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Macrod1 suppresses diabetic cardiomyopathy via regulating
PARP1-NAD+-SIRT3 pathway
Yu-ting Liu1,2, Hong-liang Qiu1,2, Hong-xia Xia1,2, Yi-zhou Feng1,2, Jiang-yang Deng1,2, Yuan Yuan1,2, Da Ke1,2, Heng Zhou1,2,
Yan Che1,2✉ and Qi-zhu Tang1,2✉

Diabetic cardiomyopathy (DCM), one of the most serious long-term consequences of diabetes, is closely associated with oxidative
stress, inflammation and apoptosis in the heart. MACRO domain containing 1 (Macrod1) is an ADP-ribosylhydrolase 1 that is highly
enriched in mitochondria, participating in the pathogenesis of cardiovascular diseases. In this study, we investigated the role of
Macrod1 in DCM. A mice model was established by feeding a high-fat diet (HFD) and intraperitoneal injection of streptozotocin
(STZ). We showed that Macrod1 expression levels were significantly downregulated in cardiac tissue of DCM mice. Reduced
expression of Macrod1 was also observed in neonatal rat cardiomyocytes (NRCMs) treated with palmitic acid (PA, 400 μM) in vitro.
Knockout of Macrod1 in DCM mice not only worsened glycemic control, but also aggravated cardiac remodeling, mitochondrial
dysfunction, NAD+ consumption and oxidative stress, whereas cardiac-specific overexpression of Macrod1 partially reversed these
pathological processes. In PA-treated NRCMs, overexpression of Macrod1 significantly inhibited PARP1 expression and restored
NAD+ levels, activating SIRT3 to resist oxidative stress. Supplementation with the NAD+ precursor Niacin (50 μM) alleviated
oxidative stress in PA-stimulated cardiomyocytes. We revealed that Macrod1 reduced NAD+ consumption by inhibiting PARP1
expression, thereby activating SIRT3 and anti-oxidative stress signaling. This study identifies Macrod1 as a novel target for DCM
treatment. Targeting the PARP1-NAD+-SIRT3 axis may open a novel avenue to development of new intervention strategies in DCM.
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INTRODUCTION
Diabetes has become one of the most prevalent chronic diseases
in the world, threatening the security of the global population and
causing serious health issues [1]. Diabetic cardiomyopathy (DCM)
is one of the serious complications of diabetes that can eventually
develop into heart failure [2]. Compared with complex mechan-
isms such as inflammation, mitochondrial oxidative stress damage
occurs throughout the process of DCM, and reducing oxidative
stress can significantly improve DCM prognosis [3]. Mitochondrial
structure and redox homeostasis play central roles during DCM
progression [4, 5]. Currently, diabetes-induced cardiac dysfunction
is mostly treated by controlling risk factors, reducing microvas-
cular damage, and improving the prognosis, and there is a lack of
effective treatment options. Therefore, it is urgent to discover
promising therapeutic targets for diabetic cardiomyopathy.
MACRO domain containing 1 (Macrod1), an ADP-

ribosylhydrolase 1, also known as leukemia-associated protein
16 (LRP16), activates ADP-ribosylaspartate hydrolase and gluta-
mate deacetylase, and participates in ADP-ribosylation modifica-
tion [6, 7]. As a cytoplasmic protein, Macrod1 is also
predominantly expressed in energy-consuming organs such as
the heart and skeletal muscles. Consequently, it is highly enriched
in mitochondria, mediating the occurrence of cardiovascular
diseases [8–10]. Previous studies have demonstrated that Macrod1

activates the NF-κB signaling pathway through interaction with
PARP1 and IKKγ to mitigate cell death caused by DNA double-
strand break damage [11]. As a post-translational protein
modification (PTM), ADP-ribosylation uses NAD+ to join ADP-
ribose fragments to deplete mitochondrial nicotinamide adenine
nucleotide (NAD+) levels, and may impair mitochondrial energy
status under pathological stress conditions. Recent studies have
highlighted the role of PARP inhibitors in myocardial oxidative
stress injury and apoptosis [12, 13]. Therefore, Macrod1 might
potentially be linked to mitochondrial energy metabolism and
redox homeostasis through ADP ribosylation in DCM. Identifying
Macrod1’s role and underlying mechanism will be of substantial
significance in DCM treatment.
Sirtuins are a class of seven congeners consisting of NAD+-

dependent histone deacetylases (HDACs). Sirtuin3 (SIRT3), as a
member of the SIRT family, is highly expressed in energy-
consuming tissue. According to previous studies, SIRT3 plays a
crucial role in mitochondrial dysfunction and redox homeostasis
[14]. Furthermore, SIRT3 exhibited a protective effect on cardiac
hypertrophy and ventricular remodeling in mice induced by
transverse aortic constriction (TAC) [15]. Previous studies have
shown that SIRT3 knockout mice have significantly shorter
lifespans than wild-type mice, with progressive age-related cardiac
dysfunction characterized by myocardial hypertrophy and fibrosis
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[16]. A recent study has shown that SIRT3 contributes to regulating
apoptosis in cardiomyocytes and reduces cardiac inflammation
[17]. Among its various biological functions, SIRT3 is crucial for
energy homeostasis, cardiac remodeling, and heart failure.
Several complex molecular mechanisms and pathophysiological

activities have been implicated in diabetic cardiomyopathy.
Recently, we have made some progress in the exploration of the
mechanism of diabetes [18–20]. In this study, we investigated the
role and mechanism of Macrod1 in high-fat diet (HFD) and
streptozotocin (STZ)-induced diabetic cardiomyopathy. We found
that Macrod1 expression is downregulated in cardiac tissue and
cardiomyocytes in DCM, and knocking down Macrod1 causes an
increase in PARP1 and a decrease in SIRT3 expression. Mechan-
istically, this study identified that Macrod1 alleviates heart damage
and oxidative stress in diabetic cardiomyopathy via the PARP1-
NAD+-SIRT3 axis, suggesting that targeting Macrod1 is a potential
therapeutic strategy for DCM.

MATERIALS AND METHODS
Animals and treatments
Macrod1 knockout mice (Macrod1-KO) were constructed by
Cyagen Bioscience Inc. (Suzhou, China), and C57BL/6 wild type
mice (C57) were purchased from Chinese Academy of Medical
Sciences (Beijing, China). All mice were maintained under specific-
pathogen-free (SPF) restriction (temperature: 20–25 °C, humidity:
50 ± 5%) and complied with the Guide for the Care and Use of
Laboratory Animals (NIH Publication, revised 2011). The subjects
were healthy male mice aged 8–10 weeks old with a weight of
23–25 g. Experimentation with animals was approved by the
Animal Care and Use Committee of Renmin Hospital of Wuhan
University (Approval Number: WDRM-20220906B).
We constructed a diabetic cardiomyopathy (DCM) model after

16 weeks of feeding on a high-fat diet (HFD, Research Diets: 60.3%
kcal fat and 1.5% kcal cholesterol) and intraperitoneally injected
streptozocin (STZ, Sigma-Aldrich, St Louis, MO, USA) in a dose of
30mg/kg every day for 7 consecutive days. The control group of
mice was fed a normal chow diet and received an intraperitoneal
injection with citrate–phosphate buffer. A diabetic mouse model
was successfully established as fasting blood glucose levels
averaged 16.6 mmol/L. The 8-week-old male mice of C57 and
Macrod1-KO were randomly divided into 4 groups (n= 6 per
group): C57+Sham group, Macrod1-KO+Sham group, C57 mice
with diabetic cardiomyopathy group (C57+ DCM), and Macrod1-
KO mice with diabetic cardiomyopathy group (Macrod1-KO+
DCM). Mouse hearts and serum samples obtained to be analyzed
for pathology and biochemistry, and fasting blood glucose, body
weight (BW), and heart weight/tibial length (HW/TL) were
measured in each group of mice.
Adeno-associated virus serotype 9 (AAV9) vector carrying the

Macrod1 gene (AAV9- Macrod1) with a cTnT promoter was used to
overexpress MACROD1 specific in the heart, and AAV9-NC was
used as control (DesignGene, Shanghai, China). Viral particles
(1 × 1012 vector genomes per animal in a total of 100 µL PBS) were
administered to mice through tail injection. Four weeks after AAV9
infection, the mice constructed a diabetic cardiomyopathy model
grouped as follows: AAV9-NC, AAV9-Macrod1, AAV9-NC+ DCM,
and AAV9-Macrod1+ DCM.

Echocardiography
Based on our previous study, transthoracic echocardiography was
performed using a linear array ultrasound transducer with a probe
capable of 30-MHz (Vevo 3100 system Visual Sonics) [21]. We
detected the heart function of each group of mice by small animal
sonicator, including left ventricular ejection fraction (LVEF), left
ventricular fraction shortening (LVFS) and heart rate (HR) at the
experimental endpoint. Simultaneously, we measured long-axis
left ventricular endocardial strain by speckle tracking

echocardiography. VevoStrain analysis software was used to
analyze longitudinal and radial strains and examine Global
longitudinal strain (GLS), LV endocardial radial strain and LV
endocardial maximum opposing wall delay in long axis.

Intraperitoneal glucose tolerance test
Following a 12-h fast, mice undergo an intraperitoneal glucose
tolerance test (OGTT). In the glucose loading procedure, mice
receive 1.0 mg/kg glucose injections. The amount of glucose in
their blood is measured during the first 15 min after injection and
the following 30min, 60 min and 120min thereafter (Sanesu Sano,
Changsha, China).

Histological staining
Hematoxylin and eosin (H&E) staining was used to observe
myocardial morphological changes in mice. Following the
manufacturer’s instructions (Beyotime, Shanghai, China), terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining was used to detect apoptosis in mice hearts. Afterward,
images were captured with an Olympus DX51 fluorescence
microscope and analyzed with Image-Pro Plus version 6.0 (Media
Cybernetics, MD, USA).

Mitochondrial morphology and function assessment
Terminal mouse myocardial tissue from both experimental and
control groups was isolated, and the apical tissue was immersed in
the electron microscope fixative at 4 °C. At the Electron Micro-
scopy Center of Renmin Hospital of Wuhan University, mitochon-
dria morphology, number, arrangement, and structural changes
were examined by a transmission electron microscope (TM-3000;
Hitachi Ltd., Tokyo, Japan). We also measured the ATP production
rate to assess the energetic status of Macrod1-KO mice at baseline
according to our previous study method [20].

Immunofluorescence
To further examine Macrod1 and PARP1 expression in mice’s heart
tissues, immunofluorescence staining is required. Based on our
previous experimental instructions [22], the paraffin sections were
incubated overnight with primary antibodies of different species,
including Macrod1 or PARP1 and α-actinin. On the second day, the
heart sections were incubated secondary antibodies to detect
fluorescence, including Alexa Fluor 488 Goat Anti-Mice/Rabbit IgG
and Alexa Fluor 568 Goat Anti-Mice/Rabbit IgG. In the nucleus,
4',6-diamido-2-phenylindole (DAPI) (Invitrogen, S36939) is even-
tually substituted for the nucleus.

Immunohistochemistry
Following our previous experimental guidelines [23], mouse heart
paraffin sections were incubated with 4-hydroxynonenal (4-HNE)
antibody overnight at 4 °C. After removing the primary antibody
from the sections, the sections were incubated with anti-rabbit/
mouse EnVisionTM+ /horseradish peroxidase reagent at 37 °C for
1 h, and reacted with 3,3′-diaminobenzidine to detect positivity
(Gene Technology, Shanghai, China; GK600705). After counter-
staining with hematoxylin, the sections were dehydrated and
mounted for photographic examination. Photographs were taken
with Nikon H550L (Tokyo, Japan) and analyzed in Image‐Pro Plus
(version 6.0).

Cell culture and treatment
After sterilization and sacrifice of newborn Sprague– Dawley rats
at 1–2 days of age, the heart ventricular tissue was subdivided into
1–3mm fragments, digested by 0.125% pancreatin-EDTA (2520-
072, Gibco, USA) for 15min and repeated several times, and
preserved in Dulbecco’s modified Eagle’s medium/F-12
(C11330500BT, Gibco, USA) containing 20% fetal bovine serum
(FBS, 10099-141, Gibco, USA). Then we obtained Neonatal Rat
Cardiomyocytes (NRCMs) and Neonatal Rat Cardiac Fibroblasts
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(NRCFs). Endothelial cells (ECs) bind specifically to CD31 beads for
isolation and extraction. After extensive washing, the cells were
cultured on culture dishes precoated with 2% gelatin (Sigma,
Oakville, ON, Canada). After isolating NRCMs cells, cellular NAD+

levels are exogenously supplemented by supplementing the
NAD+ precursor Niacin (NA, MCE, HY-B0143) in the NRCMs culture
medium. NA was dissolved in PBS and added to NRCMs to a final
concentration of 50 μM.

Adenovirus transfection
Transfection of NRCMs with adenovirus Macrod1 (Ad-Macrod1)
constructed a model of Macrod1 overexpression cardiomyocyte,
palmitic acid (PA, 400 μM, MCE, HY-N0830) produced a model of
DCM in vitro, and BSA and Ad-NC formed a control group, and
then grouped as follows: BSA+Ad-NC, BSA+Ad-Macrod1, PA+Ad-
NC and PA+Ad-Macrod1.

SiRNA transfection
After 48 h of cardiomyocytes were cultured in 6-well or 24-well
plates and PA treated appropriately, the DCM model was
constructed in vivo. We transfected 100 nmol/L SIRT3 small
interfering RNA (si-SIRT3) or a control nonspecific siRNA (Santa
Cruz) for 4 h into NRCMs using Lipofectamine® 6000 transfection
reagent to the above four groups (BSA+Ad-NC, BSA+Ad-Macrod1,
PA+Ad-NC and PA+Ad-Macrod1).

NAD+ measurement
Following hearts and NRCMs collection, lysate is added to the
cells, along with a working solution of dehydrogenase. To obtain
total NAD+ and NADH, the suspension is incubated for 10min at
37 °C. The NAD+ or NADH test kit (Beyotime, S0175, Shanghai,
China) was used to determine the level of NAD+ or NADH in
hearts and NRCMs.

JC-1 staining
To measure mitochondrial membrane potential in NRCMs, we used
the JC-1 fluorescent probe (Beyotime, Shanghai, China). NRCMs
were grouped according to Macrod1 overexpression or knock-
down in the same manner as above. Following the manufacturer’s
instructions, they were incubated in JC-1 working solution and
washed in JC-1 buffer solution. The imagery was captured using an
Olympus fluorescence microscope DX51 (Tokyo, Japan), and an
analysis of the ratio of red/green fluorescence intensity was
performed to assess mitochondrial damage.

Enzyme-linked immunosorbent assay (ELISA)
Mice blood was collected from orbital veins in each group and
serum was obtained after centrifuged at 10,000 × g for 5 min. An
automatic biochemical analyzer (ADVIA® 2400, Siemens Ltd.,
China) was used to detect the expression levels of cardiac injury
markers LDH and CK-MB in serum, and inflammatory factors IL-1β,
IL-6 and TNF-α.

Oxidative stress assays
ROS levels were assessed with 2',7'-dichlorofluorescin diacetate
(DCFH-DA) staining in NRCMs and Dihydroethidium (DHE) staining
in heart sections. DAPI was then used to counterstain the nucleus.
After that, all images were taken with an Olympus DX51
fluorescence microscope and analyzed with Image-Pro Plus
version 6.0 (Media Cybernetics, Maryland, USA). In accordance
with our previous study [24], the thiobarbituric acid reactive
substances (TBARS) assay kit (Nanjing, China) was used to assess
myocardial and cardiomyocyte MDA levels or superoxide dis-
mutase (SOD) activities in each group.

Western immunoblotting
Based on our previous experimental instructions [25], we used RIPA
lysis buffer (Servicebio, Wuhan, China) for protein extraction and

BCA kit (Servicebio, Wuhan, China) for quantification. The protein
undergoes electrophoresis with polyacrylamide gel (SDS-PAGE)
and is transferred to polyvinylidene difluoride (PVDF) membranes,
followed by blocking with 5% skim milk and washing in PBS. PVDF
membranes were incubated with the primary antibody separately
at 4 °C overnight. The next day, the secondary antibody was
incubated for 1 h at room temperature. Finally, the level of relevant
proteins was measured using the Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA) and analyzed through Image
Lab software (v3.0; Bio-Rad Laboratories, Inc.). Supplementary
Table S1 lists the antibodies used.

Quantitative real-time PCR
The total RNA of heart tissues or cells was isolated by TRIzol®

reagent and reverse transcribed using Maxima First Strand cDNA
Synthesis Kit, as recommended by the manufacturer. RT-qPCR was
performed with real-time PCR detection equipment (Roche,
04896866001), equipped with Light Cycler 480 SYBR Green Master
Mix. Supplementary Table S2 lists the primers used.

Statistical analysis
This study used GraphPad Prism 8 to analyze the results, which are
presented as mean ± standard error of the mean (SEM). The
experiments were designed to generate equal-sized groups by
randomization and blinded analyses, with no data points
excluded. Blinded analyses were conducted. To evaluate compar-
isons between multiple groups, Tukey’s post hoc test was used
while Student’s t-test was used for comparisons between two
groups. We considered P < 0.05 to be statistically significant.

RESULTS
Macrod1 expression declines in vivo and vitro diabetic
cardiomyopathy models
We established a mice DCM model by feeding high-fat diet (HFD)
for 16 weeks and intraperitoneally injecting STZ for subsequent
experiments. To reveal the potential role of Macrod1 in DCM, we
detected the protein levels of MACROD1 in left ventricular
myocardial tissue. As shown in Fig. 1a, b, Western blotting results
showed a significant increase in brain natriuretic peptide (BNP) in
DCM heart tissue and a significant decrease in MACROD1.
Correspondingly, in the DCM cell model based on primary
cardiomyocytes stimulated by palmitic acid (PA, 400 μM), Western
blotting showed that MACROD1 was significantly decreased while
BNP was increased after PA was stimulated compared with the
control group (Fig. 1c, d). Moreover, immunofluorescence staining
showed that Macrod1 and α-actinin were significantly co-
localized, suggesting that Macrod1 is mainly expressed in
cardiomyocytes (Fig. 1e). To further clarify the main cell types
involved in MACROD1 downregulation, we isolated Neonatal Rat
Cardiomyocytes (NRCMs), Neonatal Rat Fibroblasts (NRCFs), and
Endothelial Cells (ECs) in vitro. As shown in Fig. 1f, Macrod1 mRNA
level was significantly downregulated in NRCMs under PA
stimulation, but there was no significant change in NRCFs and
ECs cells. These findings indicated that MACORD1 was down-
regulated mainly in cardiomyocytes. Therefore, to further explore
the role of MACROD1 in diabetic cardiomyopathy and the
potential mechanism, we constructed Macrod1-KO mice (Supple-
mentary Fig. S1a). Genotyping and DNA sequencing results
showed that Macrod1 was successfully knocked out in mice
(Supplementary Fig. S1b, c). Meanwhile, Macrod1-KO mouse heart
tissue strongly inhibited Macrod1 protein expression in contrast to
WT mice (Supplementary Fig. S2a, b).

Macrod1-KO worsens cardiac remodeling and blood glucose
regulation in DCM mice
Firstly, we constructed the DCM model as shown in Fig. 2a and
assessed the influence of MACROD1 knockout in vivo in different
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Fig. 1 Macrod1 expression declines in diabetic cardiomyopathy in vivo and in vitro. a Representative Western blotting images and (b)
quantitative results of BNP and Macrod1 expression in left ventricle tissues from CON or DCM mice (n= 6 per group). β-Tubulin served as
an internal control. c Representative Western blotting images and (d) quantitative results of BNP and Macrod1 expression in NRCMs treated
with PBS or PA (n= 6 per group). β-Tubulin served as an internal control. e Representative images and quantification of Macrod1 and α-actinin
immunofluorescence staining in heart sections (scale bar= 100 μm, n= 6 per group). f–h Relative mRNA levels of Macrod1 in NRCMs, NRCFs
and ECs treated with PBS or PA normalized to β-actin (n= 6 per group). Each point represents an independent experiment. All data are
presented as the mean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey post hoc test was conducted. ns not significant,
*P < 0.05.
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Fig. 2 Macrod1 knockout facilitates cardiac remodeling and dysfunction in DCM. a Experimental timeline for the development of DCM
model. b Representative images of echocardiography in mice. c, d Analyses of cardiac function in mice including left ventricular ejection
fraction (LVEF), left ventricular fraction shortening (LVFS), E/A ratio and heart rate (n= 6 per group). e, f Representative images of hematoxylin-
eosin (H&E) staining in left ventricular sections and quantification of cardiomyocyte cross-sectional area (scale bar= 50 μm, n= 6 per group).
g–i Statistical analysis of body weight, HW/TL and LW/TL ratios (n= 6 per group). j Fasting blood glucose in mice (n= 6 per group). k Glucose
levels in serum samples following a glucose tolerance test in mice (n= 6 per group). All data are presented as the mean ± SEM. One-way
analysis of variance (ANOVA) followed by Tukey post hoc test was conducted. ns not significant, *P < 0.05.
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Fig. 3 Macrod1 knockout facilitates cardiac remodeling and dysfunction in DCM. a, b Quantification of serum levels of LDH and CK-MB
(n= 6 per group). c, d Relative mRNA levels of Nppa and Nppb in left ventricle tissues, normalized to β-actin (n= 6 per group). e Representative
Western blotting images and quantitative results of BAX and Bcl-2 expression in left ventricle tissues (n= 6 per group). β-Tubulin served as
an internal control. (f, g) Representative images and quantitative results of TUNEL staining to detect apoptosis in heart sections (n= 6 per
group). h–j The levels of IL-1β, IL-6 and TNF-α in hearts were detected using Elisa kits (n= 6 per group). k Representative images of
Transmission Electron Microscopy (TEM) in heart sections (scale bar= 2 μm for 5000× magnification; scale bar= 1 μm for 12,000×
magnification; n= 6 per group), red arrows highlight the damaged mitochondria. All data are presented as the mean ± SEM. One-way analysis
of variance (ANOVA) followed by Tukey post hoc test was conducted. ns not significant, *P < 0.05.
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dimensions. The echocardiographic data showed that the DCM
group exhibited statistically worse cardiac function. Notably,
Macrod1-KO further exacerbated the deterioration of cardiac
function in DCM mice. Cardiac function indicators including left
ventricular ejection fraction (LVEF), left ventricular fraction short-
ening (LVFS) and E/A ratio have been dramatically downgraded
while there was no significant change in cardiac function in
Macrod1-KO mice at the basal physiological level (Fig. 2b, c), and
heart rate remained no statistical difference between groups
(Fig. 2d). To further evaluate the cardiac contraction and diastolic
function of DCM mice, we analyzed the myocardial strain of the
left ventricular long axis of the hearts of each group of mice by
two-dimensional speckle tracking imaging (Vevo Strain) (Fig. S3A).
In Fig. S3B, C, it appears that DCM mice’ myocardial global
longitudinal strain (GLS%) and long axis radial strain% were
significantly deregulated, whereas Macrod1-KO was further down-
regulated. Accordingly, Macrod1-KO further upregulated the DCM
mouse radial strain maximum opposing wall delay% (Supplemen-
tary Fig. S3d). In addition, we analyzed the effects of Macrod1-KO
on the general heart and myocardial morphology of DCM mice.
The results of H&E staining showed that Macrod1-KO aggravated
the arrangement disorder of cardiomyocytes and further
increased the cross-sectional area of cardiomyocytes in DCM mice
(Fig. 2e, f). The results of the modeling endpoint showed that DCM
mice had significant increases in body weight (BW), heart weight
to tibial length (HW/TL) and lung weight to tibial length (LW/TL) of
DCM, while Macrod1-KO further exacerbated these changes
(Fig. 2g–i).
Moreover, to better understand the effect of Macrod1-KO on

glycemic control in diabetic mice, we measured fasting glucose
levels and glucose tolerance tests (OGTTs) in diabetic mice. As
Fig. 2j shows, Macrod1-KO mice displayed an increased fasting
blood glucose level. Furthermore, Macrod1-KO further impaired
glucose tolerance in diabetic mice (Fig. 2k).

Macrod1-KO upregulates inflammation, apoptosis, and aggravates
mitochondrial dysfunction in DCM mice
As well as changes in cardiac function and myocardial morphol-
ogy, DCM has been reported had a closely association with
chronic inflammation and apoptosis [26–28]. Therefore, we further
examined myocardial injury, inflammation, and apoptosis in mice
in each group. Using biochemical analysis to examine the effects
of Macrod1-KO on DCM mice, it was shown that Macrod1-KO
upregulated myocardial injury markers, such as LDH and CK-MB
(Fig. 3a, b). Consistent with this, Macrod1-KO upregulated Nppa
and Nppb mRNA expression levels in heart tissue in DCM mice
models (Fig. 3c, d). Meanwhile, according to Western blotting and
TUNEL staining results, Macrod1-KO further increased apoptosis
levels in DCM mice (Fig. 3e–g). To evaluate how Macrod1-KO
affects myocardial inflammation in DCM mice, ELISA was used to
test the inflammatory factors levels in plasma. The results of these
kits showed that compared with the DCM group, Macrod1-KO
further expressed dramatically higher levels of inflammatory
factors such as IL-1β, IL-6, and TNF-α (Fig. 3h–j). Furthermore, as
previous studies have shown that mitochondrial dysfunction plays
a key role in the development of diabetic cardiomyopathy, we
assessed mitochondrial morphology in heart tissue by transmis-
sion electron microscopy [26, 29]. As shown in Fig. 3k, Macrod1-KO
significantly exacerbates mitochondrial damage in cardiomyo-
cytes of DCM mice, and specific manifestations include mitochon-
drial disorder, swelling, increased vacuoles, fragmented
mitochondrial cristae, and reduced mitochondrial cristae density.

Macrod1-KO accelerates oxidative stress injury and disrupts
energy metabolism in DCM mice
Multiple previous studies have demonstrated that myocardial
energy metabolism dysfunction and oxidative stress in DCM share
similar pathophysiological characteristics [30, 31]. According to
our results above, Macrod1-KO impaired mitochondrial structure

Fig. 4 Macrod1 knockout promotes myocardial oxidative stress and energy deficiency in DCM. a Representative Western blotting images
and quantitative results of p-AMPK, AMPK, HO-1 and SOD2 expression in left ventricle tissues (n= 6 per group). β-Tubulin served as internal
control. b Representative images of 4-hydroxyneonal (4-HNE) staining in left ventricular sections and quantification of 4-HNE intensity (scale
bar= 100 μm, n= 6 per group). c Representative images of dihydroethidium (DHE) staining in left ventricular sections and quantification of
DHE intensity (scale bar= 100 μm, n= 6 per group). d, e Quantification of MDA levels and total SOD activity in left ventricular tissues (n= 6
per group). f, g Quantification of NAD+ levels and NAD+/NADH ratio in left ventricular tissues (n= 6 per group). h Relative quantification of
mitochondrial ATP production levels in mice’ hearts (n= 6 per group). i Representative Western blotting images and quantitative results of
PARP1 and SIRT3 expression in left ventricle tissues (n= 6 per group). β-Tubulin served as an internal control. j Representative images and
quantification of PARP1 and α-actinin immunofluorescence staining in heart sections (scale bar= 100 μm, n= 6 per group). All data are
presented as the mean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey post hoc test was conducted. ns not significant,
*P < 0.05.
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in DCM mice. In this regard, we hypothesize that Macrod1 may
affect diabetic cardiomyopathy progression by modulating
oxidative stress damage and disrupting energy metabolism. As
expected, Western blotting results showed that Macrod1-KO
further downregulated the protein levels of p-AMPK, HO-1 and

SOD2 (Fig. 4a). Furthermore, 4-HNE and DHE staining results also
indicated that Macrod1-KO upregulated oxidative stress levels of
the heart in vivo DCM models (Fig. 4b, c). Correspondingly,
Macrod1-KO stimulated MDA levels and diminished total SOD
activity in DCM myocardial tissue (Fig. 4d, e). Based on these
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findings, it appears that Macrod1 knockout can worsen myocardial
oxidative stress and damage the antioxidant system in DCM.
Recent studies have demonstrated that NAD+ plays a crucial

role in oxidative stress repair and mitochondrial function [32].
Hence, we examined NAD+ levels in cardiac tissue. As shown in
Fig. 4f, g, NAD+ levels are downregulated in diabetic hearts, and
Macrod1-KO further significantly downregulated NAD+ levels. To
further explore mitochondria’s energetic status, we examined
mice’ cardiomyocyte ATP production in each group. As shown in
Fig. 4h, Macrod1-KO further exacerbates ATP production down-
regulation, indicating that Macrod1 deletion impairs energy
metabolism in DCM mice. As PARP1 has been reported to exert
its biological activity in a very consuming NAD+ way [33], while
SIRT3 is a NAD+-dependent deacetylase and the two are both
important to mitochondrial, we detected the protein levels of
PARP1 and SIRT3. As shown in Fig. 4i, j, Macrod1-KO enhanced
PARP1 expression while decreasing SIRT3 expression in DCM
myocardial tissue, which may be the primary reason for the
massive consumption of NAD+ in the heart. Alternatively, previous
studies revealed that CK mito and thioredoxin 2 (Trx2) play critical
roles in heart failure and antioxidant stress [5, 34, 35]. As shown in
Supplementary Fig. S4a, b, CK mito and Trx2 are significantly
downregulated in DCM hearts, whereas Macrod1-KO hearts do not
show significant changes.

Macrod1 overexpression improves diabetic myocardial disorder
in mice
To determine whether Macrod1 overexpression can improve
myocardial injury in diabetic cardiomyopathy, we constructed a
vector with an AAV9-Macrod1 overexpression specific for cardio-
myocytes. Referring to Fig. 5a, the mice’ tail vein was injected with
the AAV9-NC or AAV9-Macrod1 virus. We randomly divided the
mice into a control group and a DCM group after stable
overexpression in the heart. Moreover, Western blotting and
immunofluorescence staining results indicated that AAV9-
Macrod1 was significantly overexpressed in cardiomyocytes
(Supplementary Fig. S5a, b). Next, we assessed cardiac function
and cardiac pathological morphology in each group of mice. As
shown in Fig. 5b, c, echocardiography reveals that Macrod1
overexpression in cardiomyocytes can significantly alleviate
cardiac systolic and diastolic dysfunction in DCM, and heart rate
remained no significant difference between groups (Fig. 5d).
Consistent with this, the results of H&E staining, HW/TL, body
weight, CK-MB, and LDH confirmed that Macrod1 overexpression
effectively improved myocardial remodeling and myocardial injury
in DCM (Fig. 5e–h). More importantly, Macrod1 overexpression
improved fasting blood glucose and glucose tolerance in DCM
mice (Fig. 5i, j). Furthermore, Macrod1 overexpression decreased
cardiomyocyte apoptosis in DCM mice (Fig. 5k). Additionally,
Macrod1 overexpression reduced cardiac inflammation levels in
mice (Supplementary Fig. S6a–c).
As Macrod1-KO aggravated cardiac oxidative stress in DCMmice,

we examined whether Macrod1 overexpression could improve
cardiac oxidative stress levels in the disease. As shown in Fig. 6a,
Macrod1 overexpression significantly alleviated the downregula-
tion of HO-1 and SOD2 levels in myocardial tissue of DCM mice.

Meanwhile, 4-HNE and DHE staining results of mouse heart-frozen
sections suggested that overexpression of Macrod1 decreased lipid
peroxidation and reactive oxygen species in myocardial tissue
(Fig. 6b, c). Besides, Macrod1 overexpression improved MDA and
total SOD activity levels (Fig. 6d, e). Most notably, Macrod1
overexpression greatly increased cardiac NAD+ levels in DCM
(Fig. 6f, g). Mechanically, Macrod1 overexpression reverses PARP1
upregulation and alleviates SIRT3 protein downregulation in DCM
mice’ hearts (Fig. 6h). Accordingly, Macrod1 appears to mitigate
oxidative stress through PARP1-NAD+-SIRT3 signaling.

Overexpressed Macrod1 in cardiomyocytes ameliorates PA-
induced oxidative stress injury
To further elucidate the mechanism of Macrod1 in diabetic
cardiomyopathy, we established an in vitro cardiomyocyte model
of Macrod1 overexpression by infecting NRCMs with Ad-Macrod1.
According to the determination of MDA levels and total SOD activity
in cardiomyocytes, we found that Macrod1 overexpression alleviated
PA-induced oxidative stress in cardiomyocytes (Fig. 7a, b). Similar to
the in vivo DCM model, PA stimulation significantly reduced NAD+

levels in cardiomyocytes, which was partially alleviated by Macrod1
overexpression (Fig. 7c, d). Mechanically, PA down-regulated HO-1,
SOD2, and SIRT3, while up-regulating PARP1 protein levels in NRCMs,
which could be partially compensated by overexpressing Macrod1
(Fig. 7e). As shown by DCFH-DA staining of cardiomyocytes, Macrod1
overexpression inhibits PA-induced ROS production (Fig. 7f). Addi-
tionally, JC-1 staining was used to investigate mitochondrial damage
in NRCMs, a major driver of cardiomyocyte damage in diabetes. As
shown in Fig. 7g, Macrod1 overexpression significantly improved PA-
induced mitochondrial membrane potential abnormalities in
cardiomyocytes.

Macrod1 improves oxidative stress by regulating the PARP1-
NAD+-SIRT3 pathway
Recent study has demonstrated that PARP1 interacts with SIRT3 to
regulate isoproterenol-induced cardiac hypertrophy [36], while
our results indicate that Macrod1 can partly reverse PARP1
upregulation and SIRT3 downregulation in DCM (Figs. 5–7). As a
result, we hypothesize that Macrod1 involved in oxidative stress in
diabetic cardiomyopathy by regulating the PARP1-NAD+-SIRT3
signaling pathway. Aiming to gain insight into Macrod1 regulation
mechanisms, we intervened in the key genes and molecules of the
PARP1-NAD+-SIRT3 signaling pathway in a cardiomyocyte model.
Macrod1 knockdown further elevated PA-induced MDA levels

and depressed PA-induced total SOD activity, but NA supple-
mentation partially reversed these effects (Fig. 8a, b). Western
blotting results revealed that Macrod1-KO further decreased the
PA-induced SIRT3-SOD2/HO-1 pathway activation level, and
increased PARP1 protein level, which can be inhibited by NA
(Fig. 8c). In addition to this, DCFH-DA and JC-1 staining suggested
that Macrod1-KO caused a further increase in ROS concentrations
and damage to mitochondrial membrane potential, both of which
were ameliorated by NA (Fig. 8d–f). In view of the critical role of
SIRT3 in DCM oxidative stress, we applied si-RNA to knock down
SIRT3 expression in cardiomyocytes to further explore the
mechanism of Macrod1. As shown in Fig. 8g, inhibiting SIRT3

Fig. 5 Cardiac-specific Macrod1 overexpression alleviates cardiac remodeling and dysfunction in DCM. a Experimental timeline for the
development of Cardiac-specific Macrod1 overexpression and DCM model. b Representative images of echocardiography in left ventricle.
c, d Analyses of cardiac function in mice including LVEF, LVFS, E/A ratio and heart rate (n= 6 per group). e Representative images of H&E
staining in left ventricular sections (scale bar= 1mm for 10× magnification; scale bar= 50 μm for 400× magnification, n= 6 per group).
f Statistical analysis of body weight and HW/TL ratios (n= 6 per group). g, h Quantification of serum levels of CK-MB and LDH (n= 6 per
group). i Fasting blood glucose in each group mice (n= 6 per group). j Glucose levels in serum samples following a glucose tolerance test
(n= 6 per group). k Representative Western blotting images and quantitative results of BAX and Bcl-2 expression in left ventricle tissues (n= 6
per group). β-Tubulin served as an internal control. All data are presented as the mean ± SEM. One-way analysis of variance (ANOVA) followed
by Tukey post hoc test was conducted. ns not significant, *P < 0.05.
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expression abolishes the protective effect of Macrod1 over-
expression on PA-induced cardiomyocytes. Accordingly, the
overexpression of Macrod1 increases HO-1 and SOD2 protein
levels, but SIRT3 knockdown suppresses these changes. DCFH-DA
and JC-1 staining further confirmed that SIRT3 knockdown
weakened Macrod1 overexpression’s protective effect on PA-
induced oxidative stress in cardiomyocytes. As shown in Fig. 8h,
overexpressing Macrod1 suppressed the PA-induced increase in

ROS levels and decrease in mitochondrial membrane potential,
whereas SIRT3 knockdown blocked this protective effect. More-
over, SIRT3 knockout further increased myocardial apoptosis and
eliminated Macrod1 overexpression’s ameliorative effect on
cardiomyocyte apoptosis (Supplementary Fig. S7a, b). In light of
this, Macrod1 might serve as a therapeutic target in diabetic
cardiomyopathy. It could also provide an alternative therapeutic
direction for diabetic cardiomyopathy clinical treatment.

Fig. 6 Cardiac-specific Macrod1 overexpression ameliorates oxidative stress in DCM. a Representative Western blotting images and
quantitative results of HO-1 and SOD2 expression in left ventricle tissues (n= 6 per group). β-Tubulin served as an internal control.
b Representative images of 4-HNE staining in left ventricular sections and quantification of 4-HNE intensity (scale bar= 100 μm, n= 6 per
group). c Representative images of DHE staining in left ventricular sections and quantification of DHE intensity (scale bar= 100 μm, n= 6 per
group). d, e Quantification of MDA levels and total SOD activity in left ventricular tissues (n= 6 per group). f, g Quantification of NAD+/NADH
ratio and NAD+ levels in left ventricular tissues (n= 6 per group). h Representative Western blotting images and quantitative results of PARP1
and SIRT3 expression in left ventricular tissues (n= 6 per group). β-Tubulin served as an internal control. All data are presented as the
mean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey post hoc test was conducted. ns not significant, *P < 0.05.
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Fig. 7 Cardiomyocyte Macrod1 overexpression alleviates PA-induced oxidative stress damage. a, b Quantification of MDA levels, total SOD
activity in NRCMs (n= 6 per group). c, d Quantification of NAD+ levels and NAD+/NADH ratio in NRCMs (n= 6 per group). e Representative
Western blotting images and quantitative results of HO-1, SOD2, Sirt3 and PARP1 expression in NRCMs (n= 6 per group). β-Tubulin served as
an internal control. f Representative images of DCFH-DA staining in NRCMs and quantification of ROS fluorescence (scale bar= 100 μm, n= 6
per group). g Representative images of JC-1 staining in NRCMs and quantification of JC-1 aggregates/monomer fluorescence (scale
bar= 50 μm, n= 6 per group). All data are presented as the mean ± SEM. One-way analysis of variance (ANOVA) followed by Tukey post hoc
test was conducted. ns not significant, *P < 0.05.
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DISCUSSION
In the present study, we revealed for the first time the role of
Macrod1 in diabetic heart and its underlying mechanism.
Specifically, this study innovatively demonstrates: (a) Macrod1

expression is significantly downregulated in diabetic cardiomyo-
pathy in vivo and in vitro, which is associated with worsening
cardiac function; (b) Macrod1 knockout exacerbates cardiac
remodeling, mitochondrial dysfunction, and oxidative stress in
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DCM, and Macrod1 overexpression can partly reverse these
pathological processes in the DCM models; (c) Mechanistically,
Macrod1 inhibits PARP1 expression and restores NAD+ levels,
thereby activating SIRT3 to resist oxidative stress. More impor-
tantly, NAD+ precursor NA supplementation alleviates oxidative
stress in PA-stimulated cardiomyocytes. Therefore, targeting the
restoration of Macrod1 and NAD+ levels in cardiomyocytes may
provide a potential clinical therapeutic target for DCM treatment.
Diabetes mellitus disease burden is gradually increasing, with a

global prevalence of 10.5% in 2021 (affecting 537 million people),
and this number is expected to rise to 12.2% (affecting 783 million
people) by 2045 [37]. And crucially, DCM is the leading cause of
mortality in T2DM patients [37, 38]. Diabetic cardiomyopathy is a
progressive process, developing from early diastolic dysfunction to
heart failure, accompanied by a variety of pathophysiological
mechanisms. The mechanism of DCM is complex, involving
mitochondrial structure and dysfunction, NAD+ reduction, oxidative
stress, inflammation and apoptosis [39, 40]. In this study, we
constructed a DCM model by feeding a high-fat diet (HFD) for
16 weeks and intraperitoneally injecting STZ. Deterioration of
cardiac function, increased apoptosis, mitochondrial damage and
ROS accumulation were observed in DCM mice. The above
pathological changes were further worsened by Macrod1 knockout,
but alleviated by Macrod1 overexpression and NA supplementation.
Previous studies have shown that activating SIRT3 and improving
downstream oxidative stress levels can reduce blood glucose levels
and improve insulin resistance in DCM mice [41, 42]. Consistent with
this, we found that Macrod1 knockout aggravated impaired blood
glucose levels and glucose tolerance in DCM mice by inhibiting
SIRT3 and its downstream anti-oxidative stress pathways. On the
contrary, overexpression of Macrod1 can improve systemic blood
glucose metabolism and glucose tolerance in diabetic mice,
suggesting that Macrod1 may improve diabetes multi-systemically.
And Macrod1’s potential role in blood glucose regulation and other
organs requires further study in the future.
Macrod1 is a mono-ADP-ribosylating hydrolase, but its physio-

logical function and role in disease remain largely unknown.
Previous studies have suggested that Macrod1 is mainly localized
in mitochondria, and Macrod1 knockout will lead to motor-
coordination defects [8, 43]. However, the role and underlying
mechanism of Macrod1 in DCM have not been reported. In this
study, we found for the first time that Macrod1 is significantly
downregulated in cardiomyocytes in DCM. ROS and JC-1 staining
results showed that Macrod1 knockout further exacerbates
mitochondrial damage and oxidative stress in diabetic cardiomyo-
pathy, while Macrod1 overexpression partially alleviates it.
Mechanistically, Macrod1 knockout further upregulated PARP1
expression, massively depleting NAD+ levels in DCM. PARP1 is one
of the main NAD+ consuming enzymes and can participate in a
variety of biological processes by consuming ATP and NAD+

[44, 45]. Furthermore, we found that supplementing NA, the
precursor of NAD+, can effectively alleviate oxidative stress and
cardiomyocyte damage caused by Macrod1 knockdown and PA
stimulation in vitro NRCMs. Recent studies have shown that PARP1
affects blood-brain barrier damage by regulating NAD+ levels,
leading to abnormal mitophagy and SIRT3 degradation [44]. This

suggests that SIRT3, as an NAD+-dependent deacetylase, has a
potential connection with PARP1. Therefore, to further explore
Macrod1’s molecular mechanism, we detected SIRT3 expression
in vivo and in vitro. Results showed that Macrod1 knockdown
further reduced SIRT3 levels, while Macrod overexpression
significantly restored SIRT3 expression in DCM hearts. In contrast,
SIRT3 inhibition abolished the protective effect of Macrod1
overexpression on PA-induced oxidative stress injury in cardio-
myocytes. The above results illustrate the innovative role of
Macrod1 and create a potential therapeutic target in DCM.
There are some limitations to this study. The specific mechan-

ism and site by which Macrod1 regulates PARP1 remain unclear.
We hypothesize that Macrod1 may regulate DCM outcomes by
affecting the ADP-ribosylation function of PARP1. Despite the
numerous limitations, these will be clarified in the future research.

CONCLUSION
In summary, our work reveals an innovative role for Macrod1 in
DCM. Macrod1 knockout exacerbates cardiac dysfunction, mito-
chondrial damage, and oxidative stress in DCM, which are
alleviated by Macrod1 overexpression. Mechanistically, Macrod1
reduces NAD+ consumption by inhibiting PARP1 expression,
thereby upregulating the expression and function of SIRT3. These
data identify that Macrod1 is a novel target for DCM treatment
and that targeting the PARP1-NAD+-SIRT3 axis may develop new
intervention strategies in DCM.
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