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Abstract

Background Metabolic cardiomyopathy (MCM), characterized by intramyocardial lipid accumulation, drives the pro-
gression to heart failure with preserved ejection fraction (HFpEF). Although evidence suggests that the mammalian
silent information regulator 1 (Sirt1) orchestrates myocardial lipid metabolism, it is unknown whether its exogenous
administration could avoid MCM onset. We investigated whether chronic treatment with recombinant Sirt1 (rSirt1)
could halt MCM progression.

Methods db/db mice, an established model of MCM, were supplemented with intraperitoneal rSirt1 or vehicle

for 4 weeks and compared with their db/+ heterozygous littermates. At the end of treatment, cardiac function

was assessed by cardiac ultrasound and left ventricular samples were collected and processed for molecular analy-
sis. Transcriptional changes were evaluated using a custom PCR array. Lipidomic analysis was performed by mass
spectrometry. H9c2 cardiomyocytes exposed to hyperglycaemia and treated with rSirt1 were used as in vitro model
of MCM to investigate the ability of rSirt1 to directly target cardiomyocytes and modulate malondialdehyde levels
and caspase 3 activity. Myocardial samples from diabetic and nondiabetic patients were analysed to explore Sirt1
expression levels and signaling pathways.

Results rSirt1 treatment restored cardiac Sirt1 levels and preserved cardiac performance by improving left ventricular
ejection fraction, fractional shortening and diastolic function (E/A ratio). In left ventricular samples from rSirt1-treated
db/db mice, rSirt1 modulated the cardiac lipidome: medium and long-chain triacylglycerols, long-chain triacylglycer-
ols, and triacylglycerols containing only saturated fatty acids were reduced, while those containing docosahexaenoic
acid were increased. Mechanistically, several genes involved in lipid trafficking, metabolism and inflammation, such

as Cd36, Acox3, Pparg, Ncoa3, and Ppara were downregulated by rSirt1 both in vitro and in vivo. In humans, reduced
cardiac expression levels of Sirt1 were associated with higher intramyocardial triacylglycerols and PPARG-related
genes.
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Conclusions In the db/db mouse model of MCM, chronic exogenous rSirt1 supplementation rescued cardiac func-
tion. This was associated with a modulation of the myocardial lipidome and a downregulation of genes involved

in lipid metabolism, trafficking, inflammation, and PPARG signaling. These findings were confirmed in the human
diabetic myocardium. Treatments that increase Sirt1 levels may represent a promising strategy to prevent myocardial

lipid abnormalities and MCM development.
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Graphical Abstract

Type 2 diabetes

| cardiac Sirt1 °
1 cardiac TG content
1 cardiac PPARYy signaling

rSirt1 °
°%
[}

S

1
1 cardiac lipidome i}
!

1 CD36, ACOX3, PPARY,
NCOA3, PPARA

— cardiac morphology
| cardiac function

1 oxidative stress |
1 apoptosis i}

HG-exposed
H9c2 CMs

Background

Cardiometabolic diseases, such as obesity and type
2 diabetes (T2D), characterized by dysregulated sys-
temic, organ and tissue-specific metabolic signatures
[1, 2], associate with high cardiovascular risk. This
affects individuals by increasing mortality and morbid-
ity, as well as the society, overburdening the healthcare
systems [3, 4].

Among the constellation of cardiometabolic complica-
tions, metabolic cardiomyopathy (MCM) takes the cen-
tral stage, given its association with incident heart failure
and mortality [5]. MCM is defined by cardiac hypertro-
phy and impaired remodeling, in the absence of coronary
artery disease or hypertension [6]. An emerging feature
of MCM is represented by disturbed lipid signaling fos-
tering fatty acid (FA) uptake with subsequent intramyo-
cardial lipid accumulation and lipotoxic damage [7, 8].
In turn, FA-driven lipotoxicity damages cardiomyocytes,
promoting apoptosis and increasing stiffness, with a con-
sequent decline in contractile function [9]. These events
are crucial for the onset and progression of MCM and

predispose to structural and functional changes leading
to the development of heart failure with preserved ejec-
tion fraction (HFpEF) [10, 11].

Sirtuins are key molecules that are upregulated during
calorie restriction and have attracted considerable atten-
tion over the last two decades due to their deep involve-
ment in the maintenance of metabolic homeostasis [12].
In particular, the mammalian silent information regula-
tor 1 (Sirtl) has been shown to orchestrate pathways
involved in the preservation of vascular function [13, 14],
insulin sensitivity [15], adipose tissue and liver homeosta-
sis [16]. Sirt1 is involved in FA metabolism [17] and mito-
chondrial function [13], both of which are compromised
in MCM and HFpEF [18]. Furthermore, the restoration
of Sirtl activity has been proposed as the mechanism
underlying the beneficial effects of SGLT-2 inhibitors
(SGLT-2i) on the cardiovascular system [11, 19, 20].

However, although Sirtl-targeting approaches have
been proposed to rescue cardiac function in the context
of MCM [21], evidence is scarce. No studies have previ-
ously explored the direct supplementation of Sirtl rather
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than its pharmacological activation on cardiac function.
We aimed to investigate whether preserving Sirtl levels
via exogenous supplementation can affect the MCM phe-
notype. Thus, we designed a preclinical study in which
a mouse model of MCM was administered chronically a
mouse recombinant Sirtl (rSirtl), investigating its effect
on cardiac function, myocardial lipid signature and the
related transcriptional programmes. In a translational
approach, we confirmed our findings in an in vitro model
of metabolic stress and in myocardial specimens from
patients with and without T2D.

Methods

MCM mouse model and study design

Male C57BKS/Leprdb (db/db) mice and db/+ heterozy-
gous littermates purchased from The Jackson Labora-
tory were used for the in vivo study as a mouse model
of MCM. Mouse rSirtl (CSB-EP846058MQO, Cusabio)
administered by intraperitoneal injection (0.3 mg/Kg
every other day over a 4-week period) was used to inves-
tigate the impact of Sirtl restoration on the MCM phe-
notype (Additional file 1: Figure S1). Three groups of
16-week-old mice were studied: 1) db/db mice treated
with rSirtl (n=12); 2) db/db mice treated with vehicle
[n=13); 3] heterozygous db/+(n=11). All mice were
housed in temperature-controlled cages (20 °C-22 °C)
and maintained on a 12/12-h light/dark cycle. Except
where indicated, mice had access to normal chow and
water ad libitum. Animal experiments were performed
in accordance with our institutional guidelines and were
approved by the veterinary authorities of the Canton of
Ziirich (ZH033/2021).

In vivo assessment of cardiac function

by echocardiography

Cardiac function was assessed in mice by transthoracic
echocardiography by using a Vevo 3100 (VisualSon-
ics, Toronto, Canada) high-resolution imaging system
equipped with a 22—-55 MHz (MX400) linear array trans-
ducer [8]. Mice were anesthetised with isoflurane
(2-5%)/oxygen (1L/min) and placed on a temperature-
controlled operating table to maintain the rectal tem-
perature at 37 °C. Measurements were obtained from
grayscale M-mode and B-mode images, at the midpapil-
lary level in the parasternal short-axis view. Conventional
measures of the left ventricle (LV) included: end-diastolic
internal diameter (LVIDd), end-systolic internal diameter
(LVIDs), anterior and posterior wall thicknesses, end-sys-
tolic (ESV) and end-diastolic volumes (EDV), LV mass,
fractional shortening (FS), and ejection fraction (EF). FS
was calculated as [(LVIDd-LVIDs)/LVIDd] x 100, while
EF was assessed using the following formula: [(EDV-
ESV)/EDV]x100. The trans-mitral inflow pattern was
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measured in the apical 4-chamber to assess early (E) and
atrial (A) peak filling rates. Tissue Doppler Imaging (TDI)
of the posterior LV wall in the short-axis view was used
to assess the radial axis, as previously reported [22]. The
TDI waveform was used to measure the following param-
eters: isovolumic relaxation time (IVRT), E’ and A’ myo-
cardial diastolic velocities and isovolumic contraction
time (IVCT) and aortic ejection time (AET). Myocardial
performance index (MPI), an overall indicator of systolic
and diastolic dysfunction, was calculated using the fol-
lowing formula: (IVRT+IVCT)/AET. All images were
analysed using the Visual Sonics software. The investiga-
tors performing and reading the echocardiograms were
blinded to the treatment allocation.

Measurements of Sirt1 protein levels
The levels of Sirtl were measured in murine left ven-
tricular samples by a commercially available ELISA
kit (ab206983, Abcam, Cambridge, United Kingdom),
according to the manufacturer’s protocol.

Lipidomic analysis

Lipid extraction was performed on murine left ventricu-
lar samples as previously described [8, 23], with some
modifications. To 20 pl of the sample, 1 ml of a mixture
of methanol: MTBE: chloroform (MMC) 1.33:1:1 (v/v/v)
was added. The MMC mixture was supplemented with
the SPLASH mix internal standard and additional inter-
nal standards: d7-sphinganine (SPH d18:0), d7-sphin-
gosine (SPH d18:1), dihydroceramide (Cer d18:0/12:0),
ceramide (Cer d18:1/12:0), deoxydihydroceramide (Cer
m18:0 12:0) deoxyceramide (Cer m18:1 12:0) and glu-
cosylceramides (GlcCer d18:1 18:1 (d5)) (Avanti Polar
Lipids). After brief vortexing, the samples were con-
tinuously mixed in a Thermomixer (Eppendorf) at 25 °C
(950 rpm, 30 min). Protein precipitation was obtained
after centrifugation for 10 min, 16,000 g, 25 °C. The
single-phase supernatant was collected, dried under N2
and stored at -20 °C until analysis. Prior to analysis, the
dried lipids were redissolved in 100uL. MeOH. Liquid
chromatography was performed as previously described
[24], with some modifications. Lipids were separated
using C30 reverse-phase chromatography. Transcend
TLX eluting pump (Thermo Scientific) was used with
the following mobile phases: A) Acetonitrile:Water
(6:4) with 10 mM ammonium acetate and 0.1% for-
mic acid and B) Isopropanol: Acetonitrile (9:1) with
10 mM ammonium acetate and 0.1% formic acid. The
C30 Accucore LC column (Thermo Scientific) with the
dimensions of 150 mm*2.1 mm*2.6 pm (length*internal
diameter*particle diameter) was used. The following
gradient was used with a flow rate of 0.26 ml/min; 0.0—
0.5 min (isocratic 30%B), 0.5-2 min (ramp 30-43% B),
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2.10-12.0 min (ramp 43-55%B),12.0-18.0 min (ramp
65—85%),18.0—20.0 min (ramp 85%-100%B), 20—35 min
(isocratic 100%B), 35—35.5 min (ramp 100-30% B) and
35.5-40 min (isocratic 30%B). Liquid chromatogra-
phy was coupled to a hybrid quadrupole-orbitrap mass
spectrometer (Q-Exactive, Thermo Scientific). Data-
dependent acquisition with positive and negative polarity
switching was used. A full scan was used scanning from
220 to 3000 m/z at a resolution of 70,000 and AGC Target
3e6, while data-dependent scans (topl0) were acquired
using normalized collision energies (NCE) of 25, 30 and a
resolution of 17,500 and AGC target of 1e5. Lipid species
identification was achieved using four criteria: (1) high
accuracy and resolution with an accuracy within m/z
of 5 ppm shift from the predicted mass and a resolving
power of 70,000 at 200 m/z; (2) isotopic pattern matching
the expected isotopic distribution; (3) comparison of the
expected retention time with an in-house database and 4)
identification of species-specific fragments m/z in posi-
tive and negative mode.

Real time PCR

Total RNA was extracted from mouse and human myo-
cardium using TRIzol Reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s recommendations.
Prior to extraction, mouse and human myocardial sam-
ples were lysed by using a Precellys homogenizer. Total
cellular RNA was converted to cDNA using Moloney
murine leukaemia virus reverse transcriptase and ran-
dom hexamers (Amersham Bioscience, Piscataway, USA)
in a final volume of 33 pl, using 1 pg of cDNA accord-
ing to the manufacturer’s recommendations. Real-time
PCR was performed using the SYBR Select Master Mix
(Applied biosystems, Thermo Fischer Scientific, Zug,
Switzerland) together with the gene-specific primers on a
Quant Studio 5 and 7 cyclers (Life Technologies, Thermo
Fischer Scientific, Zug, Switzerland) according to the
manufacturer’s instructions. GAPDH or TBP were used
as endogenous controls to normalise the RNA concentra-
tion. The amplification programme consisted of 1 cycle at
95 °C for 10 min, followed by 40 cycles with a denaturing
phase at 95 °C for 30 s and an annealing and elongation
phase of 1 min at 60 °C. Melting curve analysis was per-
formed after amplification to verify the accuracy of the
amplicon. Differences in Ct values between the test gene
and endogenous controls (GAPDH and TBP, ACt) were
calculated and used for statistical analysis.

Experiments in cultured cardiomyocytes

H9c2 cardiomyoblasts (Lonza, Bettlach, Switzerland)
were cultured using M199 complete media [M199 media
supplemented with 10% fetal bovine serum, 1% penicillin
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and streptomycin, (Sigma-Aldrich, Steinheim, Ger-
many)] and treated with either normal glucose (5 nM) or
high glucose (25 nM) for 72 h, in the presence or in the
absence of rSirtl (10 nmol/L) or vehicle. After treatment,
cells were lysed in ice-cold lysis buffer containing 50 mM
Tris—HCI, pH 7.4, 100 mM NaF, 15 mM Na,P,0,, 1 mM
NazVO,, 1% Triton X-100, and 1 mM phenylmethylsul-
fonyl fluoride. Lysates were centrifuged at 10,000 g to
remove insoluble material.

Measurements of malondialdehyde levels
The levels of malondialdehyde (MDA), a marker of
peroxynitrite-mediated oxidative damage, were meas-
ured in cell lysates by a commercially available ELISA
kit (ab238537, Abcam, Cambridge, United Kingdom)
according to the manufacturer’s protocol.

Caspase-3 activity assay

Caspase-3 activity was assessed using a colourimet-
ric activity assay (ab39401, Abcam, Cambridge, United
Kingdom) according to the manufacturer’s protocol.

Study population

From March 2016 to February 2018, diabetic patients
(n=9) and nondiabetic age-matched controls (n=9)
were consecutively recruited at the Department of Car-
diac Surgery, Sant’Andrea Hospital, Rome, Italy. Patients
and controls were selected among those undergoing
cardiopulmonary bypass for surgical valve replacement
or coronary artery bypass grafting (CABG). The follow-
ing patients were excluded: (i) overt signs of cardiomyo-
pathy (i.e. clinical signs of heart failure, left ventricular
ejection fraction<50%, left atrial dilatation (>40 mm),
systolic pulmonary artery pressure >40 mm Hg, or brain
natriuretic peptide level >100 ng/L); (iii) history of atrial
fibrillation/atrial flutter; (iv) stenosis>50% of the right
coronary artery. Patients were also excluded when the
amount of tissue was too small to assess lipid content and
molecular analyses. T2D diagnosis was made according
to current recommendations [25]. Clinical and echocar-
diographic data (including TDI) were obtained at admis-
sion. Right atrial tissue was collected during cannulation
of the right atrium in preparation for cardiopulmonary
bypass. Samples of the appendage were immediately
prepared for molecular studies, and the remaining tis-
sue was frozen in liquid nitrogen. The study protocol was
approved by the Local Ethics Committee, and in accord-
ance with institutional guidelines. All participants were
aware of the investigational nature of the study and gave
written consent for their participation.
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Triacylglycerol content in heart tissue

Total triacylglycerol (TAG) content was determined in
human myocardium homogenates using a commercially
available kit (Triglyceride Colorimetric Assay Kit, n
10,010,303, Cayman Chemicals) following the manufac-
turer’s instructions.

Statistical analysis

Data are presented as median [IQR]. Group-wise com-
parisons were conducted using the Mann—Whitney U
test (two groups), the Kruskal-Wallis test with Dunn
post hoc test for continuous variables (multiple groups)
and the Fischer’s exact test for categorical variables.
When multiple measurements were performed on the
same sample, comparisons were corrected for multiple
testing by the two stage step-up Benjamini, Krieger and
Yekutieli false discovery rate method at an alpha level of
0.05. Correlations between variables were assessed by
Spearman’s test. A value of P<0.05 was considered sta-
tistically significant. All analyses were performed using
GraphPad Prism (GraphPad Software, version 9.04).
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Results

rSirt1 treatment preserves cardiac function in db/db mice
In the db/db mice, myocardial levels of Sirtl were
reduced (Fig. 1A), and this associated with impaired
cardiac function and structure. The cardiac morphol-
ogy of 16-week-old db/db mice showed a small LV cav-
ity described by smaller LVIDd, LVIDs, reduced EDV and
ESV with normal LV mass (Additional file 1: Figure S2A).
Stroke volume and heart rate were all reduced, resulting
in a significant reduction of cardiac output (Additional
file 1: Figure S2B). Systolic function was impaired in dia-
betic mice as assessed by ejection fraction, FS, AET and
IVCT (Fig. 1B). Diastolic performance was also affected,
as shown by a prolonged IVRT and reduced E’/A’ ratio
(Tissue Doppler analysis) (Fig. 1C). PI, a reliable indica-
tor of systo-diastolic cardiac performance, was almost
doubled in diabetic mice, confirming an impairment of
cardiac function in our MCM model (Fig. 1D). In the db/
db mice, rSirtl supplementation over a period of 4 weeks
was associated with a restoration of Sirtl levels (Fig. 1A)
and resulted in a significant improvement of both systolic
and diastolic cardiac function, with a less pronounced
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Fig. 1 rSirt1 treatment rescues cardiac function in a mouse model of MCM. A Myocardial levels of rSirt1 in the three experimental groups. B Indices
of systolic function (ejection fraction, fractional shortening, aortic ejection time and isovolumic contraction time) across the three experimental
groups. C Diastolic function assessed as isovolumic relaxation time and E/A in the three experimental groups. D Myocardial performance index

in the three experimental groups. Data are presented as box plots showing median [IQR] and compared by the Kruskal-Wallis test (upper bold bar)
with Dunn post hoc test. *p < 0.05, **p < 0.01. AET aortic ejection time, EF ejection fraction, FS fractional shortening /VCT isovolumic contraction time,
IVRT isovolumic relaxation time MPI Myocardial performance index rSirt1 recombinant Sirt1
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effect on LV remodeling (Fig. 1B-D, Additional file 1:
Figure S2). Regarding cardiac function, stroke volume
was comparable to that observed in control mice. No
difference in heart rate was observed, with only a par-
tial preservation of the cardiac output (Additional file 1:
Figure S2B). EF and FS were superimposable to controls,
while no difference was observed in AET and IVCT
(Fig. 1B). Diastolic function was completely preserved
regarding E/A, with only a mild effect on IVRT observed
(25% reduction, still 1.5 fold higher than control mice;
Fig. 1C). The sum of these improvements attenuated MPI
derangement by 20%, to a level still higher than controls
(Fig. 1D).

rSirt1 rewires the cardiac lipidome in MCM

In LV samples isolated from 16-week-old db/db mice,
lipidomic analysis showed an accumulation of different
TAGs (Fig. 2A, Additional file 1: Table S1). Medium and
long-chain TAGs (MLCT), long-chain TAGs (LCT),
and very long-chain TAGs (VLCT) were all increased
(Fig. 2B-D), suggesting an upregulation of fatty acid
metabolism with both increased FA uptake and de
novo synthesis. Total lipid content was not affected by
rSirtl treatment (Fig. 2E). However, intramyocardial
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levels of several lipid species were significantly differ-
ent in the 16-week-old db/db mice treated with rSirtl
compared to vehicle. MLCT and LCT were reduced,
whereas rSirtl did not appear to influence VLCT lev-
els (Fig. 2B-D). TAGs containing at least one 16:0 FA
were also unaffected by rSirtl treatment, whereas those
containing docosahexaenoic acid (22:6) showed a non-
significant (p=0.2901) increase in the treated mice
compared to the db/db. TAGs containing only satu-
rated fatty acids (SFAs) showed a non-significant trend
towards reduction when comparing treated mice to the
db/db ones (p=0.1354) (Figs. 2E-QG).

Transcriptional mechanisms affected by exogenous Sirt1
supplementation

Unbiased gene expression profiling showed upregulation
of genes related to MCM and involved in fatty acid trans-
port (Apoas, Apoc3, Cd36, Fabpl, Fabp2, Lpl, Plin3),
metabolism (Acox3, Cptla, Cptlb, Fads2, Noca3, Ppara,
Ppard, Pparg, Pten) as well as inflammatory response
related (Ncoa3, Mmp9, 1l1b, 1l6, Tufa) [26, 27] in LV
samples from 16-week-old db/db mice, with the sole
exception of Acsll which was downregulated (Fig. 3A,
Additional file 1: Table S2). Treatment with rSirtl
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long-chain triacylglycerols in the three experimental groups. Red dots: statistically significant difference between db/db mice treated with rSirt1
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Fig. 3 Mechanisms underpinning rSirt1-induced preservation

of cardiac function in MCM. A Heat map showing differential mean
relative expression levels of genes involved in lipid metabolism,
trafficking and inflammation in the three experimental groups (n=4
for each group). B-C In vitro assays showing levels of oxidative stress
and apoptosis in H9c2 cardiomyocytes exposed to normal glucose
(black dots and plots; n=6), high glucose (red dots and plots; n=6),
high glucose and rSirt1 (green dots and plots; n=6), high glucose
and vehicle (pink dots and plots; n=6). Data are presented as box
plots showing median [IQR] and compared by the Kruskal-Wallis test
(upper bold bar) with Dunn post hoc test. *p < 0.05, **p < 0.01. D Heat
map showing differential mean relative expression levels of genes
involved in lipid metabolism, trafficking and inflammation in the four
experimental groups (n=5 for each group). HG high glucose MDA
malondialdehyde; NG normal glucose; rSirt1 recombinant Sirt1

prevented such transcriptional alterations. Specifically,
Cd36, Acox3, Pparg, Ncoa3, Ppara genes were the most
downregulated by rSirtl treatment (Fig. 3A, Additional
file 1: Table S2).

rSirt1 treatment mitigates oxidative stress and reduces
apoptosis in cardiomyocytes exposed to hyperglycaemia
We designed our in vitro experiment to confirm that
rSirtl treatment directly affects cardiomyocytes and to
appraise whether it can protect against signaling path-
ways underpinning metabolic damage. We exposed
HO9c2 cells to ambient hyperglycaemia, a well-established
model mimicking T2D features in vitro. We observed
that high glucose concentration increased MDA, a
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marker of oxidative stress, and caspase-3 activity, used
to assess apoptosis. rSirtl treatment prevented meta-
bolic injury by mitigating oxidative stress and apoptosis
to a level almost superimposable to normal glucose con-
ditions (Fig. 3B-C). Moreover, we also found that rSirtl
treatment was able to rescue HG-induced deregulation
of genes implicated in liptoxic damage and cardiomyo-
cyte inflammation such as as Cd36, Il1b, 116, Lpl, Ppara,
Pparg, Plin3, Tnfa (Fig. 3D, Additional file 1: Table S3).

Decreased Sirt1 signaling in myocardial samples from T2D
patients

To translate our experimental findings to the human set-
ting, we examined Sirtl signaling in right atrial samples
from T2D patients and age-matched non-T2D individu-
als. T2D patients showed higher fasting plasma glucose
levels, HbAlc and a trend (p=0.079) towards a reduc-
tion in E/A (Additional file 1: Table S4). Consistent with
our in vivo experiments, cardiac SIRT expression levels
were reduced in T2D patients, whereas intramyocardial
TAG levels were increased (Fig. 4A-B). SIRTI levels were
negatively associated with intramyocardial TAG, a hall-
mark of MCM, as well as with fasting plasma glucose and
HbAlc (Fig. 4C). Given the well-established molecular
link between Sirtl and PPARG signaling [28] and the det-
rimental role played by PPARG in the context of MCM
[8], we examined PPARG and PPARG-dependent genes
LPL, PLIN, CD36, FAS and PPARA in cardiac specimens
from diabetics and controls (Fig. 5). Except for PPARA,
all PPARG-dependent transcripts were upregulated in
the diabetic myocardium.

Discussion

In our study, we show for the first time that: (1) a 4-week
supplementation with rSirtl preserves cardiac function
in a murine model of MCM,; (2) this effect is associated
with a modulation of the cardiac lipid signature in db/db
mice treated with rSirtl; (3) rSirtl modulation is asso-
ciated with the reversal of transcriptional programmes
involved in FA metabolism and protects cardiomyo-
cytes against lipotoxic injury; (4) in human myocardial
specimens, reduced Sirtl expression levels are associated
with an increase in intramyocardial TAG content and
upregulation of PPARG signaling. Our translational find-
ings demonstrate the central role of Sirtl in maintain-
ing cardiac homeostasis and modulating the myocardial
lipidome in the context of diabetes. Restoration of Sirtl
levels by exogenous administration protected against the
MCM phenotype and lipotoxic injury, suggesting that
rSirtl boosting may prove a promising strategy to pre-
vent myocardial steatosis and dysfunction in the setting
of cardiometabolic disease.
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Fig. 4 Sirt1 signalling is related to MCM features in human myocardial samples from diabetic and nondiabetic patients. A Expression levels

of Sirt1 assessed by real-time PCR in myocardial samples from diabetic (n=9) and nondiabetic (n=9) patients. B Intramyocardial triacylglycerol
levels in myocardial samples from diabetic (n=9) and nondiabetic (n=9) patients. C Scatterplot showing the correlation of myocardial Sirt1 levels
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MCM is a major cardiometabolic comorbidity char-
acterized by structural and functional cardiac altera-
tions [5, 29] and represents a crucial step toward
progression to HFpEF [30-32]. We report here that
chronic treatment with rSirt1 is able to prevent features
of MCM and preserve cardiac function. Several studies
have highlighted the central role of Sirtl in maintain-
ing cardiometabolic health [13]. Concerning myocar-
dial homeostasis, in vivo observations have shown that
Sirtl is downregulated in failing hearts [33], and its
loss of function by gene deletion leads to the develop-
ment of a dilated cardiomyopathy phenotype [34]. No
previous study has investigated the effect of exogenous
supplementation of Sirtl on MCM. Some observations
showed that streptozotocin Wistar rats with type 1 dia-
betic cardiomyopathy treated with green tea catechins
or curcumin, both indirect inducers of Sirtl activity,
had restoration of cardiomyocyte contractility, mito-
chondrial function and energy availability [35, 36].
In vitro studies have also shown that Sirtl activation
restored cardiomyocyte function by targeting mito-
chondrial pathways [37]. In our study, we demonstrate
that chronic treatment with rSirtl is able to preserve
cardiac function in vivo in a mouse model of MCM.
Furthermore, our data are consistent with what has

been shown in a more advanced disease model (db/
db mouse treated with angiotensin II for 4 weeks), in
which calorie restriction preserved Sirtl1/PGC-1a activ-
ity and eventually improved cardiac function [38]. In
our study, rSirtl affected cardiac function rather than
structure. Previous observations have shown that res-
veratrol—a Sirtl-activating compound [39]—improved
cardiac geometry in an experimental model of type 1
diabetes [40]. However, cardiac remodelling in the db/
db mouse reflects the MCM more accurately, as it com-
bines both obesity and T2D. In MCM, the remodeling
is also less severe; we would have possibly needed a
more prolonged treatment and observation to detect an
effect on cardiac geometry [29]. Our findings are con-
sistent with observations on Sirtl activators, e.g. res-
veratrol [41] or calorie restriction [38], where cardiac
function recovery occurs earlier than cardiac struc-
ture. However, we cannot exclude the possibility that
a longer treatment with rSirtl might also improve LV
morphology.

Intramyocardial lipid accumulation constitutes a hall-
mark of MCM, as diabetes and obesity disrupt metabo-
lism at both systemic and tissue levels [8]. Increased FA
uptake and metabolism lead to overloading of meta-
bolic pathways, resulting in mitochondrial dysfunction,
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Fig. 5 PPARG and PPARG-related genes in human myocardial specimens. Expression levels of PPARG and PPARG-downstream genes assessed

by real-time PCR in myocardial samples from diabetic (n=9) and nondiabetic (n=9) patients. Data are presented as violin plots showing median
[IQR] and compared by the Mann-Whitney U test. Correlations between variables were assessed by Spearman’s test. *p < 0.05, **p < 0.01. CD36
cluster of differentiation 36, FAS fas cell Surface death receptor, GAPDH Glyceraldehyde-3-phosphate dehydrogenase. LPL lipoprotein lipase PLINS
perilipin 5, PPARA peroxisome proliferator-activated receptor alpha, PPARG peroxisome proliferator-activated receptor gamma, 72D type 2 diabetes

low-grade inflammation and, ultimately, heart failure
[42]. We found that supplementation with Sirtl modu-
lates the cardiac lipid signature but not total TAG lev-
els. Previous studies in patients with T2D showed that
lipid quality, not quantity, is altered in the MCM [43],
while others demonstrated that prolonged calorie
restriction slightly reduces lipid content [44]. Whether
a longer treatment duration could have led to quantita-
tive changes in lipid species remains to be determined.
However, in qualitative terms, rSirtl treatment showed
a trend towards the reduction of TAGs containing only
SFAs and the increase of TAGs containing docosahex-
aenoic acid [45], the latter being associated with car-
dioprotective effects by direct modulation of autophagy
in cardiomyocytes [46]. Furthermore, the predominant
effect on MLCT suggests an important modulation of
de novo FA synthesis [47]. Our findings demonstrate for
the first time a critical involvement of Sirtl in myocardial
lipid metabolism and trafficking, supporting the notion
that rSirtl promotes beneficial effects on the myocardial
lipid pattern. However, further studies are needed to elu-
cidate the impact of lipidomic alterations on myocardial
function in this setting.

To identify the putative mechanisms responsi-
ble for these changes, we examined the myocardial

transcriptional programmes regulated by Sirtl. At the
myocardial level, we found an upregulation of several
genes involved in FA metabolism and trafficking as well
as inflammatory response in our db/db mice. Of note, we
found that rSirtl was able to blunt the expression of piv-
otal inflammatory citokines, namely IL6, IL1p and TNFa,
which have shown an important role in advesre cardiac
remodeling and progression to heart failure in the set-
ting of MCM [29]. Our results are consistent with those
observed by other groups [48, 49]. In our mice, we found
that Acs/I was downregulated in LV myocardial samples.
This may appear partially at odds with previous work
showing that Acs/I knockdown preserves cardiac func-
tion [50] while its overexpression is detrimental to the
heart [51]. Acs/1 downregulation in the untreated db/db
mice could thus be a compensatory mechanism preced-
ing the failing heart stage. Accordingly, rSirtl treatment
did not lead to Acsl1 overexpression but maintained its
expression at the physiological levels observed in healthy
hearts. rSirtl treatment prevented diabetes-related
deregulation of several genes implicated in lipotoxic tran-
scriptional programs. Nevertheless, the fact that rSirtl
treatment prevented deleterious changes in transcrip-
tional pathways involved in metabolic dysregulation, as
well as in ageing and cancer-related pro-inflammatory
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pathways, supports the notion that targeting Sirtl may
help prevent a variety of comorbidities at the crossroads
of metabolism, ageing and inflammation.

To investigate whether our findings hold true in
patients with diabetes, we explored Sirtl signaling and
lipogenic transcriptional programs in myocardial speci-
mens from diabetic patients and controls. In line with our
results in mice, Sirtl was downregulated in the human
diabetic myocardium and negatively correlated with total
intramyocardial TAG content, a main feature of MCM [8,
29]. Sirtl also showed a negative correlation with plasma
glucose levels and HbAlc, established biomarkers of glu-
cometabolic derangement [52]. Furthermore, we report
that Sirtl is tightly connected with PPARG signaling in
the human diabetic myocardium, as shown by the nega-
tive correlation between Sirtl and PPARG gene expres-
sion. Previous evidence has shown that Sirtl negatively
modulates PPARG by deacetylation, thus promoting
beneficial metabolic effects in several cell types [28, 53].
On the other hand, PPARG was found to directly inter-
act with Sirtl, thus inhibiting its activity and promoting
the onset of a negative loop feedback, leading to acceler-
ated cell and tissue senescence [54]. Taken together, our
findings imply that perturbations of Sirt1/PPARG signal-
ing are a pivotal step in fostering maladaptive metabolic
changes in the heart and MCM development.

Our findings are particularly relevant from a thera-
peutic standpoint. Calorie restriction is a potent Sirtl
activator [55], and some established drugs, such as met-
formin and atorvastatin, upregulated AmpkI and Sirtl
in H9¢2 cardiomyocytes and heart tissue [56]. Restora-
tion of Sirtl activation has also been proposed by some
authors as one of the mechanisms involved in the ben-
eficial effect of SGLT-2i [19]. Another observation shows
how an NAD+-rich diet is cardioprotective, reducing
the incidence of HFpEF, which is the link between meta-
bolic dysfunction and cardiovascular risk [2]. Finally, the
recent resurgence of interest in the pharmacological Sirtl
supplementation or the restoration of its activity as an
anti-ageing strategy [12] could lead to a potentially rapid
clinical translation, as several Sirtl activators are cur-
rently undergoing phase II and phase III trials, with the
expectation of rapid approval by the major pharmaceuti-
cal regulatory agencies.

Nevertheless, our study has some limitations that
need to be acknowledged. Firstly, we have not directly
shown whether the beneficial effect of Sirtl supplemen-
tation holds true in the human MCM setting. However,
the translation of our findings and the beneficial effects
already demonstrated for Sirtl in the context of cardio-
metabolic disease [13, 57] strongly support the notion
that Sirtl modulation in the human diabetic myocardium
could rescue functional changes. Secondly, we focused on
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Sirtl-dependent transcriptional regulation of lipid genes
but did not investigate the possible influence of post-
transcriptional regulation in our context. However, most
available evidence supports a transcriptional regulation
of PPARG-dependent genes by Sirtl [28, 53]. Thirdly, the
TAG measurement and lipidomics data explored in mice
were not repeated in the H9¢2 cardiomyocytes exposed
to HG. However, we believe that a lipidomic analysis
in cultured cardiomyocytes exposed to HG would not
fully mirror the lipotoxic changes occurring in the dia-
betic cardiomyopathy phenotype (where hyperglycemia
and insulin resistance exert a synergic effect) and would
therefore be less informative than the assessment of car-
diac lipidome in mice. Fourthly, we have not measured
Sirtl protein levels after rSirtl treatment in our in vitro
model. However, we could confirm that rSirtl treatment
was able to induce similar transcriptional changes in cul-
tured cardiomyocytes, indicating a relevant biological
effect of rSirt in this setting. Fifthly, cardiomyocyte apop-
tosis was assessed by caspase-3 and the use of additional
survival assays would have strengthened our evidence of
rSirtl ability to preserve cardiomyocyte viability. Finally,
we did not study the circulating or tissue levels of Sirtl
in organs other than the heart (i.e., liver, skeletal muscle
and adipose tissue). An effect of rSirt1l on these metabolic
organs could have indirectly contributed to the observed
improvement of cardiac performance [58]. A systemic
effect of rSirtl could have also contributed to explain the
heterogeneous effects on cardiac lipidome remodelling.
Nevertheless, the restoration of Sirtl cardiac levels and
our in vitro experiments suggest that the beneficial effect
of rSirtl is mediated, at least in part, by a direct action on
the heart.

Conclusions

In conclusion, our study shows an unprecedented role
of rSirtl in modulating the cardiac lipidome in the set-
ting of MCM and preventing myocardial dysfunction.
Collectively, our findings support the beneficial associa-
tion of Sirtl levels in humans in light of numerous non-
pharmacological and pharmacological strategies such as
calorie restriction, metformin, SGLT-2i and statins. Fur-
thermore, they highlight the need for pharmacological
Sirtl activators to be exploited in the human setting in
order to prevent cardiometabolic disorders.
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Additional file1: Figure S1. Schematic study protocol. At 12 weeks, db/
db mice were administered recombinant Sirt1 (rSirt1) by intraperitoneal
injection, 0.3 mg/Kg every other day. At 16 weeks, mice cardiac function
and structure were evaluated, and then mice were sacrificed and har-
vested for molecular analyses. rSirt1 recombinant Sirt1. Figure S2. rSirt1
treatment effect on cardiac geometry and physiology. A Left ventricular
end-diastolic and end-systolic internal diameters, volumes and mass of
the three experimental groups: db/+ mice (black dots and plots; n=11);
db/db mice (red dots and plots; n=12); db/db mice after 4-week treat-
ment with rSirt1 (green dots and plots; n=13). B Stroke volume, heart rate
and cardiac output of the three experimental groups. Data are presented
as violin plots showing median [IQR] and compared by the Kruskal-Wallis
test (upper bold bar) with Dunn post hoc test. *p<0.05, **p<0.01. EDV
end-diastolic volume, ESV end-systolic volume, LVIDd left ventricular
end-diastolic internal diameter, LVIDs left ventricular end-systolic internal
diameter; rSirt1: recombinant Sirt1. Table S1. Cardiac lipidomics analysis
performed in the three experimental groups (n=6 for each group). Data
are presented as median [IQR] and compared by the Kruskal-Wallis test
and corrected for multiple testing by the two stage step-up Benjamini,
Krieger and Yekutieli false discovery rate method at an alpha level of 0.05.
TAG triacylglycerol. Table S2. Expression level data of genes involved in
lipid metabolism, trafficking and inflammation in the three experimen-
tal groups (n=4 for each group). Data are presented as mean+SD and
compared by the two-way ANOVA and corrected for multiple testing by
the two stage step-up Benjamini, Krieger and Yekutieli false discovery

rate method at an alpha level of 0.05. Acox3 Acyl-CoA Oxidase 3, Acsl1
Acyl-CoA Synthetase Long Chain Family Member 1, Apoa5 Apolipoprotein
A5, Apoc3 Apolipoprotein C3, Cd36 Cluster of differentiation 36, Cptla
Carnitine Palmitoyltransferase 1A, Cpt1b Carnitine Palmitoyltransferase
1B, Fabp1 Fatty Acid Binding Protein 1, Fabp2 Fatty Acid Binding Protein
2, Fads2 Fatty Acid Desaturase 2, Lpl Lipoprotein Lipase, Mmp9 Matrix
Metallopeptidase 9, Ncoa3 Nuclear Receptor Coactivator 3, Ppara Peroxi-
some Proliferator Activated Receptor Alpha, Ppard Peroxisome Proliferator
Activated Receptor Delta, Pparg Peroxisome Proliferator Activated Recep-
tor Gamma, Pten Phosphatase And Tensin Homolog, Plin3 Perilipin 3.
Table S3. Expression level data of genes involved in lipid metabolism, traf-
ficking and inflammation in the four experimental groups of the in vitro
experiments (n=5 for each group). Data are presented as mean+SD and
compared by the two-way ANOVA and corrected for multiple testing by
the two stage step-up Benjamini, Krieger and Yekutieli false discovery rate
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method at an alpha level of 0.05. Cd36 Cluster of differentiation 36, II1b
Interleukin-14, 16 Interleukin-6, Lpl Lipoprotein Lipase, Ppara Peroxisome
Proliferator Activated Receptor Alpha, Pparg Peroxisome Proliferator Acti-
vated Receptor Gamma, Plin3 Perilipin 3, Tnfa Tumour Necrosis Factor-a.
Table S4. Anthropometric, clinical and biochemical characteristics of the
study population. Data are presented as median [IQR] and compared by
the Mann-Whitney U test and the Fischer's exact test for categorical vari-
ables. ACE-i: angiotensin-converting enzyme inhibitors ARBs angiotensin
receptor blockers, BMI body mass index, EF ejection fraction, FS fractional
shortening HDL-C high-density lipoprotein cholesterol, LDL-C low-density
lipoprotein cholesterol, LVEDD left ventricular end-diastolic diameter,
LVESD left ventricular end-systolic diameter, LVM: left ventricular mass, T2D
type 2 diabetes.
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