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Abstract

Background In heart failure (HF), mitochondrial dysfunction and metabolic remodeling lead to a reduction in energy
productivity and aggravate cardiomyocyte injury. Supplementation with a-ketoglutarate (AKG) alleviated myocardial
hypertrophy and fibrosis in mice with HF and improved cardiac insufficiency. However, the myocardial protective
mechanism of AKG remains unclear. We verified the hypothesis that AKG improves mitochondrial function by
upregulating NAD" levels and activating silent information regulator 2 homolog 1 (SIRT1) in cardiomyocytes.

Methods In vivo, 2% AKG was added to the drinking water of mice undergoing transverse aortic constriction (TAC)
surgery. Echocardiography and biopsy were performed to evaluate cardiac function and pathological changes.
Myocardial metabolomics was analyzed by liquid chromatography—mass spectrometry (LC-MS/MS) at 8 weeks
after surgery. In vitro, the expression of SIRT1 or PINK1 proteins was inhibited by selective inhibitors and siRNA in
cardiomyocytes stimulated with angiotensin Il (Angll) and AKG. NAD* levels were detected using an NAD test kit.
Mitophagy and ferroptosis levels were evaluated by Western blotting, gPCR, JC-1 staining and lipid peroxidation
analysis.

Results AKG supplementation after TAC surgery could alleviate myocardial hypertrophy and fibrosis and improve
cardiac function in mice. Metabolites of the malate-aspartate shuttle (MAS) were increased, but the TCA cycle and
fatty acid metabolism pathway could be inhibited in the myocardium of TAC mice after AKG supplementation.
Decreased NAD™ levels and SIRT1 protein expression were observed in heart of mice and Angll-treated
cardiomyocytes. After AKG treatment, these changes were reversed, and increased mitophagy, inhibited ferroptosis,
and alleviated damage in cardiomyocytes were observed. When the expression of SIRT1 was inhibited by a selective
inhibitor and siRNA, the protective effect of AKG was suppressed.
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Conclusion Supplementation with AKG can improve myocardial hypertrophy, fibrosis and chronic cardiac
insufficiency caused by pressure overload. By increasing the level of NAD®, the SIRT-PINK1T and SIRT1-GPX4 signaling
pathways are activated to promote mitophagy and inhibit ferroptosis in cardiomyocytes, which ultimately alleviates

cardiomyocyte damage.

Keywords a-Ketoglutarate, Cardiac insufficiency, Mitophagy, Ferroptosis, Transverse aortic constriction, Angiotensin

Il, NAD, SIRT1

Background

Heart failure (HF) is a severe manifestation or advanced
stage of a variety of heart diseases with multiple patho-
physiological features, including mitochondrial dam-
age and dysfunction (Weiss et al. 2005; McDonagh et al.
2021). Metabolic remodeling occurs in cardiomyocytes
in HE, leading to the inhibition of mitochondrial oxida-
tive phosphorylation, a reduction in adenosine triphos-
phate (ATP) production and myocardial systolic and
diastolic dysfunction (van Bilsen et al. 2004; Lopaschuk
et al. 2021). The factors released by mitochondrial dam-
age can mediate inflammation and oxidative stress, which
further aggravate cell damage and energy metabolism
(Lopaschuk et al. 2021). Therefore, reducing mitochon-
drial injury is essential for protecting cardiomyocytes and
improving energy metabolism.

It has been found that supplementation with AKG, an
intermediate of tricarboxylic acid (TCA) cycle, can alle-
viate diseases mediated by mitochondrial damage and
oxidative stress by promoting mitophagy (Asadi Shah-
mirzadi et al. 2020; Wang et al. 2020; Bayliak and Lush-
chak 2021; Liu et al. 2023). Mitophagy is a self-protective
process in which cells remove damaged mitochondria.
AKG supplementation can promote mitophagy in rat
cartilage tissue and alleviate IL-1B-induced osteoarthritis
(Liu et al. 2023). In our previous study, AKG promoted
mitophagy and reduced cardiac disfunction in mice with
HF (An et al. 2021). However, the mechanism by which
AKG affects mitophagy remains unclear.

In addition to the TCA cycle, AKG is also involved in
several metabolic processes, such as the malate-aspartate
shuttle (MAS) (Gevi et al. 2017). As a substrate, AKG par-
ticipates in the mutual conversion of malic acid and oxa-
loacetic acid, oxidizes NADH to NAD?Y, and transports
malic acid and NAD™" to mitochondria to participate in
the TCA cycle (Borst 2020). Decreased NAD™ and silent
information regulator 2 homolog 1 (SIRT1) levels have
been observed in cardiomyocyte cardiomyopathy or HF
caused by mitochondrial dysfunction (Horton et al. 2016;
Lee et al. 2016). SIRT1 is a deacetylase and dependent on
the level of NAD* (Mouchiroud et al. 2013). SIRT1 can
regulate autophagy by PINKI1-Parkin pathway (Jiang et
al. 2021). In addition, SIRT1 regulates ferroptosis by the
GPX4-related pathway, which is important in cardiomyo-
cyte damage (Stockwell et al. 2017; Ma et al. 2020; Li et
al. 2021). Therefore, we speculate that the regulation of

NAD™-related pathways may be the potential mechanism
by which AKG protects cardiomyocytes.

Therefore, we attempted to verify that AKG protects
cardiomyocytes through the NAD*/SIRT1 pathway. This
study aimed to (1) determine the effects of AKG on myo-
cardial metabolomics, (2) identify SIRT1 as a factor that
improves the effect of AKG on cardiomyocyte injury, and
(3) explore the role of SIRT1-related pathways in AKG-
mediated cardiomyocyte protection.

Materials and methods

Experimental animals

All C57BL/6] mice and newborn Sprague-Dawley (SD)
rats were purchased from the Experimental Animal Cen-
ter of Southern Medical University. Mice were housed
on a natural light/dark cycle and fed a regular mouse
diet. Eight-week-old male mice were subjected to trans-
verse aortic constriction (TAC) surgery or sham surgery
according to previously report (Liu et al. 2019). After sur-
gery, mice were divided into four groups randomly: (1)
Sham group; (2) TAC group; (3) Sham mice treated with
AKG; (4) TAC mice treated with AKG. 2% AKG (Aladdin,
USA) was added to the drinking water of mice in AKG
treatment group. At 8 weeks after surgery, mice were
subjected to echocardiography (Vevo2100,VisualSonics,
Canada) with a 21-MHz transducer (MS400). Then the
mice were killed by excessive anesthesia and heart tis-
sues were collected. Figure 1A showed the timeline of
treatment.

Isolation and culture of neonatal rat ventricular myocytes
(NRVMs)

NRVMs were isolated cultivated as previously described
(Liu et al. 2019). Cardiomyocytes were stimulated with
2 uM Angll (Abcam, USA) and treated with 2 uM AKG
(Aladdin, USA) for 24 h(An et al. 2021).

Cardiomyocyte protein expression intervention

siRNA transfection

To knock down SIRT1 and PINK1, cardiomyocytes
(60-70% confluence) in 6-well plates were incubated
with a mixture of SIRT1, PINK1 or scrambled siRNA (60
nmol/L) (RiboBio, China), Lipofectamine 3000 (Invitro-
gen, USA), Opti-MEM (Gibco, USA) and basic medium
(containing 3% FBS) for 6-8 h and then incubated in
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complete medium (containing 10% FBS and antibiotics)
for 48 h.

Selective SIRT1 inhibitors

EX527 (Selleck Chemicals, USA) was dissolved in DMSO.
According to the results of the preliminary experiment,
cardiomyocytes were stimulated with 50 uM EX527 for
12 h before being treated.

Heart tissue sectioning and staining

Heart tissues were sectioned and stained with hematox-
ylin-eosin (HE) (Servicebio, China), Masson (Servicebio,
China) and wheat germ agglutinin (WGA) (Sigma, USA)
according to the manufacturers’ protocols. The images
were analyzed with Image] software (NIH).

Untargeted metabolomics

We analyzed samples from hearts by liquid chroma-
tography-mass spectrometry (LC-MS) with a Thermo
Ultimate 3000 (Thermo Fisher Scientific, USA) and
TripleTOF 5600+ (AB SCIEX, USA). Detailed informa-
tion on the sample preparation and analysis is available in
the Supplemental Materials.

Determination of NAD

NAD* and NADH concentrations were determined using
the coenzyme I NAD(H) test kit (Solarbio, China). NAD™*
or NADH was extracted from heart tissues of mice and
NRVMs, and the absorption of colorimetric solution was
measured at 570 nm. The concentrations of NAD" or
NADH in the samples were calculated by the determina-
tion value of samples and standards.

Mitochondrial membrane potential (MMP) measurement
JC-1 staining kit (Fudebio, China) was used for MMP
analysis (An et al. 2021). Fluorescence was observed with
confocal microscopy (Leica SP8, Germany). The images
were analyzed with Image].

Western blotting

Proteins were extracted, quantified and analyzed as
reported previously (Xiong et al. 2018; Liu et al. 2019; An
et al. 2021). The primary and secondary antibodies used
included anti-B-MHC, anti-ANP, anti-HO1, anti-GPX4
(1:1000, Proteintech, USA), anti-PINK1 (1:200, Santa
Cruz, USA), anti-SIRT1 (1:1000, Cell Signaling Technol-
ogy, USA), goat anti-rabbit and anti-mouse IgG-HRP
(1:5000, Fudebio, China) antibodies.

Quantitative real time polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from cardiomyocytes with
TRIzol reagent (Takara, Japan) according to manu-
facturer’s instruction. qRT-PCR was performed on a
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LightCycler 480 system (Roche Diagnostics, Switzerland)
as described elsewhere (An et al. 2021). The primers used
are listed in Supplemental Materials (Sangon Bio, China).

Lipid peroxidation analysis

Lipid peroxidation analysis was performed using
BODIPY C11 581/591 (Invitrogen, USA) staining. Fluo-
rescent cardiomyocytes were observed using confocal
microscopy (Leica SP8, Germany) and excited by 488 and
565 nm lasers. Fluorescence at 505—-550 nm (green light)
and >580 nm (red light) was detected.

Statistical analysis

The data were expressed as the meanztstandard error
of the mean (SEM). SPSS24 (IBM, USA) and GraphPad
Prism 8.0 (San Diego, USA) were used for statistical anal-
ysis. Statistical differences between groups were analyzed
by two-tailed t test (2 groups), or ANOVA followed by
LSD or Dunnett’s T3 post hoc multiple test(more than 3

groups).

Results

AKG improved chronic cardiac insufficiency induced by
TAC in mice

At 8 weeks after surgery, the echocardiogram showed
increases in left ventricular posterior wall thickness at
diastole (LVPWd), left ventricular internal dimension
at systole (LVIDs), and left ventricular internal dimen-
sion at diastole (LVIDd) and decreases in left ventricular
fractional shortening (LVES) and left ventricular ejection
fraction (LVEF) in TAC mice, indicating that TAC caused
myocardial hypertrophy, left ventricular remodeling and
cardiac insufficiency. After AKG supplementation, the
LVEF and LVFS of TAC+AKG mice were increased, and
the LVPW/d, left ventricular posterior wall thickness at
systole (LVPWs), LVIDd and LVIDs were significantly
decreased (Fig. 1B—H).

AKG improved myocardial hypertrophy and fibrosis
induced by TAC in mice

Gravimetric analysis showed that the heart weight to
body weight (HW/BW) or tibia length (HW/TL) ratios of
mice were increased after TAC surgery (Fig. 2E). In the
HE- and WGA-stained sections, a larger cross-sectional
area of cardiomyocytes were observed in left ventricles
of TAC mice (Fig. 2A—C, F). Masson staining showed the
more severe myocardial fibrosis of the left ventricle in
TAC group (Fig. 2D, G). These effects were significantly
alleviated by AKG, indicating that AKG could allevi-
ate myocardial hypertrophy, fibrosis and cardiac insuffi-
ciency in TAC mice.
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Fig. 1 AKGimproves cardiac dysfunction in TAC mice. (A) The timeline of vivo experiments. (B) Echocardiogram of each group at 8 weeks after surgery. (C)
Statistical analysis of left ventricular posterior wall thickness at diastole (LVPWd), left ventricular posterior wall thickness at systole (LVPWs), left ventricular
internal diameter at diastole (LVIDd), left ventricular internal diameter at systole (LVIDs), left ventricular ejection fraction (LVEF), and left ventricular shorten-
ing fraction (LVFS). *P<0.05, **P<0.01, ***P <0.001 vs. Sham; P <0.05, "P<0.01, P < 0.001 vs. TAC
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Fig. 2 AKG alleviates myocardial hypertrophy and fibrosis in TAC mice. Whole (A, scale=2 mm) and local (B, scale =50 um) heart tissue sections with HE
staining. (C) The left ventricles tissue sections with WGA staining (scale =50 um). (D) The left ventricles tissue sections with Masson staining (scale =50 pm).
(E) The statistical data of HW/BW and HW/TL in each group. (F) Quantitative analysis of the cross sectional area of cardiomyocytes in panel C. (G) Quantita-
tive analysis of myocardial fibrosis in panel D. ***P<0.001 vs. Sham group; #P<0.01, ##P<0.001 vs. TAC group

AKG affected energy metabolites in cardiomyocytes
To explore mechanisms of the protective effect of AKG
on cardiomyocytes, mouse hearts were subjected to
metabolomics analysis. The LC-MS/MS data are shown
on a heatmap (Fig. 3A). The principal component analy-
sis (PCA) plot revealed differences in Overall metabolite
among the groups (Fig. 3B). We found the metabolomics
characteristics of TAC mice and TAC+AKG mice over-
lapped in the PCA plot. However, the overlap was sepa-
rated after maximizing difference between groups by
the partial least squares discriminant analysis (PLS-DA)
(Fig. 3C). Therefore, PLS-DA was applied to subsequent
intergroup analysis.

Based on the characteristics of cardiomyocyte energy
metabolism and the role of AKG in energy metabolism,
we analyzed certain metabolites associated with glucose

metabolism, the MAS and complementary reactions.
As shown in Fig. 3D, the relative levels of AKG, gluta-
mine, acetyl coenzyme A, succinic acid, and severe free
fatty acids were decreased in the heart tissue of TAC
mice. However, oxaloacetic acid and malic acid, which
are involved in the malic acid shuttle, were increased
after TAC surgery. As expected, levels of AKG and glu-
tamine were restored in TAC mice. Interestingly, levels
of succinic acid and acetyl-CoA were further decreased,
although the levels of some free fatty acids were restored.
And levels of oxaloacetic acid and malic acid were fur-
ther increased after AKG treatment. The level of nicotin-
amide (NAM), a precursor of NAD, was also increased
by AKG supplementation. Therefore, we speculated that
AKG could play a role by influencing malic acid and oxa-
loacetic acid levels, which involved in MAS. We further
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Fig. 3 Myocardial metabolomics analysis. (A) Heatmap showing the total analysis of cardiac metabolites. (B) Principal component analysis of cardiac me-
tabolites. (C) Partial least squares discriminant analysis of cardiac metabolites. (D) Relative quantitative analysis of a-ketoglutaric acid-related metabolites.
(E) Venn Diagram comparing the significantly changed metabolites after TAC surgery and AKG treatment (F) Volcanic analysis of metabolites in the Sham
group and TAC group, and in the TAC group and TAC +AKG group. *P<0.05, **P <001, ***P < 0.001 vs. Sham group; *P< 0.05, #*P < 0.001 vs. TAC group
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compared the significant changed metabolites between
sham group and TAC group, TAC group and TAC+AKG
group (Supplemental Materials). As shown in Fig. 3E,
twenty-eight identical metabolites changed after TAC
surgery and AKG treatment, including oxaloacetic acid
and malic acid (Fig. 3F). These data suggested that the
MAS rather than the TCA cycle or fatty acid oxidation
might be upregulated by AKG in the hearts of TAC mice.

AKG increased the NAD*/NADH ratio and the expression of
SIRT1 in cardiomyocytes

Based on above results, we examined levels of NAD in
the myocardial tissues of mice and in vitro cardiomyo-
cytes to verify the effects of AKG. The level of NAD*
and NAD*/NADH in heart tissues of TAC mice were
significantly decreased (Fig. 4A—C), and the expression
of SIRT1 was lower than in the sham group (Fig. 4G, I).
After treatment with AKG, the level of NAD* and the
expression of SIRT1 were increased. In vitro, we observed
the same changes in NAD*, NAD*/NADH (Fig. 4D-F)
and SIRT1 in cardiomyocytes (Fig. 4K, L). These results
indicated that AKG could upregulate NAD*/NADH
in injured cardiomyocytes induced by TAC surgery or
Angl], thus increasing the expression of SIRT1.

AKG regulated mitophagy via the SIRT1/PINK1 pathway
The SIRT1-PINK1 pathway can regulate autophagy
(Jiang et al. 2021). In our previous studies, AKG could
restore the Angll-induced decreases in PINK1 and Par-
kin expression and mitophagy in cardiomyocytes (Xiong
et al. 2018; An et al. 2021). In addition, we found simul-
taneous changes in SIRT1 and PINKI1 in the hearts
of mice (Fig. 4G-J). To verify whether AKG regulates
mitophagy through SIRT1, EX527 (a SIRT1 inhibitor)
and SIRT1 siRNA were administered to Angll-induced
cardiomyocytes. As shown in Fig. 5, expressions of SIRT1
and PINK1 were downregulated and p-MHC and ANP
were upregulated after Angll treatment. These changes
were reversed by supplementation with AKG. However,
knocking down SIRT1 abolished the effects of AKG and
led to a decrease in PINK1 and an increase in 3-MHC
and ANP compared to those in the Angll+AKG group
(Fig. 5A-E). Next we evaluated whether PINK1 is a
downstream target of SIRT1 by knocking down PINKI.
Inhibiting PINK1 expression abolished the effects of
AKG on PINK1, ANP, and MHC, but it had no signifi-
cant effect on SIRT1 (Fig. 5F-]). And the same changes
of above protein in transcription levels were observed by
real-time qPCR (Fig. 6K).

Next, we further verified the effect of SIRT1 on mitoph-
agy. We found that the AnglI-induced increase in p62
expression (Fig. 6A, B) and decrease in MMP (Fig. 6C,
D) in cardiomyocytes were significantly restored by the
administration of AKG. However, when SIRT1 expression
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was inhibited, the effects of AKG on p62 protein expres-
sion and MMP were reduced, which was similar to when
PINK1 expression was inhibited (Fig. 6). These results
confirm that AKG reduces cardiomyocyte injury induced
by AnglI by promoting mitophagy through SIRT1-PINK1
pathway.

AKG attenuated Angll-induced ferroptosis in
cardiomyocytes

Ferroptosis is regulated by SIRT1 pathway and autophagy
(Ma et al. 2020; Liu et al. 2023). Next, we further verified
the effect of AKG on ferroptosis. Figure 7A—C shows the
decreased expressions of HO1 and GPX4 in hearts of
TAC mice. And the same changes were observed in car-
diomyocytes induced by Angll in vitro (Fig. 7D-F). In
addition, AnglI significantly increased lipid peroxidation
in cardiomyocytes (Fig. 7G, H). However, AKG treatment
reversed these changes, which indicated that AKG could
reduce TAC surgery- or Angll-induced ferroptosis in
cardiomyocytes (Fig. 7A-G).

To verify whether SIRT1 is involved in the anti-ferrop-
totic effect of AKG, we knocked down SIRT1 in cardio-
myocytes before stimulation with Angll or AKG in vitro.
The inhibiting SIRT1 expression attenuated the effect of
AKG on reducing lipid peroxidation in Angll-induced
cardiomyocytes (Fig. 7G, H). And the expression of HO1
and GPX4 were also decreased when SIRT1 was inhib-
ited compared with those in the Angll+AKG group
(Fig. 7I-L). The same changes in transcription levels were
observed by real-time qPCR (Fig. 7M). In conclusion,
AKG inhibited ferroptosis in cardiomyocytes by activat-
ing SIRT1-HO1/GPX4, and inhibiting SIRT1 expression
weakened the anti-ferroptotic effect of AKG.

Discussion

In this study, we investigated the underlying mechanism
of AKG-mediated amelioration of chronic cardiac insuf-
ficiency induced by stress overload in mice. We found
AKG could affect cardiometabolic changes in TAC mice,
especially increasing intracellular NAD™ levels. The
increase in NAD™ activated the expression of SIRT1 and
downstream proteins, including PINK1 and GPX4, pro-
moted mitophagy and inhibited ferroptosis in cardio-
myocytes, thereby reducing damage to cardiomyocytes
and improving cardiac systolic function. When SIRT1
was knocked down, the protective effect of AKG was
inhibited. These results indicate the mechanism by which
AKG protects cardiomyocytes.

Energy metabolism is altered in the failing cardiomyo-
cytes, especially mitochondrial oxidative phosphoryla-
tion, and the levels of products of the TCA cycle are
also changed (van Bilsen et al. 2004; Peng et al. 2019;
Lopaschuk et al. 2021). AKG is a metabolite of the TCA
cycle, and AKG supplementation could improve cardiac
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Fig. 4 AKG upregulated NAD levels in cardiomyocytes and increased SIRT1 expression. (A-C) The level of NAD*, NADH, and NAD*/NADH radio in the
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*P<0.05,**P<0.01, **P<0.001 vs. Sham/Control group; #P<0.05, #P<0.01, #*P<0.001 vs. TAC/Angll group

dysfunction in TAC mice (Asadi Shahmirzadi et al. 2020;
An et al. 2021). We surmised that this could be attributed
to the improvement of the TCA cycle. Unexpectedly, the
decreased levels of succinic acid and acetyl-CoA could
not support this hypothesis in our study. In the mean-
time, the levels of malic acid and oxaloacetic acid were
increased in both the TAC group and TAC+AKG group,

suggesting that AKG upregulates metabolite concentra-
tions through other pathways. The MAS is a key par-
ticipant in cytoplasmic and mitochondrial NAD redox
(Houtkooper et al. 2010). Through the conversion of oxa-
loacetic acid and malic acid, NADH can be oxidized to
NAD+, which enters mitochondria and participates in
the energy metabolism (Lee et al. 2016). In the early stage
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of HEF, the increased MAS flux contributes to the pro- The high NAD*/NADH ratio is necessary to maintain
duction of ATP by aerobic glycolysis to provide energy  energy metabolic processes and mitochondrial function
for the myocardium (Allard et al. 1994; Nascimben et (Imai and Guarente 2014; Lee et al. 2016; Chiao et al.
al. 2004; Lewandowski et al. 2007). This may result in  2021). In addition, NAD*/NADH affects the expression
increases and cumulative levels of malic acid and oxalo-  of SIRTs and thus regulates protein acetylation (Kara-
acetic acid. With further aggravation of HF, decreases in  manlidis et al. 2013; Imai and Guarente 2014; Chiao et al.
intermediate substances and the high acetylation of MAS  2021). Reportedly, supplementation with NAD precur-
proteins decrease the activity of MAS and the ratio of  sor substances could enlarge the NAD pool, and activat-
NAD'/NADH (Lee et al. 2016). ing MAS could increase the internal circulation of NAD,

which regulates NAD*/NADH (Rupert et al. 2000; Lee et
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al. 2016). In our study, significant increases in malic acid,
oxaloacetic acid and niacinamide levels in the heart were
observed in the AKG+TAC group. And supplementation
with AKG increased the level of NAD* and expression of
SIRT1 in cardiomyocytes in vivo or vitro.

Previous studies suggest that autophagy and ferrop-
tosis are regulated by different signaling pathways and
are involved in cardiovascular diseases (Li et al. 2021;
Ma et al. 2022; Packer 2023). However, it has recently
been found that ferroptosis is associated with autophagy
(Zhou et al. 2020; Yang et al. 2023). In ischemia/reperfu-
sion (I/R) injury after kidney transplantation, mitophagy
occurs simultaneously with ferroptosis and is coregulated
by antioxidants (Granata et al. 2022). In our study, AKG
supplementation can regulate SIRT1 and simultane-
ously affect mitophagy- and ferroptosis-related pathways,
thereby protecting cardiomyocytes. Notably, excessive
autophagy promotes ferroptosis in cell injury, which is
essentially caused by the activation of oxidative stress
pathways (Chen et al. 2021, 2022; Jankauskas et al. 2023).
When mitophagy is inhibited in HF, the cascade ampli-
fication reaction of mitochondrial damage will also lead
to oxidative stress in cardiomyocytes (Xiong et al. 2018;
An et al. 2021). Therefore, appropriate upregulation of
mitophagy could also inhibit ferroptosis in cardiomyo-
cytes in HE.

Another change in the energy metabolism of cardio-
myocytes after HF is a decrease in fatty acid metabolism.
This is a manifestation of cardiomyocyte damage and a
self-protective response, which maintains myocardial
energy requirements by reducing fatty acid metabolism,
preventing large oxygen consumption, and increasing
glucose or ketone body metabolism (Honka et al. 2021).
Interestingly, AKG supplementation increased the intake
of fatty acids by cardiomyocytes but reduced the produc-
tion of acetyl-CoA, a fatty acid oxidation product. This
suggests that fatty acid oxidation might be inhibited by
AKG treatment to further strengthen hypoxic energy
metabolism and save myocardial energy after myocar-
dial injury. Notably, the increase in fatty acids could also
aggravate the damage to cardiomyocytes (Pei et al. 2021).
Polyunsaturated fatty acids, especially arachidonic acid,
are substrates of lipid peroxidation and are metabolized
through the ACSL4 pathway to promote ferroptosis
(Liao et al. 2022; Kong et al. 2023; Yui et al. 2023). In our
study, fatty acid uptake by cardiomyocytes was selective,
and arachidonic acid levels were further reduced after
AKG supplementation, which could be the reason for
the reduction in lipid peroxidation in cardiomyocytes.
We also found that AKG supplementation increased
glutamine levels in cardiomyocytes, which could affect
the expression of GPX4 (Bott et al. 2019; Watanabe et
al. 2021). In conclusion, the regulatory effect of AKG on
ferroptosis may involve multiple pathways. However, a
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previous study illustrated that AKG could promote fer-
roptosis in tumor cells of diffuse large B-cell lymphoma
(Cai et al. 2023). This discrepancy with our results may
be due to changes in tumor cells and differences between
cell species.

In addition, we found that HO1, a cell protective, anti-
inflammatory and antioxidant enzyme, plays a controver-
sial role in ferroptosis (Gottlieb et al. 2012). Studies have
shown that bilirubin or biliverdin and carbon monox-
ide, which are metabolites of HO1, can reduce oxidative
stress and inhibit ferroptosis (Ryter et al. 2006; Sugimoto
et al. 2012). However, ferrous ions produced during HO1
metabolism can promote ferroptosis (Papanikolaou
and Pantopoulos 2005; Shi et al. 2023). In our study, the
change in HO1 expression was synchronized with SIRT1
and GPX4, and ferroptosis was inhibited. These find-
ings are consistent with the results of other studies on
HOL1 activation through SIRT1 (Li et al. 2021; Dang et al.
2022). Therefore, some scholars have suggested the effect
of HO1 on ferroptosis depends on the intensity of pro-
tein expression. Moderate activation of HO1 can play a
protective role by clearing ROS. Overactivation of HO1
increases unstable ferrous ions, leading to ROS overload
and ferroptosis (Chiang et al. 2018).

Conclusion
In this study, we demonstrate that AKG promotes
mitophagy, inhibits ferroptosis in cardiomyocytes

and alleviates myocardial cell damage through the
NAD"-SIRT1 pathway. These changes improved myo-
cardial hypertrophy, fibrosis, and chronic cardiac insuf-
ficiency in mouse model of HF induced by TAC. These
results indicate that AKG has certain potential in the
treatment of HE. However, there are some limitations
in our study. First, we could only predict the increase in
MAS flux through the increase in several metabolites of
MAS. The source of NAD+and the role of MAS after
AKG supplementation remain to be explained by more
studies. Second, there are many metabolites affected by
AKG as a metabolic intermediate, and whether there are
other mechanisms involved in cardiomyocyte protection
remains to be further explored.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/510020-024-00783-1.

Supplementary Material 1: 1. Supplemental Methods include Section
2.5. Untargeted Metabolomics and Section 2.9. The primers of gRT-PCR;
2. Supplemental Table 1: Cardiac difference metabolites between Sham
group and TAC group; 3. Supplemental Table 2: Cardiac difference
metabolites between TAC group and TAC+AKG group

Acknowledgements
We thank the AJE group (www.aje.cn) for their linguistic assistance during the
preparation of this manuscript.


https://doi.org/10.1186/s10020-024-00783-1
https://doi.org/10.1186/s10020-024-00783-1
http://www.aje.cn

Yu et al. Molecular Medicine (2024) 30:15

Author contributions

HY, DA, and DX designed the analytical strategy. HY, DG, ZL, QY, YH, HZ, and
ZM performed the experiments. HY, DG, and DX analyzed and visualized the
data. HY, DG wrote the original manuscript. DX and HR reviewed and edited
the manuscript and acquired the funding. QZ, DX, and HR supervised and
administrated the project. All authors contributed to the final manuscript.

Funding

This research was funded by National Natural Science Foundation of
(81970336, 81670367, 82200414), the Science and Technology Planning
Project Foundation of Guangzhou (201707020012).

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

Declarations

Ethics approval and consent to participate

This study was performed with the approval of the Experimental Animal
Ethics Committee of Nanfang Hospital, Southern Medical University (IACUC-
LAC-20220713-011, 13 July 2022).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

IState Key Laboratory of Organ Failure Research, Department of
Cardiology, Nanfang Hospital, Southern Medical University, 1838
Northern Guangzhou Ave, Guangzhou, Guangdong 510515, China
“Key Laboratory for Organ Failure Research, Ministry of Education of the
People’s Republic of China, 1838 Northern Guangzhou Ave, Guangzhou,
Guangdong 510515, China

*Department of Cardiovascular Surgery, Nanfang Hospital, Southern
Medical University, 1838 Northern Guangzhou Ave, Guangzhou,
Guangdong 510515, China

“Department of Rheumatology, Nanfang Hospital, Southern Medical
University, 1838 Northern Guangzhou Ave, Guangzhou,

Guangdong 510515, China

Received: 12 July 2023 / Accepted: 11 January 2024
Published online: 22 January 2024

References

Allard MF, Schonekess BO, Henning SL, English DR, Lopaschuk GD. Contribution
of oxidative metabolism and glycolysis to ATP production in hypertrophied
hearts. Am J Physiol. 1994;267(2 Pt 2):H742-750.

An D, Zeng Q Zhang P, Ma Z, Zhang H, Liu Z, et al. Alpha-ketoglutarate ameliorates
pressure overload-induced chronic cardiac dysfunction in mice. Redox Biol.
2021;46:102088.

Asadi Shahmirzadi A, Edgar D, Liao CY, Hsu YM, Lucanic M, Asadi Shahmirzadi A,
et al. Alpha-Ketoglutarate, an endogenous metabolite, extends Lifespan and
compresses Morbidity in Aging mice. Cell Metab. 2020;32(3):447-456e446.

Bayliak MM, Lushchak VI. Pleiotropic effects of alpha-ketoglutarate as a potential
anti-ageing agent. Ageing Res Rev. 2021; 66.

Borst P. The malate-aspartate shuttle (Borst cycle): how it started and developed
into a major metabolic pathway. [IUBMB Life. 2020;72(11):2241-59.

Bott AJ, Shen J, Tonelli C, Zhan L, Sivaram N, Jiang YP, et al. Glutamine Anabolism
plays a critical role in pancreatic Cancer by Coupling Carbon and Nitrogen
Metabolism. Cell Rep. 2019;29(5):1287-1298e1286.

CaiY, LvL, LuT, Ding M, Yu Z, Chen X, et al. alpha-KG inhibits tumor growth of dif-
fuse large B-cell lymphoma by inducing ROS and TP53-mediated ferroptosis.
Cell Death Discov. 2023;9(1):182.

Chen HY, Xiao ZZ, Ling X, Xu RN, Zhu P, Zheng SY. ELAVL1 is transcriptionally
activated by FOXC1 and promotes ferroptosis in myocardial ischemia/reper-
fusion injury by regulating autophagy. Mol Med. 2021;27(1):14.

Page 13 of 14

Chen HY, Xiao ZZ, Ling X, Xu RN, Zhu P, Zheng SY. Correction: ELAVL1 is transcrip-
tionally activated by FOXC1 and promotes ferroptosis in myocardial isch-
emia/reperfusion injury by regulating autophagy. Mol Med. 2022;28(1):96.

Chiang SK, Chen SE, Chang LC. A dual role of Heme Oxygenase-1 in Cancer cells.
Int J Mol Sci 2018; 20(1).

Chiao YA, Chakraborty AD, Light CM, Tian R, Sadoshima J, Shi X, et al. NAD(+) Redox
Imbalance in the Heart exacerbates Diabetic Cardiomyopathy. Circ Heart Fail.
2021;14(8):e008170.

Dang R, Wang M, Li X, Wang H, Liu L, Wu Q, et al. Edaravone ameliorates depressive
and anxiety-like behaviors via Sirt1/Nrf2/HO-1/Gpx4 pathway. J Neuroinflam-
mation. 2022;19(1):41.

Gevi F, Campolo F, Naro F, Zolla L. The cardioprotective effect of sildenafil is
mediated by the activation of malate dehydrogenase and an increase
in the malate-aspartate shuttle in cardiomyocytes. Biochem Pharmacol.
2017;127:60-70.

Gottlieb Y, Truman M, Cohen LA, Leichtmann-Bardoogo Y, Meyron-Holtz EG.
Endoplasmic reticulum anchored heme-oxygenase 1 faces the cytosol.
Haematologica. 2012;97(10):1489-93.

Granata S, Votrico V, Spadaccino F, Catalano V, Netti GS, Ranieri E et al. Oxidative
stress and Ischemia/Reperfusion Injury in kidney transplantation: focus on
Ferroptosis, Mitophagy and New Antioxidants. Antioxid (Basel). 2022; 11(4).

Honka H, Solis-Herrera C, Triplitt C, Norton L, Butler J, RA DeFronzo. Therapeutic
manipulation of myocardial metabolism: JACC state-of-the-art review. J Am
Coll Cardiol. 2021;77(16):2022-39.

Horton JL, Martin OJ, Lai L, Riley NM, Richards AL, Vega RB et al. Mitochondrial
protein hyperacetylation in the failing heart. JCl Insight. 2016; 2(1).

Houtkooper RH, Canto C, Wanders RJ, Auwerx J. The secret life of NAD+: an old
metabolite controlling new metabolic signaling pathways. Endocr Rev.
2010;31(2):194-223.

Imai S, Guarente L. NAD+and sirtuins in aging and disease. Trends Cell Biol.
2014,24(8):464-71.

Jankauskas SS, Kansakar U, Sardu C, Varzideh F, Avvisato R, Wang X et al. COVID-19
causes ferroptosis and oxidative stress in human endothelial cells. Antioxid
(Basel). 2023; 12(2).

Jiang T, LiuT, Deng X, Ding W, Yue Z, Yang W, et al. Adiponectin ameliorates
lung ischemia-reperfusion injury through SIRT1-PINK1 signaling-mediated
mitophagy in type 2 diabetic rats. Respir Res. 2021,22(1):258.

Karamanlidis G, Lee CF, Garcia-Menendez L, Kolwicz SC Jr, Suthammarak W, Gong
G, et al. Mitochondrial complex | deficiency increases protein acetylation and
accelerates heart failure. Cell Metab. 2013;18(2):239-50.

Kong P, Yang M, Wang Y, Yu KN, Wu L, Han W. Ferroptosis triggered by STAT1- IRF1-
ACSL4 pathway was involved in radiation-induced intestinal injury. Redox
Biol. 2023;66:102857.

Lee CF, Chavez JD, Garcia-Menendez L, Choi Y, Roe ND, Chiao YA, et al. Normal-
ization of NAD + redox balance as a therapy for heart failure. Circulation.
2016;134(12):883-94.

Lewandowski ED, O'Donnell M, Scholz JTD, Sorokina N, Buttrick PM. Recruitment
of NADH shuttling in pressure-overloaded and hypertrophic rat hearts. Am J
Physiol Cell Physiol. 2007;292(5):C1880-1886.

Li D, Liu X, PiW, Zhang Y, Yu L, Xu C, et al. Fisetin attenuates Doxorubicin-Induced
Cardiomyopathy in vivo and in Vitro by inhibiting ferroptosis through SIRT1/
Nrf2 signaling pathway activation. Front Pharmacol. 2021;12:808480.

Liao P Wang W, Wang W, Kryczek |, Li X, Bian Y, et al. CD8(+) T cells and fatty
acids orchestrate tumor ferroptosis and immunity via ACSL4. Cancer Cell.
2022;40(4):365-378e366.

Liu Z, Ma Z, Zhang H, Summah BS, Liu H, An D, et al. Ferulic acid increases intestinal
Lactobacillus and improves cardiac function in TAC mice. Biomed Pharmaco-
ther. 2019;120:109482.

Liu L, Zhang W, Liu T, Tan Y, Chen C, Zhao J, et al. The physiological metabolite
alpha-ketoglutarate ameliorates osteoarthritis by regulating mitophagy and
oxidative stress. Redox Biol. 2023,62:102663.

Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED. Cardiac Energy Metabolism
in Heart failure. Circ Res. 2021;128(10):1487-513.

Ma'S, Sun L, Wu W, Wu J, Sun Z, Ren J. USP22 protects against myocardial ischemia-
reperfusion Injury via the SIRT1-p53/SLC7A11-Dependent inhibition of
Ferroptosis-Induced Cardiomyocyte Death. Front Physiol. 2020;11:551318.

Ma X, Rawnsley DR, Kovacs A, Islam M, Murphy JT, Zhao C, et al. TRAF2, an Innate
Immune Sensor, reciprocally regulates mitophagy and inflammation to main-
tain Cardiac Myocyte Homeostasis. JACC Basic Transl Sci. 2022;7(3):223-43.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, et al. 2021
ESC guidelines for the diagnosis and treatment of acute and chronic heart
failure. Eur Heart J. 2021:42(36):3599-726.



Yu et al. Molecular Medicine (2024) 30:15

Mouchiroud L, Houtkooper RH, Moullan N, Katsyuba E, Ryu D, Canto C, et al. The
NAD(+)/Sirtuin pathway modulates longevity through activation of mito-
chondrial UPR and FOXO Signaling. Cell. 2013;154(2):430-41.

Nascimben L, Ingwall JS, Lorell BH, Pinz I, Schultz V, Tornheim K, et al. Mecha-
nisms for increased glycolysis in the hypertrophied rat heart. Hypertension.
2004,44(5).662-7.

Packer M. Potential interactions when prescribing SGLT2 inhibitors and Intrave-
nous Iron in Combination in Heart failure. JACC Heart Fail. 2023;11(1):106-14.

Papanikolaou G, Pantopoulos K. Iron metabolism and toxicity. Toxicol Appl Phar-
macol. 2005;202(2):199-211.

Pei Z, LiuY, LiuS, JinW, Luo 'Y, Sun M, et al. FUNDCT insufficiency sensitizes high
fat diet intake-induced cardiac remodeling and contractile anomaly through
ACSL4-mediated ferroptosis. Metabolism. 2021;122:154840.

Peng Z, Zhan Q, Xie X, Li H, Tu'Y, Bai Y, et al. Association between admission plasma
2-oxoglutarate levels and short-term outcomes in patients with acute heart
failure: a prospective cohort study. Mol Med. 2019;25(1):8.

Rupert BE, Segar JL, Schutte BC, Scholz TD. Metabolic adaptation of the hyper-
trophied heart: role of the malate/aspartate and alpha-glycerophosphate
shuttles. J Mol Cell Cardiol. 2000;32(12):2287-97.

Ryter SW, Alam J, Choi AM. Heme oxygenase-1/carbon monoxide: from basic sci-
ence to therapeutic applications. Physiol Rev. 2006;86(2):583-650.

Shi J, Wang QH, Wei X, Huo B, Ye JN, Yi X, et al. Histone acetyltransferase P300 defi-
ciency promotes ferroptosis of vascular smooth muscle cells by activating
the HIF-1alpha/HMOX1 axis. Mol Med. 2023;29(1):91.

Stockwell BR, Friedmann Angeli JP, Bayir H, Bush Al, Conrad M, Dixon SJ, et al. Fer-
roptosis: a regulated cell death Nexus linking metabolism, Redox Biology, and
Disease. Cell. 2017;171(2):273-85.

Sugimoto R, Tanaka Y, Noda K, Kawamura T, Toyoda Y, Billiar TR, et al. Preservation
solution supplemented with biliverdin prevents lung cold ischaemia/reperfu-
sion injury. Eur J Cardiothorac Surg. 2012;42(6):1035-41.

Page 14 of 14

van Bilsen M, Smeets PJ, Gilde AJ, van der GJ, Vusse. Metabolic remodelling
of the failing heart: the cardiac burn-out syndrome? Cardiovasc Res.
2004;61(2):218-26.

Wang Y, Deng P, Liu Y, WuY, Chen Y, Guo Y, et al. Alpha-ketoglutarate ameliorates
age-related osteoporosis via regulating histone methylations. Nat Commun.
2020;11(1):5596.

Watanabe K, Nagao M, Toh R, Irino Y, Shinohara M, lino T, et al. Critical role of gluta-
mine metabolism in cardiomyocytes under oxidative stress. Biochem Biophys
Res Commun. 2021;534:687-93.

Weiss RG, Gerstenblith G, Bottomley PA. ATP flux through creatine kinase in
the normal, stressed, and failing human heart. Proc Natl Acad Sci U S A.
2005;102(3):808-13.

Xiong W, Hua J, Liu Z, Cai W, Bai Y, Zhan Q, et al. PTEN induced putative kinase
1 (PINKT1) alleviates angiotensin ll-induced cardiac injury by ameliorating
mitochondrial dysfunction. Int J Cardiol. 2018;266:198-205.

Yang P, Li J, Zhang T, Ren Y, Zhang Q, Liu R, et al. lonizing radiation-induced
mitophagy promotes ferroptosis by increasing intracellular free fatty acids.
Cell Death Differ. 2023;30(11):2432-45.

Yui K, Imataka G, Shiohama T. Lipid peroxidation of the Docosahexaenoic Acid/
Arachidonic acid ratio relating to the Social Behaviors of Individuals with
Autism Spectrum Disorder: the relationship with Ferroptosis. Int J Mol Sci.
2023;24(19).

Zhou B, Liu J, Kang R, Klionsky DJ, Kroemer G, Tang D. Ferroptosis is a type of
autophagy-dependent cell death. Semin Cancer Biol. 2020;66:89-100.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿α-Ketoglutarate improves cardiac insufficiency through NAD﻿+﻿-SIRT1 signaling-mediated mitophagy and ferroptosis in pressure overload-induced mice
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Experimental animals
	﻿Isolation and culture of neonatal rat ventricular myocytes (NRVMs)
	﻿Cardiomyocyte protein expression intervention
	﻿siRNA transfection
	﻿Selective SIRT1 inhibitors


	﻿Heart tissue sectioning and staining
	﻿Untargeted metabolomics
	﻿Determination of NAD
	﻿Mitochondrial membrane potential (MMP) measurement
	﻿Western blotting
	﻿Quantitative real time polymerase chain reaction (qRT-PCR)
	﻿Lipid peroxidation analysis
	﻿Statistical analysis
	﻿Results
	﻿AKG improved chronic cardiac insufficiency induced by TAC in mice
	﻿AKG improved myocardial hypertrophy and fibrosis induced by TAC in mice
	﻿AKG affected energy metabolites in cardiomyocytes
	﻿AKG increased the NAD﻿+﻿/NADH ratio and the expression of SIRT1 in cardiomyocytes
	﻿AKG regulated mitophagy via the SIRT1/PINK1 pathway
	﻿AKG attenuated AngII-induced ferroptosis in cardiomyocytes

	﻿Discussion
	﻿Conclusion
	﻿References


