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A B S T R A C T

Metabolic dysfunction-associated fatty liver disease (MAFLD), a condition that stems from hepatic lipid accu
mulation in the absence of liver damage and overt inflammation, has become the most common hepatic disorder 
worldwide. Hydrogen sulfide (H2S), a gasotrasmitter, endogenously generated mainly by cystathionine-γ lyase 
(CTH), cystathionine-β synthase (CBS) and 3-mercaptopyruvate sulfurtransferase (MPST) enzymes, exhibits 
protective effect in steatosis. Herein, we have demonstrated that CTH and MPST play a central role in MAFLD 
pathogenesis. Young Cth/Mpst knockout (Cth/Mpst− /− ) mice, fed a normal diet, had increased liver mass caused 
by enhanced hepatic lipid accumulation. Decreased insulin and glucose sensitivity was observed in CTH/MPST- 
deficient mice. At the cellular level, CTH/MPST inhibition resulted in increased lipid deposition and glucose 
uptake in hepatocytes. Transcriptome analysis revealed significant upregulation of cholesterol biosynthesis and 
SREBP-related genes in the liver of Cth/Mpst − /− mice. Transcription factor enrichment analysis of differentially 
expressed genes between two genotypes, revealed a major impact of LXR, RXR and PPARA in the observed 
phenotype. Sulfide donor (SG1002) treatment attenuated the fatty liver disease of CTH/MPST-deficient mice. 
Our findings underline the importance of endogenously produced H2S in the pathogenesis of MAFLD and 
introduce the Cth/Mpst− /− mouse as a new animal model of early onset hepatic steatosis.

1. Introduction

Metabolic-dysfunction associated fatty liver disease (MAFLD) is a 
leading cause of chronic liver disease globally. This condition covers a 
broad spectrum, from simple lipid accumulation in the liver (hepatic 
steatosis) to the more severe nonalcoholic steatohepatitis (NASH), 
which can further develop into liver fibrosis and cirrhosis [1]. The only 
FDA-approved treatment for noncirrhotic, non-alcoholic steatohepatitis 
with moderate to advanced fibrosis is the thyroid hormone receptor-β 
agonist resmetirom, that was approved in 2024 [2]. Fatty liver disease is 
also associated with an increased risk of developing type 2 diabetes 
mellitus and cardiovascular events [1]. The prevalence of MAFLD has 
been on the rise globally, with a recent meta-analysis indicating that 32 
% of adults are affected by this condition [3]. This increase has 

paralleled the global surge in obesity and diabetes [4,5]. MAFLD is a 
complex condition shaped by a range of genetic and environmental in
fluences, resulting in different manifestations of the disease and making 
drug development challenging [6]. The intricate nature of MAFLD re
quires intense research to understand disease-specific mechanisms and 
discover potential therapeutic targets.

Hydrogen sulfide (H2S), an endogenously produced molecule with 
pleiotropic functions, has been suggested to exhibit protective effects in 
fatty liver disease [7,8]. Multiple sources contribute to H2S levels in 
mammalian tissues, including both enzymatic and non-enzymatic pro
cesses [9]. The primary enzymes responsible for sulfide production in 
mammals include two key enzymes of the transsulfuration pathway, 
cystathionine-γ lyase (CTH) and cystathionine-β synthase (CBS), along 
with 3-mercaptopyruvate sulfurtransferase (MPST), an enzyme of the 
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minor cysteine degradation pathway [9–11]. CTH protein expression 
has been shown to be dramatically reduced in fatty liver of mice, as well 
as in liver biopsies from patients with nonalcoholic fatty liver disease 
[12]. Cth global or hepatocyte-specific deletion in mice leads to 
increased hepatic lipid deposition under high-fat diet (HFD) conditions 
[12,13]. Increased hepatic insulin resistance, and higher hepatic glu
coneogenic ability were also reported in CTH-deficient mice with a 
steatosis phenotype [12]. HFD feeding or aging of Mpst− /− mice results 
in an exacerbated fatty liver phenotype [14]. Moreover, global deletion 
of Mpst results in reduced glucose/insulin sensitivity in obese mice [14] 
We have previously generated a mouse model of Cth/Mpst double 
knockout (Cth/Mpst− /− ) [15]. Herein, we sought to determine the 
impact of Cth/Mpst double ablation in mice on steatosis under baseline 
conditions.

2. Material and methods

2.1. Animal studies

C57Bl/6J mice were purchased from the Jackson Laboratory. Cth/ 
Mpst− /− mice have been previously described [15]. All animals used for 
experimentation were bred/housed in individual ventilated cages, under 
specific pathogen-free, temperature controlled (22 ◦C) and 12h light/
dark cycle conditions in full compliance with the guidelines of the 
Federation of Laboratory Animal Science Association recommendations 
in the Laboratory Animal Unit of Biomedical Research Foundation of the 
Academy of Athens (BRFAA) and allowed free access to diets and water. 
All studies were performed on 8-12-week-old male mice, unless other
wise noted. The left lateral lobe was used to determine the weight of the 
liver. All experimental procedures reported here were approved by the 
veterinary authority of the Prefecture of Athens, in accordance with the 
National Registration (Presidential Decree 56/2013) in harmonization 
with the European Directive 63/2010.

2.2. HepG2 cell line culture

HepG2 cells (ATCC) were cultured in complete Dulbecco’s Modified 
Eagle Medium (cDMEM): DMEM (41966-029, Gibco) supplemented 
with 10 % fetal bovine serum (FBS, 10270-106, Gibco), and 1 % peni
cillin/streptomycin (P/S, LM-A4118, Bio-Sera), and incubated at 37 ◦C, 
5 % CO2 and 21 % O2.

2.3. Pharmacological approaches

To increase sulfide levels, SG1002 (Sulfagenix) was added in Chow 
Diet (CD, E157452-04, Ssniff) to achieve a dose of 80 mg/kg/day. Mice 
received the CD containing the sulfide donor for 4 weeks. Inhibition of 
CTH and MPST was achieved using PAG (P7888, Sigma-Aldrich) and 
IMST-3 (Molport) respectively. Hepatocytes were treated with 1 mM 
PAG in PBS (P04-36500; PAN-Biotech), and 50 μM IMST-3 dissolved in 
DMSO (A3672, PanReac AppliChem) for 48h. An equal amount of PBS/ 
DMSO was added to the control group.

2.4. Knockdown approach

To silence the expression of CTH and MPST genes, an siRNA (s3712, 
s194616, Invitrogen) specific for each sequence was transfected in 
HepG2 cells using lipofectamine reagent (13778150, Invitrogen), ac
cording to the manufacture’s protocol for 48h. The control group was 
transfected with a scramble siRNA (AM461, Invitrogen) under the same 
conditions.

2.5. Glucose, insulin, pyruvate tolerance tests

Glucose tolerance was determined by intraperitoneal (i.p.) admin
istration of D-glucose (1 g/kg of body weight, G5767,Sigma-Aldrich) 

after fasting for 16h. Insulin tolerance was determined by i.p. injec
tion of Humulin NPH (1U/kg, HI 0319, Lilly) after fasting for 4h. For 
pyruvate tolerance test, pyruvate was administrated (1.5 g/kg, i.p., 
P5280, Sigma-Aldrich) after fasting for 16h. Glucose levels were was 
measured before and 15, 30, 60, 90, and 120min after injection in blood 
drawn from a tail venesection using a handheld glucometer (Contour 
XT) and strips (Contour Next).

2.6. Alanine transaminase (ALT) serum levels

Blood was collected via cardiac puncture in mice. Samples were next 
centrifuged (3,500 rpm, 10min, 4 ◦C) and heparinized plasma was iso
lated. ALT levels were measured using a Beckman Coulter AU480 
Clinical Chemistry Analyzer (OSR6107, Beckman Coulter).

2.7. H&E staining

Tissues were isolated and fixed in 4 % paraformaldehyde (P6148, 
Sigma-Aldrich) solution in PBS overnight, before paraffin embedding. 
Hematoxylin (95057-844, VWR) and eosin (95057-848, VWR) staining 
was performed following standard procedures. Images were obtained 
using a DM IRE2 microscope (Leica Biosystems).

2.8. Oil red O staining

Liver tissues were isolated, embedded in optimal cutting temperature 
compound (Tissue-Tek), and placed at − 80 ◦C. Tissue cryosections were 
fixed in 10 % formalin solution (HT501128; Sigma-Aldrich) for 10min, 
and Oil Red O staining was performed using a 0.3 % Oil Red O (O0625; 
Sigma-Aldrich) in 60 % isopropanol solution (10 min), according to 
standard procedures. Cryosections were then stained with hematoxylin 
and imaged using a bright-field Leica DMLS2 microscope.

HepG2 cells were fixed in 10 % formalin solution (HT501128, Sigma- 
Aldrich) over night (O/N), rinsed with 60 % isopropanol, and staining 
was performed using a 0.3 % Oil Red O (O0625, Sigma-Aldrich) in 60 % 
isopropanol solution (15 min), according to standard procedures. Lipid 
accumulation levels were determined by Oil Red O absorption at 500 
nm, after adipocyte destaining with 100 % isopropanol.

2.9. Glucose measurement

Glucose levels were determined in the cell cultures of HepG2 at the 
end of each experimental procedure, using 10 μl of medium and a 
handheld glucometer with strips.

2.10. Western blot analysis

Liver tissues were homogenized in lysis buffer containing: 150 mM 
NaCl (7760, Calbiochem), 1 % NP-40 (74385, Sigma-Aldrich), 0.5 % Na- 
deoxycholate (A1531,0025, AppliChem), 0.1 % SDS (A2572, PanReac 
AppliChem), 50 mM Tris-HCl, pH7.4 (T1503, Sigma-Aldrich), and 2mM 
EDTA (4005; Merck) supplemented with a cocktail of protease (PI, 
5892970001, Roche) and phosphatase inhibitors (PhoI, 4906837001, 
Roche). Lysates were centrifuged and the protein concentration in the 
supernatants was quantified using the DC protein assay (BIO-RAD, 
5000116). Samples were separated on 12 % SDS-PAGE and transferred 
to a nitrocellulose membrane (Macherey-Nagel; Düren, Germany). The 
membranes were blocked (5 % milk, PanReac AppliChem, A0830) and 
probed with the following antibodies: anti-GAPDH (10494-1-AP, Pro
teintech), anti-CBS (14787-1-AP, Proteintech), anti-CTH (12217-1-AP, 
Proteintech), anti-MPST (HPA001240, Atlas Antibodies), anti-ETHE1 
(PA5-56040, Invitrogen), anti-TST (16311-1-AP, Proteintech), anti- 
SQRDL (17256-1-AP, Proteintech), anti-SREBP1 (sc-365514, Santa 
Cruz Biotechnology) and anti-SREBP2 (sc-13552, Santa Cruz Biotech
nology). Immunoblots were next processed with anti-rabbit (AP132P, 
Merck) or anti-mouse (7076; Cell Signaling) secondary antibody and 
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visualized using the Western HRP substrate (Merck). Quantification of 
western blots was performed using ImageJ software (NIH Image, Na
tional Institutes of Health, United States).

2.11. Sulfide production measurements

Sulfide production capacity was measured in liver extracts by the 
lead acetate method as previously described [16,17]. In brief, 30 mg of 
pulverized tissue was homogenized in 1X passive lysis buffer (PLB, 
E1941, Promega) and centrifuged. The protein concentration was 
quantified in the supernatants using the DC protein assay (BIO-RAD, 
5000116) followed by normalization via additional 1X PLB. Lead ace
tate assay was set up by initially preparing the reaction mixture, which 
consists of 10 mM L-cysteine (L-cys, 168149, Sigma-Aldrich), 10 mM 
L-homocysteine (L-hyc, 69453, Sigma-Aldrich) and 1 mM Pyridoxal 
5′-phosphate (PLP, P9255, Sigma-Aldrich) in PBS. A total of 150 μL of 
this mixture was next placed into each well of a 96-well plate. 100 μg of 
protein sample or an equal volume of PBS was added to the respective 
wells. The plate was overlaid with lead acetate- (20 mM lead (II) acetate 
trihydrate; 467863, Sigma-Aldrich) embedded filter paper and incu
bated at 37 ◦C overnight. Sulfide production was calculated against a 
calibration curve of sodium sulfide (Na2S, 1313-82-2, Sigma-Andrich, 
0–100 μM). Quantification of the dark circles, due to the formation of 
lead sulfide on the filter paper, was performed using ImageJ densitom
etry analysis (NIH Image, National Institutes of Health, United States) 
via the IntDen function, after subtracting background levels obtained 
from reaction mixture-only wells with no protein sample added.

2.12. RNA isolation and gene expression analysis using qRT-PCR

Total Liver RNA was extracted from hepatocytes using TRIzol 
(15596026, Invitrogen) and treated with DNase I (AM2222, Invitrogen) 
according to the manufacturers’ instructions. RNA (500 ng) was reverse 
transcribed with the PrimeScript RT Reagent Kit (RR037A, Takara). 
qRT-PCR was performed using KAPA SYBR Fast Master Mix (KK4618, 
Kapa Biosystems) in a CFX96 Touch Real-Time PCR Detection System 
(Bio-Rad). Gene expression levels were calculated according to 2− ΔΔCT 

method using B-ACTIN as internal control and ultimately normalized to 
the control group. Primer sequences are:

B-ACTIN_forward: 5′- ACA-GAG-CCT-CGC-CTT-TGC-C -3′
B-ACTIN_reverse: 5′- GAT-ATC-ATC-ATC-CAT-GGT-GAG-CTG-G -3′
CTH_forward: 5′- GCC-AGC-ACT-CGG-GTT-TTG-A -3′
CTH_reverse: 5′- ACC-TGT-TTG-TAC-AGT-ACT-TAG-CCC -3′
MPST_forward, 5′- CGC-CTT-CAT-CAA-GAC-CTA-CGA -3′
MPST_reverse: 5′- CCA-GGT-TCA-ATG-CCG-TCT-CG -3’.

2.13. RNA-seq and pathway enrichment analysis

Total liver RNA was extracted and treated with DNase as described 
above using TRIzol (15596026; Invitrogen) and treated with DNase I 
(AM2222; Invitrogen) according to the manufacturers’ instructions. 
RNA-seq experiments were carried out in the Greek Genome Center 
(GGC) of the BRFAA. RNA-seq libraries were prepared with the NEBNext 
Ultra II Directional RNA Library Prep Kit for Illumina, with 1 μg of total 
RNA input. Library QC was performed with the Agilent bioanalyzer 
DNA1000 kit and quantitation with the qubit HS spectrophotometric 
method. Approximately, at least 20 million 101 bp Single-End reads 
were generated for each sample. Quality Control (QC) was performed on 
the FASTQ raw data file for each sample using the FASTQC software. 
FASTQ files were aligned to the Mus musculus mm10 genome using 
HISAT2. Counts were defined using the htseq-count command of HTSeq 
package v2.0.3 using “intersection non-empty” mode and the option 
"reverse" regarding the library strandness. The count files were used as 
input for DESeq2. Normalization was performed with the estimate size 
factor function followed by Differentially Expressed Genes (DEGs) 
analysis. As DEGs were classified those with a log2Fold-Change value 

less than − 0.58 or greater than 0.58 and a p-adjusted of <0.05. Pathway 
and Gene Ontology analysis were performed using the EnrichR web tool 
and protein-protein interaction analysis was performed in StringDB 
(version 12.0)

2.14. Statistical analysis

Data are expressed as mean ± SEM. Student’s unpaired two-tailed t- 
test was used for comparison between two groups, and one-way ANOVA 
was used to compare three or more groups followed by a post hoc test. 
All statistical calculations were made using Graphpad Prism statistical 
software. Sample sizes are reported in all figure captions. p-value was 
considered significant when it was less than 0.05.

3. Results

3.1. Cth/Mpst− /− mice exhibit a distinct hepatic steatosis phenotype

Mice lacking both Cth and Mpst were generated as previously 
described [15] and lack of CTH and MPST was confirmed in the liver of 
Cth/Mpst-deficient animals at the protein level (Fig. 1A). Lack of the two 
H2S-producing enzymes doesn’t lead to a compensatory increase in CBS 
protein levels (Fig. 1A). Similarly, no changes in the levels of the sulfide 
degrading enzymes ethylmalonic encephalopathy 1 protein (ETHE1), 
thiosulfate sulfurtransferase (TST) and sulfide quinone reductase 
(SQRDL) were evident in liver lysates of Cth/Mpst− /− mice (Fig. 1B). 
Reduced sulfide production in the liver of Cth/Mpst− /− mice was 
observed using the lead acetate method (Fig. 1C).

To explore the role of Cth/Mpst double ablation in fatty liver disease, 
WT and mutant male mice were allowed free access to normal chow diet, 
and livers were collected at 8 weeks of age. In male CTH/MPST-deficient 
mice, liver weight was increased and histological signs of steatosis were 
apparent (Fig. 1D and E). Mass measurements, H&E− and Oil Red O 
staining also revealed increased liver weight and greater tissue lipid 
content in young female Cth/Mpst− /− fed a CD (Fig. 1F and G). Taken 
together, our data provide evidence that genetic ablation of Cth and Mpst 
leads to an early steatosis phenotype.

3.2. CTH/MPST inhibition results in impaired glucose and insulin 
sensitivity

Despite the increased liver mass characteristic of double knockout 
mice, we observed no differences in their body weight at this young age 
compared to WT mice (Fig. 2A), proving that steatosis in Cth/Mpst− /−

mice is not related to obesity. Glucose and insulin tolerance tests (GTT, 
ITT) in Cth/Mpst− /− mice indicated that CTH/MPST deficiency disrupted 
glucose homeostasis and lead to insulin resistance (Fig. 2B and C). In line 
with the increased hepatic fat accumulation, we observed enhanced 
gluconeogenesis in the double knockout mice after pyruvate adminis
tration (Fig. 2D).

At the cellular level, Oil Red O staining revealed greater lipid accu
mulation in the hepatocytes in the presence of the CTH and MPST in
hibitors (Fig. 2E), confirming the results obtained from animal genetic 
model studies and suggesting that hepatocyte CTH/MPST are respon
sible for the observed in vivo phenotype. In addition, glucose levels were 
reduced in the supernatants of cells treated with PAG/IMST-3, indi
cating increased glucose uptake that could potentially increase lipo
genesis (Fig. 2F). Similar results were observed by the simultaneous 
silencing of CTH and MPST in cultured hepatocytes (Fig. 2G); Oil Red O 
staining revealed that the knockdown of both enzymes increased the 
lipid content of HepG2 cells (Fig. 2H).

3.3. Cth/Mpst double ablation causes dysregulation of hepatic cholesterol 
homeostasis

We next sought to identify the mechanisms through which lack of 
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Cth/Mpst leads to fatty liver. To gain insight into the biological processes 
altered by Cth/Mpst deletion, RNA sequencing (RNA-seq) was performed 
using liver tissue from WT and Cth/Mpst− /− mice. Subsequent bio
informatic analysis revealed a plethora of differentially expressed genes 
(DEGs) between the two genotypes. The expression of 604 genes was 
significantly altered by Cth/Mpst deletion; 240 were upregulated and 
264 were downregulated (Fig. 3 A). Gene Ontology (GO) analysis of the 
upregulated genes in Cth/Mpst− /− liver revealed sterol- and cholesterol- 
biosynthesis–related pathways among the most affected biological pro
cesses (Fig. 3B). Mevalonate kinase (Mvk), farnesyl diphosphate syn
thase (Fdps), ATP binding cassette subfamily A member 5 (Abca5), 
farnesyl-diphosphate farnesyltransferase 1 (Fdft1), 3-hydroxy-3-methyl
glutaryl-CoA synthase 1 (Hmgcs1), squalene epoxidase (Sqle) and 
glycerol-3-phosphate acyltransferase 1 (Gpam) were among the highest 
upregulated genes in mice lacking CTH/MPST (Fig. 3C). GO enrichment 
analysis of downregulated genes in Cth/Mpst− /− liver did not reveal 
significant alterations in biological processes (Fig. S1A, -log10(P- 
Adjusted)<1.3). Using the Reactome database, inhibition of CTH/MPST 
in the liver confirmed the upregulation of genes involved in cholesterol 
and lipid biosynthesis in double knockout mice and pointed towards the 
involvement of sterol regulatory-element binding proteins (SREBP; 
Fig. 3D). In line with this finding, we observed elevated protein levels of 
SREBP1 and SREBP2 proteins in the liver of Cth/Mpst− /− mice (Fig. 3E). 
SREBPs are known to directly activate the expression of more than 30 
genes involved in the synthesis and uptake of cholesterol, fatty acids, 
triglycerides, and phospholipids [18]. In contrast, immune-related 
pathways were unaffected in hepatic tissue of deficient animals, since 
GO analysis did not reveal statistically significant terms 

(-log10(P-Adjusted<1.3) (Fig. S1B). This finding indicates that double 
KO mutant mice do not depict an acute or chronic inflammatory 
response in the liver.

To further investigate the molecular events connecting the lack of 
CTH/MPST with the massive transcriptome reprogramming observed in 
liver of Cth/Mpst− /− mice, transcription factor enrichment analysis of 
DEGs between two genotypes was performed. Based on publicly avail
able data from the ChEA database regarding Chromatin Immunopre
cipitation (ChIP) experiments in hepatic tissue, liver X receptors alpha 
(NR1H3, LXR), retinoid X receptors (RXR) and peroxisome proliferator 
activated receptor alpha (PPARA) play a pivotal role in transcriptome 
changes in fatty liver disease [19–24]. Analysis of our RNAseq data 
revealed that these transcription factors have a major impact gene 
expression in Cth/Mpst− /− mice on both up- and down-regulated genes 
(Fig. 3F, Fig. S1C). Expression levels of many LXR, RXR and PPARA 
target genes were altered in liver of Cth/Mpst− /− mice, further con
firming the involvement of those transcription regulators in the 
observed phenotype (Fig. 3G). Protein-protein interaction network 
analysis predicts physical and indirect functional associations between 
LXR, RXR and PPARA (Fig. 3H)

3.4. Sulfide donor administration reverses the fatty liver phenotype of 
Cth/Mpst-deficient mice

CTH and MPST enzymes are significant sources of biologically active 
sulfide species. To assess whether the key role of CTH/MPST in the 
pathogenesis of fatty liver disease could be attributed to the altered 
generation of sulfide species, we next studied the consequences of 

Fig. 1. Cth/Mpst double ablation leads to an early steatosis phenotype. Representative western blots and quantification of (A) CTH, MPST, CBS and (B) ETHE1, 
TST, SQRDL in liver of WT and Cth/Mpst− /− mice. (C) H2S production capacity of liver extracts from WT or Cth/Mpst− /− mice in the presence of L-cysteine (L-cys) and 
L-homocysteine (L-hys). Data were obtained using the lead acetate method. Liver mass and representative photomicrographs from H&E− and Oil Red O- stained 
sections of the liver tissue of (D, E) male and (F, G) female WT and Cth/Mpst-deficient mice. Protein expression is presented as ratio over WT group (A, B). Sulfide 
levels are presented as ratio over WT group (C). Arrows indicate areas of increased lipid deposition. Data are presented as means ± SEM, **p ≤ 0.01, ***p ≤ 0.001, N 
= 6–7 mice per group. Scale bar: 100 μm.
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treating the deficient mice with the sulfide donor SG1002. Double 
knockout mice were placed on chow diet (CD) containing the sulfide 
donor for 4 weeks. Administration of SG1002 reverses the increased 
liver mass of Cth/Mpst− /− mice (Fig. 4A). Reduced lipid accumulation in 
liver of animals given SG1002 was also evident by the results obtained 
from histological studies (Fig. 4B). Moreover, no differences in body 
weight of the animals receiving SG1002 was detected (Fig. 4C). The 

beneficial effect of SG1002 in fatty liver disease was further confirmed 
in Cth/Mpst− /− mice by ALT serum measurements; SG1002-treated Cth/ 
Mpst− /− mice exhibit reduced levels of ALT (Fig. 4D).

4. Discussion

MAFLD, a common chronic liver disease characterized by lipid 

Fig. 2. Cth/Mpst− /− mice are characterized by increased glucose, insulin and pyruvate tolerance. (A) Body weight, (B) glucose (GTT), (C) insulin (ITT) and 
(D) pyruvate (PTT) tolerance tests in WT and Cth/Mpst− /− mice (AUC = area under the curve). (E) Photomicrographs and quantitation of lipid accumulation in 
hepatocytes in the presence or absence of a CTH inhibitor (PAG) and an MPST inhibitor (IMST-3). (F) Glucose levels in the supernatants of hepatocytes following the 
PAG and IMST-3 treatment. (G) CTH and MPST were knocked down in hepatocytes using silencing RNA for 48h. The reduction of enzyme expression after trans
fection was confirmed by real-time PCR. (H) Lipid accumulation was determined using Oil Red O in hepatocytes transfected with a control siRNA (siNEG) or a 
combination of siRNA targeting both the CTH and MPST genes. Optical density is presented as ratio over vehicle (E) or siNEG (H) group. mRNA levels are presented as 
ratio over siNEG group. (H) Data are presented as means ± SEM, *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, (A) N = 6–7, (B, D) N = 5, (C) N = 8–10 mice per group, (E, F) 
N = 5–6, (G, H) N = 6–8 independent cell cultures. Scale bar: 200 μm (E) or (H) 150 μm.
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accumulation in hepatocytes, contributes to the development of 
cirrhosis, hepatocellular carcinoma, and type 2 diabetes [25]. Previous 
work from our group has shown that MPST ablation results in enhanced 
fatty liver in mice placed on high-fat diet [14]. A similar phenotype has 
been observed in CTH-deficient mice [12,13]. We, thus, set out to 
investigate whether double ablation of CTH/MPST could lead to stea
tosis, serving as a novel genetic model of MAFLD.

Young Cth/Mpst− /− mice, fed a normal diet, exhibit hepatic lipid 
deposition, elevated liver mass, increased insulin resistance and reduced 
glucose tolerance. It should be noted that deletion of Cth or Mpst indi
vidually does not result in increased liver weight and steatosis in young 
mice fed a normal diet [13,26,27]. Although the regulatory role of 
endogenously produced H2S in steatosis has been investigated, pub
lished studies are limited to diet-induced models of MAFLD. The present 
study extends the knowledge on the effect of H2S also on the patho
genesis of steatosis in lean mice. It should be noted that elevated glucose 
levels were detected in Cth/Mpst− /− mice after pyruvate administration. 
Increased gluconeogenesis has previously been reported in HFD-fed Cth 
knockout mice [27].

RNA-seq analysis revealed that liver steatosis in Cth/Mpst− /− mice 
was accompanied by upregulation in cholesterol biosynthesis-related 
pathways mice. In line with this observation, we found increased liver 
protein levels of SREBP1 and SREBP2 in the liver of Cth/Mpst− /− mice. 
SREBP1 preferentially increases the expression of enzymes in the fatty 
acid biosynthetic pathway, while SREBP2 drives cholesterologenesis 
[28–30]. SREBP2–responsive genes include HMG-CoA synthase, 

HMG-CoA reductase, farnesyl diphosphate synthase, and squalene syn
thase, while SREBP1 increases the transcription of ATP-citrate lyase, 
acetyl-CoA carboxylase, fatty acid synthase, a rate-limiting enzyme of 
the fatty acid elongase complex, stearoyl-CoA desaturase, and 
glycerol-3-phosphate acyltransferase, which initiates triglyceride and 
phospholipid biosynthesis [18]. Transcripts for most of these enzymes 
were found to be increased in Cth/Mpst− /− mice. It should be noted that 
dysregulated cholesterol metabolism has been associated with the 
severity of fatty liver disease [31]. In addition, a plethora of LXR-, RXR- 
and PPARA-target genes were also among the DEGs in hepatic tissue of 
WT vs. Cth/Mpst− /− mice, indicating their involvement in the hepatic 
transcriptome changes. Interestingly, LXR is known to upregulate 
SREBP1 expression [32]. Our data are in line with previous observations 
indicating the regulatory role of LXR, RXR and PPARA in cholesterol 
homeostasis and hepatic lipid accumulation [19–24]. Among the DEGs, 
we observed 32 genes (14 that are upregulated and 18 that are down
regulated) that are shared targets for LXR, RXR and PPARA; NRF2 
(Nfe2l2), which is protective against liver steatosis, is found among the 
downregulated genes [33].

Preclinical murine models of MAFLD include both diet-induced and 
genetically modified models, while chemical-induced models are mainly 
used to study later stages of the disease including the transition from 
non-alcoholic steatohepatitis (NASH) to cirrhosis [34,35]. Diet-induced 
models, such as high-fat, high-cholesterol or high-fructose diets, closely 
mimic the nutritional causes of MAFLD in humans and are useful for 
studying the role of the metabolic syndrome in disease progression. 

Fig. 3. Dysregulated cholesterol homeostasis in liver of Cth/Mpst− /− mice. (A) Volcano plot depicting the Differentially Expressed Genes (DEGs) in Cth/Mpst− /−

as compared to wild-type mice. (Cut-offs for DEGs: log2FC>0.58, log2FC<-0.58, p-adjusted<0.05) and (B) Gene ontology (GO) enrichment analysis based on Bio
logical Process of upregulated DEGs in liver of WT and mutant mice. (C) Heatmap depicting expression levels (z score) of the genes related to cholesterol biosynthesis 
pathway. (D) GO enrichment analysis based on the Reactome database of the upregulated DEGs in liver of Cth/Mpst− /− mice. (E) Representative western blots and 
quantitation of SREBP1 and SREBP2 proteins in the liver of WT and Cth/Mpst-double ablated mice. (F) Enrichment analysis regarding Transcription Factor Targets for 
upregulated genes performed using ChEA database from Enrichr webtool. (G) Heatmap illustrating changes in gene expression levels (z-score) of LXR-,RXR and 
PPARA-target genes in liver of WT vs. Cth/Mpst− /− . (H) Protein-protein interaction network of enriched TFs in liver of Cth/Mpst-deficient mice. Data were obtained 
from RNA-seq (A-D, F, G). Protein expression is presented as ratio over WT group (E). (A-D, F, G). Data are presented as means ± SEM (E), *p ≤ 0.05, (A-D, F, G) N =
3, (E) N = 6–8 mice per group.

Fig. 4. Therapeutic administration of a sulfide donor reduces Cth/Mpst-deficient-induced steatosis. Cth/Mpst− /− mice were fed a drug-free chow diet (CD) or a 
CD containing the sulfide donor SG1002 for 4 weeks. Based on daily chow consumption, mice received 80 mg/kg SG1002. (A) Liver mass, (B) representative 
photomicrographs of liver sections stained with H&E, (C) body weight and (D) ALT serum levels in CD mice with or without SG1002 treatment. Data are presented as 
means ± SEM, *p < 0.05, ***p ≤ 0.001, N = 4–6 mice per group. Scale bar: 100 μm.
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However, the development of the disease requires a relatively long 
period of time; mice fed a high fat diet (45 % energy from fat) develop 
fatty liver after 12 weeks. In addition, experimental animals show het
erogeneity in phenotypic characteristics [36]. Regarding the genetically 
modified models, the most prevalent models of steatosis are those that 
affect leptin signaling. Db/db (homozygous for the autosomal recessive 
diabetic gene (db), encoding a point mutation that leads to a lack of the 
long isoform of the leptin receptor), and ob/ob (autosomal recessive 
mutation in the leptin gene that encodes a truncated and non-functional 
leptin) mice exhibit obesity, insulin resistance, and significant hepatic 
steatosis. They are commonly used to study the metabolic aspects of 
MAFLD, however, since they show significant weight gain from the first 
3 weeks of life, their use is limited to studies of steatosis in the context of 
obesity [37]. Transgenic mice that overexpress human patatin-like 
phospholipase domain-containing 3 (PNPLA3), 148 M variant 
(PNPLA3I148M) and Gankyrin (Gank)-deficient mice have also been re
ported as murine models of MAFLD, however exposure to special diets is 
required to induce hepatic lipid accumulation [38,39]. In our study, we 
introduce a novel model of MAFLD that develops pronounced hepatic 
steatosis along with impaired glucose tolerance and insulin resistance. 
The Cth/Mpst− /− mouse outperforms other MAFLD models in devel
oping fatty liver at a young age without exposure to a special diet. 
Another advantage of the Cth/Mpst-deficient mouse model is that it 
mimics human lean-MAFLD. As with any animal model, the present 
model has limitations as it fails to fully replicate the complexity of 
human MAFLD, which involves a multifactorial interaction of genetics, 
diet, lifestyle, and environmental factors. More detailed experiments 
aimed at studying the molecular mechanism triggering steatosis in 
Cth/Mpst− /− mice, along with experiments investigating aspects of 
mitochondrial biology and bioenergetic measurements could offer 
additional insights regarding the mechanisms involved in the observed 
phenotype.

5. Conclusion

We conclude that CTH/MPST/H2S are involved in the pathogenesis 
of MAFLD and that double deficient mice can be used in drug target 
identification and preclinical screening of drug candidates for MAFLD.
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