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Metformin hydrochloride improves
hepatic glucolipid metabolism

in diabetes progression

through SIRT5-mediated ECHA

desuccinylation

Liang Tang®, Qing Sun?, Jinling Luo® & Suying Peng***

The management of hyperglycemia and lipid metabolism is pivotal for the treatment of type 2
diabetes mellitus (T2DM). Metformin hydrochloride (DMBG) remains the most widely prescribed
medication for this condition. This study aimed to elucidate the effects and underlying mechanisms
by which DMBG enhances glucolipid metabolism using both in vivo and in vitro experimental models.
Animal models were established using high-fat diet (HFD)-fed mice, while cellular models utilized
palmitic acid (PA)-induced HepG2 cells. In vivo, the impact of DMBG on glucolipid metabolism was
evaluated through measurements of insulin and HbA1c levels, intraperitoneal glucose tolerance
tests (ipGTT), intraperitoneal insulin tolerance tests (ipITT), as well as histological assessments

with hematoxylin-eosin (HE) and Oil-red O staining. Mitochondrial function was assessed via
biochemical assays of TBARS, SOD, ATP, and H202 levels in liver tissue, alongside determinations of
mitochondrial membrane potential, ROS production, mtDNA content, and SIRT5 mRNA expression.
For in vitro analysis, glucose consumption, mitochondrial membrane potential, ROS levels, and
protein expressions of AMPK and PGC-1a were quantified in HepG2 cells. Western blotting and co-
immunoprecipitation (co-IP) techniques were employed to investigate the mechanistic pathways
involved. Treatment with DMBG resulted in reduced levels of free fatty acids, body weight, and

fat mass, while also alleviating hyperglycemia and hepatic lipid accumulation in HFD-fed mice.
Furthermore, DMBG restored impaired mitochondrial function in these animals and increased

SIRTS5 expression via AMPK activation. In vitro, DMBG mitigated PA-induced alterations in glucose
consumption and mitochondrial dysfunction in HepG2 cells, an effect that was abrogated upon SIRT5
knockdown. Overexpression of SIRT5 led to enhanced trifunctional enzyme subunit-alpha (ECHA)
desuccinylation at the K540 site, thereby increasing its activity. Collectively, our findings indicate that
DMBG improves hepatic glucolipid metabolism through a mechanism involving SIRT5-mediated ECHA
desuccinylation, potentially offering a new therapeutic avenue for T2DM.
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Type 2 diabetes mellitus (T2DM), also known as non-insulin-dependent diabetes mellitus, represents a significant
health challenge of the 21st century. Characterized by chronic hyperglycemia and insulin resistance (IR), T2DM
is a multifactorial disease with complex etiology'. Despite ongoing research, the precise mechanisms underlying
its pathogenesis remain to be fully elucidated. However, evidence supports that prolonged consumption of
a high-fat diet (HFD) plays a pivotal role in precipitating systemic abnormalities in glucose tolerance and
IR, which are closely associated with increased mitochondrial dysfunction®*. The liver, an organ central to
maintaining glucose and lipid homeostasis, is particularly vulnerable to HFD-induced alterations. Studies
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have demonstrated that HFD can lead to hepatic steatosis and exacerbate IR, contributing significantly to the
development of T2DM*°. Moreover, T2DM is linked to mitochondrial damage, wherein elevated glucose levels
promote excessive production of mitochondrial reactive oxygen species (ROS). This overproduction triggers
oxidative stress and lipid peroxidation, further deteriorating cellular function®. Given these considerations,
strategies aimed at controlling hyperglycemia and correcting aberrant lipid metabolism present promising
avenues for mitigating the progression and complications of T2DM. Addressing mitochondrial dysfunction may
also prove crucial in developing effective therapeutic interventions.

Metformin hydrochloride (DMBG) stands as the first-line therapeutic agent for T2DM, favored for its
affordability and favorable safety profile. DMBG exhibits robust hypoglycemic efficacy by suppressing hepatic
gluconeogenesis and glycogenolysis, which contributes to improved glucose homeostasis”®. Beyond its primary
application in diabetes management, DMBG has demonstrated beneficial effects in a broad spectrum of
conditions, including cardiovascular disease, renal disorders, oncological indications, and neurodegenerative
diseases® 2. Despite the extensive clinical utility of DMBG and its established role in activating AMP-activated
protein kinase (AMPK), which underlies many of its metabolic benefits, the full repertoire of molecular targets
remains incompletely characterized. This gap in knowledge restricts a comprehensive understanding of DMBG’s
mechanisms of action and potentially limits its therapeutic optimization. Further elucidation of these molecular
pathways is essential to fully harness the therapeutic potential of DMBG across diverse medical applications.

Lysine succinylation is a post-translational modification wherein a succinyl group is covalently attached to
the e-amino group of a lysine residue within a substrate protein, occurring through either enzymatic or non-
enzymatic mechanisms. The extent of succinylation is regulated by the availability of succinyl donors and the
activity of specific enzymes, including succinyltransferases and desuccinylases'. Sirtuin 5 (SIRT5), a conserved
NAD+-dependent desuccinylase predominantly localized in mitochondria, plays a critical role in cellular
metabolism'*. Emerging evidence indicates that SIRT5 functions as an essential sensor of cellular energy status
and provides protection against metabolic stress'>!°. Additionally, SIRT5 has been shown to mitigate oxidative
stress and enhance mitochondrial function, thereby ameliorating IR in insulin-sensitive tissues such as skeletal
muscle and adipose tissue!”. Furthermore, studies have reported that DMBG can upregulate SIRT5 expression
via AMPK activation, leading to improvements in hyperglycemia and lipid metabolism'®. However, the extent
to which DMBG modulates succinylation through SIRT5 in the context of T2DM remains an open question
warranting further investigation.

Trifunctional enzyme subunit-alpha (ECHA), also known as HADHA or MTPaq, is a critical component
of the mitochondrial B-oxidation pathway, catalyzing the final three steps in the oxidation of long-chain fatty
acids. Recent studies have highlighted the role of ECHA in regulating hepatic glucose and lipid metabolism.
Overexpression of ECHA has been shown to inhibit hepatic glucose production in mice, whereas its knockdown
enhances the glucagon response!®. Additionally, increased expression of ECHA has been associated with reduced
oxidative stress and alleviation of hepatic steatosis in models of non-alcoholic fatty liver disease (NAFLD)?’. Given
these findings, ECHA emerges as a potential therapeutic target for addressing hyperglycemia and abnormal lipid
metabolism in T2DM. Its modulation may offer a novel strategy to correct metabolic dysregulation associated
with this condition.

In this study, we systematically investigated the effects and underlying mechanisms by which DMBG
ameliorates hyperglycemia and abnormal lipid metabolism in both in vivo and in vitro models. This investigation
not only contributes to the existing body of knowledge regarding DMBG’s mechanisms of action but also may
uncover innovative therapeutic strategies for managing T2DM and its associated complications.

Methods

Animal study

The study was approved by the Ethics Committee of MDKN Biotechnology Co., Lt. All experiments were
performed in accordance with relevant guidelines and regulations. This study is reported in accordance with
ARRIVE guidelines.

C57BL/6 mice were obtained from Charles River Laboratories (Beijing, China). Upon arrival, the animals
were acclimatized for two weeks in a controlled environment maintained at 22 +2 °C with a 12-hour light/12-
hour dark cycle. Throughout this period, mice had ad libitum access to standard chow and water. The mice were
randomly allocated into three groups (1 =6 per group): a normal diet group (ND), a high-fat diet group (HFD),
and a high-fat diet plus metformin hydrochloride group (HFD + DMBG). Mice in the HFD and HFD + DMBG
groups were fed a high-fat diet (HFD) composed of 42% fat, 28% protein, and less than 1% carbohydrate for
6 weeks. The ND group was maintained on a standard chow diet throughout the study period. To standardize
food intake, mice in each group were provided with 4 g of their respective diets daily. To establish a T2DM
mouse model, mice fed the HFD received intraperitoneal injections of streptozotocin (STZ) at a dose of 50 mg/
kg body weight. The initial injection was administered on the first day following the completion of the 6-week
HFD regimen. Subsequent injections were performed every other day for a total of six administrations. Mice in
the ND group were injected intraperitoneally with an equivalent volume of saline, following the same protocol
as for the STZ injections. Subsequently, mice in the HFD + DMBG group received DMBG at a dose of 150 mg/
kg via gavage daily for 8 weeks, while mice in the ND and HFD groups received physiological saline by gavage
using the same regimen. During this treatment period, all mice were provided with a ND. After the 8-week
DMBG treatment, body weight was recorded, and fat mass was measured using a body composition analyzer
(Bruker, Billerica, MA, USA). Blood samples were collected from the tail vein and centrifuged to isolate serum.
At the conclusion of the experiment, mice were euthanized via intraperitoneal injection of pentobarbital sodium
(160 mg/kg), and livers were excised for further analysis.
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Hematoxylin Eosin (HE) staining and oil red O staining

To evaluate the pathological changes and lipid accumulation in the livers of mice, Hematoxylin Eosin (HE)
staining and Oil Red O staining were performed using commercially available kits (Beyotime, Beijing, China).
Liver tissues were harvested and immediately fixed in 10% neutral-buffered paraformaldehyde for 24 h.
Following fixation, tissues were processed for paraffin embedding. Paraffin-embedded liver Sect. (5 pum thick)
were prepared and subjected to HE staining or Oil Red O staining according to the manufacturer’s protocols.
For HE staining, sections were deparaffinized and rehydrated through a series of graded alcohols and xylene
substitutes, stained with hematoxylin for nuclear visualization, differentiated, and counterstained with eosin
to highlight cytoplasmic components. For Oil Red O staining, sections were similarly deparaffinized and
rehydrated, then incubated with Oil Red O working solution to stain lipid droplets, followed by counterstaining
with hematoxylin. Stained sections were examined under a light microscope, and representative images were
captured for further analysis. The extent of hepatic steatosis was assessed qualitatively and quantitatively as
appropriate.

Cell culture and treatment

HepG2 cells, obtained from the ATCC (Manassas, VA, USA), were maintained in Dulbecco’s modified eagle’s
medium (DMEM; Gibco, Thermo Scientific, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin-streptomycin. Cells were cultured in a humidified incubator at 37 °C
with 5% CO,. To mimic the diabetic environment, HepG2 cells were treated with 1 mM palmitic acid (PA;
MedChemExpress, Monmouth Junction, NJ, USA) for 24 h. PA was dissolved in ethanol and conjugated to
fatty acid-free bovine serum albumin (BSA) at a molar ratio of 5:1 (PA: BSA) before use. To evaluate the effect
of DMBG on mitochondrial function in PA-induced HepG2 cells, cells were pre-treated with 2 mM DMBG
(Merck, Darmstadt, Germany) for 24 h prior to and during PA exposure.

Cell transfection

For transfection experiments, HepG2 cells were seeded into 6-well plates at a density of 3 x 10° cells per well and
allowed to adhere overnight. SIRT5 overexpressing plasmids and the empty vector (pcDNA3.1) were obtained
from GenePharma (Shanghai, China). Transfections were performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. Cells were incubated with the transfection
complexes for 48 h to ensure adequate expression of the transfected constructs.

Free fatty acid (FFA) content detection

The levels of FFAs were measured by gas chromatography-mass spectrometry (GC-MS). The blood was
centrifuged at 1000xg for 10 min to collect serum. The serum of mice (200 uL) in the different groups was placed
in a 10 mL glass test tube. Then, 5 pL of BHT (4 pg/uL), 50 pL of 0.05% H,SO,, and 1 mL of a mixture of ethyl
acetate/toluene (V: V =2:1) were added to the tube. Next, the tube vortexed for 1 min and centrifuged for 10 min
at 1000xg. The supernatant was transferred to a new glass test tube, and 50 pL of 0.05% H,SO, and 1 mL of a
mixture of ethyl acetate/toluene (V: V =2:1) were added to the underlayer solution for 10 min centrifugation at
1000xg to collect supernatant. The two supernatants were mixed and blown dry with nitrogen at 40°C. After the
supernatants were blown dry, 2 mL of 5% H,SO,/ CH,OH and 0.5 mL of toluene were and mixed well, and then
transferred to a headspace flask and placed in a 70°C water bath for 70 min derivatisation. After the samples were
cooled to room temperature, 2 mL n-hexane and 1 mL saturated sodium chloride were added and centrifuged
for 10 min at 1000xg, and the supernatant was dried with nitrogen at 40°C. The samples were reconstituted with
400 pL of hexane, shaken for 1 min, filtered through 0.22 um organic filter membrane and then measured. The
free fatty acid content was obtained by checking the standard curve with the peak area.

Enzyme-linked immunosorbent assay (ELISA)

Mouse insulin ELISA kit (Sangon, Shanghai, China) and mouse hemoglobin Alc (HbAlc) ELSA kit (Abcam,
Cambridge, UK) were utilized to measure the levels of insulin and HbAlc in serums of mice. The experiments
were performed according to the manufacturer’s protocol.

Intraperitoneal glucose tolerance test (ip GTT) and intraperitoneal insulin tolerance test (ip
ITT)

The experiments of ip GTT and ip ITT was performed after the treatment of DMBG. For ip GT'T, mice were
received an intraperitoneal injection of glucose (2 g/kg) after fasting for 12 h. For ip ITT, mice were fasten for
8 h and then given an intraperitoneal injection of insulin (0.75 U/kg). The blood glucose was measured using a
glucometer (Roche, Mannheim, Germany) after injection of 0, 15, 30, 60, 90 and 120 min.

Biochemical assays

The levels of thiobarbituric acid reactive substances (TBARS), superoxide dismutase (SOD), adenosine
triphosphate (ATP) and H,O, in liver tissues of mice, as well as glucose consumption of HepG2 cells were
detected using a TBARS colorimetric assay kit (Elabscience, Wuhan, China), a SOD assay kit (Beyotime), an
ATP assay kit (Beyotime), a H,0, assay kit (Beyotime) and a glucose assay kit (Beyotime), respectively. The
experiments were performed according to the manufacturer’s protocol.

Isolation of mitochondria in liver tissues

The hepatic mitochondria was isolated using a mitochondrial isolation kit (Solarbio, Beijing, China). Tissues
from mice livers were washed with phosphate-buffered saline (PBS) and homogenized with pre-cooled lysis
buffer. Then, homogenized liver tissues were centrifuged at 1000xg for 5 min at 4C to collect supernatants.
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Next, the supernatants were centrifuged at 12,000xg for 10 min at 4°C, and the mitochondria precipitates were
at the bottom of the tube. The mitochondrial precipitates were suspended in 0.5 mL wash buffer and centrifuged
at 1000xg at 4°C for 5 min to collect supernatants. The supernatants were centrifuged at 12,000xg for 10 min at
4°C. Then, the supernatants were discarded and the mitochondrial precipitates were resuspended in 50 pl store
buffer.

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was evaluated using a mitochondrial membrane potential assay kit with
JC-1 (Beyotime). For isolated mitochondria, 10 pg mitochondria was stained with 0.9 ml JC-1 staining solution.
For HepG2 cells, cells were incubated with 0.5 ml JC-1 staining solution for 20 min at 37°C and then centrifuged
at 600xg for 3 min at 4°C to precipitate cells. Next, cells were resuspended in JC-1 staining solution for the
subsequent detection. The excitation and emission wavelengths of JC-1 monomer are 490 nm and 530 nm,
respectively, and the excitation and emission wavelengths of JC-1 polymer are 525 nm and 590 nm, respectively.
The fluorescence intensity is expressed as polymer/monomer.

Measurement of mitochondrial ROS

The mitochondrial ROS intensity was assessed using an ROS assay kit (Beyotime). Isolated mitochondria and
HepG2 cells were incubated with 10 uM DCFH-DA for 20 min at 37°C. The mitochondrial and cells were
observed using a laser scanning confocal microscope. The excitation and emission wavelengths of DCFH-DA
were 488 nm and 525 nm, respectively.

Measurement of mitochondrial DNA (mtDNA)

The mtDNA was isolated using a mtDNA isolation kit (Abcam). The levels of mtDNA in mice were evaluated
through quantitative real-time PCR (qPCR) using an mouse mtDNA copy number kit (AmyJet Scientific,
Wauhan, China) and a human mtDNA monitoring primer set (Takara, Tokyo, Japan), respectively.

qPCR

Total RNA of mice serums and HepG2 cells was isolated using Trizol reagent (Thermo Scientific). Next, a 1st
Strand cDNA synthesis kit (Yeasen, Shanghai, China) was performed to reverse transcribe RNA into cDNA.
qPCR was performed using SYBR green mix (Vazyme, Nanjing, China) on an Applied Biosystems (Thermo
Scientific). Relative mRNA expression was calculated using the 2724t method as normalized to GAPDH. The
qPCR primers of SIRT5 are as follows: mouse, 5-CCAGTTGTGTTGTAGACGAAAGC-3’ (sense) and 5-TTCC
GAAAGTCTGCCATATTTGA-3’ (antisense); human, 5-GCCATAGCCGAGTGTGAGAC-3’ (sense) and 5-C
AACTCCACAAGAGGTACATCG-3’ (antisense).

Western blot

Cells were lysed using radioimmunoprecipitation assay (RIPA) lysis buffer and quantified using a bicinchoninic
acid (BCA) kit (Vazyme). Next, the protein samples were loaded on sodium dodecyl sulfate polyacrylamide
gel electrophoresis. After electrophoretic separation, the protein samples were transferred to polyvinylidene
fluoride membranes. The membranes were blocked with 5% defatted milk for 1 h at room temperature and
incubated with primary antibodies overnight at 4°C. Then, the membranes were blocked with secondary
antibodies (1: 10000, ab205718, Abcam, Cambridge, UK) for 2 h, and the images were captured with enhanced
chemiluminescence reagent (Beyotime). The band signals were visualized by Image ] software. The primary
antibodies including anti-p-AMPK (ab133448, 1: 1000, Abcam), anti-AMPK (ab32047, 1: 1000, Abcam), anti-
PGC-1a (ab133448, 1: 1000, Abcam), anti-SIRT5 (ab259967, 1: 1000, Abcam), anti-ECHA (ab203114, 1: 1000,
Abcam), anti-succinyllysine (1: 2000, PTM-401, PTM BIO, Hangzhou, China) and anti-GAPDH (ab181602, 1:
10000, Abcam).

Co-immunoprecipitation (co-IP) and IP

Co-IP was performed to assess the interaction between SIRT5 and ECAH, and the ECHA succinylation level
was assessed by IP before western blot. Pierce classic magnetic IP/co-IP kit (Thermo Scientific) was used for
the experiments. Briefly, cells were lysed for 5 min on ice with a dedicated lysis buffer. Then, the lysate was
centrifuged at 13,000xg for 10 min and to collect supernatant and incubated overnight with antibodies (anti-
Flag, anti-HA, anti-IgG or anti-ECHA) at 4 °C. Next, the mixture was incubated with Protein A/G magnetic
beads at room temperature for 1 h. Finally, the beads were collected. The antigen-antibody mixture was eluted.
The levels of proteins were measured by western blot.

Bioinformatic analysis
The succinylation sites of ECHA were predicted using the GPSuc database (http://kuratal4.bio.kyutech.ac.jp/G
PSuc/index.php).

ECHA stability detection
For assessment of protein stability of ECHA, cells were treated with 10 uM cycloheximide (MKBio, Shanghai,
China) and the protein levels were measured after 0, 6, 12 and 24 h of treatment.

Statistical analysis
All data were analyzed using GraphPad Prism V.8.2.0. Results were expressed as mean + standard deviation of
at least three replicates. Comparison between two groups was determined by Student’s t-test. The significant
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differences in more than two experimental groups were compared with one-way ANOVA. P<0.05 was
considered statistically significant.

Results

DMBG inhibits the content of FFAs and hepatic lipid accumulation in HFD mice

To elucidate the impact of DMBG on lipid metabolism, we evaluated its effects on FFA levels. As illustrated in
Fig. 1A, HFD significantly elevated the levels of C16:0, C16:1, C18:1, and C18:2 FFAs, particularly for C16:1,
C18:1, and C18:2. Notably, the levels of C18:0 and C22:4 were not affected by HFD. Importantly, treatment
with DMBG markedly reversed the HFD-induced increases in all aforementioned FFA species (Fig. 1A).
Histopathological examination of liver tissues via H&E staining revealed that HFD exacerbated pathological
alterations in liver tissue structure, characterized by increased steatosis and inflammatory cell infiltration
(Fig. 2H). These pathological changes were significantly ameliorated by DMBG treatment. Furthermore, Oil Red
O staining demonstrated a pronounced increase in hepatic lipid droplets in HFD-fed mice, which was notably
attenuated following DMBG administration (Fig. 2H and I). Collectively, these findings indicate that DMBG
effectively suppresses FFA levels and mitigates hepatic lipid accumulation in HFD-fed mice.

DMBG improves hyperglycemia in HFD mice

To evaluate the effect of DMBG on hyperglycemia in vivo, we conducted a series of metabolic assessments. Results
suggested that DMBG improved the survival rate of HFD mice (Fig. 2A). Moreover, HFD significantly increased
body weight, fat mass, and insulin levels in mice, as shown in Fig. 2B and C, and 2D, respectively. Notably,
these parameters were partially restored by DMBG treatment, suggesting an improvement in overall metabolic
health. ipGTT revealed that blood glucose levels were markedly elevated in HFD-fed mice 30 min post-glucose
administration, indicating impaired glucose clearance (Fig. 2E). Treatment with DMBG effectively reversed this
trend, demonstrating improved glucose tolerance. Furthermore, ipITT showed that HFD-fed mice exhibited
significantly higher blood glucose levels compared to control animals, indicative of insulin resistance (Fig. 2F).
DMBG administration partially mitigated this effect, suggesting enhanced insulin sensitivity. Additionally, we
measured HbAlc levels. As depicted in Fig. 2G, HFD led to a significant increase in HbAlc levels, which was
normalized by DMBG treatment. Collectively, these findings demonstrate that DMBG effectively ameliorated
hyperglycemia in HFD-fed mice, likely through mechanisms involving the restoration of glucose homeostasis
and enhancement of insulin sensitivity.

DMBG alleviates the mitochondrial dysfunction in HFD mice

To investigate the effects of DMBG on mitochondrial function in HFD-fed mice, we conducted a comprehensive
analysis of various mitochondrial parameters. Compared with the ND group, TBARS levels and H,O,
concentrations were significantly elevated in HFD mice, while SOD and ATP content was inhibited; notably,
these effects were partially reversed by DMBG (Fig. 3A-D). Measurement of mitochondrial membrane potential
suggested that the value of JC-1 aggregation/monomer was decreased in HFD mice, which was reversed by
DMBG (Fig. 3E). Moreover, HFD significantly increased mitochondrial ROS intensity and the mtDNA level
in mice, which was restored by DMBG (Fig. 3F, G). SIRT5 mRNA level was also reduced in HFD mice, which
was elevated by DMBG (Fig. 3H). In addition, western blot results suggested that the protein levels of p-AMPK,
PGC-1a and SIRT5 were downregulated in HFD mice, which was partially increased by DMBG (Fig. 3I). In
conclusion, we demonstrated that DMBG alleviated the mitochondrial dysfunction in HFD mice.

SIRT5 knockdown inhibits the improvement of mitochondrial function in PA-induced HepG2
cells by DMBG

SIRT5 plays an important role in maintaining energy homeostasis. To further investigate the role of SIRT5 in
mitochondrial function and its response to DMBG, we conducted a series of experiments using PA-induced
HepG2 cells. Results showed that the expression of SIRT5 was decreased in HepG2 cells with SIRT5 knockdown
(Fig. 4A). Then, we found that the glucose consumption was significantly increased in PA-induced cells, which was
partially inhibited by DMBG, whereas this inhibition was reversed by SIRT5 knockdown (Fig. 4B). Conversely,
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Fig. 1. DMBG inhibited the content FFAs in HFD mice (A) The levels of FFAs C16:0, C16:1, C18:0, C18:1,
C18:2 and C22:4 in the ND, HFD and HFD + DMBG groups were measured by GC-MS. **P<0.01 and
***P<0.001 vs. the ND group. ##P<0.01 vs. the HFD group.
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Fig. 2. DMBG inhibited hyperglycemia and liver lipid accumulation in HFD mice (A) The survival rate of
mice in different groups. (B-D) DMBG inhibited the body weight, fat mass and insulin levels increased in HFD
mice. (E and F) The blood glucose levels in the ND, HFD and HFD + DMBG groups were assessed by ip GTT
and ip ITT. (G) The level of HbA1lc increased in HFD mice was reversed by DMBG. (H) H&E and Oil red O
staining were performed to assess pathological change and lipid accumulation in liver of mice. (I) Quantitative
results of Oil red O staining. ***P <0.001 vs. The ND group. ##P <0.01 and ###P <0.001 vs. the HFD group.

JC-1 aggregation/monomer levels were reduced in PA-induced HepG2 cells, which was increased by DMBG,
and this increase was restored by SIRT5 knockdown (Fig. 4C). The mitochondrial ROS intensity in HepG2
cells was significantly elevated by PA, which was inhibited by DMBG, but the inhibition of mitochondrial ROS
intensity was markedly increased by SIRT5 knockdown (Fig. 4D). Additionally, western blot assay showed that
the protein levels of p-AMPK, PGC-1a and SIRT5 in HepG2 cells were inhibited by PA, which was upregulated
by DMBG, and the increase was inhibited by SIRT5 knockdown (Fig. 4E). In conclusion, these results indicated
that SIRT5 knockdown inhibited the improvement of mitochondrial function in PA-induced HepG2 cells by
DMBG.
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Fig. 3. DMBG alleviated the mitochondrial dysfunction in HED mice (A-D) The levels of TBARS, SOD, ATP
and H,0O, in the liver of mice were measured using a TBARS assay kit, a SOD assay kit, an ATP assay kit and an
H,0, assay kit, respectively. (E) Mitochondrial membrane potential was presented as polymer/monomer of JC-
1. (F) Mitochondrial ROS was measured using an ROS assay kit. (G and H) qPCR was performed to measure
the level of mtDNA and SIRT5 expression in different groups. (I) The protein levels of p-AMPK, t-AMPXK,
PGC-1a and SIRT5 was assessed by western blot assay. **P<0.01 and ***P<0.001 vs. the ND group. ##P <0.01
and ###P<0.001 vs. the HFD group.

SIRT5 mediates the desuccinylation of ECHA at K540 site

Building on previous findings that SIRTS5 regulates succinylation on ECHA in the heart of mice?!, we investigated
the role of SIRT5 in modulating ECHA succinylation and stability in HepG2 cells. Results showed that
overexpression of SIRT5 inhibited ECHA succinylation but upregulated the protein level of ECHA (Fig. 5A).
Co-IP revealed the interaction between SIRT5 and ECHA (Fig. 5B). Next, we predicted several succinylation
sites and mutate these sites into arginine (R) using point mutation technique to determine which site is modified
by succinylation. Results suggested that only K540 mutation increased ECHA succinylation and inhibited the
protein level of ECHA in HepG2 cells with SIRT5 overexpression (Fig. 5C). Moreover, we demonstrated that
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Fig. 4. SIRT5 knockdown inhibits the improvement of mitochondrial function in PA-induced HepG2 cells
by DMBG (A) The expression of SIRT5 was measured by qPCR. (B) The glucose consumption was measured
using a Cell Meter 2-NBDG glucose uptake assay kit. (C) Mitochondrial membrane potential was presented
as polymer/monomer of JC-1. (D) Mitochondrial ROS was measured using an ROS assay kit. (E) The protein
levels of p-AMPK, t-AMPK, PGC-1a and SIRT5 was assessed by western blot assay. ***P <0.001 vs. the si-nc
group or the ND group. ##P <0.01 vs. the. PA group. &P <0.05 and &&P<0.01 vs. the PA+ DMBG group.

SIRT5 overexpression inhibited the degradation of ECHA, indicating that SIRT5 overexpression increased
the protein stability of ECHA (Fig. 5D). These results confirmed that SIRT5 overexpression promoted ECHA
desuccinylation at K540 site.

Discussion

Hyperglycemia and abnormal lipid metabolism are hallmark features of T2DM, which, if left uncontrolled, can
lead to serious complications such as nephropathy, hypertension, and coronary heart disease. DMBG is a widely
prescribed therapeutic agent for T2DM management. Compared to insulin or sulfonylureas, DMBG exhibits
minimal side effects, reducing the likelihood of treatment-induced complications??. Previous studies have
demonstrated that DMBG effectively suppresses hyperglycemia in obese individuals by regulating mitochondrial
function. Specifically, it has been shown to enhance mitochondrial respiration, membrane potential, and ATP
levels in HFD-fed mice?’. Horakova et al.>* observed a 25-50% reduction in blood glucose levels in HFD mice
treated with increasing concentrations of DMBG via gavage. Additionally, Hundal et al.? reported that DMBG
significantly reduced liver gluconeogenesis by more than 33% in human subjects. Beyond its effects on glucose
metabolism, DMBG also exerts beneficial influences on lipid homeostasis. For instance, Tehrani et al.?® found
that the combination of DMBG and morin decreased hepatic triglyceride levels and reduced the size and weight
of epididymal white adipose tissue (WAT) and subcutaneous WAT in HFD-fed mice. Cheng et al.?’ further
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Fig. 5. SIRT5 mediated the desuccinylation of ECHA at K540 site (A) Western blot assay was performed to
assess SIRTS5 protein level as well as the succinylation and protein levels of ECHA. (B) The interaction between
SIRT5 and ECHA was assessed by co-IP. (C) Western blot assay demonstrated that SIRT5 overexpression
mediated the desuccinylation of ECHA at K540 site. (D) The stability of ECHA protein was assessed using
western blot after treatment with 10 uM CHX for 0, 6, 12, and 24 h. **P<0.01 and ***P <0.001 vs. the 0 h.

confirmed that DMBG activates the expression of Slc25a47, leading to inhibition of hepatic lipid content,
triglycerides, and cholesterol levels in mice. In this study, we provide comprehensive evidence that DMBG
mitigates multiple aspects of metabolic dysfunction in HFD-fed mice. Our findings demonstrate that DMBG
not only inhibits FFA levels, blood glucose, and insulin but also suppresses liver lipid accumulation and body
weight gain. Moreover, DMBG ameliorates mitochondrial dysfunction, thereby improving overall glucolipid
metabolism in HFD-fed mice. These results collectively underscore the multifaceted mechanisms through which
DMBG exerts its therapeutic effects on metabolic disorders, positioning it as a promising agent for managing
T2DM and associated comorbidities.

SIRT5,amitochondrial desuccinylase, playsa pivotal rolein regulating protein succinylation and mitochondrial
metabolism. Rardin et al.?®demonstrated that succinylated proteins are highly enriched in liver mitochondria,
and the loss of SIRT5 leads to excessive succinylation of mitochondrial proteins, highlighting its critical function
in maintaining mitochondrial homeostasis. SIRT5 has been shown to influence various metabolic pathways.
It suppresses the biochemical activities of the pyruvate dehydrogenase complex and succinate dehydrogenase,
thereby affecting mitochondrial respiration driven by these complexes?. Xiao et al.*® confirmed that in a
subarachnoid hemorrhage mouse model, decreased SIRT5 expression impacts mitochondrial metabolism by
inhibiting succinylated citrate synthase and ATP synthase subunits, leading to reduced ATP production and
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increased ROS generation. Recent studies have also implicated SIRT5 in glucose metabolism. Wang et al.?! found
that the absence of SIRT5 in brown adipose tissue impairs the transition from free fatty acids to glucose. Zhang
et al.3? reported that LPS treatment in SIRT5-deficient mice resulted in lower blood glucose levels and higher
insulin levels, suggesting a role for SIRT5 in glucose homeostasis. Ou et al.>* observed that SIRT5 knockdown
in mesenchymal stem cells reduced ROS accumulation and increased glucose uptake, further emphasizing
its involvement in metabolic regulation. In our study, we found that SIRT5 expression was downregulated in
HFD-fed mice but was restored by DMBG treatment through the activation of AMPK. This finding aligns with
previous observations by Buler et al.!3,reinforcing the notion that DMBG can modulate SIRT5 expression via
AMPK signaling. Moreover, DMBG inhibited glucose consumption and improved mitochondrial dysfunction
in palmitic acid (PA)-induced HepG2 cells, effects that were reversed upon SIRT5 knockdown. These results
collectively demonstrate that DMBG ameliorates hyperglycemia and mitochondrial dysfunction by enhancing
SIRTS5 expression.

ECHA isacritical enzyme in mitochondrial fatty acid oxidation, playing an essential role in energy metabolism.
Overexpression of ECHA has been shown to reduce insulin release, thereby influencing glucose levels®*. Pan et
al.l” demonstrated that ECHA acts as a negative regulator of hepatic gluconeogenesis; its downstream metabolite
B-hydroxybutyrate maintains FOXO1 acetylation, which inhibits ECHA-mediated hepatic gluconeogenesis.
Ding et al.?® confirmed that elevated ECHA levels decrease lipid accumulation and steatosis in the mouse liver.
Collectively, these findings highlight the involvement of ECHA in the regulation of glucolipid metabolism.
Additionally, Sadhukhan et al.?! revealed that SIRT5 activates ECHA through deacetylation, modulating cardiac
fatty acid metabolism and ATP production. However, the extent to which ECHA deacetylation influences glucose
and lipid metabolism remains an open question. In this study, we provide novel insights into the regulatory
mechanisms involving SIRT5 and ECHA. Specifically, our results demonstrate that overexpression of SIRT5
promotes desuccinylation of ECHA at the K540 site. This post-translational modification not only alters the
functional state of ECHA but also enhances its protein stability, leading to increased ECHA protein levels. The
identification of K540 as a specific succinylation site regulated by SIRT5 underscores the intricate interplay
between post-translational modifications and metabolic enzyme function.

In conclusion, our study definitively demonstrates that DMBG ameliorated hepatic glucose and lipid metabolic
disorders as well as mitochondrial dysfunction in HFD-fed mice through SIRT5-mediated desuccinylation of
ECHA. These findings suggest a promising therapeutic target for addressing hyperglycemia and lipid metabolism
abnormalities in T2DM.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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