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Abstract

Background Diabetic cardiomyopathy, a distinctive complication of diabetes mellitus, has been correlated with the
presence of intracellular lipid deposits. However, the intricate molecular mechanisms governing the aberrant accumu-
lation of lipid droplets within cardiomyocytes remain to be comprehensively elucidated.
Methods Both obese diabetic (db/db) mice and HL-1 cells treated with 200 μmol/L palmitate and 200 μmol/L oleate
were used to simulate type 2 diabetes conditions. Transmission electron microscopy is employed to assess the size and
quantity of lipid droplets in the mouse hearts. Transcriptomics analysis was utilized to interrogate mRNA levels.
Lipidomics and ubiquitinomics were employed to explore the lipid composition alterations and proteins participating
in ubiquitin-mediated degradation in mice. Clinical data were collected from patients with diabetes-associated cardio-
myopathy and healthy controls. Western blot analysis was conducted to assess the levels of proteins linked to lipid me-
tabolism, and the biotin-switch assay was employed to quantify protein cysteine S-sulfhydration levels.
Results The administration of H2S donor, NaHS, effectively restored hydrogen sulfide levels in both the cardiac tissue
and plasma of db/db mice (+7%, P < 0.001; +5%, P < 0.001). Both db/db mice (+210%, P < 0.001) and diabetic
patients (+83%, P = 0.22, n = 5) exhibit elevated plasma triglyceride levels. Treatment with GYY4137 effectively
lowers triglyceride levels in db/db mice (�43%, P = 0.007). The expression of cystathionine gamma-lyase and
HMG-CoA reductase degradation protein 1 (SYVN1) was decreased in db/db mice compared with the wild-type
mice (cystathionine gamma-lyase: �31%, P = 0.0240; SYVN1: �35%, P = 0.01), and NaHS-treated mice (SYVN1:
�31%, P = 0.03). Conversely, the expression of sterol regulatory element-binding protein 1 (SREBP1) was elevated
(+91%, P = 0.007; +51%, P = 0.03 compared with control and NaHS-treated mice, respectively), along with
diacylglycerol O-acyltransferase 1 (DGAT1) (+95%, P = 0.001; +35%, P = 0.02) and 1-acylglycerol-3-phosphate O-
acyltransferase 3 (AGPAT3) (+88%, P = 0.01; +22%, P = 0.32). Exogenous H2S led to a reduction in lipid droplet
formation (�48%, P < 0.001), restoration of SYVN1 expression, modification of SYVN1’s S-sulfhydration status and
enhancement of SREBP1 ubiquitination. Overexpression of SYVN1 mutated at Cys115 decreased SREBP1
ubiquitination and increased the number of lipid droplets.
Conclusions Exogenous H2S enhances ubiquitin-proteasome degradation of SREBP1 and reduces its nuclear transloca-
tion by modulating SYVN1’s cysteine S-sulfhydration. This pathway limits lipid droplet buildup in cardiac myocytes,
ameliorating diabetic cardiomyopathy.
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Introduction

The global prevalence of type 2 diabetes is on the rise, and it
currently ranks as the seventh leading cause of death, with
cardiovascular complications being the primary contributor.1

Over five decades ago, the Framingham Heart Study
underscored diabetes as a significant contributor to heart
failure.2 Diabetic cardiomyopathy has been defined as
impairments of cardiac structure and function independent
of coronary artery disease, hypertension and atherosclerosis.
Accumulating evidence has supported that intrinsic abnor-
malities in cardiomyocyte energy use and lipid metabolism
result in diabetic cardiomyopathy.3,4 Free fatty acids (FFAs)
uptake and oxidative levels are significantly up-regulated in
cardiomyocytes of type 2 patients, while glucose uptake is
decreased.5 Excessive FFAs can store as lipid droplets (LDs)
in the heart, potentially causing dysfunction and heart
failure.6 Human studies have implicated myocardial lipid ac-
cumulation in diabetic cardiac dysfunction.7 Nevertheless,
the underlying mechanisms remain to be fully elucidated.

Sterol regulatory element-binding proteins (SREBPs) are a
family of transcription factors that regulate lipid homeostasis.
SREBPs have three isoforms in most cells, including SREBP-1a,
SREBP-1c and SREBP-2, which have their own physiological
and pathological roles in lipid synthesis.8 In vivo studies using
transgenic and knockout mice have shown that SREBP-1c is
involved in FFA synthesis and insulin-induced glucose metab-
olism (especially lipogenesis), whereas SREBP-2 is relatively
specific for cholesterol synthesis. The SREBP-1a isoform ap-
pears to be involved in both pathways.9 SREBPs undergo
transportation from the endoplasmic reticulum (ER) to the
Golgi apparatus and proteolytic processing.10 SREBPs gener-
ate soluble N-terminal cleavage transcription factors of the
basic helix–loop–helix leucine zipper family, which enable
SREBP to enter the nucleus as a homodimer, bind to SRE se-
quences and stimulate transcription of target genes.8 Recent
studies have shown that valosin-containing protein recog-
nizes ubiquitinated SREBP1 and facilitates its proteolytic pro-
cessing. SREBP1 may be involved in the regulation of the
ubiquitin-proteasome degradation system, thereby regulating
lipid synthesis.11

Numerous studies revealed the significant protective role
of hydrogen sulfide at low concentrations in vivo.12 The en-
zymes that catalyse endogenous H2S mainly include cystathi-
onine-β-synthase (CBS), cystathionine-γ-lyase (CSE) and 3-
mercaptopyruvate thiotransferase (3-MST, also known as
MPST).13 H2S plays important roles in many physiological
and pathological processes, including oxidative stress,14

autophagy15 and ER stress.16 Endogenous H2S catalysed by
CSE is significantly inhibited in cardiomyocytes of rats with di-
abetic cardiomyopathy.17

Cysteine S-sulfhydration is a post-translational modifica-
tion introduced into protein molecules through oxidative re-
actions, thereby introducing thiol (–SH) groups and exten-

sively regulating various biological processes within cells.18

Serving as active sites within protein molecules, cysteine res-
idues play critical roles not only in protein folding and stabil-
ity but also in the regulation of numerous cellular signalling
pathways. In recent years, it has become evident that protein
cysteine S-sulfhydration modification plays significant roles in
cellular stress responses, metabolic adaptations and disease
development.19

The E3 ubiquitin ligase HMG-CoA reductase degradation
protein 1, also known as Synoviolin-1 (SYVN1/Hrd1), is a crit-
ical component of the cellular protein quality control machin-
ery. It plays a pivotal role in the ER-associated degradation
pathway, which is responsible for identifying and disposing
of misfolded or unassembled proteins within the ER.20 SYVN1
operates by tagging these aberrant proteins with ubiquitin
moieties, marking them for subsequent proteasomal degra-
dation. Our prior study revealed that exogenous H2S reduced
lipid droplet accumulation in diabetic cardiomyopathy. Yet
the mechanisms were unclear.21 Our current research dem-
onstrates that exogenous H2S curtails lipid droplet buildup
by enhancing the ubiquitin-mediated degradation of SREBP1
through up-regulating S-sulfhydration of SYVN1.

Methods

Animal models

Female mice with type 2 diabetes (db/db) aged 4–6 weeks
and control mice (C57BL/6) were kept in a controlled environ-
ment (23–25°C, 12–12 h light–dark cycle). Diabetes was con-
firmed when blood glucose levels stayed >16.7 mmol/L for
3 days. Animals in the experimental cohort received intraper-
itoneal injections of NaHS at a dose of 4.8 mg/kg every 2 days.
The NaHS injections were administered over a span of
16 weeks. Additionally, GYY4137 was administered through
intraperitoneal injections for a duration of 4 weeks
(133 μM/kg/day). All animals were sourced from Animal
Model Experiment Center of Nanjing University, Nanjing,
China, and experiments were conducted according to Harbin
Medical University’s Ethics Committee guidelines.

Cell culture

HL-1 cells were cultured in high-glucose DMEM with 10% fe-
tal bovine serum. Passaging occurred at 80–90% confluence,
and drug treatments were given at 50–60% confluence in
the medium over 48 h. The cell treatments included the fol-
lowing: oleate (200 μmol/L), palmitate (200 μmol/L), NaHS
(100 μmol/L), GYY4137 (100 μmol/L), PPG (10 μmol/L),
4-phenylbutyric acid (4-PBA, 5 mmol/L) and thapsigargin
(Tg, 100 nmol/L). Palmitate solubility was improved with a
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10% BSA solution, uniformly applied to both control and
treatment groups at equivalent volumes and concentrations.

Measurement of H2S levels

Hydrogen sulfide content in cells was assessed using the 7-
azido-4-methylcoumarin probe (C7Az, Sigma) under 720 nm
laser excitation, observed via a fluorescence microscope
(Olympus, XSZD2). Quantification of hydrogen sulfide (H2S)
in cardiac tissue and serum employed the dedicated H2S con-
tent Kit (Solarbio).

Western blot analysis

All protein samples were quantified by using the BCA reagent
(Beyotime). Anti-CSE, anti-DGAT1, anti-SREBP1, anti-AGPAT3,
anti-CHOP, anti-eIF2α, anti-PERK, anti-BIP, anti-β-Tubulin,
anti-SYVN1 and anti-Ubiquitin were from Proteintech. Anti-
P-eIF2α (Ser51) and anti-P-PERK (Thr980) were from Cell Sig-
nalling Technology. Specific bands were recorded via a chemi-
luminescence detection system (Thermo). The band intensity
was conducted by ImageJ tool.

Immunofluorescence

Cells were plated on coverslips at a density of approximately
8000/cm2, paraformaldehyde fixed cells for 30 min, perme-
abilized for 1 h at room temperature, incubated with primary
antibodies overnight at 4°C, incubated with secondary anti-
bodies for 1 h (protected from light) and recorded under a
fluorescence microscope (Olympus, XSZD2).

BODIPY 493/503 staining and Oil Red O staining

Cells were incubated with 4% paraformaldehyde for 20–
30 min and rinsed slowly with PBS three times. BODIPY
493/503 dye mixed with serum-free medium to a final con-
centration of 1 μg/mL and incubated the cells at 37°C in
the dark for 30 min. After being rinsed carefully three times
with PBS, the stained lipid droplets were recorded under a
fluorescence microscope (Olympus, XSZD2).

Cells were fixed with 4% paraformaldehyde, washed with
PBS and stained with Oil Red O working solution at room
temperature for 15–30 min. After haematoxylin staining, cells
were observed under fluorescence microscope.

Immunohistochemistry

The slides were deparaffinized in xylene twice for 5 minutes
each, followed by transfer to 100% alcohol twice for 3 mi-

nutes each, then 95%, 70%, and 50% alcohols for 3 minutes
each. Antigen retrieval was performed. Subsequently, the
slides were treated with a blocking buffer (80 μL) and incu-
bated for 1.5 hours. Afterward, diluted primary antibodies
(anti-CSE, anti-CBS, and anti-MPST from Proteintech, 80 μL)
were applied and incubated for 1 hour. Finally, diluted bio-
tinylated secondary antibody (100 μL) was applied and incu-
bated for 30 minutes.

Immunoprecipitation

Protein samples were incubated with anti-SREBP1, anti-ubiq-
uitin or IgG antibodies and agarose (Santa) for 8 h at 4°C. The
precipitates were collected after centrifugation at 10 000× g
for 10 min and washed three times in IP buffer, resuspended
in sample buffer and analysed by immunoblotting.

S-sulfhydration assay

The assay was carried out as described previously.22 Briefly,
tissue lysate for the sulfhydryl modification assay was pre-
pared with a lysis buffer containing 250 mmol/L Hepes
(pH 7.7), 100 μmol/L deferoxamine, 1 mmol/L EDTA,
100 μmol/L neocuproine, 0.5% (w/v) CHAPS, 0.1% (w/v)
SDS, 10 μg/mL leupeptin, 5 μg/mL aprotinin and 1 mmol/L
PMSF. After centrifugation, the supernatant was set to a pro-
tein concentration of 5 mg/200 μL. It was combined with
blocking buffer (250 mmol/L Hepes, 1 mmol/L EDTA,
100 μmol/L neocuproine, 2.5% (w/v) SDS and 20 mmol/L
MMTS), incubated at 50°C for 20 min, and proteins were pre-
cipitated using acetone at �20°C for 1 h. The protein precip-
itate was resuspended in HEN buffer (250 mmol/L Hepes,
1 mmol/L EDTA, 100 μmol/L neocuproine and 1 mg/mL
SDS) and treated with Biotin-HPDP termination solution at
25°C for 1 h. Streptavidin agarose beads were added, incu-
bated and washed, and proteins were eluted using an elution
buffer (250 mmol/L Hepes, 100 mM NaCl, 1 mM EDTA and
100 mM mercaptoethanol) at 37°C for 20 min. Modified pro-
teins were denatured, subjected to Western blotting analysis
after preparation.

Generation of point mutation

Adenoviruses expressing GFP and SYVN1 were procured from
Cyagen Biosciences Inc. (Guangzhou, China). We used a full-
length mouse SYVN1 construct with a specific mutation: cys-
teine 115 was substituted with alanine. The purified adenovi-
rus was administered through intravenous injection into mice
via the tail vein. The adenoviruses were directly added to
cells. Following a 6-hour transfection period, the medium
was replaced with fresh DMEM medium. The cells were
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treated 24 hours after transfection, and relevant proteins
were subsequently detected.

Transcriptome sequencing

Each sample utilized 1 μg RNA for sample preparation.
NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB,
USA) was employed for library creation, following manufac-
turer guidelines. Index codes were added to distinguish sam-
ples. Index-coded samples were clustered using TruSeq PE
Cluster Kit v4-cBot-HS (Illumina) on a cBot Cluster Generation
System. Subsequently, Illumina platform sequencing gener-
ated paired-end reads.

LC–MS/MS analysis for lipidomics and
ubiquitylome

Using the UPLC–MS/MS platform, we employed a built-in da-
tabase and MRM detection to qualitatively and quantitatively
assess lipid metabolites in mouse heart samples. Data analy-
sis involved multivariate statistical methods. Eighteen sam-
ples in three groups were studied, revealing 1313 detected
metabolites.

For quantitative lysine ubiquitylome analysis, we used K-
ε-GG standard peptides for affinity enrichment, followed by
label-free quantitative proteomics. This was conducted on
paired mouse myocardial tissues using three LC–MS/MS anal-
yses in parallel.

Statistical analysis

In this experiment, Student’s t-test was used to compare the
means of the data between two samples, whereas the
one-way ANOVA was used to compare the means of multiple
samples. The data in this experiment were not <3 indepen-
dent repeated experiments. All were expressed as
mean ± standard error of the mean, and P < 0.05 was consid-
ered statistically significance. Statistical analysis was per-
formed using Prism 9 (GraphPad, La Jolla, CA, USA). Software
PyMol v.4.6.0 was used to generate the figures of all proteins.

Results

Exogenous H2S alleviates cardiac function and
hyperglycaemia in db/db mice

Diabetic mice (leptin receptor knockout mice, db/db) exhib-
ited a marked increase in body weight compared with
C57BL/6 mice and db/db mice treated with NaHS (a H2S do-
nor) (Figure 1A,B and Figure S1a). Furthermore, we con-

ducted an assessment of blood glucose levels, glucose toler-
ance and lipid profiles. Notably, db/db mice displayed
notably elevated blood glucose (27.35 mmol/L), reflective of
their diabetic state, whereas exogenous H2S treatment allevi-
ated the blood glucose level (Figure 1C,D and Figure S1b). In
addition, db/db mice exhibited elevated triglyceride concen-
trations compared with wild-type mice (WT), db/db mice
treated with NaHS, and those treated with GYY4137 (a
slow-release H2S agent) (Figure 1E and Figure S4c). Con-
versely, db/db mice displayed reduced high-density lipopro-
tein levels relative to db/db mice treated with NaHS
(Figure 1F). Clinical data further demonstrate a significant el-
evation in triglyceride levels among patients with diabetic
cardiomyopathy (Figure S4d). However, serum lipoproteins,
creative and non-esterified fatty acids have no discernible al-
terations (Figure S1c–e). To investigate the effect of exoge-
nous H2S on cardiac functions, we measured haemodynamic
parameters in anaesthetized mice by echocardiography. As
shown in Figure S1f–h, left ventricular end-diastolic volume,
left ventricular ejection fraction and left ventricular fractional
shortening were clearly reduced in db/db mice compared
with WT at 16 weeks, while the above indicators improved
in the NaHS treatment group (db/db+NaHS). The left ventric-
ular mass was clearly increased in db/db mice, and it was sig-
nificantly restored after the administration of exogenous H2S
(Figure S1i).

Exogenous H2S improves H2S levels in
cardiomyocytes

CSE is the primary enzyme for endogenous H2S synthesis, par-
ticularly dominant in cardiac H2S production.23 Western blot
analysis showed that CSE expression was greatly decreased
in db/db mice at 16 weeks (Figure S2a, b). The content of
H2S in cardiac tissues of db/db group decreased significantly
compared with WT and db/db mice treated with NaHS
(Figure 2C). Notably, immunohistochemical evaluation fur-
ther corroborated the significant diminishment of CSE expres-
sion within the hearts of db/db mice. However, the protein
levels of CBS and MPST exhibited no significant alterations
(Figure 2D and Figure S2d). Analysis of the transcriptomic
data (GSE26887) of the cardiac tissues collected from healthy
controls and diabetic patients showed that the mRNA levels
of CTH, which encodes CSE, are significantly down-regulated
(Figure 2E). Both db/db mice and diabetic patients exhibit a
significant decrease in serum H2S levels. Administration of
NaHS effectively up-regulates hydrogen sulfide levels in db/
db mice (Figure 2F and Figure S2c). In addition, HL-1 cells
were treated with oleate and palmitate to mimic type 2 dia-
betic cardiomyopathy (Figure S3a, b). Subsequent analyses
unveiled a reduction in CSE expression within the Pal+Ole
group, when compared with the control group (Figure 2A,
B). The H2S probe, 7-azido-4-methylcoumarin (C-7Az), was

2722 S. Zhang et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 2719–2732
DOI: 10.1002/jcsm.13347



used to dynamically detect the H2S content of cardiomyo-
cytes at 24, 48 and 72 h. Strikingly, the H2S levels exhibited
a discernible decline at each time point subsequent to Pal
+Ole and PPG (a CSE inhibitor) treatment when contrasted
with the control group. However, the H2S levels were rein-
stated in the NaHS and GYY4137 groups (Figure S2e). Overall,
these findings underscore reduced CSE expression and H2S
levels in cardiac tissues, diabetic animal models and cells. Di-
abetic patients also displayed lower H2S levels, but exoge-
nous H2S administration showed a restorative effect.

Exogenous H2S reduces the number of lipid
droplets in cardiomyocytes and db/db mice

Subsequently, we embarked on investigating whether exoge-
nous H2S could alleviate lipid deposition in type 2 diabetic
cardiomyopathy. The transmission electron microscopy re-
sults unveiled a progressive increase over time in both the
number and dimensions of LDs in the cardiac tissues of db/
db mice, a pattern notably distinct from that observed in
wild-type mice (as indicated by red arrows). Intriguingly, ex-
ogenous H2S administration exerted a substantial reduction

in both LD number and size within the cardiac tissues of
db/db mice (Figure 3A–C, Figure S4a, b). In both db/db mice
and diabetic patients, there is a noteworthy elevation in
plasma levels of triglycerides. However, treatment with
GYY4137 significantly attenuates triglycerides levels in db/
db mice (Figure S4c, d). HE staining revealed the presence
of a substantial number of vacuolar lipid droplets in the myo-
cardial tissues, predominantly within the myofilaments and
cardiomyocytes (Figure S3c). We further used BODIPY493/
503 stain for LD detection in cardiomyocytes. The number
of LDs increased in the Pal+Ole group at 24, 48 and 72 h com-
pared with that in the control and NaHS-treated groups
(Figure 3D, Figure S4e–i). High-resolution mass spectrometric
lipid profiling of mouse hearts revealed three distinct clusters
with respect to principal component analysis (Figure 3E).
Among the differential metabolites, triglyceride (C43H80O6)
and diglyceride (C37H74O4 and C39H78O4) exhibited a sig-
nificant reduction in db/db mice treated with NaHS when
contrasted with their db/db counterparts (Figure 3F). The
above results collectively highlight a significant escalation in
the number of lipid droplets within the cardiac tissues of type
2 diabetic mice, as well as in cardiomyocytes exposed to Pal
+Ole. Conversely, exogenous H2S reduced LDs effectively.

Figure 1 Exogenous H2S ameliorated heart dysfunction in db/db mice. (A) Photograph of mice at 16 weeks. (B) Statistical results of body weight in 6-
to 16-week-old db/db mice, control mice and db/db+NaHS mice (n = 5). (C, D) Statistical results of blood glucose and glucose tolerance at 16 weeks
(n = 4). (E, F) Serum triglyceride and high-density lipoprotein content. Values are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Exogenous H2S reduces the expression of SREBP1
and lipid-related proteins

An essential query we pursued was how H2S reduced the
number of LDs. To address this, we examined SREBP1, DGAT1
and AGPAT3 expression linked to lipid droplet synthesis in
mouse cardiac tissues. db/db mice exhibited notably in-
creased levels of these proteins compared with wild-type
and db/db mice subjected to either GYY4137 or NaHS treat-
ment (Figure 4A,B and Figure S5a, b). Similar findings were
obtained in HL-1 cardiomyocytes, corroborating previous re-
sults. (Figure 4C). Previous studies have revealed that triglyc-
eride synthesis in cardiomyocytes is mainly mediated by the
transcription factor SREBP1, which is synthesized in the ER
and processed in the Golgi. Mature cleaved nSREBP1 with nu-
clear localization signals enters the nucleus to exert its tran-
scriptional regulatory function.24 In order to ascertain the in-
fluence of exogenous H2S on the nuclear translocation of
nSREBP1 within cardiomyocytes, we meticulously assessed
the expression levels of nSREBP1 specifically within the nu-
cleus. Strikingly, discernible distinctions were observed, with
the Pal+Ole group manifesting higher nSREBP1 expression
relative to the control and NaHS groups (Figure 4D). Immuno-
fluorescence showed that SREBP1 expression was signifi-
cantly higher in the Pal+Ole group compared with the control
or NaHS treated groups, and its nuclear translocation was
also significantly increased (Figure 6B, Figure S7c). These find-
ings collectively suggest that the administration of exogenous

H2S has the capacity to effectively modulate the expression
of lipid-associated proteins, thereby exerting a regulatory in-
fluence on this intricate process.

Exogenous H2S decreases LD formation by
alleviating endoplasmic reticulum stress

Through transcriptome analysis, we identified 8140 differen-
tially expressed genes (fold change, FC > 2, P-adjust<0.05)
between db/db and wild-type mice. The volcano plot shows
the relative amounts of differentially expressed genes and
the statistical significance of the differences in WT and db/db
mice (Figure 5A). Gene enrichment analysis showed that dif-
ferentially expressed genes were mainly involved in nuclear
transport, enzyme activation and ubiquitin-proteasome deg-
radation and were mainly located in the cytoplasm, nucleus
and ER (Figure 5B). Previous studies have shown that the
pathogenesis of diabetic cardiomyopathy is closely related
to ER stress injury.25,26 The occurrence of ER stress promotes
abnormal accumulation of LDs in cells.27 To ascertain
whether exogenous H2S inhibits ER stress and LDs generation
in type 2 diabetes cardiomyopathy, we examined the changes
in ER stress markers. Notably, our results, as demonstrated in
Figure S6a, distinctly revealed elevated expression of proteins
intricately associated with the ER stress pathway, including p-
PERK, p-eIF2α, CHOP and BIP, within the cardiac tissues of
db/db mice in contrast to their wild-type counterparts. Im-

Figure 2 CSE expression and H2S level in DCM. (A, B) Representative protein levels of CSE normalized to β-tubulin in HL1 cells (n = 3) by western blot.
(C) Hydrogen sulfide level in myocardial tissue at 6 and 16 weeks. (D) Immunohistochemistry of CSE at 16 weeks. (E) GEO database transcriptomic
analysis (GSE26887). (F) Plasma hydrogen sulfide levels in healthy controls and clinical patients with diabetes (n = 4–6). Values are presented as
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group, ###P < 0.001 versus Pal+Ole group.
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portantly, exogenous H2S effectively countered this elevated
expression. To further determine the role of exogenous H2S
in high fatty acid-induced ER stress, we examined ER
stress-related proteins in cardiomyocytes treated with Pal
+Ole. The ER stress agonist Tg and the ER stress inhibitor
4-PBA were used as positive and negative controls, respec-
tively. The expression of ER-related proteins was also in-
creased in the Pal+Ole group compared with the control
group, the NaHS group and the GYY4137 group (Figure 5C).

Next, we examined whether the accumulation of LDs was
related to ER stress. We treated cardiomyocytes with the
ER stress agonists Tg and tunicamycin (Tm). The
BODIPY493/503 probe was used to detect the number of
LDs in cardiomyocytes. We observed that the number of
LDs accumulated gradually in a timedependent manner when
Tg and Tm were used (Figure 5D, Figure S6b). Furthermore,

we observed a decrease in the number of LDs when 4-PBA
and NaHS was used (Figure S6c, d).

Exogenous H2S down-regulates SREBP1 expression
by attenuating ER stress

To better understand the mechanisms by which ER stress can
induce the accumulation of LDs, we conducted a rigorous
analysis of the expression profiles of SREBP1 in the cytoplasm
and the nuclear form of SREBP1 (nSREBP1) within the nucleus
using Tg and 4-PBA. Figure 6A shows that SREBP1 expression
was substantially increased in the Pal+Ole group and Tg
group compared with the control group in the cytoplasm of
cardiomyocytes. SREBP1 expression was clearly decreased in
cardiomyocytes after treatment with NaHS and 4-PBA. Simi-

Figure 3 Exogenous H2S alleviated lipid deposition in type 2 diabetic cardiomyopathy. (A–C) Transmission electron microscopy (TEM) of cardiac tissues
of mice at 6 and 16 weeks. Lipid droplets are indicated by the red arrows (n = 3). (D) Lipid droplets in cardiomyocytes detected with the fluorescent
probe BODIPY 493/503 (n = 4). (E) Principal component analysis of mice was conducted based on high-resolution mass spectrometric lipid profiling
(n = 6). (F) Differential dynamic profiles of metabolite contents by fold change (FC) values. MG, monoglycerides; PC, phosphatidylcholine; PI,
phosphoinositides; PE, phosphatidylethanolamine; PMeOH, phosphatidylmethanol; PG, phosphatidylglycerol. Values are presented as mean ± SEM.
***P < 0.001 versus control group, ###P < 0.001 versus db/db group.
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larly, in the nucleus, we observed an increase in the expres-
sion of spliced nSREBP1 in the Pal+Ole group and the Tg
group (Figure 6A), while exogenous H2S and 4-PBA decreased
the expression of nSREBP1. These results indicate that exog-
enous H2S inhibits SREBP1 expression by alleviating ER stress
in cardiomyocytes, thereby reducing the nuclear transloca-
tion of SREBP1.

The ubiquitin-proteasome system plays a predominant role
in the degradation of SREBP1.28 To explore the reasons for
the changes in SREBP1 expression, we then examined the
level of ubiquitination in cardiomyocytes and found that the
ubiquitination level was increased in the Pal+Ole group com-
pared with the control and NaHS groups (Figure S7a). This
finding led us to further examine the ubiquitination level of
SREBP1 using a Co-IP assay. We observed that the ubiquitina-
tion level of SREBP1 was clearly reduced in the Pal+Ole group
and the Tg group compared with the control group. As ex-

pected, the ubiquitination level of SREBP1 was significantly
increased after administration of exogenous H2S and 4-PBA
(Figure 6C). Lysine ubiquitylome analysis showed that 359
proteins were accurately quantified in the hearts of db/db
mice compared with the hearts of NaHS-treated db/db mice.
Among them, 85 proteins were quantified as down-regulated
targets, and 37 proteins were quantified as up-regulated tar-
gets when setting a quantification ratio of >1.5 as
up-regulated threshold and <0.67 as the down-regulated
threshold (Figure 6D). KEGG pathway analysis found that
these proteins were involved in cardiac contraction, dilated
cardiomyopathy and biosynthesis of amino acids
(Figure 6E). Taken together, these results demonstrate that
ER stress may trigger increased translocation of SREBP1 into
the nucleus via the ubiquitin-proteasome system. However,
exogenous H2S reduced the level of ER stress, thereby de-
creasing the translocation of SREBP1.

Figure 4 Exogenous H2S reduced the expression of lipid-related proteins and nSREBP1 translocation to the nucleus. (A, B) Expression of SREBP1 and
nuclear SREBP1 (nSREBP1) in db/db mice after treatment with GYY4137 (n = 4). (C) Expression of SREBP1, DGAT1 and AGPAT3 in cardiomyocytes
(n = 4). (D) Expression of nSREBP1 in the nucleus (n = 4). Values are presented as mean ± SEM. **P < 0.01, ***P < 0.001 versus control group,
#P < 0.05, ##P < 0.01, ###P < 0.001 versus db/db group or Pal+Ole group.
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The E3 ubiquitin ligase SYVN1 is involved in
regulating the ubiquitinated degradation of
SREBP1

We successfully predicted the E3 ubiquitin ligases of SREBP1
by bioinformatics and found a total of 123 E3 ubiquitin li-
gases that interact with SREBP1, eight of which had
high-confidence interactions.29 As shown in Figure S8a and

Figure S7b, we have listed the top 10 E3 ubiquitin ligases
ranked from high to low confidence scores, of which the
highest confidence score is SYVN1.

Immunofluorescence and Co-IP assay showed
co-localization between SREBP1 and SYVN1 (Figure 7A,
Figure S7c). Molecular docking further corroborated this find-
ing (Figure S8b). Subsequently, we examined SYVN1 expres-
sion. The results indicated a reduction in SYVN1 expression

Figure 5 Exogenous H2S decreased the number of LDs by alleviating endoplasmic reticulum stress. (A) Differentially expressed genes are indicated on
the volcano plot as a result of the db/db group compared with the control group. (B) Genes were annotated in three main categories: Biological pro-
cess (BP), cellular component (CC) and molecular function (MF). (C) The expression of ER stress-related proteins in cardiomyocytes (n = 3). (D) The
number of LDs in cardiomyocytes at different time points treated with agonists and inhibitors. Values are presented as mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 versus control group, #P < 0.05, ##P < 0.01, ###P < 0.001 versus db/db group or Pal+Ole group.
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within the db/db mice. Notably, the administration of
GYY4137 and NaHS exhibited significant restorative effects
on SYVN1 expression (Figure S8c, d). We further found that
compared with the Pal+Ole group, exogenous H2S increased
SYVN1 expression in cardiomyocytes and that SYVN1 expres-

sion was reduced after administration of Tg (Figure S8e).
These results demonstrate that exogenous H2S can promote
SYVN1 expression by alleviating the occurrence of ER stress
in type 2 diabetic cardiomyocytes and enhancing the
ubiquitin-proteasomal degradation of SREBP1.

Figure 6 Exogenous H2S reduced SREBP1 expression by attenuating ER stress. (A) The expression of SREBP1 (n = 4) and nSREBP1 (n = 3) was detected
by Western blot analysis. (B) Laser confocal microscopy detection of nuclear translocation of SREBP1 (scale bar length: 50 μm). (C) The ubiquitination
level of SREBP1 was detected by co-IP and Western blot analysis. (D) Pie chart showing the number of ubiquitylation proteins identified by LC–MS/MS
in model db/db mice compared with NaHS-treated db/db mice. (E) KEGG pathway-based enrichment analysis of up- and down-regulated Kub proteins.
Values are presented as mean ± SEM. ***P < 0.001 versus control group, #P < 0.05, ##P < 0.01, ###P < 0.001 versus Pal+Ole group.
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Exogenous H2S regulates SREBP1 ubiquitylation by
modifying SYVN1 at Cys115

We next investigated how H2S can decrease the expression of
lipid-related proteins. Accumulating evidence has demon-
strated that S-sulfhydration, a cysteine-induced posttransla-
tional modification by H2S, can alter the structure and func-
tion of a modified protein and regulate different crucial
biological processes.30 We observed that NaHS can restore
the Ssulfhydration level of SYVN1 in db/db mice (Figure 7B,
Figure S9a). The cysteine at position 115 is located in the ac-
tive centre of SYVN1, and Cys115 is relatively conserved in
multiple species (Figure S9b, c). To investigate the role of
SYVN1 in the degradation of SREBP1, we constructed and
transfected SYVN1 mutated at cysteine 115 to alanine
(SYVN1-C115A) or wild type into HL-1 cells. As a result, the

overexpression of SYVN1C115A did not decrease the expres-
sion of SREBP1 and nSREBP1 in HL-1 cells treated with Ole
+Pal+NaHS compared with the Pal+Ole group (Figure S9d, e).
A Co-IP assay showed that the interaction between SREBP1
and SYVN1 and the ubiquitylation level of SREBP1 in the
SYVN1-C115A-overexpressing group administered NaHS were
lower than those in the wild-type SYVN1-overexpressing group
treated with NaHS (Figure S9f, g). Oil Red O staining also
revealed that the number of LDs was not reduced in the
SYVN1C115A group treated with NaHS compared with the
group without NaHS (Figure 7E).

Transduction of db/db mice with an adenoviral vector car-
rying the SYVN1-C115A mutant gene revealed that NaHS fails
to reverse cardiac function, to restore the expression of
SREBP1 and SYVN1, or to alleviate the cysteine
S-sulfhydration levels of SYVN1 (Figure 7C,D,F). These

Figure 7 Exogenous H2S increased SREBP1 ubiquitylation by modifying SYVN1 at Cys115. (A) Immunoprecipitation assay for detecting the interaction
between SREBP1 and SYVN1. (B) S-sulfhydration levels of SYVN1 detected by biotin conversion assay. (C) Schematic representation of adenoviral trans-
duction and NaHS treatment in mice. (D) Cardiac ultrasound assessment of mouse cardiac function. (E) LDs were detected by Oil red O staining in HL1
cells. (F) SYVN1 point mutations were transfected to measure SYVN1 sulfhydration levels and the protein expression of SREBP1 and SYVN1.
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combined findings provide robust support to the notion that
exogenous H2S orchestrates an elevation in the
ubiquitylation-mediated degradation of SREBP1, a process in-
tricately linked to the modification of SYVN1 at the critical
Cys115 site. This concerted molecular modulation ultimately
culminates in the curtailment of lipid droplet numbers within
cardiomyocytes, a mechanism that holds potential implica-
tions for the management of diabetic cardiomyopathy.

Discussion

H2S is a crucial physiological signalling molecule that regu-
lates cardiovascular homeostasis. H2S exerts protective roles
in diabetic cardiomyopathy, such as preservation of mito-
chondrial respiration, maintenance of mitochondrial ATP pro-
duction and inhibition of cardiomyocyte apoptosis.31 In this
study, we observed significantly decreased levels of H2S and
CSE protein expression in cardiac tissues of db/db mice. The
number of lipid droplets increased in a time-dependent man-
ner, while exogenous H2S decreased the number of LDs. We
showed that the expression of DGAT1 and AGPAT3 and the
transcription factor SREBP1, the key enzymes of LD forma-
tion, were increased in the cardiac tissues of db/db mice.
We reported a novel finding that H2S modulated the interac-
tion between SYVN1 and SREBP1 through SYVN1
S-sulfhydration to elevate SREBP1 ubiquitination to reduce
LD formation.

Cellular lipid metabolism and homeostasis are controlled
by SREBPs. When SREBPs are aberrantly expressed in cardio-
myocytes, they cause ER stress and inflammation.32 SREBPs
originate in the rough ER and associate with ER membrane

protein INSIG1. During heightened cellular metabolism,
SREBPs heterodimerize with chaperone protein SCAP,
translocating to the Golgi through COPII-coated vesicles.
Golgi proteases S1P and S2P process SREBP1, which harbours
nuclear localization signals, enabling its entry into the nucleus
for transcriptional regulation of lipid-related genes.33 Using
western blot analysis, we found that the expression of
SREBP1 and nSREBP1 was significantly increased in cardiac
tissues of db/db mice and in cardiomyocytes treated with
high palmitate and oleate, while exogenous H2S clearly
down-regulated SREBP1 expression.

The unfolded protein response was originally recognized
as a conserved adaptive system to protein stress and is
currently considered a disturbance to ER homeostasis,
commonly referred to as ER stress.34 SREBPs have been con-
firmed to be associated with ER stress-mediated lipotoxicity.
PERK-mediated eIF2α phosphorylation during ER stress
induces INSIG1 degradation, which leads to proteolytic
activation of SREBPs.35 We observed that the ER
stress-related proteins BIP, CHOP p-PERK and p-eIF2α were
increased, and their expression was clearly decreased after
treatment with exogenous H2S. We further investigated
SREBP1 expression by modulating ER activity using agonists
and inhibitors. Cardiomyocytes treated with Tg exhibited in-
creased SREBP1 expression, which was significantly sup-
pressed by exogenous H2S. To elucidate the mechanism, we
assessed cardiomyocyte ubiquitination levels. Pal+Ole treat-
ment globally elevated ubiquitination, yet SREBP1’s ubiquiti-
nation was reduced in this group. Both exogenous H2S and
4-PBA enhanced SREBP1’s ubiquitination, implying ubiqui-
tin-proteasome-mediated degradation. These findings
suggest that ER stress-linked pathways regulate SREBP1
degradation.

Figure 8 Model for the role of H2S in modifying SYVN1 S-sulfhydration to regulate SREBP1 ubiquitylation and translocation to the nucleus (Nucl). In
type 2 diabetic hearts, increased SREBP1 translocation from the endoplasmic reticulum (ER) to the nucleus is involved in ER stress. In addition, H2S
mediates S-sulfhydration on SYVN1 (an E3 ubiquitin ligase) at the Cys115 site and increases SREBP1 degradation by the ubiquitination pathway,
thereby inhibiting SREBP1 translocation to the nucleus. This inhibition reduces lipogenesis from free fatty acids (FFAs), thus inhibiting the accumulation
of lipid droplets (LDs) in diabetic hearts.
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Subsequently, we conducted a prediction of the E3 ligase
SYVN1 responsible for the degradation of SREBP1. In yeast,
the structure of the Dsc complex, which is required for
Sre1 (homologues in mammals) and Sre2 cleavage, is similar
to that of the SYVN1 E3 ligase complex in mammalian cells.36

Positive feedback regulation of Sre1 increases the expression
of the Sre1 precursor under low oxygen condition, while
homeostasis of Sre1 requires the Dsc complex and
proteasome to be degraded constantly.37 Growing evidence
has revealed that SYVN1 is important for its physiological
functions by recruiting transcription factors for
ubiquitination-mediated degradation, including catalysing
p53 ubiquitination and PGC-1β ubiquitination.38 Cysteine
S-sulfhydration is a crucial posttranslational modification,
where the thiol group (RSH) of the protein cysteine residue
is modified to form persulfides (RSSH) and polysulfides (RSS-
xH), leading to an increased reactivity of the cysteine
residue.39 These results illustrated that exogenous H2S pro-
moted the ubiquitination-mediated degradation of SREBP1
through SYVN1 S-sulfhydration at cysteine 115 and inhibited
SREBP1 nuclear translocation by suppressing the activation
of ER stress, thereby reducing the expression of
lipid-related genes, ultimately inhibiting lipid accumulation
in cardiomyocytes and alleviating lipotoxicity in type 2 dia-
betic cardiomyopathy.

This study possesses certain limitations. Our current inves-
tigation lacks extensive clinical data and cardiac tissue sam-
ples. Moreover, further research is needed to explore the reg-
ulatory role of exogenous hydrogen sulfide in ER stress.

In conclusion, this study provides compelling evidence that
H2S enhances SYVN1 S-sulfhydration and promotes SREBP1
ubiquitination to down-regulate the expression of DGAT1
and AGPAT3 to prevent LDs formation (Figure 8). Our findings
suggest that H2S might be a potential therapeutic strategy for
diabetic cardiomyopathy.
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