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ABSTRACT

Objective: Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most common cause of chronic liver disease, especially in
patients with severe obesity. However, current mouse models for MASLD do not reflect the polygenetic background nor the metabolic changes in
this population. Therefore, we investigated two novel mouse models of MASLD with a polygenetic background for the metabolic syndrome.
Methods: TALLYHO/JngJ mice and NONcNZO10/LtJ mice were fed a high-fat- high-carbohydrate (HF-HC) diet with a surplus of cholesterol diet.
A second group of TH mice was additional treated with empagliflozin.

Results: After sixteen weeks of feeding, both strains developed metabolic syndrome with severe obesity and histological manifestation of
steatohepatitis, which was associated with significantly increased intrahepatic CD8cells, CD4 "cells and Tregs, contributing to a significant
increase in pro-inflammatory and pro-fibrotic gene activation as well as ER stress and oxidative stress. In comparison with the human tran-
scriptomic signature, we could demonstrate a good metabolic similarity, especially for the TH mouse model. Furthermore, TH mice also developed
signs of kidney injury as an extrahepatic comorbidity of MASLD. Additional treatment with empagliflozin in TH mice attenuates hepatic steatosis
and improves histological manifestation of MASH.

Conclusions: Overall, we have developed two promising new mouse models that are suitable for preclinical studies of MASLD as they reca-
pitulate most of the key features of MASLD.

© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD),
formerly known as non-alcoholic fatty liver disease (NAFLD), is the most
common liver disease worldwide, affecting nearly 38% of the global
adult population [1,2]. The metabolic syndrome (MetS), including
central obesity, dyslipidemia, and type 2 diabetes mellitus (T2DM) plays
a central role its pathogenesis [3]. Therefore, the concept of steatotic
liver diseases (SLD) has been updated recently by the new concept of
MASLD, which requires at least one out of five cardiometabolic risk
factors in addition to hepatic steatosis [4]. In contrast to the old defi-
nition of NAFLD, which was defined by hepatic steatosis in the absence
of any other liver disease, this new concept highlights the central role of
metabolic dysfunction in the pathogenesis of MASLD. In particular,
obesity is a major driver of MASLD. The overload of metabolic sub-
strates in the liver leads to hepatic and peripheral insulin resistance
followed by impaired lipid metabolism. Exhaustion of lipid metabolism is
then causing oxidative stress and stress of the endoplasmatic reticulum
followed by activation of pro-inflammatory pathways [5]. Furthermore,
obesity also increases both the overall- and liver-related mortality in
patients with MASLD [6,7].

However, current mouse models are mainly based on either
monogenetic-modified mouse strains or dietary modifications and do
neither represent the polygenetic background nor the metabolic
changes of the metabolic syndrome, especially with severe obesity [8].
For further research in the field of MASLD, sufficient mouse models that
represent the underlying metabolic dysfunction of MASLD are crucial.
The NONcNZO10Lt/J strain is a polygenetic mouse model for type 2
diabetes as male mice develop obesity, hyperinsulinemia and insulin
resistance in liver and skeletal muscle [9]. The TALLYHO/JngJ strain
also mimics many features of the human non-insulin dependent type 2
diabetes. Female mice develop moderate obesity, hyperlipidemia and
hyperinsulinemia [10]. Different whole genome analyses of obese type
2 diabetic mice revealed a complete catalogue of gene variants
responsible for different features of the metabolic syndrome and type 2
diabetes [11]. In conclusion, both mice models display the polygenetic
phenotype of the metabolic syndrome and therefore may be suitable
for a MASLD mouse model.

Overnutrition as another key factor in the pathogenesis of MASLD has
been addressed by several diets. Most successful diets combine a high
fat, high carbohydrate diet with a surplus of cholesterol and fructose to
achieve the histopathological features of MASLD [8].

In this study, we combine mouse models with a polygenetic background
for obesity and metabolic syndrome with the high-fat-high carbohydrate
diet with a surplus of cholesterol and fructose to obtain a mouse model
for MASLD that mirrors the human pathogenesis of MASLD.

So far, weight loss is the most important treatment according to the
current guidelines [12]. Furthermore, improvement of glycemic control
could also improve disease activity independent of weight loss [13].
Inhibitors of the sodium-glucose cotransporter 2 (SGLT2i) such as
empagliflozin are very effective anti-diabetic treatment. Their inhibition
of the renal SGLT2-transporter prevents renal glucose reabsorption
and thereby improves glucotoxicity [14,15]. The role of SGLT2i in
MASLD is still under debate. On the one hand, a previous study showed
reduction in liver fat content in patient with well-controlled diabetes
and moderate obesity [16]. Furthermore, two recent studies could
proof beneficial effects in patients with diabetes and MASLD, but
without severe obesity [17,18]. However, the detailed pathophysio-
logical pathways are not fully understood yet. In contrast, another large
database study could not show beneficial effect of SGLT2i on liver
related outcomes [19]. Therefore, we aimed to investigate the SGLT2i

empagliflozin in the last step of developing a suitable mouse model of
MASLD and obesity.

2. MATERIAL AND METHODS

2.1. Ethics statement

All animal experiments were executed according to protocols approved
by the animal welfare commission of the Hannover Medical School and
local Ethics Animal Review Board (Niedersaechsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit/LAVES, Oldenburg,
Germany) covered by study number 17/2456 and are in accordance to
the ARRIVE guidelines.

Human study was conducted at the Nordstadt Krankenhaus Hannover
and at Hannvoer Medical School and approved by the local Ethic
committee (Nr.8244_B0_S_2019, German Clinical Trial Register ID
DRKS00017085). The study was performed in accord with the
Declaration of Helsinki. All patients gave their written informed consent
for data analyses.

2.2. Animals

We used female mice from TALLYHO/Jngd (TH; n = 4) and male
NONcNZO10/Ltd (nNZ010; n = 4) strain. Starting at the age of 4
weeks, mice were fed with a high fat-high carbohydrate (HF-HC) diet
with a surplus of cholesterol (Ssniff EF R/M D12330 mod.*/
surwit -+ 1%Cholesterol; Diet#: E15771—34, S3542-E005) with 45 g/
L 55 %Fructose/45 %Sucrose (Sigma) in the drinking water for 16
weeks. Control group mice were fed with a normal chow diet (NCD)
from ssniff (Altromin standard diet # 1324 TPF, Altromin).

Additional to the first part, we conducted another experimental set-up
to test SGLT2i empagliflozin. Therefore, mice received empagliflozin
p.o. (225mg/kg diet) (m = 8) or regular HF-HC diet as control (n = 7)
after 12 weeks of HF-HD diet for another for 4 weeks. All mice were
sacrificed after 16 weeks of diet. Detailed protocols are listed in the
supplementary.

2.3. Adipose tissue

Adipose tissue was extracted after dissection and weighed. Brown
adipose tissue (BAT) was defined as interscapula adipose tissue, white
adipose tissue (WAT) as gluteal adipose tissue and visceral adipose
tissue (VAT) as the epididymal adipose tissue [20].

2.4. Intraperitoneal glucose-tolerance test

After 16 weeks of HF-HC diet, an intraperitoneal glucose-tolerance test
(IPGTT) was performed. After 12 h of fasting, fasting blood glucose
levels were measured (One Touch Ultra, LifeScan). Following this,
1 mg glucose/g bodyweight was administered and blood glucose
levels were measured at 30, 60, 90 and 120 min after injection.

2.5. Serum analysis

Blood samples have been collected via a retro orbital withdrawal.
Aspartate aminotransferase (AST), alanine transaminase (ALT), serum-
triglycerides, cholesterol and serum-glucose in the blood were
determined by photometric enzyme activity assays by the Olympus
AU400 Chemistry Analyzer (OLY-AU400) using 40—50 pl of murine
serum as described before [21]. DeRitis Quotient was calculated as
followed: AST/ALT. Serum-Insulin was measured using the Ultra
sensitive Mouse Insulin Elisa kit (Crystal Chem, Cat: 90080) in
accordance to the manufacture guidelines. HOMA-IR (Homeostasis
Model Assessment for insulin resistance) was calculated as previously
described, using the equation: (fasting glucose [mg/dl] x fasting in-
sulin [nlU/mI])/405) [22].
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2.6. Liver triglycerides

Frozen liver was homogenized in 1x standard diluent (Cayman) with
20 pg/ml Leupeptin (Serva Electrophoresis GmbH) via a rod-
homogenizer for 10—15s. Homogenates were centrifuged at 4 °C
for 10 min at 10.000g. Supernatant was aliquoted for triglyceride and
protein quantification. Colorimetric detection and quantitation of total
protein was done using the Pierce™ BCA Protein Assay Kit (Thermo-
FisherScientific). Triglyceride in supernatant was detected via the
Cobas® 8000 modular analyzer (HITACHI/Roche).

2.7. Liver histology

Murine liver was fixed in formalin, embedded in paraffin and prepared
for Hematoxylin- Eosin, Periodic-acid Schiff reaction (PAS) and silver
staining. Afterwards, they were graded for the NAFLD-activity score
(NAS) [23] by blinded pathologist. Sirius Red staining of paraffin-
embedded liver sections was performed according to the manufac-
turer’s protocol (Sigma—Aldrich) and quantified by analyzing four
microscopic fields at a 100-fold magnification (Olympus BX 51) with
Fiji [24]. Quantification of hepatic hydroxyproline content was prepared
as described before [25].

2.8. Flow cytometry

Livers and spleens were perfused and dissected from mice. Organs
were minced using nylon cell strainer (70 pm, BD Falcon) and washed
with phosphate-buffered saline supplemented with 2% fetal calf
serum. Afterwards, spleens were subjected to red blood cell lysis
puffer (Sigma). Intrahepatic leucocytes and monocytes were isolated
by using 40%/70%- Percoll density gradients (Percoll, GE Healthcare).
Afterwards, all cells were stained with fluorochrome-conjugates anti-
bodies for multicolor flow cytometry analysis (see Suppl). All acquisi-
tions were done with a LSRIl SORP interfaced to DIVA software (BD
Biosciences).

2.9. Real-time PCR

For Real-time PCR we used the TagMan Gene Expression Assay. For
amplification, we used the PreAmp master Mix (Fluidigm, PN 100—
5580) according to the manufacture guidelines (Real-Time PCR user
guide for the Fast gene Expression Analysis using TagMan gene Ex-
pressions Assays). For PCR, we used the 48.48 Dynamic Array ™ IFC,
Assay loading reagent (Fluidigm, PN 85000736), GE Sample Loading
Reagent (Fluidigm, PN 85000735, 85000746) and the Master Mix
(TagMan Gene Expression Master Mic, Applied Bioscience, PN
4369016) according to the manufactures guidelines.

2.10. Proteomics analysis

Detailed prescription of liver proteomic analyses is provided in the
Supplementary. Preparation and analyses were performed by the
Proteomics Core facility at the Leibniz Institute on Aging, Jena.

2.11. Kidney qPCR

Purification of total RNA from mouse kidneys was performed by using
the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the
manufacture’s protocol. Reverse transcription of RNA was done using
Oligo(dT)primer (Promega, Madison, WI, USA), and Random primers
(Promega, Madison, WI, USA) that were incubated at 70 °C for 10min
followed by retrotranscription in M-MLV RT buffer (Promega, Madison,
WI, USA), with dNTPs (Roche, Mannheim, Germany), and M-MLV
reverse transcriptase (Promega, Madison, W1, USA) at 42 °C for 90min
and at 70 °C for 10min. Sybr green-based qPCR was carried out using
the TaKaRa SYBR Premix Ex TaqTMII (Takara Bio Europe SAS, Saint-
Germain-en-Laye, France) (See Suppl.).
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2.12. Stool analysis

Fresh stool was collected from TH after 16weeks of diet before
dissection. DNA preparation and bioinformatical analysis were per-
formed according to the methods described before [26].

2.13. Human BulkRNA sequencing

Human liver samples were collected from obese patients, who
received bariatric surgery. We analyzed samples from patients with
severe obesity and histological proven MASH (NAS<3) (n = 7)
compared to patients with severe obesity and no histological signs of
steatosis or MASLD (n = 6). BulkRNA sequencing was performed
at BGlI Genomics. Detailed information are presented in the
supplementary.

2.14. Statistics

Statistical analysis and graphical presentations were performed with
Prism 5.01 and Prism 8.2.1 (GraphPad).

The unpaired Student 2-tailed t-test, if necessary with Welsh correc-
tion was applied for comparisons of two groups. Non-parametric
Mann—Whitney test was used for comparing the medians of NAS.
The trapezoidal rule was used to determine the area under the curve
(AUC). P-values <0.05 were considered as significant. All results were
presented with mean and standard deviations (SD).

For analysis of the RT-PCR, we used the Fluidigm Real-Time PCR
Analysis Software V.3.0.2. For normalization we subtracted the mean
values of the housekeeping genes glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh) and actin beta (actb) from the genes of interest.
Heat map and PCA analysis of the —delta Ct values were plotted via the
Qlcore software (p < 0.05 and g < 0.2). P-values <0.05 were
considered as significant. All results were presented with mean and
standard deviation (SD).

*P < 0.05; **P < 0.01; ***P < 0.001 was used for comparison of
TH, NCD vs TH, HF-HC

TP < 0.05; 7P < 0.01; TP < 0.001 was used for comparison of
nNZ010, NCD vs nNZ010, HF-HC

A p-value >0.05 was considered as not significant (ns).

3. RESULTS

3.1. Both strains develop marked features of the metabolic
syndrome

As obesity is an important aspect of the metabolic syndrome, we
characterised the body composition after 16 weeks of HF-HC. nNZ010
mice gained weight and developed obesity (Figure 1B) with a signifi-
cant increase in white and brown adipose tissue (Supplementary
Figure 1A). TH already develop central obesity under NCD. Under
HF-HD diet, they develop only a slight weight gain (p = 0.06), without a
significant increase in WAT, VAT and BAT mass.

Both strains developed hyperglycemia after 16 weeks of HF-HC diet
with significantly increased AUC (Figure 1C). As a marker for insulin
resistance, we measured insulin after fasting period and calculated the
HOMA-IR (Supplementary Figure S1B). Here, we could show that
nNZ010 developed insulin resistance after HF-HC diet. Furthermore,
serum cholesterol levels increased in nNZO and TH mice
(Supplementary Figure S1C) after HF-HC diet.

In summary, both strains developed central obesity, hyperglycemia
and dyslipidemia as key aspects of the metabolic syndrome.

3.2. Serological development of hepatitis
Elevated levels of AST and ALT are serological signs of hepatitis. While
elevated AST levels were observed in TH and nNZO mice, the latter also
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Figure 1: Onset of the metabolic syndrome after HFHC diet. (A) TALLYHO/JngJ and nonNZO10 mice were fed with HF-HC diet for 16 weeks. (B) Body weight after 16 weeks of
HFHC-diet compared to NCD and weight gain over the time during HFHC diet compared to NC diet. (C) After 16weeks of HFHC diet, i.p. glucosetoleranz test was performed in all
animals after 16h of fasting. (D) Biochemical analyses of alanine (ALT) and aspartate (AST) transaminases in blood serum. Data are presented as mean =+ SD. Unpaired students t-
test with Welsh-correction if necessary was used for comparison between treatment and control group. n = 4/each group. *P < 0.05; **P < 0.01; ***P < 0.001 was used for
comparison of TH, NCD vs TH, HF-HC, +P < 0.05; ++P < 0.01; +++P < 0.001 was used for comparison of nNZ010, NCD vs nNZ010, HF-HC.
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showed elevated ALT levels after HF-HC diet (Figure 1D).The deRitis
Quotient in nNZO mice was <1, whereas in TH mice, the deRitis
Quotient was >1. Thus, all mice developed a persistent hepatitis after
HF-HC diet, but to different degrees.

3.3. Histological development of steatohepatitis after HF-HC diet
Although elevated transaminases are important markers of inflamed
liver tissue, the histological qualification remains the gold standard for
the diagnosis of MASLD and MASH. All animals developed significant
signs of steatohepatitis after HF-HC diet with an elevated NAS (TH, NCD:
NAS 1,0 vs. TH, HF-HC, NAS: 5.5; p = 0,0013) (nNZ010, NCD: NAS:0
vs. nNZ010, HF-HC NAS: 3, p < 0,0005) (Figure 2A+B). Histological
MASH was most pronounced in TH, particularly with increased steatosis
and ballooning (Supplementary Table 1). Severe liver steatosis was also
reflected by elevated liver weight and increased intrahepatic liver tri-
glyceride content in both strains (Supplementary Figure 1D). Impor-
tantly, both strains developed significant liver fibrosis compared to
controls (Figure 2 C,D+Supplementary Figure S1 E). Histological fea-
tures in human MASH include macrovesicular steatosis, lobular
inflammation and ballooning degeneration of hepatocytes, which are
reflected in the NAS score [27]. Compared to human samples, TH mice
showed in particular similar degree of hepatocyte ballooning and
steatosis (Figure 2A+-2E).

3.4. Activation of innate and adaptive immune systems in the
progress to MASH

While the importance of the innate immune system in the contribution
to liver inflammation is widely accepted, less is known about the role of
the adaptive immune system in relation to progression. Therefore, we
analyzed the intrahepatic immune system using flow cytometry. We
found significant increase in the absolute numbers of intrahepatic B
cells, T cells and in detail of CD4™ and CD8™ T cells in TH mice after
HF-HC diet (Figure 3A). We could also show a many-fold increase of
CD4"Foxp3™ regulatory T cells (Tregs) after HF-HC diet (Figure 3A).
After MASH induction in nNZ010 mice, there was a marked shift of
intrahepatic cells towards more B cells. Within the T cell population, we
could show a proportional decrease in CD4™ T cells with a conse-
quently increase of CD8™ T cells (Supplementary Figure S2 A).

The subset of liver macrophages includes resident Kupffer cells (KC)
with CD11b™9"% and F4/80™" expression, which are resident
phagocytes as well as monocyte-derived macrophages (MoMF),
characterized by CD11b"9" and F4/80"9" expression. MoMFs could be
further subdivided into Ly6C"" which are associated with a proin-
flammatory phenotype [28,29].

As nNZ010 mice showed only mild histological inflammation, we did
not detect significant changes in the macrophages subsets. Consistent
with histological evidence of inflammation, MoMFs were significantly
increased in TH after HF-HC diet (Figure 3B), particularly with
increased levels of LyGCh'ghmacrophages. Intrahepatic dendritic cells
(cD11c™) were also increased.

In conclusion, activation of both the innate and adaptive immune
systems are important pathways contributing to MASLD, particularly in
TH mice.

3.5. Development of MASH is characterized by increased
inflammation, oxidative stress and ER stress as well as disrupted
lipid metabolism and followed by activation of profibrotic pathways
In order to detect the early disease changes and analyse pathophys-
iological pathways, we analyzed several gene expressions in the liver,
representing key transcripts in the pathways of inflammation, fibrosis
and fatty acid metabolism.
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Consistent with hepatic steatosis and dyslipidemia, mRNA expres-
sions of FGF21 and CD36 were significantly upregulated after HF-HC-
diet in both groups (Figure 4A). The Sterol regulator element binding
proteins (SREBPs), a family of transcription factors involved in the lipid
biogenesis, were significant downregulated. Furthermore, the ex-
pressions of pro-fibrotic markers Col1al and TIMP1 were also
upregulated after 16 weeks of HF-HC diet, mostly in TH mice
(Figure  4B).Consistent with histological inflammation, proin-
flammatory molecules such as CCL2, NOS2 and TNF-alpha were
highly transcribed in TH mice (Figure 4C). Due to small numbers of
nNZO mice, the result of Nos2 may not be valid for this gene. As
oxidative stress and ER-stress are crucial factors in the development
of steatohepatitis, we measured the expression of the most important
antioxidant genes. We could show a significant downregulation of
Catalase and a tendency to decrease SOD after HF-HC diet in TH mice.
(Figure 4D). In conclusion, we could show that 16 weeks of HF-HC diet
induced the development of MASH also at the molecular levels,
represented by increased inflammation, fibrosis, and disturbed lipid
metabolism.

3.6. Mass-spectrometry based hepatic proteomics demonstrated
enrichments of proteins related to the lipid metabolism

We further analyzed the changes in the liver proteome after HF-HC diet.
A total of 4536 proteins were discovered with a false discovery rate of
<1% in the TH group. After quantification, a total of 872 proteins found
to be significantly differentially expressed between HF-HC and NCD
(absolute log2 fold change >0.5, g-value <0.05).

Using overrepresentation analysis (ORA) we further classified the
differentially expressed proteins into the different KEGG pathways [30].
Here, we could show that the most highly enriched proteins were
associated with pathways belonging to the lipid metabolism and PPAR
signaling (e.g. Fabp4 and PLIN2) as well as with glucose metabolism
(e.g. pkm), complement and coagulation cascades in TH mice
(Figure 5A). Proteins involved in the steroid biosynthesis pathways,
linoleic acid and metabolism pathways are downregulated.

In nNZO mice, we detected a total of 4536 proteins with a false dis-
covery rate of <1%. A total of 531 proteins were significantly differ-
entially regulated. Qverrepresentation analysis revealed that most of the
significantly upregulated proteins were associated with KEGG pathways
of protein digestion and absorption, peroxisome and lipid metabolism,
and extracellular matrix interaction. Proteins associated with steroid
biosynthesis and linoleic acid metabolism were downregulated
(Figure 5B).

In conclusion, these results emphasize the metabolic dysregulation as
well as the pro-inflammatory status in both models.

3.7. Transcriptomic profile of humans with MASH and severe
obesity

To confirm the translational nature of our mouse models, we the
compared transcriptomic profile of humans with MASH and severe
obesity to our mice models. We analyzed the differentially expressed
genes between patients with obesity and MASH compared to patients
with obesity, but without any hepatic steatosis, comparable to our
mouse models. Here, we could show distinct transcriptomic profile
(Figure 4E,F). Further gene ontology™ evaluation revealed a major
upregulation of genes involved of proinflammatory pathways such as
leukocyte chemotaxis and adhesion, immune response activating
signaling and neutrophil chemotaxis. In detail, we could show similar
upregulation of TMF and CCL2 compared to TH and nNZO.

On the other hand, several genes involved in metabolic processes are
downregulated. In particular, pathways belonging to the response to
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Figure 4: Gene expression representing pathways of inflammation, ER-stress, oxidative stress, lipid metabolism and fibrosis is comparable to human transcriptomic profile. After
analyzing gene expression with the Fluidigm Real-Time PCR Analysis Software, genes that were expressed significantly different upon PCA were exemplarily chosen to visualize
changes in the pathways of inflammation (A) lipid metabolism (B) fibrosis (C) inflammation (D) oxidative and ER-stress. (E) Volcano plot of differential expressed genes form human
transcriptomics analyses. (F) Gene ontology™ classification of DEG. n = 4/each group*. *NOS2: nNZ010, NCD: n = 2; nNZ010, HF-HC: n = 1. *Cat: nNZ010, HF-HC: n = 3.
*S0D: nNZ010, HF-HC: n= 3. *P < 0.05; **P < 0.01; ***P < 0.001 was used for comparison of TH, NCD vs TH, HF-HC. +P < 0.05; ++P < 0.01; +++P < 0.001 was used

for comparison of nNZ010, NCD vs nNZ010, HF-HC.

toxic processes, including ER-stress are downregulated, which is
comparable to downregulation of murine catalase and SOD.

In conclusion, the transcriptomic profile of patients with MASH and
severe obesity reveals a significant upregulation of proinflammatory
processes, which is in line with the activated proinflammatory immune
response and the upregulation of proinflammatory genes in TH and
nNZO mice.

3.8. Development of MASLD after HF-HC diet is associated with
changes in the microbiota

When analyzing the composition of the microbiota, we could detect a
decreased alpha-diversity after HF-HC diet as well as changes in beta-
diversity in nNZ010 mice, which is highlighted by the distinct proxi-
mate distance between HF-HC and NCD mice in nonmetric multidi-
mensional scaling (MDS) (Figure 6A—C). TH also developed significant
changes int beta-diversity with a shift towards both Actinobacteria as
well as Proteobacteria (Figure 6B).

Thus, we were able to show for both strains that development of
metabolic changes and MASLD are further associated with changes in
microbiota.

3.9. TALLYHO/JngJ mice develop signs of kidney injury after HF-
HC diet

After 16 weeks of HF-HC diet, we evaluated the kidney function of TH
mice. Here, increased expression of Neutrophil Gelatinase Associated
Lipocalin (NGAL) was detected, which is a valuable marker for early
detection of renal injury [31] and kidney injury molecule-1 (KIM-1) was
increased [32]. In addition, a decreased mRNA expression (Figure 7A)
of the endothelial cell marker CD31 was detectable. The protein

expression pattern was additional evaluated by confocal immunofiu-
orescence imaging (Figure 7C). To determine the origin of renal injury,
mRNA detection of pro-inflammatory pathways was performed, which
showed an increase in IL-6, C3, and IL-1[3 expression compared to the
NCD group (Figure 7B). Confocal immunofluorescence imaging of
paraffin-embedded kidney sections showed no generalizable differ-
ence for protein expression of nephrin, and fibronectin between the
groups (Supplementary Figures 3B-D).

Thus, TH mice developed signs of acute kidney injury after 16 weeks of
HF-HC diet, which might then lead to chronic kidney injury in the long
term. Therefore, we validated the TH mouse model as the most
encouraging one.

3.10. SGLT2-inhibitor empagliflozin improves histological outcome
of MASLD and reveals anti-inflammatory potentials

Recently, large trials have shown beneficial effects on diabetic MASLD
in patients without overweight [17,18,33], but the effect in patients
with obesity is still in debate. Therefore, we tested SGLT2i empagli-
flozin in our TH mouse model.

In the obese TH mouse model of MASLD, empagliflozin significantly
improved hyperglycemia, but had no effect on body weight (Figure 8 A)
or amount of adipose tissue after 4 weeks of treatment (Supplementary
Figure S4). Interestingly, empaglifiozin significantly reduced the
intrahepatic amount of triglyceride and also reduced the liver weight
(Supplementary Figure S4 A).

Most important, we could demonstrate a significantly attenuated his-
tological onset of MASLD after empagliflozin treatment (Figure 8 B), in
particular with histological improved liver steatosis (Supplementary
Table 3). Alongside with histological improvement of steatohepatitis,
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we could demonstrate a histological improvement of hepatic fibrosis
(Figure 8B). Interestingly, we could not detect a significant reduction in
AST and ALT levels (Supplementary Figure S4).

Analyzing the intrahepatic immune cells, treatment with empagliflozin
significantly reduced the absolute numbers of intrahepatic B cells, T
Cells and their subsets of CD8" and CD4™ T cells as well as Tregs
(Supplementary Figure S5). This decrease was also visible in the
percentage amount of intrahepatic immune cells.

These histological and cellular improvements of inflammation and
hepatic steatosis were also detectable on transcriptomic level
(Figure 8C). In line with histological improvement, we could show
reduced levels of fgf21 and reduced levels of pro-fibrotic genes, such
as col1ai and timp1. Furthermore, pro-inflammatory genes, such as
NOS2, CCl and TNF were downregulated after treatment with empa-
gliflozin. Additional, the major player of anti-oxidative defense, catalase
(CAT) and superoxide-dismutase (SOD) were significantly upregulated
in empagliflozin-treated mice.

In summary, we could demonstrate that empagliflozin treatment im-
proves histological onset of MASLD by reducing hepatic steatosis even
without weight loss in the TH-mouse model of diet-induced steato-
hepatitis. Empagliflozin further reveals anti-inflammatory potential and
improves anti-oxidative defense.

4. DISCUSSION

Although the human pathogenesis of MASLD could not be simulated in
every detail, animal models are of great importance both for further

understanding of distinct mechanism and for preclinical testing of
pharmacological treatments. Since the new definition of MASLD,
mouse models should display not only the clinical and histological
onset of steatohepatitis, but also the presence of cardiometabolic risk
factors such as obesity, insulin resistance or dyslipidemia [34,35].
Ideally, a preclinical mouse model of MASLD should share same
characteristics as the human disease related to the cause of disease,
clinical phenotype, histological disease manifestations and gene
expression. An important risk factor for the development of MASLD is
central obesity [36], which can be induced by overnutrition, sedentary
lifestyle and genetic predisposition. While both strains have already the
genetic predisposition for obesity under NCD [9,37], TH and nNZO
develop even more pronounced obesity after 16 weeks of HF-HC,
which is comparable to common monogenetic mouse models for
obesity such as leptin deficient ob/ob or db/db [8] and also to the
DIAMOND mice model of MASH [38]. However, ob/ob mice develop
steatohepatitis only with an additional stimulus and appear to be
protected from developing fibrosis even with an additional MCD diet
[39]. Furthermore, lipotoxicity is an important driver in the progression
from simple steatosis to steatohepatitis [40]. In MASLD, hepatic
accumulation of FFA is associated with upregulation of various proteins
involved in the lipid metabolism, which is also present in our models,
such as upregulation of apolipoprotein-a-IV (apoa4), which may reflect
adapting response to lipid overload [41]. On the other hand, upregu-
lation of fafty acid binding protein (fabp4) and fatty acid transport
protein 2 (fatpP2/scl27A2) was found in both models. Fabp4 is a key
player in the pathophysiology of liver steatosis as it is involved in FA
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Figure 7: Development of acute kidney injury after HF-HC diet in TH mice. (A) Normalized mRNA expression (QPCR) in the murine kidneys of markers for kindney injury and (B) and
proinflammatory markers in TH, NCD compared TH, HF-HC (TH, NCD n = 3; TH, HF-HC n = 4). Unpaired t test with Welch’s correction + SEM was used for the comparison of TH,
NCD, and TH, HFDHC groups. (C) Immunofluorescence staining for CD31.
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Figure 8: Empagliflozin improves diet-induced steatohepatitis in TH mice. (A) Empagliflozin improves hyperglycemia, but does not effect obesity. (B) Treatment with empagliflozin
significantly improves histological onset of steatohepatitis and fibrosis. (C) Impact of empaglifiozin on pathways of lipid metabolism, inflammation oxidative stress and fibrosis. Data
are presented as mean =+ SD. Unpaired students t-test with Welsh-correction if necessary was used for comparison between treatment and control group. *P < 0.05; **P < 0.01;
***P < 0.001 was used for comparison of TH, HF-HC vs. TH, empagliflozine.
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uptake, but could also promote inflammatory response due to ER
stress and oxidative damage [42,43]. Increased intrahepatic fabp4
expression is considered as a predictive biomarker for disease pro-
gression in MASLD and associated with a poor prognosis. In addition,
increased expression of scla7a2 and its receptor CD36 are known to be
associated with fatty liver disease as overexpression contributes to
enhanced influx of free fatty acids and correlates with disease pro-
gression [44—46]. Furthermore, upregulation of plin2 (Perilipin 2),
which regulates the triglyceride storage and mobilization, is associated
with increased lipid accumulation in hepatocytes [47,48]. In addition, it
could induce pro-inflammatory pathways and thus promote the
development of fibrosis. Therefore, these proteomic changes may be
indicative of an already disturbed lipid metabolism, particularly in TH.
Additional, human studies have shown downregulation of SREBF-1 in
end-stage MASH and advanced fibrosis [49], which was also detect-
able in both mouse models and may indicate a depleted lipid meta-
bolism. In addition, we noticed upregulation of enzymes and proteins,
associated with the peroxisome pathways and beta-oxidation, such as
acaca or cyp4al0 [50,51] and promote oxidative stress in the long
term. Furthermore, the downregulation of alanine glyoxylate amino-
transferase (AGXT) and lactate dehydrogenase 1 (LDH1) leads to
impaired lipid detoxification processes, increased oxidative stress and
dysregulated lipid metabolism, contributing to the development of
steatohepatitis. Koliaki et al. demonstrated that hepatic catalase ac-
tivity was significantly decreased in humans with MASH [52], antiox-
idant defenses and being associated with end-stage MASH [53]. In
addition, Hspa5 was significantly downregulated in our mice models,
reflecting increased ER stress and is also associated with disease
progression [54]. Taken together, these data suggest an impaired lipid
metabolism and lipid detoxification processes, particularly in TH mice,
which may then contribute to the development of steatohepatitis, as
oxidative stress due to lipotoxicity is known to be an important trigger
in driving the immune response in MASLD [55]. A recent study also
demonstrated significant alteration in lipid metabolism, particularly for
fatty acids and triglycerides in a CCL4-induces MASH model, which
was comparable to human alterations in MASH [56]. Therefore, our
data also may indicate a good metabolic resemblance to human MASH.
Histologically, both strains in our models develop the onset of stea-
tohepatitis and therefore fulfil the necessary criteria for a murine model
of MASH [57]. In particular, the extent of hepatocyte ballooning as the
histological key feature of human MASH [58] is comparable to human
disease manifestation. Although they only develop mild histological
signs of inflammation, we were able to demonstrate the significantly
increased accumulation of proinflammatory cells in the liver by flow
cytometry. In addition, liver injury in both models is expressed by
elevated transaminases. In line with the histological findings, trans-
aminase elevation was more pronounced in TH and comparable to
other established suitable mice models. Also, de Ritis Quotient >1 may
also indicate severe disease hepatocyte damage in this model. The
presence of fibrosis is not necessary for the diagnosis [27]. Mice
developed mild fibrosis in both models, which is consistent with recent
findings from large cohorts of patients with severe obesity [59], where
the majority of patients had only mild fibrosis [60]. In addition to
increased fibrotic areas on histology, we also showed a significant
increase of Colfa1 and TIMP-1 and hydroxyproline levels, which are
associated with fibrosis [61].

The onset of human steatohepatitis is characterized by infiltration of B-
and T cells [55], particularly CD4™ and CD8™ T cells. CD4™ cytokine
production is then a potent stimulus for activation of pro-inflammatory
macrophages, which are important drivers of chronic inflammation and
fibrosis [62]. The significant increase in Tyegs may reflect an imbalance
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between pro-inflammatory and regulatory T cells, which is associated
with progression from simple steatosis to MASH [63] and is also a risk
factor for the development of hepatocellular carcinoma [64]. Inter-
estingly, nNZ010 mice showed a percentage shift with a decrease in T
cells and CD4™ T cells. Ma et al. [65] previously reported about a loss
of CD4™ T cells during of the development of steatohepatitis, which
then promotes hepatocarcinogenesis.

Furthermore, CD8+ T cells seems to play an important role in
immune-mediated immune-mediated metabolic diseases such as
MASH [66]. Comparable to the human disease, we detected a sig-
nificant increase of CD8-T Cells in TH mice along with a significant
increase of Tnf. Interestingly, portal infiltration of CD8+ T Cells is
associated with disease severity [67] in humans.

Macrophages also play a key role in the pathogenesis of steatohepatitis
and the onset of inflammation. In particular, the recruitment of
monocyte-derived macrophages has been associated in humans with
steatohepatitis and onset of fibrosis [62]. Analogue to the human
phenotype, we could demonstrate infiltration of bone marrow-derived
pro-inflammatory Ly6C + monocytes in TH mice.

There is recent evidence that B cells are also involved in the disease
progression. It has been shown that B cells accumulate in the liver and
promote further fibrosis and inflammation by increased secretion of
TNFo, and IL-6 [68]. In line with these previous findings and the
signature of intrahepatic immune cells in both mouse models, we
could also demonstrate in our human samples a significant upregu-
lation of transcriptomic pathways, which are related to cellular immune
response, such as leucocyte chemotaxis, immune-response-activating
signaling pathways or immune response-regulating cell surface re-
ceptor signaling pathways.

In summary, these results elucidate the important role of adaptive and
innate immune cells in the distinct pathogenesis of MASLD. Comparing
both mice models, the onset of MASLD was more pronounced in TH
mouse model, while the nNZO mouse model could be rather classified
as an early stage of MASLD. Therefore, these data manifest the
important role of the cellular inflammation in the progress from simple
steatosis to severe steatohepatitis.

The microbiome composition differs in different diseases and micro-
biota changes have also been described for MASLD [69]. Important
features are alpha- and beta-diversity. Alpha diversity represents the
distribution of species abundances in a given sample and is indicated-
among others-by the Shannon score. Beta diversity describes the
similarities between different samples [70]. Although there are dif-
ferences between changes in animal studies and human studies, the
heterogeneity of different genera and the ration of the most dominant
phyla of bacteria Firmicutes and Bacteriodetes are important [71]. In
both mouse models, we could show a significant reduced beta di-
versity, while nNZ010 mice also developed a significantly reduced
alpha diversity after HF-HC (Figure 6A). A recent study by the group of
Loomba et al. showed an association between increased abundance of
Proteobacteria and decreased abundance of Firmicutes in patients with
moderate to severe fibrosis [72] as we could show in TH mice. The
increase abundance of Actinobacteria is also remarkable in TH mice
and in line with a previous study in pediatric patients with MASLD [73].
Although the changes in the microbiome are consistent with the overall
picture of MASLD in both strains, one should be aware that the diet
itself has a strong influence on the stool microbiome [74] and may also
contribute in part to the changes in microbiota composition.

In conclusion, both mice models represent the main features of the
human pathogenesis of steatohepatitis in addition to the presence of
cardiometabolic risk factors as postulated recently [35,57,75] and
illustrate the important molecular changes in the development of
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MASLD comparable to the human disease. Comparing both models,
we validated the TH as the most encouraging mouse model for MASLD
as the onset of MASLD and its distinct changes are more pronounced
and may better resemble the full picture of human MASLD. Further-
more, the majority of commonly used mouse models use male mice,
so female mice models are rare in this field, but urgently needed
compared to the large proportion of female participants in the human
MASLD ftrials. Although it has been previously described that female
mice seems to be less vulnerable to HFD-induced MASLD [76], we
were able to show that our female TH mice model showed even more
pronounced disease activity compared to male nNZO mice. In partic-
ular, TH mice developed increased intrahepatic T cell accumulation
and activation, although a previous study described sex-dependent T-
cell dysregulation [77].

We therefore hope that our mouse model could serve as an additional
platforms for further mechanistic and therapeutic studies in MASLD, in
addition to the already existing mouse models.

It is already known that patients with MASLD have a higher prevalence
of kidney disease and the severity of kidney disease also appears to be
also associated with the severity of MASLD [78]. In addition, renal
failure is strongly associated with increased mortality in patients with
liver cirrhosis [79]. Recently, the group of Sun D.Q et al. showed, that
using the proposed definition of metabolic-associated fatty liver dis-
ease (MAFLD), the association between patients with MAFLD and
chronic kidney disease is even stronger [80], highlighting the need for
animal models that reflect this coexisting disease. Previous have
shown that high-fat diets can induce diabetic kidney disease as a
result of a high-fat diet [81]. Consistent with these findings, we were
able to demonstrate the onset of kidney injury, characterized by
increased expression of KIM1 and NGAL as established markers for
kidney injury [82]. The identified increase inlL-6, which has been
associated with changes of the glomerular endothelial cell permeability
and mesangial cell proliferation [83], supports the presence of a renal
inflammatory state. The increase in C3 expression may imply activation
of the complement system which has been previously demonstrated in
diabetes models [84]. Furthermore, the release of IL-1f is a key
component of the sterile inflammation that has been shown to induce
both onset and progression of diabetic kidney disease, whereas inhi-
bition of IL-1 function preserves renal morphology and the glomerular
filtration rate (GFR) in db/db mice [85]. Previous studies have been
shown that increased expression of MCP-1 directly correlates with
interstitial cellular infiltration and the degree of albuminuria [86], both
important factors of kidney injury. Surprisingly, there was no change in
Fibronectin as an indicator for fibrosis detected. However, as we were
able to demonstrate features of kidney injury, fibrosis might develop
after prolonged feeding period. Overall, the TALLYHO/JngJ high fat
high carbohydrate model might represent an early phenotype of kidney
dysfunction, which is mainly driven by proinflammatory pathways.
Nevertheless, further investigations would be beneficial to completely
picture the phenotype of kidney disease.

With regard to the new definition of MASLD, mouse models must to
display both the features of the metabolic syndrome such as obesity,
insulin resistance and dyslipidemia and the clinical and histological
onset of steatohepatitis [34,35]. Just recently, with the aim to
harmonize the terminology for pre-clinical mouse models, the concept
of “Diet-induced steatohepatitis” with naming the additional clinical
features was discussed [35]. There is already a huge landscape of
mouse models, with dietary mice model being the most common
followed by genetic modified mice. However, only very few mouse
models could satisfy most of the criteria for an “ideal” mouse model so
far [87]. Although genetic models-mostly based on single gene

alternations such as ob/ob may be convenient for certain studies, they
do not reflect the polygenetic background in human MASH and do not
adequately reflect the human pathogenesis [87,88]. In terms of diet,
Teufel et al. demonstrated that fructose-enriched murine model
showed the greatest similarity with the human pathogenesis of MASH
compared to other diet-induced models [39]. This may be explained by
the increased hepatic de novo lipogenesis, hepatic fat content and
increased hepatic insulin resistance after fructose intake, which is
confirmed for both human and mice [89,90]. The cholin-deficient diet
in addition to HFD could induce a fast fibrosis induction and a severe
histological phenotype, which also progressed to hepatocellular car-
cinoma. However, in contrast to both our models and the human
phenotype, there are reduced glucose and insulin concentrations,
reduced circulating cholesterol- and triglyceride concentrations and
only very little weight gain observed in these models [90]. Therefore,
the CDAA-HFD model does not represent the features of the metabolic
syndrome and could represent the new concept of MASLD only to a
very limited extent. Both models in this study could nearly fulfil all
requirements for an ideal mouse model of diet-induced steatohepatitis
with the metabolic syndrome as they display both the main features of
the metabolic syndrome and the clinical and histological phenotype of
steatohepatitis [34] and are therefore at least equal to the so far most
validated mice models, such as DIAMOND mouse model [38]
(Supplementary Table S2), but in shorter experimental time. However,
common dietary or genetic altered mouse models often struggle with
the molecular differences between human and mouse and therefore
could not mimic every molecular detail. In this regard, chimeric mouse
models are another strategy, that could overcome the molecular dif-
ferences between murine and human liver function [91]. A recent study
demonstrated a similar molecular signature in humanized mouse liver
after HF-HC diet compared to human MASLD [75]. In particular,
metabolomics and lipidomics showed important similarities to clinical
MASLD in humans. However, this mouse model did neither develop
obesity nor insulin resistance as important features of the metabolic
syndrome and therefore does not fulfil the recent criteria for MASLD. It
also did not develop any grade of inflammation due to the immuno-
suppression and is therefore unlikely to develop fibrosis. Therefore,
this type of mouse model might be very suitable for detailed mecha-
nistically studies on molecular basis of the liver, but it does not fully
meet the previous mentioned requirements for an ideal murine mouse
model of MASLD.

To complete the validation of this mouse model, we performed a
preclinical drug testing in TH mice. While it is already well known that
GLP1 receptor agonists (GLP1-RA) and the selective thyroid hormone
receptor beta agonist Resmetirom improve MASLD in humans and
mice [92—94], the effect of SGLT2i on MASLD has been less inten-
sively studied and their role in MASLD is still under debate. In line with
a previous study showing reduction in liver fat content in patient with
well-controlled diabetes and moderate obesity [16], we also demon-
strated a significant reduction of liver fat content and hepatic steatosis.
Interestingly, this reduction was independent of weight loss in TH mice.
In humans, SGLT2i causes mild weight loss due to increased gluco-
suria and the calorie loss [95]. Most studies to date have concluded
that the improvement in hepatic steatosis with SGLT2i appears to be
mainly determined by the amount of weight loss [16,96]. However, one
study also reported about a greater improvement in lipid content
despite weight loss [97]. It should be noted that a previous study in a
non-diabetic mouse model of steatohepatitis did not show an
improvement in hepatic steatosis or inflammation after treatment with
empagliflozin. On the contrary, increased activation of pro-
inflammatory and pro-fibrotic pathways have been demonstrated
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[98]. Therefore, the effect of empagliflozin may be influenced by the
presence of insulin resistance, as SGLT2i improve hepatic and sys-
temic insulin resistance and further reduce hepatic de novo lipogenesis
[99]. We have also shown an improvement in hyperglycemia and a
reduction in hepatic de novo lipogenesis in our model. Therefore,
empagliflozin may improve hepatic steatosis, particularly in the setting
of insulin resistance and diabetes, by improving insulin resistance.
We further demonstrated the antioxidant capacity of SGLT2i by
increased antioxidant enzyme activity, such as catalase and super-
oxide dismutase, after treatment with empaglifiozin. Previous studies
have already demonstrated the antioxidant capacity of SGLT2i [100],
which is also an important factor in mediating hepatocyte injury in
MASLD [101]. Empagliflozin is thought to activate the AMPKco-medi-
ated Fox03a and Nrf2 antioxidant defense systems, thereby protecting
against lipotoxicity [102]. Additional, we could prove anti-inflammatory
potential of empagliflozin as another key factor in the pathogenesis of
MASLD. In addition to attenuating pro-inflammatory cytokines such as
TNF and CCL2, we demonstrated a significant reduction in intrahepatic
CD8+ T cells. This is in line with a recent study, reporting that
empagliflozin suppresses CD8+ T cell infiltration and thereby hereby
ameliorates liver injury in both mice and humans [103]. In conclusion,
our data suggest that the hepatoprotective effect of empagliflozin is
beyond weight loss and might be mediated by improvement of hy-
perglycemia and reduction of hepatic de novo lipogenesis, improve-
ment of oxidative stress and anti-inflammatory properties of
empagliflozin. Therefore, empagliflozin could be an additional treat-
ment option for MASLD, particularly in patients with diabetes.
Furthermore, given the proven protection against cardiovascular
events in patients with diabetes [95], SGLT2i might be an important
treatment option in patients with MASLD and metabolic syndrome.
Furthermore, by testing empagliflozin in TH mouse model with com-
parable results to previous preclinical and human studies, we could
demonstrate the suitability of the new TH mouse model for preclinical
drug testing.

In conclusion, this study reports on two suitable mouse model that
reflect the major feature of metabolic syndrome and diet-induced
steatohepatitis in addition with kidney injury. Furthermore, the
comprehensive assessment of human transcriptomics in MASH pro-
vides evidence of the metabolic and pathophysiological resemblance,
especially for TH mice model. A limitation of the study might be the
small number of animals in each group. Additional, data variability
might indicate that not all animals might respond similarly to the diet.
We have already tried to reduce the variability by using the same hi-
erarchy of litters, but it was not possible to use all animals from the
same litter. Therefore, future experimental designs should take this
into account and possibly increase the group size to minimize vari-
ability. However, as we already show significant changes in this small
groups, these results may provide a promising baseline for further
investigation in these models. Furthermore, the clinical and histological
phenotype of the control group for empagliflozin testing, which was
treated equally to the TH HF-HC group demonstrate a robust clinical
and genetic phenotype of diet-induced steatohepatitis in a mouse
model with severe obesity. Finally, we demonstrated improvement of
steatohepatitis due to treatment with SGLT2i empagliflozin in the TH
mice model, so that SGLT2i might be a treatment option for patients
with diabetes and MASLD.

We therefore hope that both mouse models, but in particular the TH
mouse model of diet-induced steatohepatitis with kidney dysfunction
could serve as an additional platform for further mechanistic and thera-
peutic studies of MASLD in addition to the already existing mouse models.
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