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and its hepatic immune response
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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a chronic progressive disease that can progress to non-alcoholic steato-
hepatitis (NASH). Animal models are important tools for basic NASH research. Immune activation plays a key role in
liver inflammation in patients with NASH. We established a high-trans fat, high-carbohydrate, and high-cholesterol,
high-cholate diet-induced (HFHCCC) mouse model. C57BL/6 mice were fed a normal or HFHCCC diet for 24 weeks,
and the immune response characteristics of this model were evaluated. The proportion of immune cells in mouse
liver tissues was detected by immunohistochemistry and flow cytometry, Multiplex bead immunoassay and Luminex
technology was used to detecte the expression of cytokines in mouse liver tissues. The results showed that mice
treated with HFHCCC diet exhibited remarkably increased hepatic triglycerides (TG) content, and the increase in
plasma transaminases resulted in hepatocyte injury. Biochemical results showed that HFHCCC induced elevated
hepatic lipids, blood glucose, insulin; marked hepatocyte steatosis, ballooning, inflammation, and fibrosis. The pro-
portion of innate immunity-related cells, including Kupffer cells (KCs), neutrophils, dendritic cells (DCs), natural killer
T cells (NKT), and adaptive immunity-related CD3+T cells increased; interleukin-Ta (IL.-1a), IL-13, IL-2, IL-6, -9, and
chemokines, including CCL2, CCL3, and macrophage colony stimulating factor (G-CSF) increased. The constructed
model closely approximated the characteristics of human NASH and evaluation of its immune response signature,
showed that the innate immune response was more pronounced than adaptive immunity. Its use as an experimental
tool for understanding innate immune responses in NASH is recommended.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is gradu-
ally becoming one of the most frequent liver dis-
eases worldwide. NAFLD includes a broad spectrum
of diseases ranging from nonalcoholic fatty liver to
nonalcoholic steatohepatitis (NASH), cirrhosis, and
hepatocellular carcinoma [1]. In recent years, the inci-
dence of NASH-related mortality has rapidly increased.
Research on the pathogenesis of NASH and drug devel-
opment has been conducted like a raging fire. For this
process, a suitable animal model is required. Animal
models that are as similar as possible to human NASH
disease characteristics are needed for pathogenesis and
drug development.

Excessive energy intake and insufficient energy expend-
iture are the main factors leading to the occurrence of
fatty liver. An animal model based on diet-induced excess
nutrition is one of the most common NASH models. A
high-fat diet is currently the most classic and commonly
used NAFLD model. Commonly used fats mainly include
saturated fats, such as lard and tallow, and unsaturated
fats, such as soybean oil. In addition to high fat, high
sugar is the main factor that induces the occurrence
and development of fatty liver. Carbohydrates, such
as fructose and sucrose, are not only stimulate de novo
lipogenesis but also induce hepatic oxidative stress and
inflammation [2]. Compared with the simple high-fat
diet, high fat combined with high sugar intake requires a
relatively short time for modeling, and the degree of dis-
ease is relatively severe [3]. Although conventional high-
fat and high-sugar diets can induce pathological features
of NASH, the fibrotic features of the model are not obvi-
ous. Researchers have attempted to add other ingredients
to accelerate disease and fibrosis progression.

Trans fat is an unsaturated fat that can lead to increased
expression of lipogenic genes in the liver and enhanced
phagocytosis of KCs [4], which can exacerbate steato-
sis, inflammation, and fibrosis [5]. Cholesterol plays an
important role in the progression of NAFLD to NASH,
which has been shown to exacerbate progression [6, 7].
Adding bile salts to high-cholesterol feeds can enhance
cholesterol absorption and inhibit cholesterol clearance,
which is conducive to the deposition of fat in the body.
Many studies have confirmed the role of high trans fatty
acids, high sugars, and high cholesterol in NASH mod-
els, but few studies have involved the simultaneous use
of high-trans fat, high-carbohydrate, high-cholesterol,
high-cholate (HFHCCC) models to induce NASH. There-
fore, in this study, we aimed to explore an animal model
that is close to the histological characteristics of patients
with NASH and simultaneously shows more prominent
NASH characteristics. High fat diets containing trans
fats with increased cholesterol and bile salts were used
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in combination with high-fructose drinking water for
24 weeks to induce a mouse model of NASH.

Evidence is mounting that the immune response plays
an important role in the progression of NASH [8]. Gly-
colipid metabolism disorders caused by high fat and
sugar levels can induce liver immune disorders and
inflammation. Immune disorders aggravate metabolism
disorders, forming a vicious circle [9]. Immune responses
include innate and adaptive immunity, both of which are
involved in NASH-related inflammation. For the purpose
of revealing the formation mechanism of the model bet-
ter, especially the immune mechanism, we conducted a
comprehensive and systematic analysis of the immuno-
logical characteristics of the model as a whole to pro-
vide a basis for clarifying the immune mechanism of the
model.

Materials and methods

Five-week-old male C57BL/6 mice, purchased from
Shanghai Slack Laboratory Animal Center (Shanghai,
China), were group-housed in the Animal Center of
Shanghai University of Traditional Chinese Medicine.
Mice were maintained in a 12:12-h light-dark cycle
schedule. Mice were randomly divided into either nor-
mal diet (10% fat, Trophic Animal Feed High-tech Co.,
Ltd, China, TP23301S) and normal water or high-fat,
high-carbohydrate, high-cholesterol, and high cholate
diet (HFHCCC) (45% of the feed energy was derived
from fat, trophic Animal Feed High-tech Co., Ltd, China,
TP23302S), and drinking water enriched with high fruc-
tose. Sugar water with a concentration of 42 g/L was
made from drinking water at a ratio of 55% fructose and
45% sucrose by weight. Bile salt is 0.5% sodium cholate.
The composition of each diet is presented in Supplemen-
tary Tables 1 and 2. The animals were provided ad libi-
tum access to the diet for 24 weeks. All animals were
sacrificed for tissue collection at the end of the 24th
week. All animal procedures were performed in line with
the National Institutes of Health Guidelines for Labora-
tory Animals and were approved by the Animal Ethics
Committee of Shanghai University of Chinese Medicine
(Additonal files 1, 2).

Biochemical assays

Animals were sacrificed after 24 weeks, and serum
was obtained by taking the eyeballs after an overnight
fast. Serum glucose (GLU) was measured with a glu-
cose quantification kits according to the manufacturer’s
instructions (Nanjing Jian Cheng Bioengineering Insti-
tute, Nanjing, China). Serum insulin levels were deter-
mined using an ultra-sensitive mouse insulin ELISA kit
(18APUMI482A). The hepatic liver triglyceride (TG)
content was obtained from triglyceride kit according to
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the manufacturer’s instructions (Dongou Bioengineer-
ing, Zhejiang, China) at 24 weeks. Total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) levels were
detected using a TOSHIBA TBA-40FR Automatic Ana-
lyzer (Hitachi, Limited, Tokyo, Japan).

Histology

Liver tissues were collected from the mice after 24 weeks,
fixed in 10% formalin, paraffin embedded, and sectioned
into 4 pm slices. Tissue sections were differentiated with
1% hydrochloric acid alcohol for 5-10 s and then stained
with hematoxylin and eosin (H&E). Sirius Red was used
to visualize the degree of fibrosis and collagen deposition.
Analysis was performed using Sirius red-stained area
aperture image scope-pathology slide viewing software.
Liver fibrosis stage was determined using a previously
published fibrosis staging system [10].

Immunochemistry

Liver tissues were collected from the mice after 24 weeks
and fixed in 10% formalin. Immunostaining was per-
formed using 7 pm formalin-fixed, paraffin-embedded
sections. Deparaffinized tissue sections were subjected
to antigen retrieval. Col-1 (collagen type-1) and sodium
citrate buffer were used for antigen retrieval of a-SMA
(a-smooth muscle actin) in liver tissue sections. The
repair method for MPO was the high-pressure repair
method using sodium citrate buffer. The method used
for F4-80 was the EDTA high-pressure repair method.
Endogenous peroxidase activity was quenched. Mouse
monoclonal anti-PAR antibody (Trevigen, Gaithers-
burg, MD) was used at a 1:300 dilution overnight at
4 °C, and then mixed with goat anti-mouse F4/80 (KCs
marker) (1:100, Abcam, ab111101), MPO (myeloperoxi-
dase, neutrophil marker) (1:100, Abcam, 22225-1-AP),
COL-1 (1:100, Abcam, ab34710), a-SMA (1:100, Abcam,
ab5694), and biotinylated goat anti-rabbit IgG (Biotech
Well, WH1057-2), followed by signal amplification with
streptavidin and final counterstaining with hematoxylin.

Flow cytometry

After anesthesia of mice, the inferior vena cava was
taken blood, the inferior vena cava was cut after the
blood collection was completed, the 200-purpose stain-
less steel cell sieve was placed on the petri dish, the liver
was removed and placed on the cell sieve, immersed in a
petri dish containing 0.2% BSA-PBS, the liver was milled
with the tail of the 1 ml syringe suction cylinder, and the
fully ground cell suspension was fixed to 15 ml, 650 rpm,
1 min, discarded supernatant, retained cell pellet, and
0.2% was added again BSA-PBS centrifuged again and
discarded the supernatant, left the cell pellet, and added a
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little PBS to mix the pelleted cells to prepare a single-cell
suspension. Single liver cell suspensions were centrifuged
at 1500 rpm, the suspension was divided into three lay-
ers, and the milky white membrane layer in the middle
was the lymphocytes, then the lymphocytes were sepa-
rated and resuspended in 70% Percoll. Cell suspension
was centrifuged at 2000 rpm for 5 min at room tempera-
ture, and then 1*1076 cells from each sample were drawn
and suspended in 29.5 ul 0.2% BSA-PBS buffer, blocked
with anti-mouse CD16/32 (Becton, Dickinson and com-
pany, 553141), and incubated at 4 °C for 15 min. Cells
were stained with FITC-CD3 (Becton, Dickinson and
Company, 553061), PerCP-CD4 (Becton, Dickinson and
Company, 553052), PE-Cy7-CD8 (Becton, Dickinson and
Company, 552877), APC-Cy7-CD19 (Becton, Dickinson
and Company, 557655), APC-NK1.1 (Becton, Dickinson
and Company, 550627), and PE-CF594-CD11C (5552454;
Becton, Dickinson and Company, USA). Cells were
acquired on a Beckman Flow Cytometer (BECKMAN,
COULTER, DEFLEX), and the data were analyzed using
FlowJo software version 7.6 (TreeStar, Ashland, OR).

Detection of cytokine protein levels in liver tissue
Multiplex bead immunoassay and Luminex technol-
ogy (Bio-PlexPro Mouse Cytokine7-plex panel, Bio-
Rad) were used to determine the cytokine levels in the
mouse liver. The following 23 cytokines: interleukin-
like pro-inflammatory cytokines including interleukin-
la(IL-1a), interleukin-1B(IL-1p), interleukin-2 (IL-2),
interleukin-6 (IL-6), interleukin-9 (IL-9), interleu-
kin-12 (P40) (IL-12 (P40)), interleukin-12 (P70) (IL-
12 (P70)), interleukin-17A (IL-17A), Interleukin-like
anti-inflammatory cytokines including interleukin-4
(IL-4), interleukin-5 (IL-5), interleukin-10 (IL10),
interleukin-13 (IL13); tumor necrosis factor (TNF-«),
y-Interferon (IFN-y); chemokine including c—c motif
chemokine 2 (CCL2), c—c motif chemokine 3 (CCL3),
c—c motif chemokine 4 (CCL4), c—c motif chemokine
5 (CCL5), c—c motif chemokine 11 (CCL11), C-X-C
motif chemokine 2 (CXCL2); colony stimulating factor
including granulocyte—macrophage colony stimulating
factor (GM-CSF), macrophage colony stimulating fac-
tor (G-CSF) and pluripotent colony stimulating factor
(IL-3) could simultaneously be analyzed by an immu-
noassay kit. After liver tissue trituration and homog-
enization, all samples were diluted 1:2 with lysis buffer
(Bio-Rad Laboratories, Hercules, CA, USA). After soni-
cation, Supernatant Protein samples were diluted 1:3
with Bio-Plex Sample Diluent and used for multiplexing
at protein concentrations of approximately 3—4 mg/ml.
Finally, the beads were loaded onto a Bio-Plex 200 sys-
tem (Bio-Rad) for analysis.
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Statistical analysis

Statistical analysis was performed using GraphPad
Prism version 8.0 GraphPad Software, La Jolla, CA).
Data are expressed as mean + standard error of meas-
urement (SEM). Data were analyzed using test-test
for comparisons of two groups. For comparison of
more than two groups, ANOVA multiple comparison
test was used, and p<0.05 was regarded statistically
significant.

Results

Total calories, body weight, liver weight, liver body ratio,
blood glucose, lipids and insulin

After 24 weeks of HFHCCC administration, the total
calories consumed did not differ between the control
and HFHCCC groups (Table 1), and the body weight in
the HFHCCC group, was lower than that in the control
group (P<0.01,Table 1). By contrast, HFHCCC expo-
sure increased liver weight and liver body ratio (?<0.01,
Table 1). Notably, CIH exposure leads to abnormal glu-
cose metabolism in the liver. The fasting blood-glucose
(FBG) was higher in HFHCCC group than in control
group (P<0.01, Table 1). The fasting insulin level was
also higher in HFHCCC group compared to control
group (P<0.05, Table 1). In terms of lipid metabolism,
there were no significant differences in the serum TG
and TC levels between the two groups (Table 1). LDL-C
in liver tissue was significantly increased in the HFH-
CCC group than in control group (P<0.05, Table 1)
and there was a trend towards decreased HDL-C in the
HFHCCC group (Table 1).

Table 1 Total calories, body weight, liver weight, liver body
ratio and blood glucose, lipids and insulin of mice treated with
HFHCCC Diet compared with the control group

CON (n=8) HFHCCC (n=8)
Energy intake (kcal/d) 720247 7.15+1.94
Body weight (g) 32394279 24.57 £9.40**
Liver weight (g) 1.07+0.04 1.65+0.20%*
Liver body ratio 0.03+0.00 0.06 +£0.00**
TC (mmol/l) 2.88+0.20 298+0.28
TG{mmol/l) 0.5+0.19 0.33+0.04
LDL-C {mmol/l) 0.39+0.04 0.55+0.14**
HDL-C (mmol/l) 1.2+0.09 0.93+0.29
FBG (mmol/l) 524+0.74 7.004+1.32%*
FINS (ng/ml) 068+0.13 1.05+042%
HOME-IR 0.19+0.05 041+0.24*

CON: control diet; HFHCCC: high-fat/carbohydrate/cholesterol/choline diet *P <
0.05, **P < 0.01
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HFHCCC Induced hepatic steatosis, inflammation

and fibrosis

Hematoxylin and eosin (H&E) staining showed sub-
stantial liver steatosis with inflammatory changes in the
HFHCCC group, and micro-and macrovesicular steatosis
were clearly visible after 24 weeks. Almost all hepatocytes
were enlarged owing to excessive lipid droplet deposi-
tion, and inflammatory cell infiltration was observed in
the liver tissues. Sirius red staining showed remarkable
liver fibrosis in the HFHCCC group (Fig. 1a), and fibro-
sis was widespread in most portal areas. Immunohisto-
chemical (IHC) staining of liver tissue showed that the
protein expression of COL-1 and a-SMA was remarkably
increased in the HFHCCC group (Fig. 1a). Moreover, the
collagen-positive staining area in the HFHCCC group
was significantly increased (P<0.01, Fig. 1c), and the
fibrosis score was approximately 1.5 points (P<0.01 vs
control, Fig. 1d). The steatosis, ballooning, inflammation,
and NAFLD activity (NAS) scores in the HFHCCC group
were significantly higher than those in the control group
(P<0.01, Fig. le). Liver tissue TG levels were higher in
the HFHCCC group than in the control group (Fig. 1b).
In addition to histological assessment, we also exam-
ined markers of liver damage associated with NASH. The
serum activity of ALT and AST also showed significant
increase in HFHCCC treat mice (P<0.01, Fig. 1f, g).

HFHCCC induced changes in innate immunity

Liver tissue IHC staining showed more positive F4/80
staining in the perivenous hepatic sinusoids in the HFH-
CCC group than in the control group (Fig. 2a), and there
was a large number of neutrophils around the inflam-
matory foci (Fig. 2a). There was no significant difference
in the proportion of natural killer (NK cells) in the liver
tissue between the two groups by flow cytometry assays,
whereas the proportion of DCs and NKT cells were strik-
ing increased in the HFHCCC group compared to those
in control group (P<0.05, Fig. 2b).

HFHCCC induced changes in adaptive immunity

The liver immune cell flow cytometry assay showed that
CD3+T cells were upregulated, while no significant
changes in the proportion of B cells, CD4+T cells, and
CD8+T cells between the two groups were observed
(P<0.01, Fig. 3a).

HFHCCC induced changes in hepatic cytokine levels

Figure 4a showed a heatmap of the 23 cytokines in the
liver tissue. Compared to control group, the cytokines
in the HFHCCC treatment group showed an overall
increasing trend. We further analyzed the changes in
the levels of these 23 cytokines. The protein expression
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on liver tissue. B The proportion of NKT cells, NKT cells, DC cells in mouse liver. *P < 0.05, **P <0.01

of interleukin-like pro-inflammatory cytokines IL-1a,
IL-1B, IL-6, and IL-9 was strikingly upregulated in the
HFHCCC group (P<0.01, vs. control, Fig. 4b), and the
protein expression of IL-2 was observably upregulated
in the HFHCCC group (P<0.05, vs. control, Fig. 4b),
whereas the expression of interleukin-like anti-inflamma-
tory cytokine IL-5 was downregulated in the HFHCCC
group (P<0.05, Fig. 4b). There were no significant dif-
ferences in IL-12 (P40), IL-12 (P70), IL-17A, and IL-13

levels between the two groups (Fig. 4b). HFHCCC-diet
treated mice exhibited elevated TNF-a and IFN-y lev-
els relative to mice on control diet (P<0.05; Fig. 4c). The
protein expression of chemokines CCL2 and CCL3 was
significantly increased in the HFHCCC group (P<0.01 vs
control, Fig. 4d), whereas no notable changes in CCL4,
CXCL5, CXCL2, and CCL11 were found between the
two groups (Fig. 4d). Regarding colony-stimulating
factors, the HFHCCC group exhibited significantly
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Fig. 3 HFHCCC Induced changes in adaptive immune state in mice (A). The proportion of B cells, CD3+T cells, CD4 +T cells, CD8+T cells. *P < 0.05,

**P<0.01

increased expression of hepatic G-CSF (P<0.05, vs. con-
trol, Fig. 4e). No significant differences in hepatic GM-
CSF and IL-3 levels were observed between the two
groups (Fig. 4e).

Discussion

Our study showed that NASH mice induced by a high-
fat, high-sugar diet with trans-fat as the main fat for
24 weeks with an increased ratio of cholesterol and bile
salts exhibited advanced liver inflammation, hepatic
steatosis, and fibrosis. After the HFHCCC diet model,
significant changes were observed in the levels of innate
immune cells and their released cytokines in the liver of
mice, while the related changes in adaptive immune cells
were not obvious. This model is more inclined to trigger
an innate immune response than an adaptive immune
response.

After 24 weeks of HFHCCC diet induction, the con-
tent of TG, as the main indicator of liver fat content, in
hepatic mice had significantly elevated. Mice showed sig-
nificant hyperglycemia and insulin resistance. Pathologi-
cally, NASH in mice is characterized by hepatic steatosis,
infiltration of neutrophils and macrophages. The stage of
liver fibrosis in mice is mostly F1-2. The primary clinical
manifestation of NASH includes dyslipidemia, steatosis,

and liver cell damage, inflammation, and varying degrees
of fibrosis [11]. In this study, the main features of the
HFHCCC-induced NASH model were very consist-
ent with the main clinicopathological features of NASH
patients.

Theoretically, the "ideal" NASH model should reflect
the full spectrum of biochemistry and histology of clini-
cal human liver disease, as well as the characteristics of
the associated metabolic syndrome, and should not be
too long (e.g., more than one year) [12]. At present, com-
monly used NASH models include methionine choline
deficiency diet (MCD) model, carbon tetrachloride diet
(CCL4) model, high-fat diet (HFD) model, high-fat and
high-sugar diet (HFHC) model, etc. Although a MCD
or CCL4 can induce fibrosis, but it cause weight loss
that does not exhibit pathological characteristics similar
to that of humans, and lack of insulin resistance or pro-
mote fibrosis without hepatic steatosis. Diet-induced
obesity models are more similar to the physiology of
human NASH patients. However, significant liver fibro-
sis couldn’t be developed by a high-fat diet alone in most
rodents [13]. C57BL/6] mice fed a traditional high-fat
diet (60% of energy comes from fat) showed obesity and
disorders of glycolipid metabolism after 10 weeks, stea-
tosis and inflammation at 16 weeks, and took 50 weeks
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Fig. 4 continued

to induce mild fibrosis [14]. After 30 weeks of feed- diet, high-fat and high-sugar diet models, models with
ing C57BL/6 mice a high-fat and high-sugar diet, they added cholesterol and bile salts can better induce disease
showed NASH characteristics such as balloon-like characteristics similar to those in humans. Mels et al.
change, glucose and lipid metabolism disorders, liver [15] found that C57BL/6] mice modeled with a high-
damage, and inflammation, but the degree of fibrosis was  trans-fat, high-sucrose and high-cholesterol diet not only
very mild [7]. Compared with these conventional high-fat  developed steteaosis, lobular inflammation, hepatocyte
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balloon-like transformation, but also showed fibrosis. Tu
et al. [16] induced NASH with high-fat and high-choles-
terol bile salt diet modeling, in which 37.1% of the energy
came from fat, the cholesterol content was 1.25%, and the
sodium cholate content was 0.5%, the pathological results
showed that the mice showed steatosis and inflamma-
tion after the diet modeling, but the degree of fibrosis
was very low, our study increased the cholesterol content
(2%) and increased high-sugar drinking water based on
the research of Lan N. Tu et al. further accelerating the
progress of NASH. More pronounced disorders of gly-
colipid metabolism were induced, and fibrosis occurred.
In summary, the HFHCCC diet was more capable of rep-
licating NASH models similar to human metabolic and
histological characteristics than other methods-induced
NASH models.

However, it was worth noting that although the HFH-
CCC diet-treated mice showed significantly increased
liver weight and liver body ratio compared to control
diet-treated mice, yet mice in the HFHCCC group exhib-
ited significant decreased body weight by approximately
9% at 24 weeks compared to that in the control group. A
possible reason is that sodium cholate can participate in
the metabolism of bile acids and promote the metabolism
and absorption of cholesterol, activate G protein-coupled
receptor 5, induce the activity of type 2 deiodinase, pro-
mote the conversion of tetraiodothyronine to triiodo-
thyronine, and finally promote the energy expenditure,
resulting in weight loss [17]. In conclusion, this model
could simulate the entire disease course of human NASH
patients, while exhibiting the characteristics of NASH
fibrosis, showing characteristics of patients with NASH,
especially non-obese patients with NASH liver fibrosis.

More and more evidences show the role of immune
response in the pathogenesis of NASH. The innate
immune cells of liver include Kupffer cells (KCs), neutro-
phils, dendritic cells (DC) and natural killer cells (NK).
In order to further analyze the immune disorder of the
model, we detected the expression of immune cells and
related inflammatory factors in liver tissue. The results
showed that HFHCCC model induced the activation of
KCs, neutrophils, DCs and other innate immune cells
in the liver of mice, accompanied by increased release
of cytokines; However, most of the adaptive immune-
related cells in the mouse liver did not change, and the
cytokine released by the adaptive immune cells did not
change significantly. The results suggested that HFHCCC
diet was more likely to activate the innate immunity of
mice.

Clinical studies had found that immune cells were acti-
vated at all stages of human NAFLD, including T cells, B
cells, macrophages and neutrophils [18]. The recruitment
of KCs and the expression of pro-inflammatory cytokines
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such as CCL2, TNF and IL-1pcould be observed in the
liver tissue of patients with NASH [19]. After being acti-
vated, KCs could secrete pro-inflammatory cytokines
such as CXCL2, CXCL1 and IL-8, promoted the recruit-
ment and differentiation of other immune cells, such as
neutrophils and dendritic cells, to regulate the immune
response under metabolic stress. Some studies found that
NASH tended to activate innate immunity before fibrosis
FO-1, and adaptive immune response during fibrosis F2-4
[20], macrophages were the first immune cells detected
in patients with NASH, and could be detected at the
stage of steatosis. However, the increase of CD3+T cells,
CD4+T cells, and CD8+T cells in the liver or peripheral
blood could not be observed until NASH fibrosis F2-4.
In this study, HFHCCC diet was used to induce NASH
liver fibrosis, with the stage of F1-2, and KCs cells were
observed in the liver tissue of mice at 24 weeks The sig-
nificant recruitment of neutrophils and the recruitment
and release of pro-inflammatory cytokines, chemokines
and colony-stimulating factors, but CD4+T cells,
CD8+T and other adaptive immune-related cells and
cytokines did not change significantly before and after
the HFHCCC diet modeling, which is also basically con-
sistent with the results of human research.

Many NASH models have been used in the related
research of NASH immune response, including MCD
diet-induced NASH mouse model [21], HFD diet-
induced NASH mouse model [22], HFHC diet-induced
NASH mouse model [23], ob/ob mouse model [24],
etc. Studies have found that MCD diet can induce both
innate and adaptive immunity. However, the current
studies on the immune response of NASH induced by
MCD diet mostly focus on KCs, NKT cells, Inflamma-
some and other innate immune responses. After using
NASH induced by MCD diet, it was found that KCs
[22],NKT cells [21], DC cells [25] and NK cells [26] were
significantly activated, and CD4T lymphocytes were sig-
nificantly recruited [27], cytokines such as IFN-y, IL1a,
IL1B, IL12 (p40), GM-CSEF, and CCL3 secreted by these
cells are also higher. Similarly, the liver tissue of NASH
mice induced by HFD also showed significant activation
of KCs [22], neutrophil infiltration [28] and large increase
of DC cells [29], increased release of pro-inflammatory
cytokines such as TNF-a, IL-6, MCP-1, etc. released
by innate immune cells. Kind et al. [30]. found that the
activation of innate immune cells such as NK cells and
DC cells appeared in the liver tissue and adipose tis-
sue of mice for 15 weeks, while there were no signifi-
cant changes in the effector T cell subsets. We observed
macrophage and neutrophil infiltration and TNF in the
liver tissue of mice 24 weeks after modeling with HFH-
CCC diet and found macrophage and neutrophil infil-
tration and release of other related inflammatory factors
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such as TNF-aq, IL-6, IL-1q, IL-1f and in mouse liver tis-
sues 24 weeks after modeling with HFHCC diet. Higher
levels of NKT cells and DC cells were detected, but no
changes in adaptive immune-related cells and cytokines
such as CD4+T cells and CD8+T cells were found. To
some extent, it is proved that the immune characteristics
of NASH model induced by MCD diet and HED diet are
similar to those of our study.

It is worth noting that there are some immune cells
whose role in NASH is complex and controversial. Dif-
ferent studies on NKT cells have shown different conclu-
sions. Zheng et al. [31] constructed two models, high-fat
and high-sugar diet model and MCD model, to induce
fibrosis in NASH mice, and found that the liver NKT cells
of mice fed a high-fat and high-sugar diet were signifi-
cantly less than those in the normal diet group, while the
abundance of liver NKT cells in mice fed the MCD diet
did not change significantly compared with the normal
diet group. A human immune-related study found NKT
cell aggregation in the fibrous septum in patients with
NASH stage 3—4 liver fibrosis [32]. Our findings show
significant recruitment of NKT cells after dietary induc-
tion of HFHCC, which is closer to the human findings.
The results of different studies vary, which may be related
to the different stages of disease development caused by
different modeling methods.

This study had some potential limitations. Inconsist-
ent with the disease characteristics of most patients with
NASH, the weight of the model mice was lower than that
of the normal group, which was mainly related to the
involvement of bile salts in bile acid metabolism affect-
ing energy metabolism; on the other hand, this model
also provided a reference for the study of non-obese
NASH. In addition, due to the limitation of the number
of experimental channels for flow analysis, the study only
used immunohistochemistry for the analysis of liver mac-
rophages, and lacked the results of flow analysis; in terms
of adaptive immunity, Th1, Th2, Th17, and Treg have not
been further detected and analyzed, which is also the
direction for further research in the later stage.

In conclusion, we established an HFHCCC diet-
induced NASH model that is stable and reproducible,
showing the emergence of NASH pathological features
such as inflammation, steatosis, and fibrosis. This model
is likely to trigger innate immunity. This could serve as
a suitable experimental model for drug testing and for
understanding the pathogenesis of innate immunity in
NASH.
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