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1  |  INTRODUC TION

Liver steatosis is the earliest stage of nonalcoholic fatty liver disease 
(NAFLD) (Chalasani et  al.,  2012). This disease can slowly progress 
to nonalcoholic steatohepatitis (NASH) with liver fibrosis and may 

eventually lead to more severe cirrhosis and hepatocellular carci-
noma (HCC), which are associated with poor prognosis and greater 
mortality (Lallukka et al., 2016). In the past two decades, liver ste-
atosis has increasingly become a common disease with a global 
prevalence of NAFLD. Hepatic steatosis is caused by the aberrant 
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Abstract
Hepatic steatosis, the first step in the development of nonalcoholic fatty liver disease 
(NAFLD), is frequently observed in the aging population. However, the underlying 
molecular mechanism remains largely unknown. In this study, we first employed GSEA 
enrichment analysis to identify short-chain acyl-CoA dehydrogenase (SCAD), which 
participates in the mitochondrial β-oxidation of fatty acids and may be associated 
with hepatic steatosis in elderly individuals. Subsequently, we examined SCAD ex-
pression and hepatic triglyceride content in various aged humans and mice and found 
that triglycerides were markedly increased and that SCAD was upregulated in aged 
livers. Our further evidence in SCAD-ablated mice suggested that SCAD deletion was 
able to slow liver aging and ameliorate aging-associated fatty liver. Examination of the 
molecular pathways by which the deletion of SCAD attenuates steatosis revealed that 
the autophagic degradation of lipid droplets, which was not detected in elderly wild-
type mice, was maintained in SCAD-deficient old mice. This was due to the decrease 
in the production of acetyl-coenzyme A (acetyl-CoA), which is abundant in the livers 
of old wild-type mice. In conclusion, our findings demonstrate that the suppression of 
SCAD may prevent age-associated hepatic steatosis by promoting lipophagy and that 
SCAD could be a promising therapeutic target for liver aging and associated steatosis.
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accumulation of triglycerides in hepatocytes due to increased fatty 
acid uptake from the diet and/or peripheral tissues, increased de 
novo lipogenesis, defects in fatty acid β-oxidation, and reduced ex-
port to circulation in very-low-density lipoprotein particles (Cohen 
et al., 2011; Zhang et al., 2019).

Accumulating evidence highlights an elevated incidence of he-
patic steatosis in elderly people (Kagansky et al., 2004). One of the 
earlier studies showed that the incidence of fatty liver in people 
older than 60 years is twofold greater than in people aged >20–
40 years (Hilden et al., 1977). A more recent large cohort of type 2 
diabetic outpatients also revealed that the incidence of NAFLD in 
persons aged ≥60 years is greater than in persons aged 40–59 years 
(Targher et al., 2007). Furthermore, in an Asian cohort, individuals 
younger than 60 years had very little severe steatosis, while those 
older than 60 years were more prone to severe NAFLD, such as fi-
brosis (Miyaaki et  al., 2008). However, the mechanisms leading to 
the initiation and progression of hepatic steatosis in elderly individ-
uals remain poorly understood.

Short-chain acyl-coenzyme A (acyl-CoA) dehydrogenase 
(SCAD) is a member of the acyl-CoA dehydrogenase family of 
enzymes that catalyze the first step in mitochondrial fatty acid 
β-oxidation. SCAD, encoded by the Acads gene, targets monocar-
boxylic acids 4–6 carbons in length, and the favored substrate is 
butyryl-CoA with four carbon units (Chen & Su,  2015). The re-
sulting acetyl-CoA is a crucial precursor of lipid synthesis and en-
ters the tricarboxylic acid cycle to supply energy for tissues with 
high metabolic demands, such as the liver (Ghosh et  al.,  2016). 
Theoretically, SCAD deficiency limits β-oxidation, leading to fatty 
acid accumulation in the liver. However, SCAD deficiency also de-
creases acetyl-CoA production, which has been shown to play an 
important role in promoting longevity through the induction of 
autophagy (Bradshaw, 2021). For example, blockade of nucleocy-
tosolic acetyl-CoA production potentially extends Drosophila and 
yeast lifespans and clearly ameliorates age-associated autophagy 
(Eisenberg et  al.,  2014). Furthermore, the attenuation of acetyl-
CoA synthesis in both mice and cultured human cells can induce 
autophagy, while high cytosolic acetyl-CoA levels suppress auto-
phagy and accelerate the manifestation of age-associated patholo-
gies (Marino et al., 2014). SCAD is considered a significant factor in 
age-related disease development and progression because it func-
tions as a metabolic modulator that controls the fate of acetyl-CoA 
and rewires liver lipid metabolism.

In this study, we explored the function of SCAD in aging-
associated liver steatosis. Our findings reveal the role of SCAD 
and associated acetyl-CoA in the development of fatty liver during 
aging. We found that SCAD ablation was able to slow liver aging 
and attenuate age-related hepatic lipid accumulation. Moreover, we 
demonstrated that SCAD aggravated triglyceride accumulation in 
aged livers through an acetyl-CoA-impaired autophagy pathway and 
that SCAD deletion prevented entry into cellular senescence via the 
enhancement of lipophagy. This study revealed a novel role of SCAD 
in the hepatic aging process, and targeting SCAD may offer thera-
peutic benefit for aging-induced fatty liver.

2  |  RESULTS

2.1  |  Hepatic and serum SCAD are increased in an 
age-dependent manner

To explore the pathways associated with genes whose expression 
is altered by aging in the human liver, we performed an unbiased 
gene set enrichment analysis (GSEA) using the gene expression 
profiles of GSE133815, which were generated from young (21–
45 years old, n = 11) and old (>69 years of age, n = 12) human liver 
tissues (Corton et  al.,  2022). All genes in GSEA were allocated 
into gene sets based on their known functions, and 18 gene sets 
were significantly enriched at nominal p < 0.05 and FDR q < 25% 
(Table S1). Fatty acid metabolism and butanoate metabolism were 
strongly enriched in the aged group (Figure  1a), suggesting that 
fatty acid metabolism may play a pivotal role in the pathophysi-
ology of aging. Among the highly expressed core genes involved 
in the fatty acid metabolic pathway (Table S2), ACADS, which en-
codes the enzyme SCAD, is highly expressed in elderly individuals 
(Figure 1b).

Like those of other hepatic mitochondrial enzymes, such as glu-
tamate dehydrogenase and malate dehydrogenase, the activity of 
SCAD is high in the liver, where it is localized exclusively in periportal 
mitochondria (Ghosh et al., 2016). Hepatic mitochondrial enzymes re-
leased into the circulation should therefore be useful for liver-specific 
diagnostic markers. To further test whether SCAD is associated with 
aging, we measured the serum SCAD concentration in a cohort of 
51 healthy liver individuals of varying ages using commercial ELISA 
kits. As demonstrated in Figure 1c, we detected a positive correla-
tion between the serum SCAD concentration and age. Furthermore, 
because SCAD is highly expressed in peripheral blood mononuclear 
cells (PBMCs), which are easily accessible clinical samples and share 
similar gene expression patterns with other organs in the pathology 
of age-related disorders (Haus et al., 2013; He et al., 2018), we de-
termined SCAD protein levels in human PBMCs by western blotting. 
As expected, the level was significantly greater in the elders (over 
75 years old) than in the youths (18–25 years old) (Figure 1d).

To confirm the correlation between hepatic SCAD expression and 
age, mice aged 3 months (young), 12 months (middle), and 24 months 
(old) were used to recapitulate the aging process. In addition to SCAD, 
the acyl-CoA dehydrogenase family also includes members of very 
long-, long-, and medium-chain dehydrogenases (VLCAD, LCAD, and 
MCAD, respectively). We first tested whether the expression levels of 
these genes might be associated with aging. All four transcripts were 
highly expressed in liver tissue, but only the expression of Acads mRNA 
increased during the aging process (Figure 1e). Accordingly, the protein 
content of SCAD in liver lysates determined by western blotting was 
significantly greater in older mice than in younger animals (Figure 1f). To 
validate these results in an in vitro senescence model, we used hydro-
gen peroxide (H2O2) to induce senescence in human HepG2 cells and 
mouse Hepa1-6 hepatocytes. Compared with untreated control cells, 
cells treated with H2O2 exhibited classical features of senescence, as 
they were distinctly larger, had less proliferation, and had more positive 
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staining for the senescence marker SA-β-Gal (Figure S1A). In addition, 
senescence was confirmed by increased expression of the cell cycle 
inhibitor p21 (Figure 1g and Figure S1B). As expected, H2O2-induced 
senescent hepatocytes expressed more SCAD protein than did non-
senescent cells (Figure 1g and Figure S1B). Collectively, these findings 
confirmed a positive correlation between SCAD concentration and age.

2.2  |  SCAD levels are positively associated with 
age-related liver steatosis

SCAD levels increase in the liver during aging, and growing evi-
dence suggests that NAFLD incidence is markedly increased in 

aging humans. Thus, we wanted to determine whether SCAD 
could correlate with the age-related occurrence of hepatic stea-
tosis. To this end, we first evaluated ACADS mRNA expression in 
the GEO datasets GSE66676 and GSE48452, which represent he-
patic gene expression in both adolescent (GSE66676, control = 34, 
NAFLD = 33) and aged (GSE48452, control = 45, NAFLD = 18) 
normal controls and NAFLD patients, respectively (Ahrens 
et al., 2013; Xanthakos et al., 2015). ACADS mRNA expression was 
distinctly upregulated in NAFLD livers compared with that in nor-
mal livers (Figure 2a). To confirm the upregulation of hepatic SCAD 
in NAFLD, we determined SCAD protein levels in human liver tis-
sues by IHC staining, and the quantitative results showed that the 
amount of SCAD protein was significantly greater in the livers 

F I G U R E  1 The levels of SCAD in the liver and serum increase during aging. (a, b) GSEA plots of FATTY_ACID_METABLISM and 
BUTANOATE_METABLISM (a) and hepatic ACADS mRNA expression (b) using the GSE133815 gene expression profile between 11 young 
(21–45 years old, male% = 54.5%) and 12 old (>69 years of age, male% = 58.3%) individuals. FDR, false discovery rate; NES, normalized 
enrichment score. (c) Correlation analysis of serum SCAD levels and age was conducted using the Pearson correlation test. The serum SCAD 
concentrations of 51 individuals with normal liver tissue were quantified via ELISA. (d) SCAD protein levels in PBMCs from normal-liver 
individuals were assessed by Western blotting. (e, f) mRNA expression levels of acyl-CoA dehydrogenase family members (VLCAD, LCAD, 
MCAD and SCAD) (e) and the SCAD protein levels (f) in liver tissues from wild-type mice at the ages of 3, 10, and 20 months were quantified 
by real-time PCR and Western blotting, respectively (n = 5 for each group). (g) The protein levels of p21 and SCAD in H2O2-induced 
senescent HepG2 cells were detected by Western blotting. The values are presented as the means ± SDs of 3 independent experiments. 
*p < 0.05, **p < 0.01, and ***p < 0.001.
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of NAFLD patients (Figure 2b). Moreover, the level of the SCAD 
protein in PBMCs was also markedly greater in NAFLD patients 
than in age-matched healthy controls (Figure  2c). Subsequently, 
the serum SCAD concentrations were measured in 68 NAFLD pa-
tients at various ages (Table S1), and a significant positive correla-
tion was observed between the serum SCAD concentration and 
age (Figure 2d). Collectively, these observations indicated that the 
age-dependent upregulation of SCAD was correlated with the de-
velopment of NAFLD during aging.

2.3  |  SCAD depletion protects mice against 
age-related liver pathological damage

The BALB/cByJ strain (Acads −/−) derived from the BALB/cJ strain 
(Acads +/+) is deficient in the SCAD enzyme due to a spontane-
ous mutation that results in a 278-bp deletion at the 3′ end of the 
Acads gene (Chen et  al.,  2019; Su et  al.,  2010). Western blotting 
analysis of liver tissues from BALB/cBy mice revealed that the 
SCAD protein was completely deficient (Figure S2A). Although the 
body weights of the Acads−/− mice and their age- and sex-matched 
Acads+/+ controls were comparable (Figure S2B), the liver-to-body 
weight ratio was significantly lower in the old Acads−/− mice than 

in the old Acads+/+ mice (Figure 3a). Lipid analysis of liver tissue 
and serum revealed that triglyceride (TG) and fatty acid (FA) lev-
els were comparable between Acads−/− mice and Acads+/+ con-
trols at 3 months of age, while aged (24-month-old) Acads−/− mice 
presented significantly lower concentrations of TG and FA than 
did age-matched control mice (Figure 3b, Figure S2C,D). Similarly, 
H&E and Oil Red O staining of liver sections revealed that young 
animals had barely detectable hepatosteatosis; on the other hand, 
aged control mice exhibited distinct accumulation of lipid drop-
lets and steatosis, which was ameliorated in aged Acads−/− mice 
(Figure 3c,d). In addition, the changes in other aging-associated liver 
damage markers, such as elevated aminotransaminases (AST and 
ALT), were significantly mitigated by SCAD deficiency (Figure 3e). 
Strikingly, Acads deficiency attenuated fibrosis development in the 
aged livers of old mice (Figure 3c,d). Considering that senescence 
is a hallmark of aging and that senescent cells can contribute to 
age-related hepatic lipid accumulation, we also measured the se-
nescence markers SA-β-Gal and p21 in liver tissues. Compared to 
those of age-matched control mice, the livers of old Acads−/− mice 
displayed a senescence-resistant phenotype with significantly 
fewer SA-β-Gal-positive cells and lower p21 levels (Figure  3c,d). 
Taken together, these data provide evidence that SCAD deficiency 
can delay liver aging and suppress age-related liver steatosis.

F I G U R E  2 SCAD levels are positively associated with age-related liver steatosis. (a) Hepatic ACADS mRNA expression in normal controls 
and NAFLD patients from the GEO datasets GSE66676 (control: n = 34, male% = 17.6%; NAFLD: n = 26, male% = 23.1%) (left) and GSE48452 
(control: n = 27, male% = 7.4%; NAFLD: n = 14, male% = 41.7%) (right). (b) Representative H&E staining (upper) and SCAD IHC staining (lower) 
of liver sections from NAFLD patients and healthy individuals. (c) SCAD protein levels in PBMCs from NAFLD patients (n = 4) and age-
matched healthy controls (n = 4) were assessed via Western blotting. (d) Correlation analysis of serum SCAD levels and age was conducted 
using the Pearson correlation test. Serum SCAD concentrations were measured by ELISA in 68 NAFLD patients at various ages. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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2.4  |  SCAD inhibits autophagy in the liver 
during aging

Next, we utilized our previous whole-transcriptome data 
(GSE128608) of liver tissues from Acads+/+ and Acads−/−mice fed a 
high-fat diet (Chen et al., 2019) to identify the possible mechanisms 
by which Acads ablation protects against liver aging. A high-fat diet 
(HFD) induced significant hepatic steatosis, as indicated by H&E and 
Oil Red O staining (Figure S3). Given that hepatic fat accumulation 
can trigger oxidative stress and that the latter is regarded as the 
main cause of aging (de Almeida et al., 2022), we speculated that a 
HFD could induce liver aging. Indeed, a HFD increased senescence-
associated (SA)-β-galactosidase activity and the expression of the 
cell cycle inhibitor p21 (Figure S3). Acads ablation significantly ame-
liorated HFD-induced hepatic lipid accumulation and liver aging, 
as indicated by the reductions in SA-β-gal activity and p21 levels 
(Figure S3).

Initially, we identified 117 differentially expressed genes 
(DEGs) between Acads+/+ and Acads−/− mice. We then character-
ized the functional roles and biological processes of this gene set 
using unbiased GSEA. The results showed that 11 signaling path-
ways were highly enriched, with nominal p < 0.05 and FDR q < 25% 
(Table S3), and “lysosome” and “regulation of autophagy” were the 

main pathways associated with low expression of Acads (Figure 4a, 
Table S4). Thereafter, we verified whether SCAD deficiency could 
induce autophagy in aged livers. As a result, the conversion of LC3-I 
to LC3-II, a well-accepted biomarker of autophagic activity, was 
markedly reduced in the livers of old mice of both genotypes, but the 
old Acads−/− mice maintained a greater level of LC3-II protein than 
did the old Acads+/+ controls (Figure 4b). Moreover, we found that 
the levels of the p62 protein, which mediates LC3 ubiquitination and 
degradation, were comparable between the livers of old Acads−/− 
mice and young animals and were significantly greater in aged wild-
type mice (Figure 4b). Additionally, we examined autophagy by TEM, 
and the results indicated that the number of autophagosomes was 
large and undistinguishable in young mice of both genotypes. The 
old Acads−/− mice exhibited an approximately 39% reduction in the 
number of autophagosomes, which were barely detected in the liv-
ers of the old wild-type mice (Figure 4c,d). These data revealed that 
SCAD deficiency might contribute to the maintenance of autophagy 
in the aged liver.

To further confirm the impact of SCAD on autophagy during 
aging, we examined autophagic flux in H2O2-induced senes-
cent HepG2 cells in which SCAD was knocked down by siRNA 
(Figure 4e). The cells were transfected with tandem fluorescent-
tagged RFP-GFP-LC3 adenovirus, which enables the detection of 

F I G U R E  3 SCAD depletion protects mice against age-related liver pathological damage. Acads+/+ mice and Acads−/− mice were 
fed a chow diet for 3 months (3 M) or 24 months (24 M). (a) Liver/body weight (LW/BW) ratio. (b) Hepatic triglyceride and fatty acid (FA) 
concentrations. (c) Representative images of liver sections stained with H&E, Oil Red O, Masson's trichrome, senescence-associated (SA)-
β-galactosidase, or p21 antibody (scale bar = 50 μm). (d) Quantitative analysis of the number of lipid vacuoles in the liver and the areas of 
Oil Red O-, Masson's trichrome-, β-galactosidase-, or p21-positive staining. Three micrographs of each mouse were used for quantification 
(n = 5). (e) Serum ALT and AST concentrations (n = 3). The data are presented as the mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.



6 of 14  |     DENG et al.

autophagic flux by monitoring green GFP-LC3 and/or red RFP-LC3 
puncta (Yu et  al.,  2023). Our data showed that H2O2 treatment 
significantly blocked autophagic flux, as indicated by the presence 
of more autophagosomes with fewer autolysosomes, which are 
indicated by yellow puncta and red puncta, respectively, in the 
merged image. In contrast, SCAD knockdown resulted in fewer 
early autophagosomes with more autolysosomes (Figure  4f,g). 
These findings further validated by FACS analysis that the inhi-
bition of Acads expression could induce the consumption of au-
tophagosomes and further enhance autophagic flux in senescent 
cells (Figure 4h).

2.5  |  SCAD exacerbates senescence-associated 
liver steatosis through the acetyl-coenzyme 
A-dependent lipophagy pathway

Autophagy is a critical and fine-tuned process for maintaining en-
ergy homeostasis. Given that acetyl-CoA is a phylogenetically con-
served inhibitor of age-associated autophagy and that adenosine 
triphosphate (ATP) is regarded as a reservoir of energy for the lifes-
pan (Eisenberg et  al.,  2014), we therefore determined the hepatic 
acetyl-CoA concentration and ATP production. The results showed 
that the acetyl-CoA concentration increased while ATP production 

F I G U R E  4 SCAD inhibits autophagy in the liver during aging. (a) GSEA was conducted by examining the transcriptome (GSE128608) of 
mice with an Acads+/+ or Acads−/− genetic background, and enrichment plots showing the regulation of autophagy and lysosomal pathways 
were generated. NES, normalized enrichment score; FDR, false discovery rate. (b–d) Hepatic protein levels of autophagy markers (p62, 
LC3 and p21) were measured by Western blotting (b) and autolysosome ultrastructural features were assessed by TEM (c) in young (3 M) 
and old (24 M) mice with an Acads+/+ or Acads−/− genetic background. The overall average number of autophagosomes in both genotypes 
was determined from 8 randomly selected fields (d). (e–h) HepG2 cells were transfected with Acads siRNA for 2 days and then treated with 
300 μM H2O2 for 4 days. Autophagic flux was assessed with a dual tandem-tagged GFP-RFP-LC3 adenovirus. (e) Western blot analysis of 
the effect of Acads siRNA on SCAD protein levels. (f) Images of representative HepG2-LC3 cells (scale bar: 10 μm). (g) Quantification of LC3 
puncta in HepG2-LC3 cells in at least three independent experiments. (h) HepG2-LC3 cells were analyzed by flow cytometry. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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decreased during aging and that the loss of Acads resulted in a dra-
matic decrease in the levels of both acetyl-CoA and ATP in old mice 
(Figure 5a,b). These findings suggest that SCAD inhibits autophagy 
to induce hepatic lipid accumulation during aging through an acetyl-
CoA-dependent pathway.

Subsequently, we explored whether acetyl-CoA is necessary 
for the inhibition of autophagy by which SCAD modulates hepato-
cyte senescence and lipid accumulation in the liver. With or with-
out Acads knockdown by Acads siRNA, senescence was induced in 
HepG2 cells treated with 300 μM H2O2 for 4 days; thereafter, the 
cells were treated with 12 μM DCA dichloroacetic acid (DCA), which 
increases cellular acetyl-CoA levels by suppressing pyruvate dehy-
drogenase kinase (PDK) and subsequently increasing the activity of 
pyruvate dehydrogenase (PDH) (Zhou et al., 2001). H2O2 treatment 
induced significant increases in acetyl-CoA production and SA-β-gal 
activity, which were sharply reduced by Acads ablation (Figure 5c,d). 
Moreover, the suppression of acetyl-CoA production by Acads 
siRNA was significantly blunted by DCA in HepG2 cells (Figure 5c). 
Correspondingly, DCA almost completely abolished the protective 
effect of Acads knockdown on senescence in HepG2 cells, as indi-
cated by the significant increase in SA-β-gal activity (Figure 5d) and 
p21 expression (Figure 5e). In line with these observations, DCA re-
versed the increase in LC3II/LC3I and the decrease in p62 caused by 
Acads siRNA in H2O2-challenged HepG2 cells (Figure 5e), indicating 
the inhibition of autophagy. Furthermore, quantification of the in-
tracellular triglyceride levels revealed that Acads siRNA significantly 
decreased the triglyceride content in H2O2-treated cells, which was 
effectively blocked by DCA (Figure 5f). Since triglycerides are the 
major component of lipid droplets (LDs), their content in treated 
cells was also evaluated. BODIPY staining data showed that DCA 
significantly attenuated the inhibitory effects of Acads ablation on 
H2O2-induced LD accumulation (Figure  5g). Given that lipophagy, 
or autophagic degradation of LDs, is one of the major mechanisms 
involved in maintaining LD homeostasis in hepatocytes (Scorletti & 
Carr, 2022), we examined the involvement of SCAD and its associ-
ated acetyl-CoA in the modulation of lipophagy. In H2O2-induced se-
nescent HepG2 cells, the colocalization of LysoTracker and BODIPY 
revealed that Acads siRNA effectively induced the capture of LDs 
by autolysosomes, while this effect was suppressed by DCA treat-
ment (Figure 5g,h), suggesting that SCAD could impair lipophagy in 
an acetyl-CoA-dependent manner under senescent conditions.

To further confirm the effect of SCAD expression on the li-
pophagic pathway, we infused an adenovirus-encoding SCAD 
(Ad-Acads) into HepG2 hepatocytes (Figure  S4A). As expected, 
Ad-Acads-infused hepatocytes exhibited markedly increased 
acetyl-CoA levels (Figure  S4B) and p62 expression but decreased 
LC3II levels (Figure S4A). Moreover, the number of LDs that colo-
calized with autolysosomes was greatly reduced by Ad-Acads infu-
sion (Figure S4C,D). In addition, more triglycerides accumulated in 
Ad-Acads-infused hepatocytes (Figure  S4E). Correspondingly, the 
infusion of Ad-Acads significantly induced hepatocyte senescence, 
as reflected by the accumulation of SA-β-gal (Figure S4F) and p21 
(S4A). Taken together, these data confirmed that SCAD exacerbates 

senescence-associated liver steatosis through the acetyl-CoA-
dependent autophagy pathway.

2.6  |  SCAD depletion alleviates 
replicative senescence

We determined whether acetyl-CoA-induced lipophagy contributes 
to replicative senescence during serial passaging. Primary mouse 
embryonic fibroblasts (MEFs) with limited proliferative capacity are 
widely used as a replicative senescence model. The protein level of 
SCAD in the cell lysates was significantly greater in the P10 MEFs 
than in the very early passage MEFs (P0) (Figure 6a). Furthermore, 
the morphology and storage of lipids were distinct between the P10 
MEFs and control P0 cells. By passage 10 (P10), the Acads+/+ MEFs 
exhibited distinct morphologies of senescent cells with enlarged 
and flattened shapes, which was not obvious in the Acads-deficient 
MEFs (Figure  6b). Similarly, cellular lipid storage was also signifi-
cantly lower in the Acads−/− MEFs than in the Acads+/+ controls 
(Figure 6b), consistent with the decrease in senescence detected in 
Acads-deficient cells. Cellular senescence can be triggered by the ac-
cumulation of irreparable DNA damage, which induces H2AX phos-
phorylation (denoted as γH2AX) at the region of DNA double-strand 
breaks. Thus, we assessed the levels of γH2AX by immunofluores-
cence staining. Compared to those in Acads+/+ mice, P10 MEFs de-
rived from Acads−/− mice exhibited significant inhibition of the DNA 
damage response, as visualized by a decreased γH2AX signal com-
pared to that in control cells (Figure 6c). Staining of lipid droplets and 
autolysosomes with BODIPY and LysoTracker, respectively, revealed 
that the number of autolysosomes that captured lipid droplets was 
markedly greater in Acads-deficient MEFs than in Acads+/+ MEFs 
at passage 10 (Figure 6d,e). Thus, our results confirmed that SCAD 
ablation prevents cellular senescence by enhancing lipophagy during 
replicative senescence.

3  |  DISCUSSION

Aging is a complex multifaceted process in which metabolism plays 
a significant role. The liver is an essential metabolic organ that main-
tains metabolic homeostasis to meet body energy requirements. 
Epidemiological studies have demonstrated that hepatic steato-
sis is one of the main characteristics of an aging liver (Bertolotti 
et al., 2014) despite a lower prevalence of fatty liver in some very old 
age groups (Sheedfar et al., 2013). Although several pathways, such 
as endoplasmic reticulum stress, deregulated nutrient sensing, mito-
chondrial dysfunction, and cellular senescence pathways, have been 
implicated in age-associated hepatic steatosis (Cui et al., 2024; Hunt 
et al., 2019), the molecular mechanism underlying aging-related im-
pairments in hepatic lipid homeostasis remains elusive.

In this study, we first demonstrated that SCAD is a key regu-
lator of aging-associated hepatic steatosis. Our findings showed 
that hepatic SCAD is upregulated in both aging humans and mice. 
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F I G U R E  5 SCAD depletion alleviates senescence-associated liver steatosis through the acetyl-coenzyme A-dependent lipophagy 
pathway. (a, b) Hepatic acetyl-CoA concentrations (a) and ATP production (b) were quantified via ELISA in 3-month-old (young) and 
24-month-old (old) Acads+/+ or Acads−/− mice (n = 3 for each group). (c–h) Senescence was induced in HepG2 cells with or without Acads 
knockdown by Acads siRNA via treatment with 300 μM H2O2 for 4 days; thereafter, the cells were treated with 12 μM dichloroacetic acid 
(DCA) for 24 h. (c) Cellular acetyl-CoA production, (d) SA-β-galactosidase staining (bar scale: 100 μm), (e) immunoblots of SCAD, p21, LC3I/
LC3II and p62, (f) cellular triglyceride content, (g) representative immunofluorescence images of colocalization between lysosomes labeled 
with LysoTracker Red and lipid droplets labeled with the green lipid dye BODIPY (bar scale: 20 μm), (h) bar graphs showing the percentage of 
colocalization between lysosomes and lipid droplets. *p < 0.05, **p < 0.01, and ***p < 0.001.
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In agreement with these results, knockdown of SCAD protected 
mice against age-related liver pathological damage. At the molec-
ular level, intrahepatic acetyl-CoA, a product of the SCAD enzyme, 
markedly accumulated during the aging process. Further evidence 
suggested that SCAD aggravated triglyceride accumulation in aged 
livers through the acetyl-CoA-dependent autophagy pathway and 
that SCAD ablation prevented entry into cellular senescence via the 
enhancement of lipophagy.

SCAD deficiency blocks the mitochondrial fatty acid β-
oxidation of C4–C2, resulting in the accumulation of butyric 
acylcarnitine and a reduction in acetyl-CoA. Acetyl-CoA is not 
only a key metabolite that bridges fatty acid β-oxidation and de 
novo lipogenesis as well as glycolysis and the tricarboxylic acid 
cycle but also a substrate of histone acetyltransferases regulating 
memory formation (Mufson et  al., 2008). The amount of acetyl-
CoA in young individuals is much lower than that in elderly indi-
viduals because acetyl-CoA can be complemented by ATP citrate 
lyase (ACLY), whose expression in aged liver or adipose tissues is 
markedly inhibited (Carrer et  al.,  2017). Although some studies 

suggest that an increase in acetyl-CoA levels can increase the 
acetylation of histone 3 at lysine 9 (H3K9) to reduce brain aging 
(Currais et  al.,  2019), there is evidence that decreased acetyl-
CoA during C. elegans development is required for the mitochon-
drial unfolded protein response (UPRmt) to extend lifespan (Zhu 
et al., 2020). Cytoplasmic acetyl-CoA clearly plays a pro-aging role 
in many tissues through the inhibition of autophagy, and caloric 
restriction decreases acetyl-CoA levels to stimulate longevity-
promoting autophagy by restraining the activity of p300 histone 
acetyltransferase (Hagopian, 2003). Furthermore, this is corrobo-
rated by the fact that loss of the histone acetyltransferase NAA40 
resulted in hepatic lipid accumulation by increasing acetyl-CoA 
levels (Charidemou et al., 2022). Taken together, our results sug-
gest that the mitochondrial-derived pool of acetyl-CoA can in-
hibit autophagy, attenuating the autophagic degradation of lipid 
droplets in hepatocytes. Indeed, nutrient deprivation-induced 
reductions in acetyl-CoA levels are sufficient to induce autoph-
agy (Marino et al., 2014). Although SCAD inactivation limits fatty 
acid β-oxidation, the decrease in acetyl-CoA production relieves 

F I G U R E  6 SCAD ablation protects cells against replicative senescence. Primary MEFs with an Acads+/+ or Acads−/− genetic background 
were prepared from mouse embryos on embryonic day 14 and cultured in DMEM for 2 days; these cells were labeled passage 0 (P0). 
Thereafter, the MEFs were serially cultured to passage 10 (P10) to establish replicative senescent cells. (a) SCAD protein levels were 
assessed in primary MEFs at P0 and P10 by Western blotting. (b) Cellular morphology was monitored with a light microscope (upper, scale 
bar: 100 μm), and lipid accumulation in cells was assessed by Oil Red O staining (lower, scale bar: 50 μm). (c) γ-H2AX content in the P10 MEFs 
was examined via immunofluorescence staining. (d) Representative immunofluorescence images showing the colocalization of lysosomes 
labeled with LysoTracker Red and lipid droplets labeled with the green lipid dye BODIPY (scale bar: 50 μm). (e) Bar graphs showing the 
percentage of colocalization between lysosomes and lipid droplets. ***p < 0.001.
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the suppression of autophagy, which overcomes hepatic lipid 
overload. This might explain why SCAD inactivation can protect 
against hepatic steatosis during aging.

Lipophagy is a specific autophagy pathway that selectively 
removes excess lipids to maintain lipid homeostasis and is also 
thought to contribute substantially to the hydrolysis of tri-
glycerides in cells (Cingolani & Czaja,  2016). Hence, promoting 
lipophagy might be an effective strategy for ameliorating hepatic 
steatosis (Schulze et  al.,  2017). However, the underlying contri-
bution of lipophagy to lipolysis remains unclear. In a study that 
initially identified the autophagy chaperone p62/SQSTM1 as an 
essential adaptor for discerning and delivering specific protein ag-
gregates to autophagosomes for degradation (Jeong et al., 2019). 
Generally, most studies have shown that p62 is linked to the 
formation of ubiquitin-positive inclusions and binds LC3II to fa-
cilitate autophagic degradation, but not all of these interactions 
(Nihira et  al.,  2014), which means that the inhibition of hepatic 
autophagy promotes steatosis. Crosstalk between lipophagy and 
p62-mediated ubiquitin lipolysis occurs (Liu et al., 2016), and it is 
possible that activation of lipophagy results in protection against 
hepatic lipid accumulation under certain metabolic conditions 
(Robichaud et  al.,  2021). In line with these studies, our results 
suggest that Acads deficiency results in the activation of p62-
mediated autophagic degradation of lipids in mice to promote ag-
ing- or HFD-induced fatty liver.

Collectively, these studies identified a previously unrecog-
nized mitochondrial–lysosomal metabolic link that promotes the 
autophagic degradation of lipid droplets. Our results revealed that 
β-oxidation of fatty acids is a major source of acetyl-CoA that main-
tains hepatic lipid homeostasis during aging. Induction of lipid auto-
phagy via inhibition of acetyl-CoA production might be a promising 
therapeutic option for aging-associated fatty liver disease.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Data sources and gene set enrichment 
analysis (GSEA)

Gene Expression Omnibus (GEO) datasets (GES133815, GSE66676, 
and GSE48452) representing human hepatic gene expression in both 
young and old individuals with or without NAFLD were downloaded 
from the National Center for Biotechnology Information (NCBI) 
website (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​). Our previously avail-
able raw transcriptome data (GSE128608) were generated from 
mouse liver tissues.

GSEA 4.1.0 software (https://​www.​gsea-​msigdb.​org/​gsea/​index.​
jsp) was used to enrich pathway-associated genes whose expression 
was altered either by aging in human liver tissues or by Acads expres-
sion in mouse liver tissues. Gene expression profiles of GSE133815 
or GSE128608 were imported into the GSEA desk application ac-
cording to the instructions, and “C2.cp.KEGG.v7.2.symbols” from the 

Molecular Signatures Database (MSigDB) was used as a reference 
gene set. Using a permutation test with 1000 repetitions, enriched 
gene sets with a nominal p value of <0.05 and a false discovery rate 
(FDR) of <0.25 were considered to be significantly different, but 
any gene sets that had <10 genes and >500 genes were excluded 
to avoid inflated scores for small gene sets and inaccurate normal-
ization for larger gene sets. Genes were ranked based on their mag-
nitude of difference in expression between the phenotypic states.

4.2  |  Patients

This study was approved by the Institutional Review Board of West 
China Hospital. The patients provided informed consent prior to 
participation. This study included 68 individuals with a clinical di-
agnosis of NAFLD according to the Kleiner criteria and 51 healthy 
controls (Table S5). All the subjects signed a written consent form.

4.3  |  Animals

All animal care and experiments were conducted in accordance 
with a protocol approved by the Animal Care and Use Committee 
of West China Hospital of Sichuan University. BALB/cBy and BALB/
cJ mice were purchased from The Jackson Laboratory (Bar Harbor, 
ME, USA). Mice were housed with free access to food and water on a 
12-h light/dark cycle. Mice were randomly divided into three groups: 
young (3 months old), middle (12 months old), and old (24 months old) 
on a standard chow diet.

4.4  |  Reagents and plasmids

DMEM/F12 and Hieff Trans® liposomal transfection reagents 
were purchased from YSASEN Biotech (Shanghai, China). Oil Red 
O (HY-D1168), BODIPY 493/503 (HY-W090090), and LysoTracker 
Red (HY-D1300) were purchased from MedChemExpress. An ATP 
assay kit (S0026), an SA-β-gal staining kit (C0602), and a tandem-
tagged GFP-RFP-LC3 adenovirus (C3011) were purchased from 
Beyotime Biotech (Shanghai, China). Adenovirus-encoding SCAD 
(Ad-Acads) and small interfering RNA (siRNA) targeting Acads and 
scramble control siRNA were purchased from Sangon Biotech 
(Shanghai, China). ELISA kits for human SCAD (JM-1489H2) and 
mouse acetyl-CoA (ml037242) were purchased from Jiangsu 
Jingmei Biotech (www.​jsjmsw.​com) (Yancheng, Jiangsu, China) 
and Shanghai Enzyme-linked Biotech (www.​mlbio.​cn) (Shanghai, 
China), respectively. Quantitative kits for triglyceride (A110-1-1), 
total cholesterol (A111-1-1), alanine transaminase (ALT, C009-
2-1), and aspartate transaminase (AST, C010-2-1) were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
A total protein extraction kit (KGB5303) and bicinchoninic acid 
(BCA) protein assay kit (KGB2101) were purchased from Jiangsu 

https://www.ncbi.nlm.nih.gov/geo/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
http://www.jsjmsw.com
http://www.mlbio.cn


    |  11 of 14DENG et al.

KeyGen BioTech (Nanjing, China). TRIzol reagent was purchased 
from Invitrogen (Carlsbad, CA), and a cDNA synthesis kit (R312) 
and SYBR qPCR Master Mix (Q511) were purchased from Vazyme 
Biotech (Nanjing, China). Antibodies against β-actin (1:3000, 
M1501), p62 (1:1000, ET1603-34), and LC3 (1:2000, ET1603-11) 
were purchased from HuaBio (Hangzhou, China). Antibodies 
against SCAD (1:1000; ab156571) and γ-H2A.X (ab2893) were 
purchased from Abcam (Shanghai, China). Enhanced chemilumi-
nescence (ECL) reagents were purchased from ComWin Biotech 
(Beijing, China).

4.5  |  Cell culture and senescence induction

HepG2 and Hepa1-6 hepatocyte cells (ATCC) were cultured at 
37°C in a humidified 5% CO2 atmosphere in DMEM supplemented 
with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 1% anti-
biotics (100 U/mL penicillin and 100 μg/mL streptomycin), 1% glu-
tamine, and 0.01% nonessential amino acids (Irvine et al., 2014). To 
induce senescence, cells were treated with various concentrations 
of H2O2 in DMEM for four consecutive days, and the optimal con-
ditions (0.3 mM for HepG2 cells and 0.4 mM for Hepa1-6 cells) for 
the induction of senescence rather than apoptosis or death were 
determined.

Mouse embryonic fibroblasts (MEFs) were prepared from em-
bryos on embryonic day 14 and grown in DMEM supplemented with 
10% (v/v) FBS and 1% antibiotics for 2 days; thereafter, the cells 
were harvested, viably frozen, and labeled as passage 0 (P0). To es-
tablish replicative senescent cells, MEFs were seeded at 3 × 105 cells 
per 10 cm plate, trypsinized after 3 days, counted and reseeded at 
the same density from P0 to P10.

4.6  |  Biochemical assays

Plasma, hepatic, or cellular levels of triglycerides, total cholesterol, 
alanine transaminase (ALT), and aspartate transaminase (AST) were 
quantified using commercially available kits as previously described 
(Zhang et al., 2018). Blood SCAD concentrations and hepatic or cel-
lular acetyl-CoA levels were determined with commercial ELISA kits 
according to the manufacturer's instructions.

4.7  |  Acads gene overexpression and knockdown

Acads siRNA or scramble control siRNA was premixed with a dilution 
of Hieff Trans® liposomal transfection reagent in Opti-DMEM and 
then incubated with HepG2 cells in FBS-free DMEM for 6 h. After 
removal of the transfection media, the cells were cultured in fresh 
media for an additional 2 days. After 2 days of transfection, the 
HepG2 cells were treated with H2O2 with or without dichloroacetic 
acid (DCA, 12 μM) or ATP (10 μM) for 24 h and harvested for 

subsequent processing. For overexpression, HepG2 cells were 
transfected with an adenovirus encoding SCAD (Ad-Acads).

4.8  |  Determination of ATP content

ATP levels were measured using a cellular ATP assay kit as previously 
described (Liu et al., 2021). Briefly, cells were lysed in 200 μL of cell 
lysis reagent, and the protein concentration was quantified with a 
BCA protein assay kit. After adding 1 μL of luciferase reagent and 
100 μL of dilution buffer to 50 μL of lysate, the luminescence was 
analyzed after a 5-s delay on a luminometer. The ATP content of 
the sample was calculated using a standard curve established from 
known levels of ATP. The results were adjusted to the sample's total 
protein content.

4.9  |  Histopathologic analysis and immunostaining

Liver tissue specimens were either embedded in Tissue OCT-
Freezing medium or fixed in 4% neutral buffered formalin (NBF) 
formaldehyde overnight followed by paraffin embedding. Five-
micron-thick tissue sections were subjected to hematoxylin and 
eosin (H&E) staining, Masson's trichrome staining, Oil Red O stain-
ing, and BODIPY 493/503 staining as described previously (He 
et al., 2023; Yu et al., 2023).

SA-β galactosidase staining was conducted using a SA-β-gal 
staining kit following the manufacturer's instructions. Briefly, 
frozen tissue sections were fixed with 2.5% glutaraldehyde solu-
tion followed by incubation with a staining solution (40 mM cit-
ric acid, 0.2 M Na2HPO4, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)63H2O, 
2 mM MgCl2, and 150 mM NaCl) and X-Gal (1 mg/mL) at least 
overnight in a humid chamber at 37°C; thereafter, the samples 
were counterstained with 1% Fast Red for 2 min. Senescent cells 
were evaluated under a light microscope for the development of 
a blue color. For cellular SA-β-gal staining, after removing growth 
media, the cells were washed in 1× PBS, fixed with 4% formalde-
hyde, and stained with staining solution at least overnight at 37°C. 
Thereafter, the cells that were stained blue were counted under a 
light microscope.

Immunohistochemical analysis and immunostaining were con-
ducted according to standard procedures using monoclonal antibod-
ies against SCAD, LC3II, and p62/SQSTM1. Images were acquired 
using an Axio Imager A2 fluorescence microscope (Carl Zeiss, 
Germany).

4.10  |  Measurement of autophagy 
flux and lipophagy

Measurements of autophagic flux in H2O2-induced senescent HepG2 
cells were performed with an RFP-GFP-LC3 image-based assay as 
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reported previously (Singh et al., 2014). H2O2-treated HepG2 cells 
with or without ACADS knockdown by siRNA were infected with a 
tandem-tagged GFP-RFP-LC3 adenovirus. After 24 h of infection, 
the number of GFP-LC3 (green)- and RFP-LC3 (red)-positive puncta 
were quantified by counting >50 cells on an inverted confocal micro-
scope (Carl Zeiss, Germany) and were also measured by ratiometric 
flow cytometry (BD Biosciences, USA).

Lipophagy levels were measured as previously described (Yu 
et al., 2023). HepG2 cells treated with H2O2 or P10 MEFs were in-
fected with RFP-LC3 adenovirus. After 24 h of infection, the cells 
were stained with LysoTracker Red working solution and BODIPY 
493/503. The colocalization of RFP-LC3 with BODIPY 493/503 in 
cells was visualized and analyzed using a confocal microscope (Carl 
Zeiss, Germany).

4.11  |  Transmission electron microscopy (TEM)

TEM was performed as previously described (Liu et  al.,  2021). 
Briefly, mouse liver tissue specimens (<1 mm3) were fixed in 2.5% 
glutaraldehyde solution. After being postfixed in 1% OsO4, dehy-
drated and infiltrated with an increasing concentration gradient 
of ethanol and propylene oxide, the samples were embedded in 
propylene oxide/Poly/Bed 812 epoxy resin overnight. The solidi-
fied tissue specimens were cut into 50–60 nm slices and stained 
with 2% C4H6O6U and 1% C6H8O7Pb. Autophagosome-like vesi-
cles were observed under a Philips CM120 scanning transmission 
electron microscope.

4.12  |  RNA isolation, cDNA synthesis, and 
quantitative real-time PCR (qRT–PCR)

Total hepatic or cellular RNA was extracted with TRIzol reagent 
and reversely transcribed into cDNA using a cDNA synthesis kit. 
qRT–PCR analysis with the indicated primers (Table  S6) was car-
ried out using SYBR Green technology as described previously (Liu 
et al., 2017). The relative mRNA levels were estimated by the com-
parative threshold cycle (ΔΔCt) method using Gapdh as a normaliza-
tion vector.

4.13  |  Western blotting

Hepatic or cellular protein extraction, quantitation and western 
blotting were performed as described elsewhere. Briefly, 40 μg 
of protein per sample was separated via 8%–15% SDS–PAGE and 
subsequently transferred to polyvinylidene difluoride (PVDF) mem-
branes. After blocking in skim milk for 1 h, the membranes were 
incubated with primary antibodies overnight at 4°C, followed by 
incubation with horseradish peroxidase (HRP)-conjugated second-
ary antibodies. The protein bands were visualized using enhanced 
chemiluminescence (ECL) and imaged with a ChemiDoc gel system 

(Bio-Rad), and the fold density was quantified using Quantity One 
software (Bio-Rad Laboratories, Hercules, CA).

4.14  |  Statistical analysis

The data are presented as the mean ± standard deviation (SD). 
Differences between groups were tested using Student's t test and 
two-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate sta-
tistical significance. Correlation analysis was performed using the 
Pearson's correlation test. These analyses were performed using 
GraphPad Prism software.
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