolog (LOXL2), 
tumor necrosis factor (TNF)-α, FOXP3, sterol regulatory 
binding protein (SREBP)-1c, fatty acid synthase (FAS), 
and stearoyl-CoA desaturase (SCD). The probes were 
obtained from Applied Biosystems (Perkin-Elmer/PE 
Applied Biosystems, Forster City, CA, USA), purchased 
in a ready-for-use form as Assays-on-Demand Gene 
Expression Products. The TaqMan probes were labeled 
at the 5’ end with the reporter dye FAM and minor groove 
binder (MGB) non-fluorescent quencher on the 3’end. 
The quantitative PCR was performed in triplicate for each 
sample on a Step One Plus Real Time System (Applied 
Biosystems). Each 20-μL reaction contained 10 μL of 
TaqMan Fast Universal Master Mix (Applied Biosystems, 
Darmstadt, Germany), 1 μL of Gene Expression Mix, 
and 2 μL of cDNA diluted in 7 μL RNase-free water. The 
thermal cycler conditions were 20 seconds at 95°C , and 
40 cycles of 5 seconds at 95°C followed by 20 seconds at 
60°C. Fold change in mRNA expression of target genes 
relative to the endogenous 18S control were calculated 
as done in previous studies (22). 

Assessment of Tissue Triglyceride (TG) Content
Hepatic TG content was quantified using a commercial 

kit (ab65336, Abcam, Cambridge, MA, USA) according 
to the manufacturer’s recommendations. Briefly, lipid 
extracts were prepared by the homogenization of 50 
mg of frozen liver tissue in a solution of 5% NP-40. 
The homogenized tissue was heated to 80–100°C in a 
water bath for 2–5 minutes, then cooled down to room 
temperature. The samples were purified and diluted. 

Data Analysis
All results are shown as means ± standard error of 

mean (SEM). Data were analyzed by nonparametric 
analysis (Kruskal-Wallis or Mann-Whitney test) or one-
way ANOVA with Tukey’s post hoc analysis. p < 0.05 
was considered statistically significant. All calculations 
were performed with SPSS version 15.0 software for 
Windows (SPSS Inc., Chicago, IL, USA). 
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