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Abstract

Aims/hypothesis Oxidative stress, inflammation and cell
death are closely involved in the development of diabetic
cardiomyopathy (DCM). Clg/tumour necrosis factor-related
protein-3 (CTRP3) has anti-inflammatory properties but its
role in DCM remains largely unknown. The aims of this study
were to determine whether CTRP3 could attenuate DCM and
to clarify the underlying mechanisms.

Methods Streptozotocin (STZ) was injected intraperitoneally
to induce diabetes in Sprague—Dawley rats. Cardiomyocyte-
specific CTRP3 overexpression was achieved using an adeno-
associated virus system 12 weeks after STZ injection.
Results CTRP3 expression was significantly decreased in
diabetic rat hearts. Knockdown of CTRP3 in cardiomyocytes
at baseline resulted in increased oxidative injury, inflamma-
tion and apoptosis in vitro. Cardiomyocyte-specific overex-
pression of CTRP3 decreased oxidative stress and
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inflammation, attenuated myocyte death and improved cardi-
ac function in rats treated with STZ. CTRP3 significantly
activated AMPactivated protein kinase o« (AMPK ) and Akt
(protein kinase B) in H9¢2 cells. CTRP3 protected against
high-glucose-induced oxidative stress, inflammation and
apoptosis in vitro. AMPK « deficiency abolished the protective
effects of CTRP3 in vitro and in vivo. Furthermore, we found
that CTRP3 activated AMPK«x via the cAMP—exchange
protein directly activated by cAMP (EPAC)-mitogen-activated
protein kinase kinase (MEK) pathway.
Conclusions/interpretation CTRP3 protected against DCM
via activation of the AMPK « pathway. CTRP3 has therapeu-
tic potential for the treatment of DCM.

Keywords AMPactivated protein kinase o - Apoptosis - Clg/
tumour necrosis factor-related protein-3 - CTRP3 - Diabetic
cardiomyopathy - Inflammation - Oxidative stress

Abbreviations

4-HNE  4-Hydroxynenal

AAV Adeno-associated virus

AMPK«x  AMPactivated protein kinase o

BAX BCL-2-associated X protein

BCL-2 B-cell lymphoma 2

CaMKK Calcium/calmodulin-dependent protein kinase
kinase

CTRP Clg/tumour necrosis factor-related protein

DCM Diabetic cardiomyopathy

EPAC Exchange protein directly activated by cAMP

FS Fractional shortening

GFP Green fluorescent protein

HG High glucose

LKBI Liver kinase B1

LPS Lipopolysaccharide
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LVIDd Left ventricular internal diastolic diameter
MEK Mitogen-activated protein kinase kinase
MOI Multiplicity of infection

PKA Protein kinase A

PKC Protein kinase C

PPAR-  Peroxisome proliferator-activated receptor-o
ROS Reactive oxygen species

shRNA  Small hairpin RNA

SOD Superoxide dismutase

STZ Streptozotocin

Introduction

Diabetic cardiomyopathy (DCM) is defined as ventricular dys-
function in diabetic individuals that cannot be ascribed to cor-
onary artery disease and hypertension [1]. DCM is
characterised by the loss of myocytes, myofibril depletion and
accumulation of collagen [2] and has been identified as a major
predisposing factor for heart failure in diabetic patients [3, 4].
The Framingham study reported that the heart failure rate in
men and women with diabetes is, respectively, twice and five
times that in people without diabetes [5]. The prevalence of
diastolic dysfunction is as high as 40-60% in diabetic individ-
uals without coronary artery disease [1, 6]. Moreover, the path-
ological changes of cardiomyopathy in patients with diabetes
could not be effectively reversed after intensive blood glucose
control [7]. Therefore, molecules that selectively inhibit the
progression of DCM would be of great therapeutic interest.
Diabetic cardiac dysfunction is precisely coordinated by an
orchestrated network comprised of numerous pathogenic fac-
tors. Emerging data have identified a key role for increased
oxidative stress, inflammation and subsequent cell death
[8—10]. Hyperglycaemia and inflammation all result in the
overproduction of reactive oxygen species (ROS) [11], which
induce lipid peroxidation and decrease antioxidant capacity,
eventually leading to the loss of myocytes and cardiac dys-
function [12]. Additionally, ROS and myocyte death promote
the transition from fibroblast to myofibroblast and interstitial
fibrosis [13]. Therefore, developing an effective strategy to
suppress the overproduction of ROS, inflammation and cell
death in the heart is urgently needed for diabetic patients.
Clg/tumour necrosis factor-related proteins (CTRPs),
identified based on sequence homology with the globular do-
main of adiponectin, are recognised as novel secreted meta-
bolic regulators [14]. CTRP3, expressed predominantly by
adipose tissue, is also found in the heart and liver [15].
CTRP3 regulates hepatic glucose output [16], attenuates he-
patic steatosis [17] and inhibits inflammatory responses [18,
19]. Although it has been shown to suppress apoptosis and
reduce interstitial fibrosis in ischaemic mouse hearts [15, 20],
CTRP3 has not been further investigated for additional bio-
logical activity in the heart, especially in cardiomyocytes.

Therefore, the aims of this study were to determine whether
CTRP3 could protect against streptozotocin (STZ)-induced
cardiac injury and to elucidate the potential mechanisms. To
the best of our knowledge, this is the first report of a protective
role for CTRP3 in DCM.

Methods

Materials See electronic supplementary material (ESM)
Methods for full details.

Animals and animal model All animal experimental proce-
dures followed National Institutes of Health guidelines and the
guidelines of our hospital. Male Sprague—Dawley rats
(8-9 weeks old, 180-220 g) were obtained from the Institute
of Laboratory Animal Science, Chinese Academy of Medical
Sciences (Beijing, China). The rats were allowed free access
to food and water and were housed at a controlled temperature
(20-25°C) and humidity (50+5%) on a 12 h light—dark cycle.
After being fasted for 12 h, the rats were given a single intra-
peritoneal injection of STZ (65 mg/kg). Rats with fasting
blood glucose >13.9 mmol/l in three independent measure-
ments were defined as having diabetes and were used for
further studies. After 12 weeks of diabetes, the rats were given
a single tail-vein injection of adeno-associated virus (AAV)—
Ctrp3 (also known as Clgtnf3) or AAV—green fluorescent
protein (Gfp) at a dose of 5% 10'" particles per rat. The rats
were also infused subcutaneously with the recombinant
human globular domain of CTRP3 (0.2 pg g day™') via an
Alzet osmotic minipump (Durect, Cupertino, CA, USA) for
2 weeks beginning 12 weeks post STZ injection. Diabetic rats
were grouped by a random number table. The treatment and
subsequent analyses were performed in a blind fashion for all
groups. See ESM Methods for further details.

Echocardiographic and haemodynamic measurements
Echocardiography was performed as previously described
[21-23]. Haemodynamic variables were analysed using a
microtip transducer catheter (SPR-839; Millar Instruments,
Houston, TX, USA) and a Millar Pressure—Volume System
(MPVS-400; Millar Instruments).

Histological analysis, immunofluorescence, immunohisto-
chemistry and TUNEL staining The haematoxylin—eosin
and Picrosirius Red staining were performed using standard
procedures [21-23]. To detect the protein level of CTRP3 in
hearts, sections were incubated with rabbit anti-rat CTRP3
antibody (1:100) and were observed under an Olympus
DXS51 fluorescence microscope (Olympus, Tokyo, Japan).
For immunohistochemical analysis, sections were incubated
with anti-4-hydroxynonenal (4-HNE, 1:100) or anti-TNF-«
(1:100). TUNEL staining was performed using a commercial
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kit (Millipore, Billerica, MA, USA), following the manufac-
turer’s instructions. See ESM Methods for details.

Adenoviral vector construction The source of adenoviral
(Ad)-shAmpka2 adenoviruses was described in our previous
articles [21, 22]. Knockdown of CTRP3 was carried out using
adenoviral vectors carrying Ctrp3 small hairpin RNAs
(shRNAs), which were generated by Hanbio (Shanghai,
China). Scrambled shRNA was used as the control.

Cell culture and treatment Neonatal rat cardiomyocytes
were isolated as previously described [24]. To detect expres-
sion of CTRP3, the myocytes were stained with anti-x-actinin
(1:100) and anti-CTRP3 (1:100). H9¢2 cells were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China), where mycoplasma detection, DNA-
fingerprinting and isozyme analyses were performed.
Mycoplasma contamination was not detected in H9c2 cells.
To investigate the protection of CTRP3, H9¢2 cells were pre-
treated with recombinant human globular domain of CTRP3
(3 ng/ml) for 30 min followed by normal glucose (5.5 mmol/l)
or high glucose (HG, 33 mmol/l) treatment. To knock down
AMP-activated protein kinase «2 (AMPK«x2), H9c2 cells
were infected with Ad-shAmpka2 (multiplicity of infection
[MOI]=150) or Ad-shRNA for 4 h [21, 22]. To knock down
CTRP3, H9c2 cells were infected with Ad-shCtrp3
(MOI=150) for 4 h. For inhibition of Akt, H9c2 cells were
incubated with Akt1/2 kinase inhibitor (1 umol/l). To explore
the mechanism by which CTRP3 activated AMPK«x, H9c2
cells were incubated with H89 (a protein kinase A [PKA]
inhibitor, 10 umol/l), 2'5’-ddAdo (an adenylate cyclase inhib-
itor, 200 pmol/l), U0126 (a mitogen-activated protein kinase
[MEK] inhibitor, 10 umol/l) or STO-609 (a calcium/
calmodulin-dependent protein kinase kinase [CaMKK] inhib-
itor, 800 nmol/l). To knock down exchange protein directly
activated by cAMP (EPAC), small interfering RNA (siEpac)
was used. To induce cell death, H9c2 cells were treated with
TNF-« (5 ng/ml for 24 h) or HO, (200 umol for 12 h). See
ESM Methods for further details.

Western blot and reverse-transcription and real-time PCR
Western blot and real-time PCR were performed as previously
described [21-23]. See ESM Methods and ESM Tables 1, 2
for information about the source, characteristics and validation
of the antibodies.

Detection of total superoxide dismutase activity, NADPH
oxidase activity, lipid peroxidation and cAMP The fresh rat
hearts (80—-120 mg) were homogenised and then centrifuged
(4230 g, 10 min) to collect the supernatant fractions. The
activity of total superoxide dismutase (SOD) and NADPH
oxidase, as well as the level of lipid peroxidation, was mea-
sured by the commercial kits. The H9¢c2 cells were lysed to
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detect the levels of cAMP after CTRP3 treatment. cAMP was
detected using a commercial kit.

Knockdown of AMPKo2 in the diabetic hearts To knock
down AMPK«2 in the diabetic hearts, an intramyocardial
injection of Ad-shAmpka2 was administered, as described
previously for AAV-Ctrp3 and AAV-Gfp [21]. The level of
Ampka (also known as Prkaa?) mRNA was examined at dif-
ferent time points post infection. After 6 weeks, Doppler ana-
lysis and haemodynamic measurements were performed and
the rats were euthanised.

Detection of ROS and cell viability H9c2 cells were cultured
in six-well plates and were exposed to HG and CTRP3 for
24 h. To detect ROS, the cells were incubated with 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) for
30 min at 37°C. The production of ROS by the cells was
observed under an Olympus 1X53 fluorescence microscope.
To quantify the production of ROS, the fluorescence intensity
was measured using flow cytometry. Cell viability was deter-
mined using the cell counting assay (CCK-8; Dojindo
Molecular Technologies, Rockville, MD, USA) following
the manufacturer’s protocol.

Statistical analyses The results in our study are presented as
the mean+ SEM. When comparing multiple groups, one-way
ANOVA was used, followed by a post hoc Tukey’s test. An
unpaired, two-sided Student’s ¢ test was used to compare
differences between two groups. A repeated-measures
ANOVA was also used. Sample size was determined as described
in our previous study [21]. No samples have been excluded from
analysis. Statistical significance was assigned at p <0.05.

Results

CTRP3 was downregulated in the diabetic hearts in vivo
CTRP3 expression was assessed in cardiomyocytes isolated
from neonatal rats. We found that CTRP3 expression in
cardiomyocytes was not as low as previously described
(Fig. 1a) [25]. The level of CTRP3 protein in the heart was
about 4.7 times higher than that in plasma and approximately
half that in adipose tissue (Fig. 1b). Immunofluorescence ana-
lyses revealed that CTRP3 protein levels were dramatically
reduced in hearts of diabetic rats (Fig. 1¢). This was confirmed
by western blot (Fig. 1d). These results indicate a role for
CTRP3 in DCM.

CTRP3 deletion increased inflammation, oxidative stress
and myocyte death at baseline Next, we investigated wheth-
er the reduced CTRP3 level affected cardiomyocytes. We
knocked down CTRP3 in H9c2 cells. Downregulation of
CTRP3 increased the mRNA levels of Tnf-a (also known as
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Fig. 1 CTRP3 expression was decreased in the diabetic rat hearts. (a)
Representative images of immunofluorescence of CTRP3 in
cardiomyocytes from neonatal rats (n=06). (b) Protein level of CTRP3
(n=06). (¢) Immunofluorescence of CTRP3 in the diabetic hearts (n=5).
(d) Representative western blot analysis of CTRP3 in the hearts (n=6).
Scale bar, 100 um. *p <0.05 for indicated comparisons. Con, control (no
diabetes)

Tnf) and Mcp-1 (Ccl2) at baseline without affecting 77-6 (116)
(Fig. 2a—d). CTRP3 deficiency also increased the mRNA level
of P67phox (Ncf2) and ROS production in basal conditions
without affecting P22phox (Cyba) (Fig. 2e—g). Moreover,
knockdown of CTRP3 decreased the viability of H9¢2 cells
(Fig. 2h).
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Fig. 2 CTRP3 deficiency increased inflammation, oxidative stress and
cell death at baseline. (a) Protein level of CTRP3 in cardiomyocytes from
neonatal rats (n=06). (b—d) mRNA level of inflammatory factors after
knockdown of CTRP3 in neonatal rat cardiomyocytes (n=06). (e, f)
mRNA level of P22phox (e) and P67phox (f) in neonatal rat

CTRP3 attenuated STZ-induced cardiac injury and im-
proved cardiac function Rats treated with STZ exhibited
typical symptoms of diabetes, including polydipsia and poly-
uria, along with increased blood glucose (ESM Table 3). STZ
injection reduced body weight (ESM Table 4).
Overexpression of CTRP3 in the hearts (Fig. 3a) did not affect
blood glucose and body weight (ESM Table 3, 4). Rats treated
with STZ injection for 12 weeks developed a decrement in
cardiac function with a marked decrease in fractional shorten-
ing (FS) and left ventricular internal diastolic diameter
(LVIDd); overexpression of CTRP3 in the hearts improved
the decreased cardiac function (Fig. 3b, c). Compared with
control rats (no overexpression of CTRP3), the rats treated
with STZ displayed systolic dysfunction (dP/dt max 27%)
and diastolic dysfunction (dP/dt min 25%) (Fig. 3d, e).
Howeyver, these diabetes-related cardiac functional alterations
were attenuated after CTRP3 overexpression. Rats with dia-
betes had a decreased heart weight-to-body weight ratio and
increased cell area and overexpression of CTRP3 protected
against these pathological changes (Fig. 3f, g).

Next, we determined whether infusion of exogenous
recombinant human CTRP3 would attenuate diabetes-
related cardiac dysfunction. Administration of CTRP3
slightly decreased blood glucose and significantly
increased dP/dt max and dP/dt min, indicating the thera-
peutic potential of CTRP3 in DCM (ESM Fig. la—c).
Cardiac fibrosis in the diabetic rats was also evaluated.
The collagen volume was increased in the diabetic hearts
and was not affected by CTRP3 (ESM Fig. 2a, b). This
was further confirmed by examining the mRNA levels of
fibrotic markers (ESM Fig. 2c, d).
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cardiomyocytes. (g) Representative fluorescence microscopy images of
DCF-DA fluorescence in neonatal rat cardiomyocytes. Scale bar,
200 pm. (h) Cell viability after knockdown of CTRP3 in neonatal rat
cardiomyocytes (n=06). *p<0.05 for indicated comparisons. ‘ShRNA’
refers to scrambled control.
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Fig. 3 CTRP3 improved diabetes-induced cardiac dysfunction. (a)
Western blot analysis of CTRP3 in rat hearts after infection with an
AAV (n=5). (b, ¢) Alteration of LVIDd (b) and FS (c¢) after overexpres-
sion of CTRP3 (n=6). White squares, control+GFP; black squares, con-
trol+CTRP3; white triangles, DCM+GFP; black triangles, DCM+

Overexpression of CTRP3 in the diabetic rat hearts re-
duced oxidative damage As oxidative stress is a key feature
of DCM, the effect of CTRP3 on oxidative injury was evalu-
ated. Western blotting showed that overexpression of CTRP3
significantly decreased the NADPH oxidase subunit 67phox
and increased SOD2 expression in diabetic rat hearts (Fig. 4a).
Our results also confirmed that the upregulation of P67phox
and Gp9Iphox (also known as Cybb) mRNA induced by STZ
injection was reduced in diabetic rats with CTRP3 overexpres-
sion (Fig. 4b, c). CTRP3 overexpression in the diabetic rats
also reduced the abnormal activity of NADPH oxidase
(Fig. 4d). Compared with rats in the control groups, total
SOD activity in the heart was significantly reduced in diabetic
rats and was significantly increased by overexpression of
CTRP3 in the hearts (Fig. 4e). CTRP3 overexpression also
reduced the production of myocardial lipid peroxidation in
the rats with diabetes (Fig. 4f). Immunohistochemical analy-
ses of 4-HNE in the hearts also confirmed the attenuation of
lipid peroxidation in the DCM+CTRP3 group compared with
the DCM+GFP group (Fig. 4g).

CTRP3 prevented diabetes-induced inflammation in the
hearts A previous study found that lower circulating levels of
TNF-ox were observed in CTRP3 transgenic mice [18]. In the
present study, CTRP3 also had significant effects on myocardial
Tnf-oc and Mcp-1 in rats with diabetes (Fig. 5a—d). However,
CTRP3 had no effect on 7I-1/3 (also known as //1b) and 1I-6
mRNA in diabetic rat hearts (Fig. 5a—d).
Immunohistochemistry and western blot analysis also confirmed
that TNF-« levels were significantly increased in the DCM+
GFP group but not in the DCM+CTRP3 group (Fig. Se, f).
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CTRP3. (d, e) Effect of CTRP3 on haemodynamic measurements
(n=28). (f) The ratio of heart weight (HW) to tibia length (TL) (n=10).
(g) Sectional area of myocytes (n=6). White bars, GFP; black bars,
CTRP3. *p<0.05 for indicated comparisons. Con, control (no diabetes)

CTRP3 decreased diabetes-induced cell death in the
hearts As shown in Fig. 5g, an increased proportion of apo-
ptotic cells was observed in diabetic hearts and this was
reduced significantly following CTRP3 overexpression. The
inhibitory effects of CTRP3 on apoptosis were further con-
firmed by western blot results showing that CTRP3 upregu-
lated the expression of B-cell lymphoma 2 (BCL-2) and
reduced the expression of BAX (Fig. 5g, h).

CTRP3 activated AMPK o and Akt in the diabetic hearts
Next, we investigated the precise mechanisms by which
CTRP3 protected against diabetes-related cardiac injury.
Compared with the control groups, rats with diabetes
displayed decreased phosphorylation of Akt and AMPK in
the hearts, and CTRP3 significantly increased the phosphory-
lation of AMPK« and Akt (Fig. 6). We also examined the
phosphorylation of acetyl-CoA carboxylase, which reflects
the activity of AMPK«x. As expected, CTRP3 promoted
AMPKx activity (Fig. 6) in diabetic hearts. CTRP3 did not
affect protein kinase C (PKC), nuclear factor-E2 p45-related
factor 2 or peroxisome proliferator-activated receptor-o
(PPAR-«) in diabetic hearts although it increased the level
of PPAR-« in normal hearts (Fig. 6).

CTRP3 activated AMPK«x and inhibited HG-induced
ROS generation and inflammation in H9¢2 cells Given
the observation that CTRP3 activated AMPK«x and Akt
in vivo, we examined the effects of CTRP3 on AMPK «x and
Akt in vitro and found that recombinant CTRP3 (3 pg/ml)
significantly increased the phosphorylation of AMPK«x and
Akt (Fig. 7a). CTRP3 also increased the activity of acetyl-
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Fig. 4 CTRP3 attenuated
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CoA carboxylase (ESM Fig. 3). Intriguingly, administration
of CTRP3 induced a substantial reduction of ROS in H9c2
cells exposed to HG for 24 h (Fig. 7b—d). Considering the
activation of AMPK« and Akt after CTRP3 exposure, we
further assessed whether AMPK«x or Akt was involved in
the CTRP3-mediated protection. H9¢2 cells were infected
with adenovirus to knock down AMPK«2 or were treated
with an Akt inhibitor. Surprisingly, AMPK«2 knockdown
but not the inhibition of Akt blocked the protection afforded
by CTRP3 against ROS production (Fig. 7b—d). Fluorescence
microscopic observations of DCFH-DA-labelled cells and de-
tection of p67phox confirmed that CTRP3 attenuated HG-
induced ROS by activating AMPK« (Fig. 7b, e). Given the
inhibitory role of CTRP3 on inflammation in vivo, we then
assessed whether CTRP3 could affect HG-induced inflamma-
tion in vitro. H9¢2 cells treated with CTRP3 (3 pg/ml for 24 h)
had lower mRNA levels of Tnf-«v at baseline when compared
with untreated cells (Fig. 71, g). Moreover, CTRP3 attenuated
HG-induced inflammation in H9¢c2 cells, as shown by the
altered mRNA levels of Tnf-aw and Mcp-1 (Fig. 7f-i). The
changes in these levels were blunted by AMPK«?2 deficiency
and were unaffected by Akt inhibition (Fig. 7f-i).
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CTRP3 inhibited HG-induced cell death by activating
AMPK«x in H9c¢2 cells Next, we determined whether
CTRP3 protected against HG-induced death of myocytes.
HO9c2 cells exposed to HG for 72 h had decreased cell viability
and after CTRP3 treatment the cell viability was increased
(Fig. 8a, b). AMPK«2 knockdown but not the inhibition of
Akt abolished the protection of CTRP3 against HG-induced
cell death (Fig. 8b, ¢). HG also downregulated BCL-2 and
upregulated BAX in H9¢2 cells (ESM Fig. 4); however, these
alterations were blocked by CTRP3 treatment. The effects
of CTRP3 were abolished by AMPK«2 deficiency (ESM
Fig. 4a). Given the increased TNF-« during the process of
DCM, the H9¢2 cells were treated with TNF-o (5 ng/ml).
CTRP3 significantly inhibited TNF-x-induced apoptosis,
an effect which was reversed by AMPK«2 deficiency but
not by Akt inhibition (Fig. 8d, e). Confirmation was pro-
vided by western blot analysis of BCL-2 and BAX (ESM
Fig. 4b). H,O, was used to induce myocyte apoptosis.
AMPK«x2 deficiency completely blocked the protection
provided by CTRP3 against H,O,-induced apoptosis
(Fig. 8f). This was further confirmed by TUNEL staining
(ESM Fig. 4c).
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Fig. 5 CTRP3 attenuated
diabetes-induced inflammation.
(a—d) PCR analysis of myocardial
Tnf-cv, 1I-103, 11-6 and Mcp-1
mRNA in rats with diabetes
(n=6). () Immunohistochemical
analysis of TNF-« in diabetic
hearts. Representative images and
quantification (n = 6) are shown.
Scale bar, 300 pum. (f) Western
blot analysis of TNF-c in diabetic
hearts (n=06). (g) TUNEL
staining in diabetic hearts (n=6).
Arrows indicate apoptotic cells.
(h) Western blot analysis of BCL-
2 and BAX in diabetic hearts
(n=06). Scale bar, 10 um. White
bars, GFP; black bars, CTRP3.
*p <0.05 for indicated
comparisons. Con, control (no
diabetes)
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AMPK«x deficiency counteracted the protective effects of
CTRP3 in vive Subsequently, we investigated whether the
morphological changes observed in rats after overexpression
of CTRP3 were reversed by AMPK« deficiency.
Intramyocardial injection of Ad-shAmpka resulted in the
downregulation of AMPK« in the hearts (Fig. 9a). Rats in
the shAmpka+CTRP3+DCM group exhibited an aggravated
phenotype, as indicated by decreased heart weight in relation
to tibia length, restricted LVIDd, reduced FS and augmented
haemodynamic alteration (Fig. 9b—f).

II-1B mRNA (fold) O

CTRP3

DCM+CTRP3

[
11-6 mRNA (fold)
[

(9]

w

Mcp-1 mRNA (fold) Q.
—_ o

=

Con DCM Con DCM Con DCM

f Con DCM
GFP CTRP3 GFP CTRP3

TNF-o | =

GAPDH [0 @ we s s s s s 37 kD1

*

=] —_ ) w

*

TNF-o expression (fold)
(fold)

TNF-a/GAPDH

Con DCM

DCM

GFP CTRP3 GFP CTRP3
BCL-2 s = o o == = = =] 26 kD

Con

GAPDH [s s e s g s s | 37 kDo

§ 12 * * @ 18 * *
g 2
jas) 12
B 08 E
z <
9 04 Q06
o z
2 0 a4 0
Con DCM Con DCM

The precise mechanism by which CTRP3 activates
AMPK«x A previous study demonstrated that the receptor of
CTRP3 may be a G protein-coupled receptor (GPCR) and that
CTRP3 increased the level of cAMP in TM3 Leydig cells
[26]. We found that CTRP3 increased cAMP in H9¢2 cells
(Fig. 10a). cAMP is produced by adenylate cyclase; therefore,
an adenylate cyclase inhibitor (2'5'-dd-Ado) was used to in-
vestigate the possible role. The inhibitor (200 umol/l, 2 h)
blocked CTRP3-induced AMPK« activation (Fig. 10b).
Next, a PKA inhibitor and small interfering RNA of EPAC

Fig. 6 CTRP3 activated Con DCM
AMPK« and Akt in the diabetic GFP CTRP3 GFP  CTRP3 2 . . . x
hearts (n=6). White bars, pfAMPKa|-— —_—— e - — -{ 62 kDa E - - -
control+GFP; light grey bars, T-AMPKO o e s e s s e | 62 kD2 E
control+CTRP3; black bars, 2 14
DCM+GEP; dark grey bars, PACC[om = o o e | 280KDa E
DCM+CTRP3. *p<0.05 for Tacl= = = S ——]oa
indicated comparisons. ACC, p-Akt[m— = s = —= = ] 60 kDa p-AMPKo.  p-ACC p-Akt
acetyl-CoA carboxylase; NRF2,
T-Ak1|-—--_——_]60kDa * * *
nuclear factor-E2 p45-related — S 37
factor 2; p-, phosphorylated; T-, NRF2 [gg SEFERT " 7 T6skDa g -
total. Con, control (no diabetes) p-PKC|e. - B g G — -—-‘ 80 kDa E 21
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Fig. 7 CTRP3 suppressed HG-induced production of ROS and inflam-
mation in H9¢2 cells. (a) CTRP3 (3 pg/ml) activated AMPKx and Akt
(n=4). (b) Representative fluorescence microscopy images of DCF-DA
fluorescence. Scale bar, 100 um. (¢) AMPK« deficiency offset the pro-
tection afforded by CTRP3 against ROS induced by HG (24 h) (n=06). (d)

(siEpac) were used. Knockdown of EPAC but not inhibition
of PKA prevented CTRP3-induced AMPK«x activation
(Fig. 10b and ESM Fig. 5). Activation of AMPKo was
inhibited by the MEK inhibitor U0126 (Fig. 10b). Then, we
examined how MEK activation is related to the activation of
AMPK . However, a CaMKK II inhibitor (STO-609) had no
effect on the activation of AMPK« (Fig. 10b). CTRP3 acti-
vated liver kinase B1 (LKB1) and this activation was
prevented by adenylate cyclase inhibition, EPAC deficiency
or MEK inhibition (Fig. 10b). Moreover, the protection pro-
vided by CTRP3 against HG-induced cell loss was also
abolished by 2'5'-dd-Ado, EPAC deficiency and U0126
(Fig. 10c).

Discussion

To our knowledge, this is the first report to demonstrate that
knockdown of CTRP3 in cardiomyocytes results in oxidative
stress, inflammation and cell death and that overexpression of
CTRP3 in the heart protects against diabetes-related cardiac
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Akt inhibition (Akt;) did not affect the production of ROS (n=6). (e)
Protein level of P67phox in H9¢2 cells (n=5). (f-i) AMPK« deficiency
but not Akt; offset the protection afforded by CTRP3 against inflamma-
tion induced by HG in H9¢2 cells (24 h) (n=6). *p <0.05 for indicated
comparisons. p-, phosphorylated; T-, total

dysfunction, oxidative damage, inflammation and cell death
in vivo. In this study, CTRP3 also attenuated HG-induced
production of ROS and inflammation, and reduced
HG-induced cell loss in vitro. Moreover, we found that the
protective effect of CTRP3 was mediated by activation of
AMPK« and that AMPK deficiency could offset the protec-
tive effect of CTRP3 in vivo. For the first time, we found that
CTRP3 activated AMPK« via the cAMP-EPAC-MEK-
LKB1 pathways.

Previous studies have noted the association between
CTRP3 and metabolic and cardiovascular diseases.
Circulating CTRP3 was significantly decreased in mice fed
a high-fat diet for 12 weeks [16]. Li et al also found that the
levels of CTRP3 were decreased in epididymal adipose tissue
ofrats in a model of type 2 diabetes [27]. Furthermore, a cross-
sectional study revealed that decreased CTRP3 levels were
closely associated with obesity in humans [28]. Consistent
with these findings, we also showed that CTRP3 levels in
diabetic rat hearts were significantly decreased. CTRP3 defi-
ciency at baseline can result in oxidative stress, inflammation
and cell death, recapitulating the phenotype of DCM in vitro.
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This observation prompted us to investigate whether
optimising CTRP3 levels in diabetic hearts could attenuate
diabetes-related cardiac injury. As expected, overexpression
of CTRP3 in the hearts or systemic administration of
CTRP3 could alleviate diabetes-related cardiac dysfunction,
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indicating that CTRP3 is a promising target for the treatment
of DCM. Intriguingly, overexpression of CTRP3 in normal
hearts did not lead to any abnormalities, indicating that
gene-based therapy targeting CTRP3 is a potential strategy.
Accumulating evidence demonstrates that an exponential
increase in oxidative stress promotes the process of DCM [29,
30]. An increase in ROS, observed in myocytes treated with
HG [31] and in cardiomyocytes isolated from diabetic mice
[29, 30], caused lipid peroxidation and DNA damage [32, 33],
eventually leading to functional abnormalities of the heart.
Therefore, it is important to identify suppressors of oxidative
stress in diabetic hearts. In contrast to a previous finding that
CTRP3 induced ROS in vascular smooth muscle cells [34],
here, we provided robust evidence suggesting that CTRP3
protected against diabetes-induced oxidative damage in vivo
and blocked HG-induced production of ROS in vitro. This
was confirmed by our finding that knockdown of CTRP3
increased ROS levels in H9c2 cells. Inflammation is another
characteristic of DCM. Diabetic hearts display increased
levels of TNF-o and IL-1{3 [35], which can result in cardiac
dysfunction [36] and affect cardiac contractility [37]. CTRP3
has been demonstrated to suppress inflammation. Kopp et al
found that CTRP3 served as an endogenous antagonist of
lipopolysaccharide (LPS) and blocked the production of
TNF-«, IL-6 and MCP-1 [19]. Furthermore, CTRP3 sup-
pressed systemic inflammation in mice treated with LPS
[19]. The inhibitory effects of CTRP3 were further confirmed
by studies using CTRP3 transgenic animals, showing that
mice overexpressing CTRP3 had lower circulating levels of
TNF-o after high-fat feeding compared with wild-type
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littermate controls [18]. Consistent with these findings, in our
study, attenuation of inflammation after CTRP3 treatment was
observed in the diabetic rat hearts. We also found that CTRP3
could mitigate HG-induced inflammation in vitro and that
knockdown of CTRP3 increased Tnf-a and Mcp-1 levels
in vitro. However, Kopp et al reported that CTRP3 also affect-
ed the level of IL-6 [38], which, in our current study, was
unaffected by CTRP3.

Cell death is a key feature of STZ-induced cardiomyopathy
[39]. Previous studies found that CTRP3 inhibited apoptosis
in ischaemic mouse hearts in vivo [15] and suppressed apo-
ptosis of prostate cells in vitro [40]. Consistent with these
previous reports, we found that CTRP3 significantly inhibited
diabetes-induced cell death in vivo and HG-induced apoptosis
in vitro. In vitro, CTRP3 also blocked cell death induced by
TNF-« or H,O,. Taken together, these observations demon-
strate the protective role of CTRP3 against cell death in dia-
betic hearts.

Relatively little is known about how CTRP3 exerts its pro-
tective effects. CTRP3 is reported to stimulate proliferation
via PKC signalling pathways [40] but we failed to observe
an alteration in the PKC pathway in diabetic hearts. In contrast
to a study showing that CTRP3 had no effect on AMPKa
[15], we found that CTRP3 activated Akt and AMPK«
in vivo and in vitro, which was consistent with previous find-
ings [20, 41]. Based on our results, we hypothesise that the
effects of CTRP3 are mediated by Akt or AMPK«. Notably,
our study indicated that AMPK « deficiency, not inhibition of
Akt, abolishes the protection provided by CTRP3 against
oxidative stress, inflammation and cell death. This is inconsis-
tent with a previous finding demonstrating that CTRP3
protected mesenchymal stem cells against apoptosis by in-
creasing Akt phosphorylation [42]. We further showed that

the inhibitory effects of CTRP3 against diabetes-related car-
diac dysfunction were offset by AMPK deficiency in vivo,
indicating that the protective effects of CTRP3 were mediated
by AMPK«.

A crucial question raised by our data in this study concerns
the pathway through which CTRP3 activates AMPK . CTRP3
promotes the production of testosterone via the cAMP-PKA
pathway [26]. The data in our study also demonstrated that
CTRP3 could increase cAMP, as shown by increased cAMP
levels after CTRP3 administration and the finding that an ade-
nylate cyclase inhibitor blocked CTRP3-induced AMPK« ac-
tivation. However, the observation that a PKA inhibitor did not
affect AMPK«x activation caused by CTRP3 indicated that
PKA was not involved in the CTRP3-mediated AMPK o acti-
vation. CAMP also activated EPAC, which directly activates
Rap1 and induces the activation of MEK [43]. We showed that
knockdown of EPAC or inhibition of MEK blocked CTRP3-
mediated AMPK o activation, further indicating the involve-
ment of the cAMP-EPAC-MEK pathway in AMPK«x activa-
tion induced by CTRP3. Consistent with a previous finding that
MEK activated LKB1 [44, 45], a well-known regulator of
AMPK«, the change in LKBI in our study correlated directly
with AMPK «, suggesting a role for LKB1 in the activation of
AMPK. Inhibition of CaMKK II had no significant effect on
the phosphorylation of AMPK «, indicating the dispensable role
of CaMKK II in this process. Altogether, our data demonstrated
that CTRP3 activated AMPK« via the cAMP-EPAC-MEK—
LKBI1 pathways.

In summary, this study identified CTRP3 as a critical neg-
ative regulator of DCM via activation of AMPK«x and atten-
uation of oxidative stress, inflammation and cell death. Our
study provides evidence that CTRP3 could be a promising
therapeutic approach for the treatment of DCM.
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