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ARTICLE
Acetyl-CoA synthetase 2 promotes diabetic renal tubular

injury in mice by rewiring fatty acid metabolism through
SIRT1/ChREBP pathway

Jian Lu', Xue-qi Li%, Pei-pei Chen?, Jia-xiu Zhang?, Liang Li?, Gui-hua Wang?, Xiao-gi Liu®, Chun-ming Jiang'™ and Kun-ling Ma>*

Diabetic nephropathy (DN) is characterized by chronic low-grade renal inflammatory responses, which greatly contribute to disease
progression. Abnormal glucose metabolism disrupts renal lipid metabolism, leading to lipid accumulation, nephrotoxicity, and
subsequent aseptic renal interstitial inflammation. In this study, we investigated the mechanisms underlying the renal inflammation in
diabetes, driven by glucose-lipid metabolic rearrangement with a focus on the role of acetyl-CoA synthetase 2 (ACSS2) in lipid
accumulation and renal tubular injury. Diabetic models were established in mice by the injection of streptozotocin and in human renal
tubular epithelial HK-2 cells cultured under a high glucose (HG, 30 mmol/L) condition. We showed that the expression levels of ACSS2
were significantly increased in renal tubular epithelial cells (RTECs) from the diabetic mice and human diabetic kidney biopsy samples,
and ACSS2 was co-localized with the pro-inflammatory cytokine IL-18 in RTECs. Diabetic ACSS2-deficient mice exhibited reduced renal
tubular injury and inflammatory responses. Similarly, ACSS2 knockdown or inhibition of ACSS2 by ACSS2i (10 pmol/L) in HK-2 cells
significantly ameliorated HG-induced inflammation, mitochondrial stress, and fatty acid synthesis. Molecular docking revealed that
ACSS2 interacted with Sirtuin 1 (SIRT1). In HG-treated HK-2 cells, we demonstrated that ACSS2 suppressed SIRT1 expression and
activated fatty acid synthesis by modulating SIRT1-carbohydrate responsive element binding protein (ChREBP) activity, leading to
mitochondrial oxidative stress and inflammation. We conclude that ACSS2 promotes mitochondrial oxidative stress and renal tubular
inflammation in DN by regulating the SIRT1-ChREBP pathway. This highlights the potential therapeutic value of pharmacological

inhibition of ACSS2 for alleviating renal inflammation and dysregulation of fatty acid metabolic homeostasis in DN.
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INTRODUCTION
Diabetic nephropathy (DN) is a progressive microvascular
complication associated with diabetes, wherein renal tubular
injury plays a dual role as both a victim and contributor to DN
progression [1, 2]. Recent evidence suggests that injury to
proximal renal tubular epithelial cells (RTECs) occurs in the early
stages of DN and persists throughout the disease process [3]. To
better understand the pathogenic mechanisms underlying tubular
injury and prevent renal damage in DN, novel studies and
targeted treatments are needed. Chronic low-grade inflammation
in the kidneys has been implicated in the pathogenesis of DN,
with increased inflammatory cell infiltration and accumulation of
inflammatory cytokines causing damage and ultimately promot-
ing renal dysfunction [4, 5]. However, the origin of this
inflammatory process remains unclear despite substantial evi-
dence supporting its causative role in DN progression.
Interleukin-1pB (IL-1B) has been identified as an initiator of the
renal inflammatory response associated with DN [6, 7]. Interest-
ingly, RTECs rather than immune cells are the primary source of

IL-13. In the diabetic kidneys, IL-13 expression is significantly
upregulated in RTECs, prompting further investigation into the
potential mechanism underlying IL-1f production in these cells.
Although abnormalities in glucose and lipid metabolism,
mitochondrial dysfunction, and oxidative stress form a vicious
cycle that ultimately leads to renal inflammation and tubular
dysfunction in DN [8, 9], the regulation of pro-inflammatory
responses in RTECs by these metabolic changes remains poorly
understood.

Acetyl-CoA synthetase 2 (ACSS2) is predominantly recognized
as a vital catalytic enzyme responsible for the alternative pathway
for acetyl-CoA synthesis [10]. Most studies on the pathogenic
contributions of ACSS2 have focused on its pro-resolving effects,
including those on autophagy and lysosome biogenesis [11, 12].
ACSS2 has also been shown to modulate lipid metabolism [13].
ACSS2-deficient mice with high-fat diet exhibiting reduced body
weight and attenuated hepatic steatosis [11]. However, the
pathogenic mechanisms of ACSS2 in RTECs of diabetic mice
remain poorly characterized.
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Emerging evidence suggests that abnormal fatty acid metabo-
lism exacerbates diabetic renal tubular dysfunction [14]. The
present study was designed to explore the role of ACSS2 in renal
inflammation in DN. Mechanistically, ACSS2 contributed to
mitochondrial oxidative stress and inflammation by promoting
ChREBP-mediated lipogenesis through interactions with Sirtuin 1
(SIRT1). We propose that ACSS2-mediated regulation of fatty acid
metabolism plays a distinct role in mitochondrial injury of RTECs
and chronic renal inflammation in DN.

MATERIALS AND METHODS

Reagents

The following chemical reagents were utilized in this study: ACSS2
inhibitor (Cat no: S8588, Selleck, Houston, Texas, USA); Streptozotocin
(STZ, Cat no: S0130, Sigma, St. Louis, MO, USA); EX527 (Cat no: HY-
15452, MedChemExpress, New Jersey, USA); Lotus Tetragonolobus
Lectin (LTL, Cat no: FL-1321-2, ThermoFisher Scientific, Waltham, MA,
USA); JC-1 (Cat no: C2006, Beyotime, Shanghai, China); dihydroethi-
dium (DHE, Cat no: S0063, Beyotime, Shanghai, China); Reactive
oxygen species (ROS) assay kit (Cat no: S0033S, Beyotime, Shanghai,
China); MitoSOX Red Mitochondrial Superoxide Indicator (Cat no:
RM02822, Abclonal, Wuhan, Hubei, China); and 4, 4-difluoro-1, 3, 5, 7,
8-pentamethyl-4-bora-3a, 4a-diaza-s-indacene (BODIPY, Cat no:
D3822, ThermoFisher Scientific, Waltham, MA, USA).

The following primary antibodies were employed in this study:
anti-ACSS2 (Cat no: ab133664) from Abcam (Cambridge, MA, UK);
anti-kidney injury molecule1 (KIM-1, Cat no: sc-518008) from Santa
Cruz (Dallas, Texas, USA); anti-IL-1B (Cat no: 12242) and anti-SIRT1
(Cat no: 8469) from Cell Signaling Technology (Danvers, Massa-
chusetts, USA); anti-adipophilin (ADRP, Cat no: 15294-1-AP); anti-
fatty acid synthetase (FASN, Cat no: 10624-2-AP); ChREBP (Cat no:
13256-1-AP); carnitine palmitoyltransferase 1A (CPT1A, Cat no:
15184-1-AP) from Proteintech (Wuhan, Hubei, China); and anti-IL-6
(Cat no: DF6087) and anti-MCP-1 (Cat no: DF7577) from Affinity
Biosciences (Changzhou, Jiangsu, China).

Human kidney tissue samples

The renal tissue samples from biopsy-proven DN patients from
Nanjing Drum Tower Hospital were enrolled in this study. Control
para-cancerous renal tissue samples were collected from indivi-
duals undergoing tumor nephrectomies, who displayed no clinical
manifestations of diabetes or kidney disease. The study design
adhered to the Declaration of Helsinki and received approval from
the Ethics Committee of Nanjing Drum Tower Hospital, Affiliated
Hospital of Medical School, Nanjing University.

Construction of the ACSS2 gene knockout mouse model

Male C57BL/6J ACSS2 knockout (ACSS2 KO) mice were generated
by GemPharmatech Biosciences Inc (Nanjing, Jiangsu, China). Real-
time PCR determined genotyping for all mice. Male homozygous
ACSS2 KO transgenic mice and their wild-type littermate controls,
aged 6-8 weeks, were included in subsequent modeling and
observation. The animal experimental protocols were approved by
the Review Committee of Nanjing University School of Medicine
and adhered to institutional guidelines.

Diabetic mouse model

An experimental diabetic mice model was induced in 8-week-old
wild-type and ACSS2 KO mice via intraperitoneal injection of STZ.
STZ (50 mg/kg body weight) was dissolved in sodium citrate
buffer and administered intraperitoneally for five consecutive
days. Control mice received vebhicle citrate buffer at an equivalent
dose. Mice with fasting glucose levels exceeding 16.7 mmol/L, two
weeks post-STZ intervention, were considered diabetic and
included in the study. The mice were then divided into four
groups: control (Ctrl) (n = 6), ACSS2 knockout (ACSS2 KO) (n =5),
diabetes (DM) (n=6), and ACSS2 knockout diabetes (ACSS2
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KO + DM) (n = 6). The mice were humanely euthanized 12 weeks
after STZ-induced successful modeling.

Immunofluorescent staining

Paraffin-embedded kidney sections were washed, and bovine
serum albumin was applied to block nonspecific staining. Next,
primary antibodies at appropriate concentrations were incubated
at 4°C overnight, followed by secondary antibodies conjugated
with Alexa Fluor 594/488, which were applied at room tempera-
ture for one hour. After washing, sections were stained with DAPI
and fluorescence intensity was detected.

Cell experiments

HK-2 cells were stimulated with D-glucose at a final concentration
of 30 mmol/L for 24 h. Concurrently, cells were exposed to either
the ACSS2 inhibitor (10 pmol/L) or EX527 (10 pmol/L).

Small-interfering RNA transfection

HK-2 cells were transfected with ACSS2 siRNA and scrambled siRNA,
employing Lipofectamine 2000 transfection reagent. Scrambled
siRNA was used as a negative control in the control group. The
human ACSS2 siRNA sequence (5-CCTTCCACAAATACGGAAATT-3')
was chemically synthesized by GenePharma (Shanghai, China).

Real-time PCR

RNA was extracted from kidney tissues and HK-2 cells using TRIzol
reagent. Equal amounts of RNA were employed for reverse-
transcription PCR to generate cDNA, which was then amplified using
a 7300 real-time PCR detection system (Applied Biosystems, USA).
mRNA expression levels were analyzed using the AACt method, with
gene expression normalized to B-actin as an internal RNA control.

Western blot

Whole-cell extracts from kidney tissues and HK-2 cells were
obtained by lysing cells in RIPA buffer containing phosphatase
inhibitors, protease inhibitors, and phenylmethylsulfonyl fluoride
(PMSF). Cell lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene fluoride membranes, and subsequently probed
with primary and secondary antibodies as previously described.

Reactive oxygen species (ROS) assay

The 2'7'-dichlorofluorescein diacetate (DCFH-DA) probe was
diluted in serum-free cell culture medium. After medium removal,
cells were incubated with DCFH-DA at 37 °C for one hour. The
culture medium was then aspirated and replaced with serum-free
medium, followed by fluorescence detection under FITC fluores-
cence detection conditions. DHE probes were employed to
determine superoxide anion levels.

BODIPY staining

Cellular lipids were stained with BODIPY for 30 min, and then
processed for immunofluorescence intensity detection according
to a previously described method [15].

JC-1 staining

The JC-1 fluorescent probe was utilized to assess the mitochon-
drial membrane potential of HK-2 cells, as previously detailed [16].
HK-2 cells were seeded into 6-well plates at an appropriate
density. Following supernatant removal, cells were incubated with
JC-1 staining solution at 37 °C for 30 min. Subsequently, HK-2 cells
were washed with JC-1 staining buffer and observed using a
fluorescence microscope.

Mitochondrial ultrastructure detection
Kidney tissues were collected from mice and prepared for electron
microscopy. The morphology of mitochondria in RTECs was
examined as previously reported [17].
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Statistical analysis

All data were presented as mean * SD. Student’s t-test or one-way
ANOVA with Bonferroni correction was applied as appropriate. A
P-value < 0.05 was deemed statistically significant. Data analysis
was performed using GraphPad Prism version 7.0 (GraphPad
Software Inc., San Diego, CA, USA).

RESULTS

Increased ACSS2 expression in RTECs of diabetic mice and human
individuals with DN

Transcriptomic data analysis from Humphreys Lab Single Cell
Portal (http://humphreyslab.com/SingleCell/) [18] revealed that
ACSS2 was predominantly expressed in glomerular podocytes and
RTECs (Fig. 1a). To explore the potential involvement of ACSS2 in
the pathogenesis of diabetic renal tubular injury, we examined its
expression levels in diabetic kidneys. Co-localization of ACSS2 with
renal tubular injury biomarker KIM-1 was confirmed by immuno-
fluorescence staining in the renal cortex isolated from human
individuals with biopsy-proven DN (Fig. 1b). Accumulation of

inflammatory mediators, such as cytokine IL-1B, is known to
promote renal dysfunction in DN. Compared to the control group,
IL-1B expression in RTECs was significantly increased in the kidney
of patients with DN (Fig. 1c). Consistent with human data, IL-13
expression in renal tubular tissues was more abundant in areas
with elevated ACSS2 expression in RTECs during DN (Fig. 1d).
Western blot analysis further verified that ACSS2 was significantly
upregulated in the renal tissue of diabetic mice (Fig. 1e).
Collectively, these findings suggest that ACSS2 upregulation
may contribute to IL-13 production and inflammation in RTECs
during DN.

ACSS2 contributes to mitochondrial oxidative stress and the
inflammatory response in RTECs under high-glucose (HG)
conditions in vitro

To further elucidate the pathogenic role of ACSS2 in RTECs, HK-2
cells were subjected to either low (5.5 mmol/L) or HG (30 mmol/L)
conditions for 24 h. HK-2 cells exposed to HG exhibited increased
ACSS2 expression, as demonstrated by immunofluorescent stain-
ing and Western blot analysis (Fig. 2a). Inhibition of ACSS2 led to
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Fig. 1

ACSS2 upregulation in renal tubular epithelial cells (RTECs) of in vivo murine STZ-induced diabetic models and patients with

biopsy-proven DN. a Online transcriptome data revealed ACSS2 predominantly expressed in renal podocytes and RTECs (EC endothelial
cells, PT proximal tubule). b Immunofluorescence staining of kidney injury markers KIM-1 (red) and ACSS2 (green), and DAPI (blue) in kidney
sections from patients with biopsy-proven DN and the control. Scale bars, 100 pm. ¢ Immunofluorescence staining of IL-1p (red) and ACSS2
(green), and DAPI (blue) in kidney sections from patients with biopsy-proven DN and control individuals. Scale bars, 50 pm.
d Immunofluorescence staining of IL-1B (red) and ACSS2 (green), and DAPI (blue) in kidney sections from diabetic mice and control
group. Scale bars, 100 pm. e ACSS2 protein expression in the kidneys from diabetic mice and control mice. Mean + SD. n =4, P < 0.05 vs. Ctrl.
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Fig. 2 ACSS2’s role in the inflammatory response and mitochondrial oxidative stress in HK-2 cells under HG challenges. For (a-c) and
(g -j), HK2 cells were treated for 24h with HG (30 mmol/L) with or without ACSS2 inhibitor (ACSS2i, 10 pmol/L). Mean+SD. n=3
"P<0.05, “P<0.01 vs. Ctrl, *P < 0.05, *#P < 0.01 vs. HG. a ACSS2 protein expre55|on in HK-2 cells determined by immunofluorescence stalnlng
with ACSS2 (green) and DAPI (blue). Scale bars, 100 um. b, ¢ mRNA expression of pro-inflammatory factors MCP-1, IL-1, IL-6, and kidney injury
marker KIM-1 in HK-2 cells. For (d-f), HK-2 cells were transfected with ACSS2 siRNA (siRNA) or negatlve control siRNA (siControl) after
treatment with HG (30 mmol/L) for 24h. Mean +SD. n=3, "P<0.05, “P<0.01, P <0.001 vs. siControl; *P < 0.05, *P < 0.01 vs. HG+siControl.
d Western blot analysis of ACSS2 protein expression in HK-2 cells confirming ACSS2 knockdown by specific siRNA. e Relative mRNA and
protein expression of MCP-1, IL-1p, and IL-6 in ACSS2-deficient HK-2 cells compared to control. f Relative mRNA expression of KIM-1 in HK-2
cells. g-i DCFH-DA (g), MitoSOX Red (h), and DHE staining (i) of HK-2 cells. Scale bars, 50 or 100 pm. j Mitochondrial membrane potential
staining (JC-1) was detected in HK-2 cells. Scale bars, 50 pm.
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decreased mRNA expression of pro-inflammatory factors (MCP-1,
IL-6, and IL-1$3) and renal injury marker KIM-1 in HG-induced HK-2
cells (Fig. 2b, c). We also employed ACSS2 siRNA to knock down
ACSS2 expression, confirming specific knockdown of ACSS2 at the
protein level (Fig. 2d). Consistently, pro-inflammatory factors
(MCP-1, IL-6, and IL-1B) (Fig. 2e) and renal injury marker KIM-1
(Fig. 2f) expression levels were reduced by ACSS2 siRNA.

We further assessed the impact of ACSS2 on mitochondrial
oxidative stress in HK-2 cells. DCFH-DA staining demonstrated
increased ROS levels in HG-treated HK-2 cells compared to vehicle
control cells, which were reduced upon ACSS2 inhibition (Fig. 2g).
Mitochondrial ROS levels in HK-2 cells were determined using the
fluorogenic dye MitoSOX Red, revealing a significant increase in
red fluorescence intensity following HG exposure (Fig. 2h).
Dihydroethidium (DHE) staining, which exhibits red nuclear
fluorescence when oxidized by ROS, displayed increased fluores-
cence intensity in HG-treated HK-2 cells, while ACSS2 knockdown
reduced this intensity (Fig. 2i). JC-1 staining was employed to
detect mitochondrial membrane potential, with a transition from
red to green fluorescence indicating decreased membrane
potential. This transition was observed in HG-treated HK-2 cells
and was inhibited upon ACSS2 suppression (Fig. 2j). In summary,
these results demonstrate that ACSS2 promotes inflammatory
response and mitochondrial oxidative stress in RTECs under HG
conditions.

ACSS2 deletion protects against diabetes-induced renal tubular
injury, mitochondrial oxidative stress, and inflammation

To elucidate the role of ACSS2 in diabetes-induced renal tubular
injury, ACSS2 knockout (ACSS2 KO) mice were generated by
deleting the ACSS2 gene. Both ACSS2 KO mice and their wild-type
littermates were used to establish a diabetic mouse model, which
was induced by administering intraperitoneal injections of STZ
(50 mg/kg) for five consecutive days. Mice were sacrificed 12 weeks
after successful model establishment (Fig. 3a). Notably, a
significant decrease in ACSS2 expression was observed in the
kidneys of ACSS2 KO mice, especially in the renal tubules (Fig. 3b,
c). At baseline, no kidney morphological abnormalities were
observed in ACSS2 KO mice as determined by Periodic Acid-Schiff
(PAS) staining. In comparison to diabetic wild-type mice, diabetic
mice with ACSS2 deletion exhibited reduced renal tubular injury
(Fig. 3d). Furthermore, protein expression of apical kidney injury
molecule-1 (KIM-1), as assessed by immunofluorescent staining,
was increased in RTECs of diabetic mice but significantly down-
regulated in diabetic kidneys with ACSS2 deletion (Fig. 3e).
Consistently, mRNA expression of KIM-1 and neutrophil
gelatinase-associated lipocalin (NGAL) was upregulated in diabetic
mouse kidneys 12 weeks post-induction but decreased in ACSS2-
deleted diabetic kidneys (Fig. 3f).

Previous studies have demonstrated that mitochondrial
dysfunction-mediated ROS production contributes to inflamma-
tion. Therefore, we investigated the protective effects of ACSS2
deficiency on mitochondrial deficits in diabetic mice. As shown in
Fig. 39, no morphological differences in mitochondria were
observed in the renal tubule epithelium of ACSS2 KO mice
compared to wild-type mice. However, following diabetes
induction, mitochondrial fragmentation, swelling, loss of cristae,
and vacuoles in the mitochondrial matrix were observed in RTECs
of wild-type diabetic mice. These abnormalities were dramatically
ameliorated in ACSS2-deficient diabetic kidneys, indicating that
ACSS2 deficiency mitigated mitochondrial dysfunction and kidney
tubular injuries in diabetic mice. Our preliminary in vitro study
suggested that ACSS2 promoted the conversion of RTECs to a pro-
inflammatory phenotype. Consequently, we sought to determine
whether the absence of ACSS2 in STZ-induced diabetic mice was
associated with ameliorated renal tubular cell inflammation.
Indeed, diabetic mice exhibited increased MCP-1, IL-6, and IL-13
MCP-1T mRNA or protein expression in the kidney compared to
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control mice, which were significantly decreased in diabetic
mice with ACSS2 KO (Fig. 3h-j). Collectively, these findings
demonstrate the detrimental role of ACSS2 in mitochondrial injury
and inflammation of RTECs in diabetic mice.

ACSS2 deficiency mitigates fatty acid accumulation in RTECs of
diabetic mice

Previous studies have established that ACSS2 modulates fatty acid
metabolism. Thus, we investigated the impact of ACSS2 deletion
on fatty acid accumulation in the RTECs of diabetic mice. Oil red O
staining revealed that ACSS2 deletion diminished lipid accumula-
tion in the kidneys, compared to the diabetic model group
(Fig. 4a). Adipose differentiation-related protein adipophilin
(ADRP) is localized on lipid droplets, with its expression
abundance reflecting the degree of lipid droplet accumulation
[19]. ADRP immunofluorescence staining results demonstrated
substantial lipid deposition in the RTECs of diabetic mice, which
was reduced in diabetic mice lacking the ACSS2 gene (Fig. 4b). In
line with in vivo findings, ACSS2 inhibitor treatment curtailed lipid
droplet accumulation in HG-treated HK-2 cells, as evidenced by
BODIPY staining (Fig. 4c). Collectively, these findings indicate that
ACSS2 depletion alleviates excessive intrarenal fatty acid accumu-
lation in diabetic mouse kidneys and HG-induced HK-2 cells.

ACSS2 inhibition mitigates fatty acid synthesis-related gene
expression in HG-treated RTECs
Cellular metabolic reprogramming plays a crucial role in support-
ing the inflammatory phenotype. We speculated that ACSS2
fosters inflammation by altering the fatty acid metabolic pattern
of RTECs. Considering ACSS2’s role in driving adipogenesis and
renal tubular cells’ reliance on fatty acid oxidation for energy, we
examined cellular fatty acid metabolic homeostasis, regulated by
fatty acid uptake, de novo synthesis, and oxidation processes
(Fig. 5a) [20]. To elucidate the mechanisms underlying HG-induced
lipid accumulation, we assessed the expression of key lipogenic
genes, fatty acid synthetase (FASN), acetyl-CoA carboxylase (ACC),
and stearoyl-CoA desaturasel (SCD1) in HK-2 cells. Interestingly,
HG treatment upregulated FASN, ACC, and SCD1 expression,
which was significantly suppressed by ACSS2 inhibition. Moreover,
ACSS2 inhibition restored carnitine palmitoyltransferase 1A
(CPT1A) expression but did not significantly affect fatty acid
uptake-related gene expression of FATP2 and CD36 (Fig. 5b, c).
Carbohydrate response-element-binding protein (ChREBP) is an
essential transcription factor regulating fatty acid metabolism
gene expression. Our in vitro and in vivo findings also suggest that
ACSS2 positively modulates ChREBP expression (Fig. 5c, d).
Immunofluorescence staining and Western blot analysis of
mouse-based experiments further corroborated these observa-
tions. Consequently, ACSS2 gene knockout significantly decreased
ChREBP and FASN expression while increasing CPT1A expression
in the kidneys (Fig. 5d, e). Overall, these data demonstrate that
ACSS2 stimulates lipogenesis and suppresses fatty acid oxidation
during the pro-inflammatory process in diabetes-induced RTECs.

ACSS2 interacts with SIRT1 and suppresses SIRT1 expression

In the context of chronic hyperglycemia-induced energy overload,
the precise role of ACSS2-mediated metabolic reprogramming in
modulating ChREBP activity remained elusive. Given that the
deacetylase SIRT1 serves as a key upstream metabolic regulator
activated in response to energy stress [21], we focused on its
potential involvement. Prior research has demonstrated an
interaction between SIRT1 and ChREBP [22], prompting us to
investigate whether SIRT1 participates in ACSS2-induced ChREBP
expression. We analyzed molecular docking data for ACSS2 on
SIRT1 using the AutoDock software (https://www.rcsb.org) (Fig. 6a).
SIRT1 protein expression levels were found to be reduced in
diabetic kidneys and in HK-2 cells treated with HG (Fig. 6b).
Deletion and the inhibititon of ACSS2 led to an increase in SIRT1
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of STZ (50 mg/kg) for five consecutive days, and the mice were sacrificed in the 12th week after successful modeling. n=5-6, P<0.01,
P <0.001 vs. Ctrl, *P < 0.05, *#P < 0.01 vs. DM. a A schematic representation of the mouse model. b Representative Western blot images and
densitometric analysis of ACSS2 protein expression in the renal cortex of mice. Mean + SD, n = 3. ¢ Immunofluorescent staining of ACSS2 and
Lotus Tetragonolobus Lectin (LTL) in mouse kidneys. Scale bars, 200 pm. d Representative sections of PAS staining of kidney tissues. Scale bars,
20 um. e Representative images for immunofluorescence staining showing KIM-1 expression. Scale bars, 50 pm. f mRNA levels of KIM-1 and
NGAL in mouse renal cortices. g Representative transmission electron microscopy (TEM) images of renal tubular mitochondria from different
groups of mice. Scale bars, 1 pm. h Representative immunofluorescent staining of IL-1p in mouse kidneys. Scale bars, 200 pm. i, j The mRNA
and protein levels of MCP-1, IL-1f and IL-6 in mouse renal cortices. Mean +SD, n = 3.
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expression in HG-induced HK-2 cells (Fig. 6¢, d) and RTECs of
diabetic mice (Fig. 6e, f). Thereby, ACSS2 interacts with SIRT1 to
suppress SIRT1 activity.

ACSS2 promots inflammation and mitochondrial oxidative stress
by suppressing SIRT1 activity

As we have demonstrated, SIRT1 is a downstream target of ACSS2.
We wanted to investigate whether SIRT1 mediates ACSS2-induced
mitochondrial oxidative stress and inflammation in RTECs under
HG treatment conditions. To this end, we inhibited ACSS2 activity
in HK-2 cells and then treated them with the SIRT1 inhibitor EX527.
We found that the inhibition of SIRT1 partially rescued the
expression of both ChREBP and FASN. Moreover, EX527 partially
reversed the restoration of CPTTA expression that was mediated
by ACSS2 inhibition in HG-treated HK-2 cells (Fig. 7a). The
beneficial effect of inhibiting ACSS2 activity on inflammation
and mitochondrial oxidative stress in HG-treated HK-2 cells was
partially reversed by EX527 (Fig. 7b, c). Collectively, our findings
suggest that ACSS2 interacts with SIRT1 to facilitate ChREBP-
dependent lipogenesis and CPT1A suppression, thereby promot-
ing inflammation and mitochondrial oxidative stress in RTECs
under diabetes conditions.

DISCUSSION

Renal inflammation plays a pivotal role in the development of DN
in both human and animal models; however, the underlying
mechanisms initiating and propagating the inflammatory
response remain largely elusive. In this study, we propose a novel
molecular mechanism involving ACSS2 in the dysfunction of fatty
acid metabolism, mitochondrial oxidative stress, and renal tubular
inflammation during DN. Our data robustly demonstrate that
ACSS2, an enzyme mainly expressed in RTECs, significantly co-
localizes with pro-inflammatory cytokine IL-1pB, thereby establish-
ing a molecular link between fatty acid metabolic reprogramming
and inflammation in the kidney during DN.

SPRINGER NATURE

The primary biological function of ACSS2 is to convert acetate
and CoA into acetyl-CoA [10]. Few studies have established a
pathogenetic connection between ACSS2 and chronic inflamma-
tory diseases such as DN. Recent findings showed that diet-
induced obese mice with ACSS2 deletion exhibited a lean
phenotype and substantial improvement in hepatic steatosis
due to reduced lipid transportation and enhanced lipid utilization
[11]. Notably, ACSS2 co-localized with renal injury marker KIM-1,
and ACSS2 upregulation was corroborated by immunofluores-
cence staining in renal cortex samples from individuals with
biopsy-proven DN. These findings prompted further investigation
into the potential relationship between ACSS2 upregulation and
RTECs damage in DN.

Traditionally, hyperglycemia has been considered the main
driver of chronic inflammation in type 2 diabetes; however, recent
evidence indicates that the interplay between fatty acid metabo-
lism imbalance and mitochondrial dysfunction is the primary
cause of chronic inflammation in type 2 diabetes [23, 24].
Metabolically driven IL-1B production initiates chronic sterile
inflammation and exacerbates diabetes-associated macrovascular
and microvascular complications. Fatty acids have been shown to
induce IL-1a-mediated vascular inflammation by uncoupling
mitochondrial respiration, thereby substantially eliciting IL-18
production and diabetic vascular inflammation [25]. These
findings highlight a crucial connection between cellular metabolic
stress and innate inflammatory responses. Recent evidence also
demonstrated that RTECs are the primary sources of IL-1f in
diabetic kidneys. IL-13 can sustain the pro-inflammatory pheno-
type of macrophages and promote renal accumulation of pro-
inflammatory cytokines, ultimately increasing salt sensitivity in
diabetic mice [26]. In line with these observations, our findings
provide evidence that ACSS2 contributes to IL-13 expression in
RTECs and diabetic renal inflammation. These results suggest that
pharmacological inhibition of ACSS2 may represent a promising
therapeutic strategy for DN and other chronic inflammatory
diseases.
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Indeed, lipid derivatives known as fatty acids are critical for
cellular energy metabolism and normal structure [27, 28]. How-
ever, excess free fatty acids, generated through the upregulation
of fatty acid synthesis, might promote IL-1f production by
inducing the production of ROS and impairing mitophagy
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[29, 30]. Increased lipid metabolism is a notable metabolic
pathway in M1-like pro-inflammatory macrophages. The repro-
gramming of fatty acid metabolism guides immune functions,
including NLRP3 inflammasome activation. Ceramide, a lipid
derivative, activates IL-1f production in macrophages by

Acta Pharmacologica Sinica (2024) 45:366 —377



Acetyl-CoA Synthetase 2 and diabetic renal tubular injury

JLu etal
375
a Vehicle EX527 b Vehicle EX527
HG - + + = + + HG - + * - + +
ACSS2i - - 4+ = = ACSS2i - - + =__=__&
ChREBP| wous #o% o s S #6500 L6 =% == ° MM e = 2u0a
FASN |y g bt oy g usd (270kDa MCP-1
CPTIA| SIS weee SWR @ wsew W (86kDa IL-1B
i |
-actin| — GE—— GEEND e=D GEND G 42kDa :
B-act B-actin | GHD GEND > GEEP GRND @ 42kDa
ChREBP FASN CPT1A
20 . 25 15
_55 15 $ §§ 20 dkk $$$ 5% s
o= 2= 45 oL 10 okk
G c #H ac 1 iiid & c $$$
08 10 o -2 o .S
2 3 =g 10 29
3§ 05 3§ 05 LY B
« ¥ c g
0.0 0.0 ® 00
HG - + + - + + HG - + + - + + HG - + + - + +
ACSS2i - - + - - + ACSS2i - - + - - + ACSS2i - - + = - 4
EX527 - = = + + 4 EX527 - — - % 4 + EX527 - - - + + +
IL-6 - IL-1
, MCP-1 B $$
- 2.0 $ 2.0 - .
£ = ) 3
gg* 9 15 2 P 15 #
* ac ac
0.2 oS 1.0 oS 10
282 # 28 2 4
oo T O S D g5
© S 1 o 5 95 © S
3 ¢ R X
0 ® 00 0.0
HG - + + - + + HG = % & = 4 & HG - + + - + +
ACSS2i - - + - - + ACSS2i - - 4+ - - + ACSS2i - - + - - +
EX527 - - - + + + EX527 - - - + + + EX527 - - - + + +
c DMSO EX527
Ctrl HG HG+ACSS2i
<
Q
I
[T
(6]
[a]
8
- ®
1 O
(S
S o
o)
@©

100 pm

JC-1
monomers

100 pm

Merge

Fig. 7 ACSS2 promoting inflammation and mitochondrial oxidative stress of RTECs by suppressing SIRT1 activity. The SIRT1 inhibitor
EX527 reverses the effect of ACSS2 inhibitor in HG-treated HK-2 cells.n = 3, "P < 0.05, "P < 0.01,” P < 0.001 vs. Ctrl; *P < 0.05, *P < 0.01, ***P < 0.001
vs. HG; *P < 0.05, **P < 0.01, ***P < 0.001 vs. HG+ACSS2i. a Relative protein expression of ChREBP, FASN, and CPT1A in HK-2 cells. b Relative protein
expression of MCP-1, IL-1B, and IL-6 in HK-2 cells. ¢ DCFH-DA and JC-1 staining was detected in HK-2 cells. Scale bars, 200 or 100 pm.

Acta Pharmacologica Si

inica (2024) 45:366 -377

SPRINGER NATURE



Acetyl-CoA Synthetase 2 and diabetic renal tubular injury
JLuetal

376

modulating oxidative stress during obesity-induced chronic
inflammation [29]. Furthermore, fatty acid metabolism alters
membrane lipid compositions, subsequently  stimulating
TLR4 signaling in immune cells [31]. Notably, fatty acid synthesis
is a characteristic feature of the inflammatory response in both
innate and adaptive immune systems. FASN is the only enzyme
that converts acetyl-CoA and malonyl-CoA into palmitate, and
excessive palmitate synthesis serves as a crucial driving factor of
cellular metabolic dysfunction. The FASN inhibitor ASC40
prevented the release of pro-inflammatory cytokines, reduced
metabolic parameters, and hepatic histological severity scores in
a diet-induced NASH mouse model. These results suggest that
the inhibition of FASN is an effective strategy to improve organ
lipid deposition and mitigate pathological damages [32]. In this
study, we established a robust association between ACSS2, fatty
acid synthesis, and inflammation. We discovered that hypergly-
cemia stimulation in RTECs induced fatty acid anabolism
disorder mediated by ACSS2 activation, thereby controlling the
inflammatory response. This finding reinforces the link between
fatty acid anabolism and metabolic inflammation in diabetic
RTECs. We identified a previously unreported RTECs response to
ACSS2 that is mainly specific to the fatty acid-inflammation
signaling pathways.

Previous research has suggested that ACSS2 may be a critical
enzyme for the interplay between glucose and lipid metabolism
disorders [33]. Fructose intake has been shown to promote
intestinal acetate synthesis, subsequently triggering liver lipid
synthesis in a microbial fermentation-dependent manner. How-
ever, when antibiotics were used to interfere with the micro-
biome’s fermentation to produce acetate, hepatic lipid synthesis
was inhibited [34]. Our prior work also demonstrated a significant
increase in plasma acetate levels in diabetic rats [35]. In the
present study, upregulation of ACSS2 expression promoted
ChREBP-mediated fatty acid synthesis and renal inflammation in
diabetic RTECs. Based on these findings, we hypothesize that an
imbalance in the intestinal microbiota promotes acetate produc-
tion in diabetic mice, serving as a substrate for ACSS2 and driving
ACSS2-mediated renal fatty acid synthesis. The specific regulatory
mechanism by which intestinal microbiota drives acetate synth-
esis and activates ACSS2 in RTECs under diabetic conditions,
however, requires further clarification.

In summary, our findings reveal that genetic deletion of ACSS2
mitigates renal tubular injuries and inflammation in diabetic mice.
Mechanistically, ACSS2 promotes fatty acid metabolism disorder
and mitochondrial oxidative stress. This study provides a novel
perspective on the contribution of ACSS2 to metabolic inflamma-
tion and disease progression in DN. Furthermore, our results
suggest that pharmacological inhibition of ACSS2 holds potential
therapeutic promise for DN and other inflammatory diseases.
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