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Abstract

Background and Aims: The concurrence of nonalcoholic 
steatohepatitis (NASH) and ulcerative colitis (UC) is increas-
ingly seen in clinical practice, but the underlying mechanisms 
remain unclear. This study aimed to develop a mouse model 
of the phenomenon by combining high-fat high-cholesterol 
diet (HFHCD)-induced NASH and dextran sulfate sodium 
(DSS)-induced UC, that would support mechanistic stud-
ies. Methods: Male C57BL/6 mice were randomly assigned 
to two groups receiving either a chow diet or HFHCD for 12 
weeks of NASH modeling. The mice were divided into four 
subgroups for UC modeling: (1) A control group given a chow 
diet with normal drinking water; (2) A colitis group given 
chow diet with 2% DSS in drinking water; (3) A steatohepa-
titis group given HFHCD with normal drinking water; and (4) 
A steatohepatitis + colitis group given HFHCD with 2% DSS 
in drinking water. Results: NASH plus UC had high mortality 
(58.3%). Neither NASH nor UC alone were fatal. Although 
DSS-induced colitis did not exacerbate histological liver injury 
in HFHCD-fed mice, premorbid NASH significantly increased 
UC-related gut injury compared with UC alone. It was char-
acterized by a significantly shorter colon, more colonic con-
gestion, and a higher histopathological score (p<0.05). In-
flammatory (tumor necrosis factor-alpha, interleukin 1 beta, 
C-C motif chemokine ligand 2, and nuclear factor kappa B) 
and apoptotic (Bcl2, Bad, Bim, and Bax) signaling pathways 
were significantly altered in distal colon tissues collected from 
mice with steatohepatitis + colitis compared with the other 
experimental groups. Conclusions: Premorbid steatohepati-
tis significantly aggravated DSS-induced colitis and brought 
about a lethal phenotype. Potential links between NASH and 

UC pathogeneses can be investigated using this model.
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Introduction

Ulcerative colitis (UC) is one of the two major forms of in-
flammatory bowel disease (IBD) and presents with a series 
of immune-mediated gut dysfunctions. UC involves chronic 
relapsing inflammation of the colon and rectum, and symp-
toms of diarrhea, abdominal pain, bleeding, and malabsorp-
tion.1 UC occurs across all ages, and the disease burden has 
been rapidly increasing, especially in newly-industrialized 
areas.2,3 Without proper management, such as steroid-
based therapies, UC mortality can exceed 50%.4 The etiol-
ogy, risk factors, and underlying mechanisms of UC are cur-
rently unclear, which necessitates the exploration of novel 
research tools.5,6

Intriguingly, the epidemiology of UC is similar to that of 
nonalcoholic fatty liver disease (NAFLD). Both are increas-
ing in Western countries, plateauing in certain regions, and 
gradually spreading to developing areas in parallel with 
urbanization, industrialization, and relevant environmen-
tal changes, especially in lifestyle and diet.7 Cross-section-
al studies demonstrated that up to 40% of IBD patients 
were overweight or obese, while underweight individuals 
accounted for no more than 3% of UC patients.8 A recent 
meta-analysis estimated NAFLD to be present in approxi-
mately 28% of IBD patients, especially in subgroups with 
severe disease.9 Despite the observed prevalence of NAFLD 
among IBD patients, interactions between the two diseases 
and resulting effects are poorly understood.

Existing evidence linking NAFLD and UC is far from conclu-
sive, but is sufficient to attract research interest. The inter-
play between gut and liver, the so-called gut-liver axis, may 
provide a critical piece of the puzzle.10 The bidirectional com-
munication between gut and liver relies on an anatomical and 
functional loop including the portal vein, which delivers gut 
products to liver, and hepatic secretion of bile acids and anti-
bodies, which reflects the feedback route from liver to intes-
tine.11 Gut dysfunction and dysbiosis are not only the major 
signs, but also the predominant etiologies of NAFLD. There is 
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ample evidence that NAFLD patients have altered gut micro-
biota composition, bacterial overgrowth, increased intestinal 
permeability, and an impaired gut-vascular barrier,12,13 which 
are also commonly found in UC patients.14,15 Gut inflamma-
tion and pathobiont colonization can promote metabolic and 
immunologic pathways that boost the overgrowth of dysbiosis 
species.16 Evidence from clinical studies indicates that intesti-
nal regions with abundant bacteria are peculiarly prone to UC 
lesions and that elimination of microbiota disturbances either 
by fecal diversion or antibiotics might effectively control dis-
ease progression.15 In the liver, hepatocytes secrete primary 
bile acids, immunoglobulin A, and angiogenin into the gut to 
modulate the microbiota. The latter convert primary bile ac-
ids to secondary bile acids that then circulate back to the 
liver where they regulate nuclear receptor-mediated activity 
of glucose metabolism, lipid metabolism, and energy homeo-
stasis.17 Studies have revealed that the liver releases many 
inflammatory cytokines and metabolites into the circulation 
to induce a perpetual state of chronic inflammation during 
lipid overload.10,18 Correspondingly, inflammasome-governed 
modulation of gut microbiota was reported to be a key deter-
minant of both NASH progression and UC pathogenesis.19,20

Despite the findings mentioned above, current animal 
models are somewhat lacking as they do not include inter-
actions between the fatty liver and inflamed intestine. In 
this study, we introduce a combined mouse model of UC 
and nonalcoholic steatohepatitis (NASH), a subtype of ad-
vanced NAFLD with a NASH phenotype, exacerbated intesti-
nal inflammation, and most importantly, high mortality. We 
believe that a practical animal model may pave the way 

for elucidating the potential association and directional pro-
gression of NASH and UC.

Methods

Animal experiments

Specific pathogen free male C57BL/6 mice, 8 weeks of age, 
and 20 to 22 g body weight (Shanghai Laboratory Animal 
Center, Shanghai, China) were maintained under a standard 
12 h dark/light cycle with water and chow diet provided ad 
libitum. After 7 days of acclimatization, mice were randomly 
assigned to two groups for two different types of diets, chow 
(n=24) or a high-fat high-cholesterol diet (HFHCD) includ-
ing 88% chow, 10% lard and 2% cholesterol (n=28) for 12 
weeks. The energy sources and calorie density information of 
both diets are shown in Table 1. At week 12, six mice were 
randomly chosen from each group to verify successful NASH 
modeling, and the remaining mice entered the second phase 
of modeling. The chow diet group was divided into two sub-
groups, controls (n=8) and colitis (n=10). The HFHCD group 
was also divided into two subgroups, steatohepatitis (n=10), 
and steatohepatitis + colitis (n=12). Mice in the colitis and 
steatohepatitis + colitis groups were challenged with oral 
dextran sulfate sodium (DSS, 2% in the drinking water). The 
control and steatohepatitis groups received normal drinking 
water instead, as previously described.21 Mice received wa-
ter with DSS for 1 week and were switched back to normal 
drinking water and allowed to rest and recover from intesti-
nal injury for the following 2 weeks, which was considered as 
one round of treatment. During DSS treatment, all mice were 
still provided with a chow diet or HFHCD as before. After 
three rounds of DSS treatment, all mice were euthanized by 
pentobarbital sodium for tissue collection 1 weeks after the 
last round of DSS treatment (week 20). In short, modeling 
took a total of 20 weeks and consisted of two modeling phas-
es, 12 weeks for the first phase and 8 weeks for the second 
phase, as shown in Figure 1. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee 
of Xinhua hospital affiliated to Shanghai Jiao Tong University 
School of Medicine and were conducted in accord with the 

Table 1.  Diet information

HFHCD Chow diet

Energy Source (%)

  Protein 17% 20.70%

  Fat 33% 16.50%

  Carbohydrate 50% 62.80%

Calorie density (kcal/g) 3.9 3.7

Fig. 1.  Overview of the hybrid model Male C57bl/6 mice were fed a chow diet or HFHCD for 12 weeks of NASH modeling and were then divided into four subgroups 
(control, colitis, steatohepatitis, and steatohepatitis + colitis) before being challenged with 2% DSS in drinking water. Normal drinking water was the control). DSS, 
dextran sulfate sodium; HFHCD, high-fat high-cholesterol diet.
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guidelines of National Research Council Guide for Care and 
Use of Laboratory Animals.

Body composition

Before sacrifice, mice were anesthetized and the body 
composition was assessed by nuclear magnetic resonance 
(NMR; Minispec LF50, Bruker Optics, Germany). The total 
fat and lean body masses were measured by NMR, and body 
composition was reported as the ratio of total fat mass/body 
weight and the ratio of total lean mass/body weight.

Disease activity index (DAI) score of colitis

The severity of colitis was determined daily using the DAI.22 
Specifically, as shown in Table 2, the changes in animal 
weight loss, rectal bleeding, and presence of diarrhea were 
assessed on a scale of 0 to 4. The final score was the aver-
age value of the three ratings.

Plasma and tissue assays

Plasma (3,000 rpm centrifugation, 10 m) and liver were 
obtained and stored at −80°C. Plasma alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) were 
measured using commercially available kits (SSUF, Shang-
hai, China). Plasma triglycerides, plasma cholesterol, he-
patic triglyceride, and hepatic cholesterol levels were meas-
ured with assay kits (Applygen Technologies Inc., Beijing, 
China). Liver samples were weighed, and the liver index 
was calculated as the ratio between liver weight and body 
weight. Hepatic lipopolysaccharide (LPS) level was meas-
ured using a commercially available assay kit (Servicebio, 
Wuhan, China).

Total RNA isolation and real-time quantitative PCR 
(qRT-PCR)

Total RNA was purified from tissues or cell samples, as pre-
viously described.23 The quality and quantity of RNA sam-
ples were verified with a NanoDrop 2000 spectrophotom-
eter (Nanodrop Technologies). cDNA was synthesized using 
RT master mix (RR036A, Takara, Dalian, China). qRT-PCR 
was performed with SYBR Green Master Mix (Low Rox Plus, 
11202ES08, YEASEN, Shanghai, China). The primer se-
quences used for qRT-PCR are listed in Table 3.

Western blotting

Distal colons were snap frozen in liquid nitrogen and stored 

at −80°C. Colon proteins were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, and 
then transferred to polyvinylidene fluoride membranes. The 
membranes were blocked with Quick Block buffer (Beyo-
time, Shanghai, China) and incubated with anti-β-Actin an-
tibody (3700, Cell Signal Technology, Danvers, MA, USA), 
anti-Bax antibody (2772, Cell Signal Technology) and anti-
NF-κB p65 antibody (8242, Cell Signal Technology) over-
night at 4°C, followed by incubation with the secondary an-
tibodies (Beyotime, Shanghai, China).

Histological analysis and working definitions

Liver and colon tissues were collected from mice immediately 
after sacrifice. About 1.0 cm × 1.0 cm × 1.5 cm liver and 
1.0 cm distal colon specimens were fixed in 10% buffered 
formalin for histological examination. Hematoxylin-eosin 
staining was performed to assess liver steatosis, lobular in-
flammation, hepatocyte ballooning, inflammation of the co-
lon. Sirius Red staining and Masson’s trichrome staining were 
performed to assess liver fibrosis. Colons were subjected to 
immunohistochemical staining using specific antibodies for 
tumor necrosis factor-alpha (TNF-α), 1 beta (IL-1β), C-C 
motif chemokine ligand 2 (CCL2), and F4/80 (Servicebio, 
Wuhan, China). TUNEL immunofluorescent staining was per-
formed using a commercially available assay kit (Servicebio, 
Wuhan, China).

The nonalcoholic fatty liver disease activity score (NAS)24 
and histopathological scoring for intestinal inflammation25 
were evaluated in a blind manner. Steatosis was scored from 
0 to 3 based on the quantities of lipid droplets (0, <5%; 1, 
5–33%; 2, 34–66%; 3, >66%). Lobular inflammation was 
scored from 0 to 3 based on the number of inflammatory 
foci in each 20 × field (0, none; 1, <2 foci; 2, 2–4 foci; 3, 
>4 foci). Ballooning was scored from 0 to 2 (0, none; 1, 
few balloon cells; 2, many cells/prominent ballooning). The 

Table 2.  Disease activity index score of colitis

Weight 
loss (%)

Stool 
property Rectal bleeding Score

0 Normal Normal 0

1–5 Soft stool Stool occult blood 1

5–10 2

10–15 Diarrhea Rectal bleeding 3

>15 4

Table 3.  qRT-PCR primer sequences

Gene Sequence

18 s F: GACTCAACACGGGAAACCTCACC

R: ACCAGACAAATCGCTCCACCAAC

Tnfa F: CTTCTGTCTACTGAACTTCGGG

R: CAGGCTTGTCACTCGAATTTTG

Il1b F: AGAGCCCATCCTCTGTGACTCA

R: TGCTTGGGATCCACACTCTCCA

Ccl2 F: TTAAAAACCTGGATCGGAACCAA

R: GCATTAGCTTCAGATTTACGGGT

f4/80 F: ACCACAATACCTACATGCACC

R: AAGCAGGCGAGGAAAAGATAG

Bcl2 F: GATGACTTCTCTCGTCGCTAC

R: GAACTCAAAGAAGGCCACAATC

Bad F: GAAGACGCTAGTGCTACAGATA

R: CTGCTGATGAATGTTGCTCC

Bim F: CCCCACTTTTCATCTTTGTGAG

R: TTGTGTTGACTTGTCACAACTC

Bax F: TTGCCCTCTTCTACTTTGCTAG

R: CCATGATGGTTCTGATCAGCTC
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intestinal inflammation index was the sum of the scores of 
colonic epithelial damage (0, normal; 1 hyperproliferation, 
irregular crypts, goblet cell loss; 2, mild to moderate crypt 
loss (10–50%); 3, severe crypt loss (50–90%); 4, complete 
crypt loss, surface epithelium intact; 5, ulcer (<10 crypt 
widths); 6, large ulcer (≥10 crypt widths), and infiltration 
with inflammatory cells [mucosa (0–3), submucosa (0–2), 
and muscle/serosa (0–1)].

For this study, the working definition for NASH was the 
concurrence of steatosis, lobular inflammation and balloon-
ing or a NAS score ≥5 with the ballooning score ≥1. The 
successful modeling of UC was comprehensively evaluated 
by DAI, colon length, and the histopathological scoring for 
intestinal inflammation. Mice with DAI ≥1, histopathological 
score ≥1, and a shortened colon were considered UC.

Statistical analysis

Data were reported as means ± the standard error of the 
mean (SEM) for each group and were analyzed using Graph-
Pad Prism software (v. 8.0.1; GraphPad Software, La Jolla, 
CA, USA). To compare values obtained from two groups, the 
Student t-test was performed. For three or more groups, 
one-way analysis of variance followed by a Tukey’s multiple 
comparison test was used. P-values of <0.05 were consid-
ered significant.

Results

Combination of NASH and UC had high mortality in 
mice

The basic overview of the experimental design in Figure 
1 shows that the first half of our study was the 12-week 
HFHCD-induced NASH model. Mice under HFHCD treatment 
for 12 weeks had significantly increased body weight, com-
pared with mice on the chow diet (Fig. 2A, B). All mice in 
the HFHCD group achieved an NAS ≥3, hence they were all 
considered to have NASH. Specifically, the HFHCD group 
had a significantly higher steatosis, lobular inflammation, 
and ballooning scores than the chow diet group (Fig. 2C). 
After 12 weeks of a chow diet or HFHCD, mice entered the 
second phase of modeling and started to receive 2% DSS 
drinking water or normal drinking water. As shown in Fig-
ure 2D, DSS dramatically reduced mouse body weight dur-
ing the first round of treatment in either normal or NASH 
animals (colitis and steatohepatitis + colitis groups), and to 
a lesser extent during the next two rounds. Interestingly, 
throughout the study, the steatohepatitis + colitis group 
was the only experimental group with mortality (Fig. 2E). 
The first death occurred soon after the first round of DSS 
treatment and the final mortality rate was 58.3%, with sev-
en out of the 12 mice in the group dying during the study. 
Postmortem analysis revealed that rectal bleeding was the 
predominant cause of death and that one mouse died of 
multiple organ bleeding.

UC had mild effects on NASH phenotypes of mice

The mice were euthanized for sample collection at week 20, 
which was the end of the study. Representative images of 
liver tissue from the four groups of mice are shown in Figure 
2F. Mice in the steatohepatitis + colitis group had a signifi-
cantly lower body weight and higher liver index than mice 
in the steatohepatitis group (Fig. 3A). Furthermore, results 
of the NMR evaluation of body mass composition found that 

DSS treatment reduced the ratio of fat to body weight in 
mice who received the chow diet (control vs. colitis), but 
not in mice fed the HFHCD (steatohepatitis vs. steatohepa-
titis + colitis). Mice in the steatohepatitis + colitis group 
had a significantly lower lean body weight ratio compared 
with the colitis group, which reflects an additive effect of 
HFHCD and DSS on consuming lean body weight (Fig. 3B). 
HFHCD successfully induced mouse liver injury as indicated 
by increased ALT and AST levels, but we did not observe any 
influence of DSS treatment (Fig. 3C).

The steatohepatitis + colitis group had increased plas-
ma triglycerides compared with the steatohepatitis group. 
Whether or not mice received DSS treatment, HFHCD led to 
increased plasma cholesterol compared with the chow diet 
(steatohepatitis vs. control and steatohepatitis + colitis vs. 
colitis). The steatohepatitis + colitis group had the highest 
plasma cholesterol level of all the experimental groups (Fig. 
3D). DSS treatment also decreased hepatic triglyceride lev-
els in when given with both the chow and HFHCD diets with-
out influencing hepatic cholesterol levels (Fig. 3E).

Their disease activity scores confirmed that mice in both 
the steatohepatitis group and the steatohepatitis + colitis 
group showed obvious steatohepatitis phenotypes with no 
differences between the NAS in each group (Fig. 4A, B). 
Sirius Red staining showed obvious fibrosis in both the ste-
atohepatitis group and the steatohepatitis + colitis group 
(Fig. 4C). LPS assays in liver homogenates found that the 
colitis group had a higher hepatic endotoxin level than the 
chow diet group and that the steatohepatitis + colitis group 
had a higher hepatic endotoxin level than the steatohepa-
titis group. No difference was observed between the coli-
tis group and the steatohepatitis group (Fig. 4D). Assay of 
the hepatic transcriptional levels of Tnfa, f4/80, Ccl2, and 
Il1b, several common markers of liver inflammation were 
consistent with the histology results. Both the steatohepa-
titis group and the steatohepatitis + colitis group had up-
regulated expressions of Tnfa, f4/80, and Il1b, but there 
were no differences between the two groups. Surprisingly, 
hepatic expression of Ccl2, the most important chemokine 
for monocytes/macrophages, was significantly improved in 
the steatohepatitis + colitis group, compared with the other 
three groups (Fig. 4E).

Premorbid NASH exacerbated UC in mice

As no marked gut injury was observed in the control group 
or the steatohepatitis group (DAI data not shown), we next 
focused more on the two groups of mice that received DSS 
treatment for further analyses regarding intestinal injury 
and inflammation. Colitis severity was evaluated by DAI 
scores during three rounds of DSS treatment. Mice that re-
ceived double modeling showed a trend of higher DAI than 
mice with UC modeling alone. Specifically, the steatohepa-
titis + colitis group had a higher DAI score on day 7 of the 
first DSS treatment period (Fig. 5A). Colon samples har-
vested after three rounds of DSS treatment revealed that 
mice in the steatohepatitis + colitis group had obviously 
shorter and more congestive colons than those in the co-
litis group (Fig. 5B). Mice in the steatohepatitis group did 
not have clear symptoms of intestinal injury when receiv-
ing normal drinking water (i.e., no clear weight loss, rectal 
bleeding, or stool abnormality, data not shown), their colon 
length and weight/length ratio were comparable to those of 
the control group. The colitis group had remarkably shorter 
colon length, greater colon weight, colon weight/length ra-
tio, and colon weight/body weight ratio, which indicated es-
tablishment of the UC model (Fig. 5C). Hematoxylin-eosin 
staining results showed that premorbid NASH exacerbated 
DSS-induced gut injury in mice, as significantly higher his-
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Fig. 2.  The combination of NASH and UC led to significant weight loss and high mortality in mice. (A) Body weight and (B, C) histological features of 12 
weeks of NASH modeling. (D) DSS treatment significantly reduced mouse body weight in both control and NASH mice. (E) The combination of NASH and UC led to high 
mortality. (F) Images of freshly harvested mouse livers. *p<0.05, **p<0.01. NASH, nonalcoholic steatohepatitis; UC, ulcerative colitis.
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Fig. 3.  NASH-related phenotypes. Mice received 20 weeks of combined NASH and UC modeling. (A) body weight and liver index. (B) Relative fat body weight and 
lean body weight. (C) Liver injury indicated by ALT and AST. (D, E) Plasma and hepatic triglyceride and cholesterol levels. *p<0.05, **p<0.01, ***p<0.001. ALT, ami-
notransferase; AST, aspartate aminotransferase; NASH: nonalcoholic steatohepatitis; UC: ulcerative colitis.
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Fig. 4.  Liver injury and inflammation. Liver samples were harvested from each group of mice for further analysis. (A) Representative HE staining of each group. 
(B) Corresponding histopathological scores. (C) Representative Sirius Red staining of each group. (D) Hepatic LPS level of each group. (E) Relative mRNA expression 
of key inflammatory markers. *p<0.05, **p<0.01, ***p<0.001. HE, hematoxylin-eosin; LPS, lipopolysaccharide
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Fig. 5.  UC-related phenotypes of the combined model. (A) Colitis severity indicated by DAI score. (B) Colon length. (C) Relative colon weight. (D) Representative 
HE staining and corresponding histopathological score. *p<0.05, **p<0.01, ***p<0.001. DAI, disease activity index; HE, hematoxylin-eosin.
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topathology scores was noted in the steatohepatitis + colitis 
group than in the colitis group (Fig. 5D).

Premorbid NASH promoted DSS-induced colitis via 
enhancement of colonic inflammation and injury

In our model, DSS treatment significantly elevated colon 
expression of Tnfa in mice fed the chow diet (colitis vs. 
control) and premorbid NASH further boosted Tnfa mRNA 
expression in the steatohepatitis + colitis group compared 
with the colitis group (Fig. 6A). Correspondingly, the com-
bination of NASH and UC synergistically upregulated the 

expression of Il1b and Ccl2 in the colon (steatohepatitis + 
colitis vs. colitis). Immunohistochemical staining confirmed 
a similar trend in the protein expression of the proinflam-
matory cytokines in the colon. The expression of TNF-α, in-
terleukin 1 beta, and C-C motif chemokine ligand 2 proteins 
in colon tissue from the steatohepatitis + colitis group was 
elevated compared with the colitis group (Fig. 6B). Western 
blot results showed that steatohepatitis + colitis modeling 
induced the highest expression of NF-κB and Bax of all the 
study groups, which implies salient inflammatory responses 
and increased pre-apoptotic signaling (Fig. 7A).

The expression of key apoptotic markers in mouse colon 
tissues indicated that DSS-induced colitis was associated 

Fig. 6.  Premorbid NASH exacerbated colon injury and inflammation of UC. (A) Relative mRNA expression of key inflammatory markers in colon tissue. (B) Rep-
resentative IHC staining and quantification of the positive staining area. IHC, immunohistochemical staining; NASH, nonalcoholic steatohepatitis; UC, ulcerative colitis.
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Fig. 7.  Premorbid NASH disturbed colon inflammatory and apoptotic pathways in UC. (A) Western blots of the relative expression of NF-κB and BAX in colon 
tissue. (B) Relative mRNA expression of apoptosis signaling. NASH, nonalcoholic steatohepatitis; NF-κB, nuclear factor kappa B; UC, ulcerative colitis.
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with maladjusted apoptosis signaling. Colon tissue from the 
steatohepatitis + colitis group had higher Bcl2, Bad, Bim 
and Bax mRNA levels than either the steatohepatitis group 
or the colitis group (Fig. 7B).

Discussion

In this study, we introduced a novel mouse model combining 
NASH and UC, using HFHCD and DSS. The 12-week HFHCD-
induced NASH model was demonstrated to be valid by to 
their hepatic histological manifestations. Mice that received 
HFHCD for 12 weeks had prominent liver steatosis, lobu-
lar inflammation, and hepatocyte ballooning compared with 
controls. At the same time, DSS-induced UC was success-
fully achieved in mice fed with either a chow diet or an HFH-
CD, as they showed representative symptoms (weight loss, 
diarrhea and rectal bleeding), colon morphological changes, 
and histological changes. To our surprise, combination of 
the two models in the steatohepatitis + colitis group led to 
fairly high mortality (58.3%), which was present in neither 
the steatohepatitis group nor the colitis group. Postmortem 
evaluation found that rectal bleeding was the major cause 
of death in the mice. The high mortality of the steatohepa-
titis + colitis group led us to consider whether DSS-induced 
UC and relevant gut injury were exacerbated by premorbid 
NASH, which turned out to be the second key study find-
ing. By analyzing distal colon tissues harvested from the 
DSS group and the steatohepatitis + colitis group, we found 
that premorbid NASH aggravated UC most likely by facili-
tating colonic inflammation and apoptosis. Thirdly, we did 
not observe obvious additive effects of DSS-induced UC on 
hepatic histological features of NASH. However, DSS treat-
ment caused significant weight loss in both chow diet and 
HFHCD-fed mice (colitis vs. control and steatohepatitis + 
colitis vs. steatohepatitis), which successfully mimics the 
consumptive symptom of UC and flares. Given that the stea-
tohepatitis group had a higher body weight than the control 
group and the body weight of the steatohepatitis + colitis 
group was similar to that of the colitis group, UC modeling 
induced body weight loss was speculated to be more severe 
in mice with premorbid NASH than in normal mice. Moreo-
ver, the steatohepatitis + colitis group had a greater liver 
weight (as indicated by liver index) than the steatohepatitis 
group, despite having a lower body weight. This polarized 
phenomenon indicated that DSS treatment led to mouse 
emaciation without obviously interfering with liver weight. 
In other words, exacerbated gut injury and subsequent 
malabsorption and diarrhea in the steatohepatitis + colitis 
group may have been the dominant cause of high mortality, 
while weight loss was the main manifestation.

Recent advances in animal models of NASH26,27 and 
UC28,29 have created convenience for researches aiming not 
only disease pathogenesis but also therapeutic targets. Be-
cause currently available animal models have not yet com-
pletely satisfied the need to perfectly simulate both diseases, 
a new problem has arisen. Recent clinical studies increasingly 
recognized the concurrence of NASH and UC in patients.30–32 
However, it should be emphasized that the reported associa-
tions do not prove causation. In front of us is a “chicken and 
egg” situation in which NASH may create an inflammatory 
environment with a leaky gut phenomenon that exacerbates 
UC, and vice versa. There are several recognized similarities 
between in disease mechanisms of UC and NASH, such as 
systematic inflammation, association with obesity, and gut 
dysbiosis.33,34 It is apparent that situation necessitates the 
development of a novel hybrid model integrating NASH and 
UC for the exploration of underlying disease mechanisms 
from beside to bench, and back again. It is worth mention-
ing that we chose a different point to analyze the additive 

effects of two diseases compared with former studies, where 
diet-induced hepatic steatosis was augmented by the syn-
chronized DSS treatment via leaky gut and subsequent li-
pid dysregulation.13,35,36 In this study, mice were subjected 
to long-term HFHCD feeding for NAFLD/NASH modeling and 
then challenged with three rounds of DSS to mimic the flares 
of UC. Both real-world NAFLD and UC have heterogeneous 
phenotypes, hence we fed mice an HFHCD first for NAFLD 
development and environmental factor-mediated intestinal/
systematic low-grade inflammation, before challenging them 
with unnatural, DSS-induced, intensive chemical injury.

The most distinguishing feature of our hybrid model was 
the over 50% mortality, similar to observations of UC pa-
tients before 1955, when corticosteroids were not available 
in clinical practice.4 Simultaneous DSS treatment of mice 
that ate a chow diet-induced UC in our study, but failed 
to provoke fulminant and fatal UC flares. Here, premorbid 
NASH promoted severe UC. As discussed in a recent meta-
analysis, NAFLD was more frequent in patients with severe 
UC, such as longer disease duration or a history of abdomi-
nal surgery.9 Because evidence from cross-sectional studies 
lacks the ability to prove causality, the finding is partially in 
agreement with our model, in which severe intestinal injury 
coexisted with NAFLD. With regard to the lack of a signifi-
cant difference in the liver histology of tissue from the stea-
tohepatitis group and the steatohepatitis + colitis group in 
this study, a recent study reported a low risk of liver disease 
progression in IBD patients with NAFLD.30 It deserves men-
tion that the steatohepatitis + colitis group had significantly 
higher plasma triglycerides and cholesterol levels than the 
steatohepatitis group, and the cause of the phenotype dif-
ference needs further study.

TNF-α is one of the most prevalent proinflammatory cy-
tokines in UC, and the benefits of anti-TNF treatment have 
already been described.37,38 Altered apoptosis balance has 
been described in UC and many therapeutic interventions 
have been developed to modulate colonic apoptotic sign-
aling.39,40 Thus, some pilot investigations regarding the 
transcriptional changes of key molecules were carried out 
to check whether the deteriorated gut injury in the steato-
hepatitis + colitis group implicates the perturbation of in-
flammation homeostasis and dysregulation of programmed 
death. According to our result, NASH mice were more vul-
nerable to UC gut injury and exhibited significantly upregu-
lated proinflammatory and apoptotic signaling. Given the 
high prevalence of obesity and NAFLD worldwide nowa-
days,41 the current study not merely provides a model of 
high clinical relevance but also reminds us that NASH people 
overlapping with UC, not rare as described above, should be 
wise to prepare for the risk of dire UC flares. But then again, 
how the liver and gut communicate and work synergisti-
cally in this scenario still needs further elucidation. In our 
future study, individual variate that may contribute the phe-
notype, such as dietary cholesterol, dietary fat, etc., should 
be probed one by one.

The study has some limitations. First, high mortality of 
the combined NASH+UC modeling was speculated as the 
result of exacerbated inflammation and relevant intestinal 
symptoms such as bleeding and diarrhea. However, how 
premorbid NAFLD/NASH leads to worse prognosis of UC in 
mice should be investigated in future studies. Second, the 
NASH+UC modeling seemed fail to further complicate NASH 
phenotypes in this study, which is against our hypothesis. 
One possible explanation may be that the relatively long 
duration of HFHCD feeding caused remarkable steatohepa-
titis and masked the relatively short-term influence of DSS-
induced gut inflammation on liver. As revealed by the he-
matological index, the steatohepatitis + colitis group had 
a significantly higher inflammation level than other groups 
right after the first DSS challenge. Hence, that time point 
may be ideal for future mechanistic studies to avoid the 
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loss of immune responses and sample loss because of high 
mortality, in late stage of the combined model. Third, ste-
atosis and inflammation, but not fibrosis and liver cancer 
were observed. UC may contribute underlying fibrogenic 
or mutagenic factors to liver in over a longer time span. 
Last but not least, our NASH model is induced by HFHCD 
plus added cholesterol, and cholesterol itself was found po-
tentially involved in UC pathogenesis.42,43 The disturbance 
of cholesterol metabolism and the high dietary cholesterol 
consumption have been recognized as unique features in 
Asian NAFLD population (especially in lean NAFLD cohorts). 
Thus, it would be interesting to utilize different NASH mod-
els or to probe into some universal mechanisms behind the 
reciprocity of NASH and UC.

Conclusions

To sum up, premorbid NASH markedly deteriorated DSS-
induced colitis, indicating a potential link between NAFLD 
and UC pathogeneses. The combined mouse NASH and UC 
model can improve our understanding of the overlap of the 
two diseases and shed light on more purposeful screening 
of therapeutic targets. The high mortality of the current hy-
brid provides an approach for the modeling of severe UC 
with a strong clinical correlation. Whether NASH can exac-
erbate UC in patients should be verified by epidemiologic 
studies a and clinical observation.
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