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Abstract

Elevated incidence of metabolic disorders has been reported worldwide in the recent decade, highlighting

the need for developing efficient therapies. These diseases result from a complex interplay of various factors

that contribute to disease progression, complications, and resistance to current treatment options. Acetyl-CoA
Synthetase Short Chain Family Member 2 (ACSS2) is a nucleo-cytosolic enzyme with both lipogenic and metabolic
regulatory roles. Studies on ACSS2 have shown that it is involved in pathways commonly dysregulated in metabolic
disorders, leading to fat deposition and disrupted cellular signaling. Although multiple studies have suggested a
role of ACSS2 in the metabolic rewiring during tumorigenesis, few studies have examined its involvement in the
pathophysiology of metabolic diseases. Recent evidence indicates that ACSS2 may contribute to the pathogenesis
of various metabolic disorders making its examination of great interest and potentially aiding in the development
of new therapeutic strategies. The objective of this review is to summarize the current understanding of ACSS2's
role in metabolic disorders and its potential as a therapeutic target.
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Search strategy

The data for this review was gathered by conducting
a comprehensive search of the PubMed database for
research articles published up to the present. The fol-
lowing keywords were used to identify relevant studies:
ACSS2, ACS1, AceCS1, ACLY, metabolism, NAFLD,
MAFLD, obesity, diabetes, and inflammation. Articles
that discussed molecular and physiological roles of
ACSS2 in relation to metabolic disorders were priori-
tized. The search strategy was refined to include studies
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exploring both mechanistic insights and therapeutic
implications, ensuring a comprehensive review of cur-
rent research in these areas. In addition, a targeted search
was conducted on ClinicalTrials.gov to identify any clini-
cal trials specifically investigating ACSS2. This search
was aimed at assessing the development of potential new
therapeutic approaches that target ACSS2 in metabolic
disorders.

Introduction

Metabolic disorders are a common form of noncom-
municable diseases (NCD) that are highly prevalent
worldwide. They are characterized by a wide range of
complications, making them a serious public health issue
[1]. These diseases represent a spectrum which includes
hypertension (HTN), diabetes mellitus (DM), hyper-
lipidemia (HLD), obesity, and Metabolic Dysfunction-
Associated Fatty Liver Disease (MAFLD). They often
occur together, sharing many common risk factors and
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complications, which can lead to premature death. Data
from 2000 to 2019 showed elevated prevalence rates of all
of these metabolic disorders, with the highest mortality
reported in the Eastern Mediterranean region [1]. Given
that metabolic disorders might greatly affect the lifespan
of the patients, especially that their occurrence and hos-
pitalization is increasing in alarming rates even in young
adults, it is crucial to understand the pathophysiology of
such diseases to develop efficient treatments.

Lipotoxicity, defined as the accumulation of lipids that
disrupts normal cellular functioning, is considered a
common causative factor for metabolic syndrome. For
instance, overwhelming adipose cells with lipid accu-
mulation is correlated with pancreatic B-cells decom-
pensation. This leads to high plasma levels of fatty acids,
a phenomenon known as hyperinsulinemia, which is
associated with the development of metabolic disor-
ders such as obesity and diabetes [2]. Similarly, multiple
studies have reported that lipid metabolism disorders
are associated with the development of MAFLD, further
supporting the role of fatty acids in the pathogenesis of
metabolic diseases [3]. Fatty acids are crucial molecules
in organisms that participate in several metabolic pro-
cesses including lipid synthesis and energy production.
Their ligation to Coenzyme A (CoA) is required for
activation, enabling their integration into various cel-
lular pathways. A key player in acetyl-CoA production
from citrate is ATP-citrate lyase (ACLY), which links
glucose metabolism to lipid synthesis [4]. Acetyl-CoA
can be derived from glucose, fatty acid catabolism, pyru-
vate, and branched-chain amino acids metabolism [5].
Initially, acetyl-CoA is produced within mitochondria,
where it condenses with oxaloacetate to form citrate,
subsequently entering the tricarboxylic acid (TCA)
cycle. To make acetyl-CoA available in the cytosol and
nucleus, citrate is exported from mitochondria through
the citrate—malate shuttle. In the cytosol, ACLY cleaves
citrate into acetyl-CoA and oxaloacetate, supplying ace-
tyl-CoA for lipid biosynthesis, histone acetylation, and
other cellular functions [5]. While ACLY is essential dur-
ing embryogenesis, its inhibition in adult mammals can
be tolerated due to an alternative pathway for acetyl-CoA
production via Acetyl-CoA Synthetase Short-Chain fam-
ily member 2 (ACSS2). ACSS2 is unique in its ability to
produce acetyl-CoA by utilizing free acetate either exog-
enously from the cellular microenvironment or produced
intracellularly from histone deacetylation, especially
under low-energy or low-glucose conditions. In this way,
ACSS2 supports metabolic flexibility, allowing cells to
maintain acetyl-CoA levels when glucose availability is
limited. The discovery of ACSS2 highlights the role of
acetate as an alternative carbon source in acetyl-CoA
production, complementing the glucose-derived pathway
of ACLY [5, 6].
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Acetyl-coenzyme A synthetases (ACSs) are enzymes
that were first identified in yeast [7]. Then, upon examin-
ing the mammalian genes activated by sterol regulatory
element binding proteins (SREBPs), subtractive hybrid-
ization identified three genes with sequence homology
to the ACS gene of yeast. ACSs function in the conver-
sion of acetate into acetyl-CoA, enabling the utilization
of this substrate in various metabolic pathways [8]. Three
members of the ACS family have been identified in the
human genome ACSS1, ACSS2 and ACSS3 [9]. Studies
have shown that both ACSS1 and ACSS2 mainly use ace-
tate as a substrate, while ACSS3 has higher affinity and
utilization of propionate [10, 11]. Studies on the different
expression levels of the isoforms of the enzyme revealed
that ACSS1 is highly present in the heart, skeletal mus-
cle, and brown adipose tissue [12]. In contrast, ACSS2 is
expressed in almost all of the studied tissues, with vary-
ing levels of expression. Notably, high expression levels
of ACSS2 were found in the muscles, kidneys, small and
large intestines, and adipose tissues; moderate expression
levels were found in the lungs, liver, and brain; whereas
the lowest levels were detected in bone marrow and
lymph nodes [12]. Subcellular fractionation revealed that
ACSS1 is a mitochondrial matrix enzyme functioning in
the production of acetyl-CoA needed for energy produc-
tion under ketogenic conditions via the citric acid cycle.
On the other hand, ACSS2 appears to be a nucleo-cyto-
solic enzyme that functions in the cytosol and also trans-
locates to the nucleus under stress conditions. Given that
ACSS2 is found in various tissues, studies on its subcel-
lular localization in each are limited. However, current
studies show that ACSS2 is predominantly located in the
cytosol of ganglion cells of the cranial nerves; while being
a prominent nuclear component in other brain cells such
as neuronal, astroglial and oligodendroglial cells. An
increase in its expression level is observed upon stress,
such as brain injury [12, 13].

While there is still no defined structure for ACSS2 in
humans, it is suggested that the bacterial ACS is com-
posed of 80% amino portion and 20% carboxy portion,
with multiple conserved protein destabilization elements
[14]. ACSS2 is found in various tissues and functions as
a monomer to produce acetyl-CoA from acetate in an
ATP-dependent reaction, providing the active form of
acetate for lipid metabolism and energy production [15].
It is widely suggested that ACSS2 might also play a role
in converting other short chain fatty acids (SCFA) to
their active CoA ligated molecules (SCFA-CoA) such as
converting butyrate and crotonate to butyryl-CoA and
crotonyl-CoA respectively [16, 17]. Also, a recent article
highlighted the role of ACSS2 in converting other sub-
strates such as lactate, into lactyl-CoA which binds to
lysine acetyltransferase 2 A (KAT2A) and lactylate his-
tone H3. Consequently, Wnt/p-catenin, NF-«B, and
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PD-L1 are activated leading to brain tumor growth and
immune evasion [18]. However, a more recent study pro-
posed the need to re-examine the role of ACSS2 in dif-
ferent SCFA conversions, as it was shown that ACSS2
efficiently converted acetate into acetyl-CoA in a hepato-
blastoma cell line (HepG2), but was not able to generate
SCFA-CoA from four carbon fatty acids such as butyr-
ate and crotonate [19]. An explanation for this might be
cell-type dependent, where ACSS2’s function on different
types of substrates could be influenced by the cell type or
tissue origin. A closer examination of its roles in the tis-
sues where it is expressed may provide a clearer under-
standing of its ability to convert different substrates into
their active forms and, thus, their participation in subse-
quent cellular processes.

The regulation of ACSS2

ACSSs activity is primary regulated through reversible
acetylation and deacetylation processes, where they are
deactivated by acetylation. However, the deacetylases
SIRT3 and SIRT1 can reactivate ACSS1 and ACSS2,
respectively, by deacetylating their lysine residues,
thereby enabling the conversion of free acetate into ace-
tyl-CoA. This was demonstrated in experiments testing
the effect of sirtuins on ACSS in cells, where overex-
pression of SIRT3 and SIRT1 reactivated the inactive,
acetylated enzymes, as shown by the enhanced acetate
incorporation and fatty acid synthesis [20]. Further evi-
dence showed that ACSSs are also regulated by phos-
phorylation, which affects their cellular localization.
Unphosphorylated ACSS2 is retained in the cytoplasm;
however, under metabolic stress, ACSS2 phosphorylation
exposes the nuclear localization signal (NLS), allowing
ACSS2 to translocate into the nucleus—where it contrib-
utes to the activation of gene transcription [21]. This sig-
nifies that processes involved in the regulation of ACSS2
activity, represented by the deacetylation and phosphory-
lation epigenic modifications, are important for aiding
the enzyme in the switching between its cytosolic and
nuclear functions.

ACSS2’s dual function

Examining the functions of ACSS2 revealed that it has
a dual role, functioning as a lipogenic and a regulatory
enzyme as well. ACSS2 was initially associated with lipid
metabolism, where, upon cholesterol or fatty acid reduc-
tion, SREBPs -transcription factors regulating cholesterol
and unsaturated fatty acid synthesis — are modified to
produce active proteins that translocate to the nucleus
and activate the expression of genes associated with
lipogenesis, including ACSS2 [8]. This was further sup-
ported by experiments involving the knockout of ACSS2
in mice fed with high fat diet (HFD), which have shown
less fat deposition in the adipose tissue of ACSS2~/~ mice
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compared to the wild type, reflecting the role of ACSS2
in lipid synthesis [22]. Moreover, a recent study revealed
that hyperacetylated histones resulting from high fat con-
tent can be used as an alternative carbon source, serving
as reservoirs for the generation of lipogenic acetyl-CoA.
ACSS2 is the enzyme involved in converting acetate
derived from the deacetylation of hyperacetylated his-
tones into lipogenic acetyl-CoA, emphasizing ACSS2’s
role in acetyl-CoA generation and lipid synthesis [23].

ACSS2 is not only involved in lipogenesis, but it also
has multiple identified regulatory roles. For instance,
studies have shown that ACSS2, by regulating the ace-
tyl-CoA levels, may also impact other processes such as
autophagy. Knockdown of ACSS2 in cultured mamma-
lian cells as well as mice, resulted in acetyl-CoA deple-
tion, which decreased the cytosolic protein acetylation
and induced autophagy [24]. Recent evidence revealed
that ACSS2 also serves as a regulator for multiple tran-
scription factors and pathways during well-fed physi-
ological condition, as its loss leads to the dysregulation of
several canonical pathways and cellular processes mainly
in the liver, brain, and mesenteric adipose tissue [25].
Under conditions of stress, hypoxia, nutrient deprivation,
or injury, ACSS2 translocate to the nucleus, facilitating
the acetylation of multiple proteins, including histones
and transcription factors such as the hypoxia-inducible
factor 2 alpha (HIF-2a), thereby affecting gene transcrip-
tion and metabolic reprogramming [21, 26]. This dual
role supports ACSS2’s characterization as a “task switch-
ing metabolic effector’, transitioning from its cytoplasmic
role in lipogenesis to an epigenic regulator in the nucleus
affecting chromatin remodeling and gene transcription.
Given the importance of the lipogenic and regulatory
roles of ACSS2 in processes that help in maintaining cel-
lular homeostasis and survival, dysregulation of ACSS2
has been studied in various diseases including cardiovas-
cular disorders, obesity, diabetes, and cancer [25].

ACSS2 in cancer metabolism

One of the prominent examples that highlight ACSS2’s
role in pathophysiological processes is reported in can-
cer, where multiple studies have examined the different
aspects of the enzyme’s contribution to the tumorigen-
esis mechanisms and therapeutic potential, rendering it
a better understood topic as opposed to ACSS2’s role in
other diseases [27-29]. This can be explained due to the
presence of a metabolically challenged microenviron-
ment which is a common hallmark of several types of
cancer, characterized by decreased blood supply, which
affects oxygen and nutrients availability. As a result, can-
cer cells develop additional mechanisms in order to sur-
vive in this stressful environment, such as using acetate
as an additional carbon source [30]. Studies have shown
that ACSS2, which is often upregulated in some tumors,
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participates in the metabolic rewiring of tumor cells in
order to maintain acetyl-CoA levels [31]. Thus, ACSS2’s
role in producing acetyl-CoA from acetate provides a
growth advantage for cancerous cells. ACSS2 has been
shown to be upregulated in around 40% of invasive duc-
tal carcinomas [30]. Additionally, ACSS2 promotes the
development of various cancer types, including brain
cancer, breast cancer, melanoma and lung cancer [30,
32-34].

Consistent with its metabolic role, especially its acti-
vation under stress conditions such as hypoxia, and low
serum or glucose availability, ACSS2 is believed to be
involved in the survival of cancer cells by producing ace-
tyl-CoA for signaling pathways or acting as an epigenetic
regulator for protein acetylation [35, 36]. For instance,
studies on renal cell carcinoma (RCC) have shown that
cancerous cells have higher expression of ACSS2 com-
pared to the normal cells, suggesting that ACSS2 acts as
an oncogene promoting cancer cell proliferation, migra-
tion, and invasion. This was further demonstrated by
showing that silencing ACSS2 inhibited PI3K/AKT path-
way, a signaling pathway involved in tumor progression
[37]. Moreover, studies reveal that under glucose limita-
tion, acetate activates ACSS2, which then participates in
the histone acetylation of SNAI1, one of the mediators
of epithelial to mesenchymal transition, promoting RCC
metastasis [35]. Similarly, the translocation of the phos-
phorylated ACSS2 to the nucleus has been shown to be
important in transcribing genes related to lysosomal bio-
genesis, autophagy, cell survival, and the promotion of
brain tumorigenesis [21].

Research on the role of ACSS2 in tumors is gradually
increasing, with multiple recent studies further proving
the contribution of ACSS2 to tumor progression pro-
cesses. For instance, ACSS2 appeared to be an important
molecule in the metabolic crosstalk between pancreatic
cancer cells and stromal cells. Upon secretion of acetate
by tumor-associated fibroblasts, ACSS2 allows its use for
regulating cancer cells epigenome and transcriptional
states. ACSS2 has a dual role, facilitating histone acety-
lation and enhancing the stability of specificity protein
1 (SP1), a transcription factor responsible for metabolic
reprogramming under acidosis conditions. As a result,
ACSS2 contributes to the expression of SATI gene, regu-
lating the secretion of polyamines required for essential
cellular processes such as DNA replication, transcription,
translation and cell cycle progression, thereby supporting
cancer cell growth and survival [38].

Furthermore, the ability of cancer cells to alter their
metabolic pathways and metabolite sources remains a
challenge to metabolism-targeted treatment options.
ACSS2 may enable cancer cells to resist such treat-
ments. For example, Devimistat, a phase III clinical
trial metabolic inhibitor, did not benefit acute myeloid
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leukemia (AML) patients due to the ability of the tumor
cells to adapt by relying on another metabolite sources
for survival. The inhibition of the Pyruvate Dehydro-
genase (PDH) upon Devimistat administration leads to
decreased glycolysis and compensatory reliance on glu-
coneogenesis. This adaptation is possible due to reliance
on other acetyl-CoA sources, with ACLY and ACSS2
being the enzymes used for this purpose [39]. Similarly,
ACSS2 can partially interfere with melanoma heteroge-
neity and stem cell therapy resistance. Research showed
that the cancer stem cell marker aldehyde dehydroge-
nase 1A3 (ALDH1A3) forms an enzymatic complex with
ACSS2, leading to changes in histone acetylation and
thus the transcriptional states of cancer cells. Such modi-
fications include high expression of glucose metabolism
genes contributing to the resistance of melanoma cells
to targeted therapies [40]. Thus, ACSS2 nucleo-cytosolic
nature and dual function appears to be involved in the
regulation of metabolic pathways that allow the progres-
sion of aggressive diseases such as cancer, complicating
the responsiveness to available treatment options.

While previous studies strongly suggest that ACSS2
facilitates acetate utilization to promote various car-
cinogenesis mechanisms, other research indicates an
opposite effect for acetate in certain cancer types. For
instance, studies on glioblastoma cells, both in vitro
and in vivo, demonstrate that acetate supplementation
induces growth arrest rather than supporting tumor pro-
gression [41]. In these cases, the conversion of acetate
into acetyl-CoA by ACSS2 facilitates histone acetyla-
tion of tumor suppressor genes, which are often silenced
due to hypoacetylation in glioma [41]. These findings
were validated using glyceryl triacetate (GTA) as an ace-
tate source, tracking its effects on tumor development.
ACSS2 was found to localize to the nucleus, functioning
as an epigenetic regulator by increasing the acetylation
of genes responsible for cell cycle regulation, ultimately
leading to growth inhibition [41]. Similarly, another study
demonstrated that GTA supplementation contributes to
glioblastoma growth inhibition, not through inducing
differentiation or apoptosis, but via the acetylation of cell
cycle proteins. This further highlights the importance of
epigenetic modifications in tumor suppression, initiated
by the conversion of supplemented acetate into acetyl-
CoA by enzymes such as ACSS2 [42]. Moreover, acetate
supplementation appears to enhance the effectiveness
of chemotherapy, making it a potential chemotherapeu-
tic adjuvant when combined with temozolomide (TMZ)
for treating glioma. This combination results in greater
tumor reduction and improved survival rates [43]. Colon
cancer provides another example where acetate supple-
mentation yields mixed findings. A study indicates that
acetate enhances colon cancer growth by activating the
ACSS2/HIF-2 signaling pathway under hypoxic and
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nutrient-deprived conditions [44]. Acetate supplemen-
tation was shown to promote cancer cell migration and
invasion, as evidenced by augmented cancer growth in
acetate-supplemented wild-type ACSS2 mice compared
to ACSS2 knockdown mice [44]. Conversely, another
study reports that acetate reduces proliferation of colon
cancer cell lines under normoxic conditions by increasing
oxygen consumption and reactive oxygen species (ROS)
levels independently of ACSS2. However, under hypoxic
conditions, ACSS2 expression and lipid levels increase,
serving as a protective mechanism for cancer cells against
acetate’s anti-proliferative effects [45]. These mixed find-
ings underscore the complex roles of acetate and ACSS2
in tumor progression or inhibition. The impact of ACSS2
on tumor cells likely depends on its interactions with
other factors, highlighting the multifaceted pathways in
which ACSS2 is involved.

This review underscores the potential contribution of
ACSS2 to metabolic disorders. By synthesizing findings
from various studies investigating the role of ACSS2 in
different metabolic diseases, it offers a novel perspec-
tive by recognizing ACSS2 as a key player in conditions
beyond cancer. While previous reviews have primarily
focused on the involvement of ACSS2 in tumorigenesis,
this paper expands the discussion to highlight its signifi-
cant role in the manifestations of metabolic syndromes,
an area that has received limited attention to date.

ACSS2 and metabolic disorders

Post translational modifications (PTMs) including phos-
phorylation, methylation, and acetylation are thought
to be implicated in the progression of metabolic disor-
ders, suggesting that targeting the enzymes that function
in PTMs might be an effective therapeutic strategy for
treating these conditions [46, 47]. Additionally, lipids are
also associated with the development of metabolic syn-
drome manifestations in obese patients and play a role
in MAFLD. This infers that fatty acids and fatty acids-
related genes can also be therapeutic targets for treating
metabolic disorders [48, 49].

Given the role of ACSS2 in several metabolic path-
ways, and consistent with its function in PTMs and in
fatty acids metabolism, understanding the contribution
of ACSS2 in the pathophysiology of metabolic disorders
is of great interest and might lead to advances in find-
ing suitable therapies. Although ACSS2 is proven to be
involved in multiple pathways altered in metabolic dis-
orders, such as de novo lipogenesis (DNL), fatty acid
synthesis, and inflammatory responses, its role in the
development and pathophysiology of these diseases is
still not extensively explored.

This review presents a summary of the findings that
consider the role of ACSS2 in the development of mul-
tiple metabolic diseases including hepatic steatosis,
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obesity, and diabetes (Table 1) highlighting the possibility
of using ACSS2 as a therapeutic target for the treatment
of such diseases (Fig. 1).

ACSS2 and hepatic steatosis

Dysregulation of lipid metabolism in the liver can be
closely related to the development of multiple disor-
ders, one of which is hepatic steatosis initially known
as NAFLD [50]. A more recent and appropriate term
for the disease is now recognized as Metabolic Dys-
function-Associated Fatty Liver Disease (MAFLD). This
change aims to more accurately link liver diseases cor-
related and provide a more representative framework
for understanding the disease process and its diagnostic
criteria [51]. The disease can manifest as fat accumula-
tion, known as nonalcoholic fatty liver (NAFL), or as
nonalcoholic steatohepatitis (NASH), which is associated
with tissue damage and inflammation. MAFLD often
progresses toward fibrosis, cirrhosis, liver failure, and
hepatocellular carcinoma [52, 53]. Studies examining the
clinical manifestations of MAFLD have shown that the
majority of patients are asymptomatic; however, upper
abdominal pain, fatigue, thirst, and anxiety can be con-
sidered the most common symptoms [54]. Although the
occurrence of MAFLD was reported to be mostly associ-
ated with other metabolic disorders, studies revealed that
it can be also diagnosed in lean individuals, indicating the
presence of underlying specific metabolic dysfunction
leading to MAFLD [55, 56].

Many studies have attempted to understand the patho-
physiology of MAFLD. However, it remains a complex
elusive process. The most accepted hypothesis suggests
that the development of the disease occurs as a two-step
process. Initially, fat accumulates in the liver increasing
insulin resistance. This is followed by hyperinsulinemia,
which leads to the release of cytokines, disruption in
energy homeostasis, and variations in the hepatocyte’s
extracellular components. Together, these factors con-
tribute to oxidative stress and oxidation of the accumu-
lated fatty acids [57]. In other words, MAFLD is thought
to result from the accumulation of fats in hepatocytes
due to disruptions in the homeostatic mechanisms that
normally regulate lipid synthesis in the liver. Further-
more, studies examining the signaling pathways and
genetic variants contributing to MAFLD pathophysi-
ology have identified multiple candidate gene variants
involved in DNL, mitochondrial energy utilization, lipid
catabolism, and fatty acid compartmentalization [58]. To
illustrate, the rise in fructose consumption is one of the
common lifestyle changes that are thought to contrib-
ute to the elevated incidence of MAFLD [59, 60]. This
is because fructose consumed by the organism will be
processed into glucose in the intestine, while the excess
amounts will be metabolized by the gut microbiota into
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Table 1 Summary of the role of ACSS2 in the pathogenesis of metabolic diseases and the possible therapeutic interventions

Disease Role of ACSS2  Pathogenic Mechanisms Possible Therapeutic Reference
in Disease Intervention
Pathogenesis
MAFLD Lipogenic - Enhance production of acetyl-CoA from excess acetate for feeding Normalizing the [22]
the De Novo Lipogenesis pathway activity of ACSS2 by
- Promote lipid synthesis, accumulation, and deposition using ACSS2 chemical
- Increase liver mass and triglyceride content inhibitors
Regulatory - Promote the transcription of lipogenic genes (CD36 and FABP1)
Obesity Lipogenic - Promote lipogenesis The use of ACSS2 [22,74,76]
- Increase body weight inhibitors
- Increase fat mass Regulating glucose
- Promote adipose tissue accumulation and lipid homeostasis
Regulatory - Mutated ACSS2 (ACSS2 S263A) show decreased phosphorylation through targeting
- Reduce insulin-responsive AKT phosphorylation ACS52 regulation
- Promote triglyceride accumulation Targeted ACSS2 activa-
- Reduce insulin sensitivity tion in adipose tissues
to promote its thermo-
genic capacity rather
than fat accumulation
Diabetes Regulatory - Promote histone benzoylation Rational inhibition of [82]
- Induce inflammation and apoptosis in pancreatic islet 3 cells ACSS2, besides gluca-
- Impair insulin secretion gon signaling inhibi-
- Increase ACSS2 expression levels upon the inhibition of glucagon tion, can decrease the
signaling leading to increased LDL-C levels burden of diabetes and
- Elevate the risk of developing cardiovascular disorders in diabetic its complications in the
patients patients
Acute Kidney Regulatory - Increase expression of transcription factors: KLF5 Regulation of inflam- [87]
Injury (AKI) - Increase levels of inflammasome pathway-related genes: nucleotide- masome activation
binding domain, leucine-rich-containing family, pyrin domain-con-  through the regulation
taining-3 (NLRP3), caspase-1 and IL1-8 of ACSS2 activity
- Promote pyroptosis in renal tubular cells
Kidney Fibrosis  Regulatory - Express key DNL genes such as FASN Pharmaceutical target-  [85, 88]
- Activate mROS and NLRP3 inflammasome ing of ACSS2 or De
- ACSS2-mediated DNL intensifies NLRP3 inflammasome pathway- Novo Lipogenesis for
dependent pyroptosis in tubule cells treating kidney fibrosis
- Promotes IL-1(3 production and macrophage activation.
Diabetic Ne- Regulatory - Enhance the acetylation levels of histone H3K9 Pharmaceutical [90]
phropathy (DN) - Activate Raptor expression and mTORC1 pathway inhibition of ACSS2 to
- Inhibit autophagy and contributes to the progression of DNL promote autophagy
Inflammation Regulatory - Regulation of proinflammatory cytokines expression through the

acetylation of histones of pro-inflammatory cytokine genes.
- Regulation of immune cells through enhancing fatty acid oxidation
(FAQ) for inducing Treg and B10 cell differentiation

acetate. This acetate will be transferred via the hepatic
portal vein to the liver where it will be metabolized
through the DNL pathway -into fat deposits in the liver
[59, 61]. Since the DNL requires the conversion of acetate
into acetyl-CoA, it was commonly thought that ACLY is
the primary contributor to the acetyl-CoA pool for fruc-
tose-induced DNL. However, the deletion of ACLY failed
to suppress fructose-induced DNL suggesting that this
process may be activated in an ACLY-independent man-
ner [59]. Interestingly, ACSS2 appears to be a compo-
nent of the hepatic response to fructose consumption, as
its expression is activated by the carbohydrate response
element binding protein (ChREBP) and upregulated fol-
lowing fructose feeding, notably in ACLY-depleted mice,
suggesting that ACSS2 is providing the acetyl-CoA pool

needed for DNL in the liver. In addition, tracing ACSS2
genomic locus showed an increase in histone H3K27
acetylation after fructose consumption, further showing
that ACSS2 expression is activated. Thus, ACSS2 plays a
role in DNL upon excess fructose consumption, contrib-
uting to the accumulation of triglyceride in the liver [59].
This suggests that ACSS2 can be considered for further
examination when studying MAFLD as it is participating
in DNL, a major MAFLD pathophysiology pathway.
Similarly, Yenilmez et al. studied the relative contri-
bution of ACLY and ACSS2 in hepatic steatosis. Hepa-
tocytes-selective depletion of either ACLY, ACSS2, or
both in chow-fed and HFD-fed mice revealed that obese
mice require the presence of both enzymes to maintain
normal acetyl-CoA levels. Then, upon ACLY deletion,
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Fig. 1 The Dual Role of ACSS2 and its Correlation to Metabolic Diseases: ACSS2, with its nucleo-cytosolic nature, plays a significant role in the develop-
ment of metabolic diseases by participating in various lipogenic or regulatory pathways: (1) ACSS2 Cytosolic Lipogenic Role: Upon the consumption of
a high-fat diet, excess fats are metabolized by colonic microbiota into acetate. ACSS2, in its deacetylated active form, converts this exogenous acetate or
that from endogenous histone deacetylation reactions into acetyl-CoA. This acetyl-CoA normally functions in the fatty acid oxidation in the mitochondria
or in lipid synthesis by feeding the de novo lipogenesis pathway (DNL). Overexpression of ACSS2, associated with the manifestations of metabolic dis-
eases, promotes increased lipid synthesis via DNL and fat deposition. This leads to the development of insulin resistance, disrupting cellular homeostasis
and triggering the release of proinflammatory cytokines—features linked to obesity, diabetes, and MAFLD. Additionally, lipid accumulation elevates reac-
tive oxygen species (ROS) and NLRP3-inflammasome-mediated kidney fibrosis. Enhanced fatty acid oxidation (FAO) also supports T-cell differentiation,
contributing to heightened immune responses. (2) ACSS2 Nuclear Regulatory Role: Under stress conditions, such as hypoxia, nutrient deprivation, or
cellular damage, ACSS2 phosphorylation exposes its nuclear localization signal, facilitating its translocation into the nucleus. In the nucleus, ACSS2 plays
regulatory roles by promoting histone acetylation and activating the transcription of genes that support cell survival under stress conditions. ACSS2
activates genes involved in lipid synthesis and metabolism, further enhancing DNL and increasing fat accumulation, which is associated with NAFLD. It
also activates genes that promote tumorigenesis, epithelial-to-mesenchymal transition (EMT), and proinflammatory cytokine production. Furthermore,
ACSS2's role in histone acetylation activates the mTOR pathway, inhibiting autophagy and disrupting normal cellular functions, leading to complications
such as kidney injury in diabetic conditions, also known as diabetic nephropathy. ACSS2 overexpression also promotes kidney fibrosis through IL1b se-
cretion and macrophage activation. This dual role of ACSS2, both in the cytosol and the nucleus, underscores its significance in metabolic diseases and
highlights potential therapeutic targets for intervention. (Figure designed using BioRender with a publication license.)

the enzymes involved in DNL are upregulated and this is
associated with a compensatory upregulation of ACSS2
and reduction in acetate levels, suggesting that ACSS2
is converting this acetate into acetyl-CoA that feeds the
DNL pathway [62]. These findings are supported by the
results of another study examining the role of ACSS2 in
MAFLD which showed that the expression of ACSS2 in

the hepatocytes of mice fed HFD specifically increases
the risk of developing hepatic steatosis. Although no
significant changes were observed in ACSS2"* and
ACSS2”" mice fed a chow diet, exposing these mice to a
HFD revealed a notable difference. While ACSS2*/* and
ACSS2”" mice had comparable liver mass, morphology,
and triglyceride content on a chow diet, these parameters
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were significantly different under HFD conditions. The
knockout of the gene in ACSS2”" mice led to decreased
liver mass and triglyceride accumulation, which conse-
quently reduced the risk of developing hepatic steatosis.
Specifically, there was a decrease in the transcription
regulators of lipid metabolism genes and fatty acid trans-
porters such as CD36 and FABP1 in ACSS2”" mice. Con-
sequently, lipid metabolism and circulation in the liver
were reduced, which correlated with decreased fat accu-
mulation and reduced risk of developing hepatic steatosis
[22].

Although there are currently no approved drugs for
MAFLD, and considering the adverse side effects associ-
ated with currently used drugs, there is a pressing need
to develop safe and efficient treatments [63, 64]. Such
approaches might aim to reverse the factors contributing
to the pathogenesis of MAFLD by inhibiting the expres-
sion of genes responsible for lipid deposition in the liver.
Gypenosides (GP), extracted from the plant Gynostemm
Pentaphyllum, can be considered an example of a com-
pound that contributes to lipid metabolism regulation,
anti-cancer, anti-inflammatory, and anti-MAFLD mecha-
nisms [65]. To investigate the mode of action of GP, Zhou
et al. conducted experiments on control mice and mice
fed with HFD, treated or not with GP. It was observed
that GP reduces lipid levels and fat accumulation, thereby
alleviating hepatic steatosis. This effect is achieved by
downregulating the expression of multiple genes involved
in fatty acid synthesis, including ACLY and ACSS2,
whose expression decreased by approximately 64 and 67
folds, respectively. These findings were further confirmed
by proteomics data, which also showed a reduced expres-
sion of ACLY and ACSS2 proteins in GP-treated mice
compared to untreated mice on the HFD. This suggests
that GP exerts its anti MAFLD role by inhibiting fat accu-
mulation and enhancing its metabolism through the reg-
ulation of multiple genes involved in these pathways [65].

Collectively, these studies signify that activation of
ACSS2 plays a crucial role in excessive fat accumula-
tion by modulating the activity of genes responsible for
lipid synthesis and the pathophysiology of hepatic ste-
atosis. This suggests that targeting ACSS2 with the aim
of normalizing its gene activity could represent a promis-
ing therapeutic strategy for the regulation of the corre-
sponding lipogenic gene activation and the treatment of
MAFLD.

ACSS2 and obesity

Obesity, as defined by the World Health Organization
(WHO), is a chronic disease characterized by excessive
fat deposits. This condition can lead to complications
including type 2 diabetes, cardiovascular disorders, bone
health issues, and an increased risk of cancer. Obesity
is defined in adults as having a body mass index (BMI)
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of 30 kg/m? or higher [66]. Studying the pathophysiol-
ogy of obesity has shown that it is a multifactorial disor-
der due to more than just lifestyle factors affecting food
content and fat accumulation. It is also correlated with
family history and genetic predisposition, the role of gut
microbiota, as well as epigenic modulations involved in
the regulation of metabolism. These factors collectively
impact the risk of developing obesity and its associated
complications [67-71].

Obesity is characterized by increased lipogenesis,
which is a key contributor to its development and asso-
ciated disorders. ACSS2 plays a pivotal role within these
mechanisms. Research has highlighted that the gut
microbiota may influence fat deposition, likely through
regulating microRNAs (miRNAs) that impact lipid syn-
thesis pathways [72]. Specifically, a study examining
fat deposition in chickens, comparing the hepatic gene
expression of obese chickens to those fed a normal-diet,
revealed that obesity is associated with a reduction of
butyric acid — a key link between gut microbiota and the
liver- and a downregulation of hepatic miR-204 expres-
sion. This leads to the upregulation of ACSS2, a target
of miR-204, and increased lipogenesis. These findings
suggest that under HFD, butyric acid/miR-204/ACSS2
axis plays a significant role in fat deposition, where the
upregulation of ACSS2 promoted lipogenesis confirming
the involvement of ACSS2 in the development of obesity
[72]. These results are in agreement with the findings of a
similar study that examined gut microbiota — liver inter-
action and its role in lipogenesis. Obese chickens on HFD
exhibit an upregulation of ACSS2, PCSK9, and CYP2C18
genes, leading to enhanced lipogenesis in the liver [73].
Complementary research on mice model supports these
findings, as ACSS2-null mice exposed to HFD had lower
body weight, reduced fat mass, and lower adipose tissue
accumulation compared to ACSS2** mice, demonstrat-
ing that ACSS2 contributes to obesity onset [22]. This
suggests that ACSS2 inhibition could offer protective
effects against HFD-induced obesity.

In obesity, ACSS2 is also involved in lipogenic enzyme
regulation through phosphorylation. Shaik et al. identi-
fied that AKT activity, a critical regulator of lipid metab-
olism, glucose uptake, and insulin signaling, is impaired
in mice fed with HFD, correlating with dephosphoryla-
tion of ACSS2 and other lipogenic enzymes. Dephos-
phorylation at the S263 residue on ACSS2, observed in
obesity models, was confirmed in vitro in adipocyte cells,
where its mutation led to triglyceride accumulation and
reduced insulin sensitivity [74]. These findings under-
score the impact of ACSS2 in lipogenesis, highlighting
its role in obesity-associated metabolic dysfunctions. In
addition to its role in lipogenesis, ACSS2 was also found
to be involved in the progression of obesity-induced dis-
orders such as obesity-induced myeloma. The increase in
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the mass of adipocytes is associated with tumor growth
as tumorigenesis is supported in adipocyte-rich tumor
microenvironment. In order to understand the relation-
ship between adipocytes mass and tumorigenesis, analy-
sis of adipocytes isolated from obese patients identified
elevated expression of ACSS2, which is crucial under
conditions of hypoxia and stress, key features associated
with tumors. ACSS2 interacts with oncoproteins such as
interferon regulatory factor 4 (IRF4), which plays a role
in immune cell development and response. This interac-
tion allows IRF4’s acetylation and stability, enabling it to
escape the lysosome-mediated degradation process. As a
result, IRF4 protein levels increase, promoting the tran-
scription of genes that support myeloma growth and sur-
vival. These findings were further confirmed by testing
the effect of ACSS2 inhibition in both in vitro myeloma
cell lines and in vivo obesity-induced mouse models.
ACSS2 inhibitor significantly reduced IRF4 protein lev-
els in myeloma cells inducing apoptosis, and impairing
myeloma growth [36]. These findings support the role of
ACSS2 in facilitating tumor progression within an obe-
sity context.

With the complex interplay between different factors
leading to obesity, effective treatment options remain
limited. Bariatric surgery is often regarded as the most
effective method for treating morbidly obese patients
[75]. However, the success rate in terms of weight loss
and the reduction of obesity-related complications
vary among patients. Research revealed that the pro-
cedure outcome is highly dependent on the metabolic
state of the patients’ adipose tissue before the surgery.
For instance, recent studies suggest that ACSS2 expres-
sion levels within adipose tissue may impact treatment
outcomes. Morbidly obese patients with initially lower
ACSS2 expression experienced a greater reduction in
body weight. An explanation of this might be directly
related to the role of ACSS2 in DNL and lipid synthesis.
Lower ACSS2 expression and activity results in reduced
lipid synthesis, which consequently leads to a higher per-
centage of weight loss upon treatment [75]. This insight
positions ACSS2 as not only a target in obesity preven-
tion but also a potential marker for predicting respon-
siveness to bariatric interventions.

The study by Chen et al. further elucidates the dual
role of ACSS2 in obesity, particularly in adipose tissue
thermogenesis and beiging. While previous studies, as
discussed, have identified ACSS2’s involvement in lipo-
genesis and fat accumulation under HFD conditions, the
new findings highlight ACSS2’s role in promoting energy
expenditure through thermogenesis in brown adipose
tissue (BAT) and the induction of beiging in white adi-
pose tissue (WAT). ACSS2 was found to bind PPARYy in
a ligand-dependent manner, recruiting SIRT1 to deacet-
ylate PPARy, which maintains optimal transcriptional
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activity necessary for adipose tissue plasticity. Moreover,
in cold-stimulated conditions, ACSS2 knockout mice
showed lower body temperatures, reduced oxygen con-
sumption, and diminished heat production compared
to wild-type mice. Notably, D-mannose, a natural sugar
and rapid inducer of ACSS2, was shown to stimulate
this thermogenic pathway in adipose tissues, suggesting
a potential therapeutic approach that leverages ACSS2’s
role in energy expenditure rather than fat accumulation
[76]. These findings introduce a novel perspective on
ACSS2’s function, where targeted activation in adipose
tissues could counter obesity by enhancing thermogenic
capacity, contrasting with its previously recognized role
in promoting lipogenesis and fat deposition in liver tis-
sues. In addition, revealing the role of ACSS2 in the
thermogenic ability adds to the growing literature new
functions to the enzyme that can be used for its thera-
peutic modulation, especially that earlier studies initially
associated ACSS1 with the thermogenesis processes
without highlighting the possible contribution of ACSS2
too [77]. Together, this research suggests that selective
tissue modulation of ACSS2 may open new avenues for
obesity treatment by balancing lipogenesis with mecha-
nisms that increase metabolic rate.

ACSS2 and diabetes

Diabetes mellitus (DM), commonly known as diabe-
tes, is a chronic metabolic disease mainly characterized
by high levels of glucose in the blood (hyperglycemia).
The disease can manifest as type one diabetes mellitus
(T1DM), resulting from the pancreas producing insuf-
ficient amounts of insulin, an essential hormone needed
to convert glucose into energy, or type 2 diabetes mel-
litus (T2DM) which is due to a combination of insulin
resistance and inadequate insulin secretion. Gestational
diabetes mellitus (GDM) is considered a third type of
diabetes, known as a form of glucose intolerance, that
occurs during pregnancy, with most cases resolving after
delivery [78]. Clinical symptoms of diabetes primarily
reflect hyperglycemia and include polyuria, polydipsia,
polyphagia, weight loss, and blurred vision [78].

Histone post-translational modifications (HPTM) are
among the prominent epigenetic regulations linked to
the development of diseases such as diabetes. One such
HPTM is benzoylation, induced by sodium benzoate,
which has been found to be involved in inducing inflam-
mation and apoptosis in pancreatic islet  cells. Conse-
quently, this leads to insulin secretion damage associated
with diabetes. For this modification to occur, benzoylate
must be converted to benzoyl-CoA. This was confirmed
by measuring the benzoyl-CoA concentrations in the
serum of healthy and diabetic patients, where diabetic
patients had significantly higher levels of benzoyl-CoA.
ACSS2, being an enzyme that allows the conversion of
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short chain fatty acids to their active CoA ligated mol-
ecules, is suggested to have a role in this mechanism. To
prove the role of ACSS2 in the process, p-TC-6 cells were
stimulated with sodium benzoylate, treated or not with
ACSS2 inhibitor. Enzymatic inhibition led to reduced
benzoyl-CoA levels, marked by a reduction in inflamma-
tory and apoptotic markers, indicating a reversal of the
damage affecting insulin secretion, and proving the role
of ACSS2 in the alterations leading to diabetes [79, 80].
This shows that ACSS2 might have a role in initiating the
pathophysiological pathways, such as impaired insulin
secretion, and other complications associated with dia-
betes. Interestingly, another study revealed that ACSS2
is recognized as a key factor in the metabolic processes
associated with diabetes. For instance, analyzing the dif-
ferential gene expression in the tissues of pregnant mice
fed with HFD suggested that multiple genes, including
ACSS2, might be involved in the pathogenesis of gesta-
tional diabetes [81].

Interestingly, diabetes treatments have been found
to affect the expression levels of ACSS2. For example,
antagonizing the glucagon receptor (GCGR) is one of the
treatment strategies for diabetes, given that hepatic over-
production of glucose and subsequent hyperglycemia are
associated with the disease. Inhibiting GCGR may help
lower plasma glucose levels. This can occur through the
inhibition of glucagon signaling, mediated by GCGR
knockdown in mouse models. While hepatic GCGR
knockdown resulted in reduced plasma glucose levels,
which is beneficial for treating diabetes, LDL-C levels
increased. This is considered an unfavorable side effect,
contributing to an elevated risk of developing cardio-
vascular disorders in diabetic patients. Further analysis
revealed that this increase in LDL-C levels was correlated
with elevated levels of several hepatic lipogenic genes,
including ACSS2 [82]. This suggests that a more rational
approach, involving the inhibition of ACSS2 and similar
lipogenic genes in addition to glucagon signaling inhibi-
tion, could lead to a better overall impact by reducing the
burden of diabetes and its associated complications in
patients.

Glucose intolerance refers to a condition where blood
glucose levels are higher than normal, but not high
enough to be classified as diabetes. It can serve as an
early identification factor to prevent the progression to
T2DM [83]. Studies on ApoE3Leiden transgenic mice
(ApoE3L), which have a humanized lipid metabolism
process and are fed with HFD to create a glucose intol-
erance model, identified some prognostic and diagnos-
tic markers of glucose intolerance. A significant negative
correlation between ACSS2 gene expression in white
blood cells and the degree of glucose intolerance was
established. Specifically, a low ACSS2 expression level
in white blood cells indicates a high level of glucose
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intolerance. This negative correlation was also apparent
when tracking the ACSS2 expression in the white blood
cells over different timepoints. Monitoring of ACSS2
expression over time allowed tracking the degree of glu-
cose intolerance as the disease progresses. These ACSS2
expression levels were also correlated with the concentra-
tions of citric acid cycle intermediates in the liver, affect-
ing energy production cycles that are necessary under
ketogenic conditions such as diabetes. This highlights the
significance of ACSS2 in energy metabolism and insulin
activity, suggesting that low ACSS2 levels serve as a diag-
nostic marker for glucose intolerance [83]. This proposes
ACSS2, having a role whether in effecting energy produc-
tion pathways or as a post-translational regulator, is a
potential target for further study to understand its role in
the mechanisms underlying glucose intolerance, diabetes,
and related disorders and develop efficient treatments.

ACSS2 and renal diseases

Kidneys are metabolically active organs essential for
maintaining electrolyte and fluid homeostasis, and
responsible for excreting waste products and toxins
from the body following each round of a normal meta-
bolic pathway [84]. Dysregulation of the kidney’s meta-
bolic function due to kidney damage and alteration in
blood filtration processes is associated with the develop-
ment of renal diseases, which are serious global health
issues. ACSS2, being a crucial regulator of several meta-
bolic pathways, can contribute to the emergence of renal
diseases.

Acute kidney injury (AKI) is a serious complication
characterized by a rapid decline in renal function and
death of renal tubular epithelial cells. The primary patho-
logical features of AKI include pyroptosis, a form of pro-
inflammatory programmed cell death, and interstitial
inflammation [79]. Recent studies demonstrated a corre-
lation between ACSS2 and AKI, where ACSS2 appeared
to enhance pyroptosis in renal tubular cells [85, 86]. To
further examine the role of ACSS2 in the inflammatory
responses associated with AKI, a study showed that
ACSS2 expression is significantly increased in the renal
epithelial cells in mice with LPS-induced AKI. How-
ever, AKI is attenuated upon the inhibition of ACSS2.
In addition, treatment of HK-2 cells with LPS resulted
in increased expression of the Kriippel Like Factor 5
(KLF5), a transcription factor involved in various cellu-
lar processes including cell proliferation, differentiation,
and inflammation, as well as increased levels of inflam-
masome pathway-related genes including nucleotide-
binding domain, leucine-rich—containing family, pyrin
domain—containing-3 (NLRP3), caspase-1 and IL1-f
which are normally activated by NF-kB. Conversely,
ACSS2 deletion reduced these LPS-induced levels. Thus,
ACSS2 activates the KLF5/NF-kB mediated caspase-1
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inflammatory pathway, which in turn promotes the acti-
vation of the NLRP3 inflammasome and enhances pyrop-
tosis in renal tubular epithelial cells [87]. Although the
exact molecular mechanisms by which ACSS2 induces
pyroptosis in renal tubular cells remain elusive, existing
evidence suggests that ACSS2 plays a significant role in
promoting pyroptosis in renal disorders. This observa-
tion highlights ACSS2 as a potential and promising ther-
apeutic target.

Other than triggering pyroptosis, ACSS2 was iden-
tified as a kidney disease risk gene that can also pro-
mote kidney fibrosis in kidney diseases. Interestingly, in
adenine-induced kidney disease models, ACSS2”" mice
showed less renal tubular injury and fibrosis compared
to wild type mice. This was marked by measuring the
indicators of kidney dysfunction such as serum creati-
nine (sCr) and blood urea nitrogen (BUN), which were
higher in wild type mice. Genetic deletion of ACSS2 in
mouse kidney tubule cells exhibited reduced expression
of key DNL genes such as FASN compared to WT cells,
showing that ACSS2 regulates DNL of these cells. More-
over, lower activity of mROS and NLRP3 inflammasome
was reported in kidney tubule cells subjected to ACSS2
knockdown compared to wild type cells treated with
TGE-B1 to induce fatty acid synthesis. This indicates that
ACSS2-mediated DNL leads to elevated ROS levels and
intensifies NLRP3 inflammasome pathway-dependent
pyroptosis in tubule cells, highlighting the importance of
ACSS2 in the development of kidney fibrosis [85].

Although mixed findings were found before regard-
ing the effect of ACSS2 on crotonate as a substrate [16,
17, 19], ACSS2 dependent crotonylation was observed
in renal cells, and further linked to pathogenesis pro-
cesses. Upon studying the effect of histone crotonyl-
ation in kidney fibrosis, researchers found that ACSS2
overexpression in both mouse renal tubular epithelial
cells, and human embryonic kidney cells is correlated
with increased histone 3 lysine 9 crotonylation (H3K9cr)
which in turn promotes IL-1p production and influ-
ences macrophage activation thereby promoting kidney
fibrosis. This was further demonstrated through genetic
deletion of ACSS2 which suppressed H3K9cr in ACSS2”-
mice and alleviated kidney fibrosis [88]. Overall, this
highlights the proinflammatory action of ACSS2 in renal
diseases, and the importance of targeting ACSS2 to pro-
tect against kidney fibrosis.

Upon examining diabetic nephropathy (DN), a sub-
type of renal diseases, and a further renal complication
associated with diabetic patients, ACSS2 expression
was shown to be upregulated in the podocytes of DN
patients and diabetic mouse models [89]. The overex-
pression of ACSS2 in high glucose-treated podocytes
increased the acetylation levels of histone H3K9, which
activated Raptor expression and consequently led to the
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activation of the mammalian target of rapamycin com-
plex 1 (mTORC1) pathway. This inhibits autophagy and
contributes to the progression of DN. Conversely, the
knockdown of ACSS2 in streptozotocin-induced dia-
betic mice reduced kidney injury and instead enhanced
podocyte autophagy by increasing the LC3II/I ratio,
a key autophagy marker, while decreasing p62 level in
podocytes. This suggests that ACSS2 inhibition protects
against kidney injury in DN patients [90]. Additionally,
ACSS2 inhibition ameliorates high-glucose-induced
decrease in nephrin expression, suppresses a—smooth
muscle actin (a-SMA) expression in podocytes, and alle-
viates the inflammatory cytokine expressions of TNF-q,
IL-6, and monocyte chemoattractant protein-1 (MCP-1)
in high-glucose-treated podocytes [90]. This shows that
ACSS2 upregulation promotes podocyte injury, suggest-
ing that ACSS2 could be a potential therapeutic target
in DN patients. Overall, ACSS2 appears to play a role
in renal disorders by influencing key metabolic and epi-
genetic processes where it has been linked to pyroptotic
cell death and the progression of kidney fibrosis, both of
which contribute to kidney injuries. These findings col-
lectively highlight ACSS2 as a potential therapeutic tar-
get for mitigating inflammation, reducing kidney fibrosis,
and preserving kidney functions in renal disorders.

ACSS2: a metabolic regulator in inflammatory and
immune responses

Inflammation is a natural defense mechanism initiated
by the host’s immune system to overcome any patho-
logical or harmful invasion. However, chronic untreated
inflammation may lead to the emergence of new comor-
bidities. Inflammation and the tissue microenvironment
significantly contribute to the development of metabolic
syndrome, encompassing conditions such as obesity,
insulin resistance, non-alcoholic liver disease, and dia-
betes [91-93]. For example, multiple studies examined
the relationship between obesity, a major risk factor for
multiple other metabolic disorders, and chronic inflam-
mation [94]. It was shown that obesity leads to the infil-
tration of macrophages in mice and human obesity cases,
with elevated secretion of pro-inflammatory cytokines
that eventually lead to insulin resistance and its associ-
ated complications [94-96]. Thus, various components
of inflammation, including immune cells and mediators
of the innate immune system, are key contributors to the
development of metabolic disorders. A meta-analysis
conducted to characterize blood samples from type 2 dia-
betic patients detected an elevated expression of inflam-
matory cytokines such as IL-1p, IL-16, IL-18, C-reactive
protein (CRP) and TNF-a [97]. Similarly, higher levels
of TNF-a are reported in the serum of obese diabatic
patients compared to both non-obese diabetic and obese
non-diabatic patients [98]. Recently, a study revealed
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that the irregular production of adipocytokines and dis-
turbances in lipid metabolism could collectively trigger
inflammatory signaling pathways, thus playing a role in
the ongoing inflammation characteristic of the progres-
sion of MAFLD. Serum analysis revealed a substantial
increase in the levels of several inflammatory cytokines
and chemokines (IL-1, IL-1p, chemokine ligands: CCL2,
CCL3, CCL4, CCL5) promoting the progression of
MAFLD [99]. Hence, examining the contributors to the
development of inflammation associated with metabolic
disorders might provide a better understanding of the
pathogenesis of these diseases.

Although ACSS2 is considered a major metabolic
regulator, recent evidence suggests that it is also associ-
ated with several inflammatory responses. For instance,
a study revealed that a targeted deficiency in SREBPs of
LPS-stimulated mice macrophages, specifically SREBP-
la, caused a reduction in pro-inflammatory cytokines
mainly IL-1B and IL-12 and caused an impairment in
the inflammasome activity compared to that of WT
mice macrophages. SREBP-1a, a transcription factor for
ACSS2, acts as a link between lipid metabolism and the
immune response by targeting genes such as NLRPIa,
which is involved in the activation of inflammasomes
and inflammatory cytokine production [100]. Interest-
ingly, ACSS2 was found to be upregulated in the absence
of ACLY, whose deficiency resulted in the upregulation
of inflammatory genes; this suggests an indirect link
between ACSS2 and inflammatory gene expression in
adipocytes [101]. Similarly, researchers have proposed
that the elevated inflammatory response observed in
ACLY-deficient macrophages could potentially be attrib-
uted to the influence of an increased activation in ACSS2
[102).

Other reports showed that the production of meta-
bolically available acetyl-CoA from acetate, facilitated
by ACSS2, is essential for the acetylation of histones of
pro-inflammatory cytokine genes. This process leads to
the escalation of the inflammatory response in macro-
phages exposed to ethanol [103]. ACSS2 was also found
to regulate cytokine production by serving as a substrate
for the biosynthesis of platelet activating factor (PAF), a
lipid mediator involved in various physiological processes
with an autocrine function in the production of cytokines
[104].

Besides its role in cytokine production, ACSS2 is
also associated with the regulation of several immune
responses, through the regulation of different immune
cells. As part of the immune system, regulatory T (Treg)
cells are specialized subsets of the CD4+T cells that
serve as immune suppressors [105]. However, some stud-
ies showed that Treg could also induce inflammation
through producing pro-inflammatory cytokines such
as IL-17 under certain inflammatory conditions [106,
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107]. ACSS2 was shown to enhance fatty acid oxidation
(FAO) inducing Treg differentiation. Moreover, it con-
verts butyrate to butyryl-CoA (BCoA), feeding the beta
oxidation pathway and further supporting iTreg differ-
entiation [108]. Similar studies also revealed the role of
ACSS2 in supporting the differentiation of other immune
cells such as the B10 cell differentiation [109]. B10 cells,
which are also known as the IL-10—producing regula-
tory B cells, have important anti-inflammatory roles in
which they decrease the severity of autoimmune diseases
such as encephalitis and arthritis [110, 111]. A study on
the acetate mediated B10 cell differentiation proposed
that ACSS2 is an important enzyme involved in the pro-
cess. It converts acetate into acetyl-CoA associated with
the increased protein-lysine acetylation and thus par-
ticipates in the differentiation process. This was clearly
demonstrated where upon the blockage of mitochondrial
metabolism and the inhibition of ACLY activity, no sig-
nificant effect on the IL-10 secretion or the B10 cell dif-
ferentiation was reported, indicating that such processes
are occurring due to pathways other than the mitochon-
drial TCA cycle. On the contrary, inhibiting ACSS2
decreased the acetate-induced B10 cell production in
both in vitro and in vivo conditions, further highlighting
the importance of ACSS2 in the immune cell produc-
tion and inflammatory response regulation [109]. Hence,
such studies collectively suggest that ACSS2, through
regulating the immune cells differentiation, might be also
involved in the regulation of inflammatory responses
and its dysregulation might be one of the contributors to
autoimmune diseases.

ACSS2 has been correlated with several autoimmune
diseases such as psoriasis. Psoriasis is an autoinflamma-
tory skin disease influenced by genetic factors and muta-
tions that cause the appearance of patches of thick skin
known as plaques. Psoriasis is associated with several
metabolic diseases where most psoriasis patients exhib-
ited a higher risk of obesity, type 2 diabetes, hepatic ste-
atosis, and liver fibrosis [112—114]. In the progression
of psoriasis, the interleukin IL-23/IL-17 pathway stands
out within the primary cytokine cascade, enhancing the
progression of the disease [115]. Psoriasis has also been
linked to ACSS2 expression, where it is among the top 50
differentially expressed genes, typically downregulated in
the peripheral edge of lesional skin in psoriasis patients
[105]. In an attempt to test the effect of silymarin (SM),
a plant extract having antiproliferative, pro-differentia-
tion, and anti-inflammatory effects on epidermal cells,
it was deduced that SM also regulates the expression of
lipogenic genes that are commonly dysregulated in skin
diseases such as psoriasis. TGF- Bl induced psoriasis
in HaCaT cells showed a significant increase in ACSS2
upon SM treatment compared to cells treated with TGF-
B1 only. The increase in lipogenic genes such as ACSS2



El-Kurjieh et al. Lipids in Health and Disease (2025) 24:74

Page 13 of 17

Table 2 Summary of the drugs that might impact the expression/activity of ACSS2

Impact Mechanism of Action
on ACSS2
expression

Molecule/Drug Indication
Gypenosides - Lipid metabolism regulation
- Anti-cancer
- Anti-inflammatory
- Anti-MAFLD
Silymarin - Antiproliferative, pro-differentiation, and anti-

inflammatory effects on epidermal cells
- Treatment of skin diseases such as psoriasis
IB20 antibody Treatment of coronary heart disease

Fuzheng-Huayu Treatment of liver fibrosis
formula (FZHY)

Rapamycin Treatment of renal and metastatic breast cancers

MTB-9655 Treatment of solid tumors

Downregulation  Inhibiting fat accumulation and enhancing its metabo-
lism through the regulation of multiple lipogenic genes

Upregulation Stimulating the expression of lipid synthesis genes to
improve the skin barrier function

Downregulation  Reducing the expression of SREBP-regulated genes to
decrease fatty acid synthesis

Downregulation  Regulating lipogenesis genes to modulate glycolysis/
gluconeogenesis, the citrate cycle, galactose metabo-
lism, tryptophan metabolism, and the urea cycle

Direct binding Suppressing breast cancer progression through affecting

and activation cancer cells proliferation, invasion, and migration abilities

Direct inhibition  Inhibiting ACSS2 activity through direct binding

following SM treatment indicates that SM exerts its anti-
psoriasis effect through stimulating the expression of
lipid synthesis genes in psoriasis induced models, sug-
gesting that SM is improving the skin barrier function
[116]. Given that the molecular mechanisms leading to
decreased lipid synthesis gene expression in psoriasis are
still not clearly known, investigating the effect of lipo-
genic genes in the development of the disease is of great
importance. With the current understanding, it is sug-
gested that ACSS2’s dysregulation and particularly due
to its role as a lipogenic enzyme, might have an impact
on the pathways related to the psoriasis progression and
hence it is contributing to the pathophysiology of the dis-
ease. This might be explained by the differential expres-
sion of ACSS2 in the psoriasis models compared to the
control, and the reversal of psoriasis complications upon
its upregulation following treatment. Knowing that the
disease is characterized by dysregulated lipogenic and
inflammatory responses - both of which were previ-
ously correlated to ACSS2- more research must be con-
ducted to reveal the possible contributions of ACSS2 in
the different pathological pathways leading to psoriasis
development.

The present literature highlighted the role of ACSS2
in the different aspects of immunity whether cytokine
production, immune cells regulation, or autoimmune
diseases manifestations. However, the limited amount
of research in this area specifically makes it challenging
to identify the exact role of ACSS2 in inflammatory dis-
eases. Further research must be conducted in order to
better understand the pro or anti-inflammatory effects of
ACSS2’s activity, toward considering it as an important
therapeutic target for regulating inflammatory responses
and their related complications.

Therapeutic potential of targeting ACSS2 in
disease management

Consistent with its role in several pathways and given
that its dysregulation induces the development of mul-
tiple disorders, targeting ACSS2 might be a promising
therapeutic strategy for treating various diseases, includ-
ing metabolic disorders (Table 2). For instance, given that
ACSS2 upregulation leads to obesity and hepatic steato-
sis, developing an inhibitor for the ACSS2 enzyme might
be an efficient treatment method for these diseases [22,
36]. Moreover, multiple studies suggested that targeting
ACSS2 might be a potential therapeutic strategy for kid-
ney-associated disorders [85, 87].

Some studies show that ACSS2 is considered a target in
the treatment of other diseases. For example, proprotein
convertase subtilisin/kexin type 9 (PCSK9) is a potential
target for treating coronary heart disease due to its role
in affecting plasma lipoprotein cholesterol levels. Such
a treatment option might involve IB20 antibody, which
binds to PCSK9 and antagonizes its function. Upon test-
ing the antibody-bound effect on human hepatocytes,
results revealed that IB20 antibody protects against the
PCSK9 effect by reducing the expression of SREBP-reg-
ulated genes, which are commonly known for their role
in fatty acid synthesis, and ACSS2 is among these genes
[117]. Similarly, the Fuzheng-Huayu formula (FZHY) is
used to treat liver fibrosis by regulating the expression
of multiple metabolic enzymes involved in the meta-
bolic alterations associated with liver fibrosis. Upon the
administration of FZHY to rats, transcriptomic analysis
identified its effect on the expression levels of metabolic
enzymes, where some were upregulated, while oth-
ers, including ACSS2, were downregulated compared
to untreated rat models. By affecting the expression of
these genes, FZHY modulates glycolysis/gluconeogen-
esis, the citrate cycle, galactose metabolism, tryptophan
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metabolism and the urea cycle, which collectively con-
tribute to liver fibrosis [118].

Moreover, when observing the effect of rapamycin — an
FDA approved drug to treat renal and metastatic breast
cancers - on cadmium-induced breast cancer progres-
sion, it was shown to inhibit cancer by directly targeting
and activating ACSS2. This was proven by experiments
that revealed how cadmium induction led to the suppres-
sion of ACSS2 and enhanced the proliferation and migra-
tion ability of cancer cells; upon treating with rapamycin,
ACSS2 is overexpressed suppressing breast cancer pro-
gression [119]. Besides, phase I in-human clinical tri-
als are currently being performed to test the effect of
MTB-9655, a potent ACSS2 oral inhibitor developed by
MetaboMed in 2021. It is described as a small molecule
inhibitor of ACSS2 for use in advanced solid cancers such
as colorectal, breast and lung cancers - where ACSS2 is
commonly overexpressed - especially for patients with
tumors that resisted the standard treatment options.
After predicting its tolerance and safety profile in the
preclinical studies on rodents and non-human primates,
the drug is planned to be administered to around 30
solid-tumor patients once per day, over 21-day cycles,
assessing drug escalation and working on dose expan-
sion. The latest update revealed that, up until now, the
oral inhibitor was tested on 10 patients and was shown to
be absorbed rapidly after administration; yet dose escala-
tion study is continuing [120, 121].

With the existing research on the possibility of using
oral inhibitors to treat ACSS2-related tumors, and with
the presence of promising results so far, it is suggested
that ACSS2-targeting drugs can be also used to treat
other diseases, particularly metabolic disorders. The cur-
rent knowledge suggests that ACSS2 can be involved in
the manifestations associated with the pathophysiology
of metabolic disorders, and its expression levels might
greatly impact the metabolic pathways and thus the dis-
ease conditions and the patients’ responsiveness to treat-
ments. Hence, with more research on the role of ACSS2
in the development of such diseases, it will become pos-
sible to target ACSS2, as with the oral inhibitor, as a new
and promising therapeutic strategy for the treatment of
metabolic disorders.

Review’s strengths and limitations

The review provides a thorough analysis of various stud-
ies examining the role of ACSS2 in metabolic disorders,
offering a well-rounded summary of its contributions
to these diseases. By including studies that highlight
ACSS2’s lipogenic functions alongside those emphasiz-
ing its regulatory roles, the review delivers a compre-
hensive understanding of the enzyme’s diverse potential
impacts. It effectively presents complementary and con-
flicting findings from the literature, offering insights into
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ACSS2’s multifaceted roles and identifying gaps in
knowledge that warrant further investigation.

However, the relatively limited number of studies on
certain aspects of the review’s topics poses challenges
in fully interpreting ACSS2’s true effects. The conclu-
sions could be further refined and substantiated with
additional research. For instance, a notable gap in the
literature is the lack of focus on ACSS2’s role in autoim-
mune diseases, as well as the unclear distinction between
whether its upregulation is a causative factor in disease
or a consequence of it. Future studies addressing these
gaps would provide a more definitive understanding of
ACSS2’s involvement in metabolic disorders.

Conclusion

With the continuous global increase in the prevalence of
metabolic disorders, these conditions are now regarded
as a serious issue threatening the lives of billions of peo-
ple worldwide. The current findings on ACSS2 and its
functions highlight an interesting and growing area in
research. Studies indicate that ACSS2 may act as both a
metabolic and inflammatory regulator, playing a role in
the pathogenesis and progression of several metabolic
disorders, including hepatic steatosis, obesity, diabetes,
and renal diseases. The enzyme’s proven role as not only
a lipogenic contributor but also a crucial metabolic regu-
lator opens the chance for further investigations for tar-
geting this enzyme in therapy. Indeed, current research
has shown that ACSS2 participates in multiple pathways
that promote tumorigenesis especially in a metabolically
challenged microenvironment, with promising results
on the use of ACSS2 inhibitors as a treatment option.
The ongoing investigation of the clinical application of
ACSS2 inhibitors, particularly in cancer therapies cur-
rently in development, presents opportunities to extend
this approach to other diseases where ACSS2 plays a
major role in the disease development and progression.
The current literature on ACSS2 and metabolic disorders
underscores the promising potential of ACSS2 targeted
therapies to mitigate the effects of ACSS2 on these dis-
eases, as evidenced by the reversal of disease pathogen-
esis following ACSS2 inhibition or knockdown. However,
with relatively few studies investigating the role of ACSS2
as a potential therapeutic target in metabolic disorders as
compared to cancer for example, more research is needed
to better understand the mechanisms underlying the role
of ACSS2 in the progression of these diseases and thus
find safe treatments.
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