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Abstract

Impact Statement

Diabetic cardiomyopathy (DCM) is the primary cause
of heart failure in diabetic patients. Cardiomyocyte
apoptosis and interstitial fibrosis play important
roles in the onset and progression of DCM. Activin
receptor-like kinase 7 (ALK7) which is a new member
of the type | transforming growth factor-p receptors
family has been demonstrated to participate in regu-
lating cell apoptosis. However, the role of ALK7 in the
pathogenesis of DCM has not been directly investi-
gated. The current study indicated that ALK7 silenc-
ing significantly attenuates cardiomyocyte apoptosis,
cardiac fibrosis as well as insulin resistance through
mediating Smad2/3 and Akt signaling pathways in
a low-dose streptozotocin (STZ)-induced diabetes
rat model. This evidence suggests that ALK7 gene
silencing might serve as a potential therapeutic
approach for DCM.

Activin receptor-like kinase 7 (ALK7) is associated with lipometabolism and
insulin sensitivity. Our previous study demonstrated that ALK7 participated in high
glucose-induced cardiomyocyte apoptosis. The aim of our study was to investigate
whether ALK7 plays an important role in modulating diabetic cardiomyopathy
(DCM) and the mechanisms involved. The model of diabetes was induced in male
Sprague—-Dawley rats (120-1409) by high-fat diet and intraperitoneal injections of
low-dose streptozotocin (30 mg/kg). Animals were separated into four groups: control,
DCM, DCM with ALK7 silencing, and DCM with vehicle control. The cardiac function
was assessed by catheterization. Histopathologic analyses of collagen content and
apoptosis rate, and protein analyses of ALK7, Smad2/3, Akt, Caspase3, and Bax/
Bcl2 were performed. This study showed a rat model of DCM with hyperglycemia,
severe insulin resistance, left ventricular dysfunction, and structural remodeling. With
ALK?7 silencing, the apoptotic cell death (apoptosis rate assessed by TUNEL, ratio of
Bax/Bcl2 and expression of cleaved Caspase3), fibrosis areas, and Collagen I-to-lll
ratio decreased significantly. The insulin resistance and diastolic dysfunction were
also ameliorated by ALK7 silencing. Furthermore, the depressed phosphorylation
of Akt was restored while elevated phosphorylation of Smad2/3 decreased after the
silencing of ALK7. The results suggest ALK7 silencing plays a protective role in DCM
and may serve as a potential target for the treatment of human DCM.
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Introduction

Diabetic cardiomyopathy (DCM), an independent diabetes-
associated cardiovascular complication, is typically char-
acterized by left ventricular (LV) early onset diastolic and
late onset systolic dysfunction.!? Multifaceted stimuli such
as hyperglycemia, insulin resistance, and lipid accumula-
tion are involved in the onset and progression of DCM.3-
Cardiomyocyte apoptosis and interstitial fibrosis are two
major pathological features of DCM and could cause
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persistent loss of effective contractile tissue and increased
myocardial stiffness both of which inevitably result in car-
diac dysfunction.®” However, the underlying mechanisms
by which diabetes leads to apoptosis and fibrosis remain
incompletely elucidated.

Activin receptor-like kinase 7 (ALK?7), initially dis-
covered in rat brain, is a Type I serine/threonine kinase
receptor for transforming growth factor-p (TGF-B) fam-
ily members.® By conferring responsiveness to the spe-
cific ligands,®1® ALK7 participates in regulating cell
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differentiation, invasion, phenotypic modulation, prolif-
eration, and apoptosis.!-18 Recent studies have shown that
the nonsense mutation of ALK7 ameliorates fat accumula-
tion and obesity-induced glucose intolerance and insulin
resistance.®1922 These observations lead to the suggestion
that the activation of ALK7 contributes to abnormalities of
lipometabolism and insulin sensitivity which are important
triggers of DCM.342324 Our previous study showed that the
silencing of ALK?7 attenuated high glucose-induced cardio-
myocyte apoptosis in vitro.?> A recent study also suggested
that ALK7 was involved in the development of pathological
cardiac hypertrophy.?® However, the role of ALK7 in the
pathogenesis of DCM has not been directly investigated on
cardiac tissues in vivo.

Both Smad2/3 and Akt are crucial downstream mediators
of the ALK?Y signaling pathway.!7252728 Previous findings
show that increased phosphorylation of Smad2/3 contrib-
utes to LV fibrosis in cardiac ischemia/reperfusion and dia-
betes.230 Akt plays a key role in the transduction of insulin
signal, and depressed activity of Akt is considered to be a
potential inducer of insulin resistance.’! Thus, on the basis
of the above considerations, we hypothesized that ALK7
participated in the development of DCM through mediating
Smad2/3 and Akt pathways.

In the current study, we established the rat model of DCM
and used ALKY gene silencing in vivo to elucidate the role of
ALK? in the pathogenesis of DCM. The results indicate that
ALKY gene silencing exerts a protective effect in DCM by
reducing cardiac apoptosis and fibrosis.

Materials and methods
Experimental animals

Sixty 5-week-old male Sprague-Dawley rats (120-140 g) were
obtained from the experimental animal center (Shandong
University of Traditional Chinese Medicine, China). The rats
were housed under a 12h/12h light/dark cycle with free
access to tap water and food. The investigation adhered to
the National Institutes of Health guidelines for care and use
of laboratory animals (NIH Publication No. 85-23). All the
experimental procedures were approved by the Animal Care
Committee of Shandong University.

Induction of diabetes in rats

All rats were fed with normal chow for one week before
experiments, and then, fasting blood glucose (FBG) and
fasting insulin (FINS) were measured, and insulin sensi-
tivity index (ISI) was calculated (ISI=In(FBG X FINS)1).
Meanwhile, intraperitoneal glucose tolerance tests (IPGTTs)
and intraperitoneal insulin tolerance tests (IPITTs) were per-
formed. All rats were randomly divided into four groups:
control, DCM, DCM + ALK7-siRNA, and DCM + vehicle.
The control group received normal chow (77% carbohydrate,
20% protein, 3% fat; HFK Bio-Technology, Beijing, China),
and the other three groups were fed with a high-fat (HF)
diet (48% carbohydrate, 17.5% protein, 34.5% fat; HFK Bio-
Technology, Beijing, China).?23 Four weeks later, jugular
blood was sampled, and FBG, FINS, IPGTT, and IPITT were
repeated. Rats with insulin resistance were intraperitoneally

injected with streptozotocin (STZ, dissolved in 0.1 mol/L
citrate buffer, pH 4.5, Sigma, St. Louis, USA) at the dose of
30mg/kg just once.3233 The control group received an equal
volume of citrate buffer alone. After being injected with STZ
for one week, rats with FBG levels exceeding 11.1mmol/L
in two consecutive measurements were used for this study.
Rats in the DCM + ALK7-siRNA group and the DCM + vehi-
cle group received either ALK7-siRNA or vehicle treatment
via the jugular vein after 12 weeks of diabetes. Adenovirus
transfection was repeated after two weeks. Rats were sac-
rificed after 16 weeks of diabetes (The schematic view for
model establishment and the following experiments are
shown in the Supplementary Material).

IPGTT and IPITT

IPGTT was performed to assess glucose tolerance. All rats
were intraperitoneally injected with 20% glucose solution
(1g/kg) after fasting for 12h, and tail vein blood sampling
was performed at the time points of 0, 15, 30, 60, and 120 min.
A One-Touch SureStep Glucometer (LifeScan, Milpitas, CA,
USA) was used to measure serum glucose. The line graph
of glucose level at each time point tested was drawn, and
the area under the curve (AUC) was calculated. IPITT was
performed to assess insulin sensitivity after rats were fasted
for 4h. The insulin solution was intraperitoneally injected
(1unit/kg), the blood was sampled, and serum glucose was
measured as previously described.

Blood serum analysis

Jugular vein blood sampling was performed after rats were
fasted overnight. FINS level was analyzed using enzyme-
linked immunosorbent assay (Beiyinlai Biotech, Wuhan,
Hubei, China). Blood serum levels of FBG, total cholesterol
(TC), and triglyceride (TG) were determined using Bayer
1650 chemistry analyzer, and then ISI was calculated.

Measurement of blood pressure

The heart rate and systolic and diastolic blood pressure were
measured by a noninvasive tail-cuff method using an auto-
matic sphygmomanometer (BP-98A; Softron, Tokyo, Japan).
The rats were placed in a plexiglas cage heated at 37°C for
5min before each measurement.

Evaluation of LV function by cardiac
catheterization

LV function was assessed by invasive hemodynamic meas-
urement at the end of this study. Rats were anesthetized,
and a pressure tip-catheter filled by fluid was inserted in
the right carotid artery and then advanced to LV to record
LV pressure-data changes. The LV diastolic function and
systolic function were quantified by LV end-diastolic pres-
sure (LVEDP) and LV systolic pressure (LVSP), respectively.

Gene silencing of ALK7

Gene silencing was performed after 12weeks of diabe-
tes when the LV diastolic dysfunction first appeared as
described previously. Rats in the DCM + ALK7-siRNA group



and the DCM + vehicle group received adenovirus harbor-
ing ALK?7 gene (ALK7-siRNA) with either green fluorescent
protein (GFP) or control empty virus (vehicle) with GFP at
a dose of 2.5 X 10 plaque-forming units via jugular vein.
Adenovirus transfection was repeated after two weeks, and
rats were killed four weeks after the first adenovirus trans-
fer. The following oligoribonucleotides were used to inhibit
ALK? synthesis: 5-GGUCGUUUGUGAUCAGAAACU-3'
and 5'-UUUCUGAUCACAAACGACCUU-3".

Tissue preparation

Hearts were excised and then weighed after large vessels
were trimmed. A LV section was cut off transversely at the
midventricular level and fixed in paraformaldehyde (4%).
The paraffin-embedded sections (5um) were prepared for
histological evaluation. The remaining portion of the LV was
rapidly frozen and stored at —80°C for further molecular
analysis.

Histology and morphometric analysis

The LV tissue was stained with hematoxylin and eosin (H&E),
and it was viewed under a microscope (BX52, Olympus,
Japan) with X200 magnification. Masson’s trichrome was
used to assess the fibrosis in paraffin-embedded LV sections
and collagen fibers stained as dark green were interpreted
as a measurement of fibrosis. The LV sections were also
stained with 0.5% sirius red (Sigma, St. Louis, MO, USA)
at room temperature for 30min to assess the interstitial and
perivascular collagen (PVCA) content. Collagen was stained
in an intense red color. The area of myocardial fibrosis was
analyzed with Image-Pro Plus 5.0 analysis software (Media
Cybernetics, USA). PVCA was excluded from the collagen
volume fraction (CVF) measurement. The PVCA area/lumi-
nal area (LA) was used to standardize PVCA around vessels
of different diameters.

In situ detection of apoptotic cells

In situ terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) for apoptotic nuclei
was done with the In Situ Apoptosis Detection Kit (57101,
Chemicon International, Billerica, MA, USA) according
to the manufacturer’s procedures. The apoptotic nucleus
was stained brown while a negative nucleus was stained
light blue. The percentage of TUNEL-positive nuclei was
calculated as the number of TUNEL-positive nuclei/total
nuclei X 100.

Immunohistochemical staining

Staining was performed with polyclonal rabbit anti-rat
Collagen I and III primary antibodies (Abcam, Cambridge,
UK) overnight at 4°C, and then treated with goat anti-rabbit
secondary antibody (SP9001, Zhongshan Biotech, Beijing,
China) at room temperature for 1h. The reaction was vis-
ualized with the DAB kit, and stained sections were then
counterstained with hematoxylin. The immunohistochemi-
cal staining was quantified by Image-Pro Plus 5.0 software
(Media Cybernetics, USA).
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Real-time quantitative reverse transcription
polymerase chain reaction (RT-PCR)

The RNA was extracted with trizol agent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s pro-
cedures, and the purity was determined by 260/280
ratio. Both reverse transcription and PCR reactions
were performed as previously described.?> Sequences
of the primers were presented as follows: ALK7, for-
ward 5-TCATGTGGTCAAGTTTCTCCAA-3' and reverse
5-AAACGTGTGTTTCATAGCTCGTC-3'; GAPDH, for-
ward 5-TCTCTGCTCCTCCCTGTTCT-3"; and reverse
5'-ATCCGTTCACACCGACCTTC-3". The relative gene
expression of ALK7 was calculated with 2(-Delta Delta C
(T)) method after adjusting for GAPDH.

Western blot analysis

The protein extraction of LV tissue was treated with cell
lysis buffer (Beyotime, Shanghai, China) as previously
described.?> A total of 15 ug protein was separated by 10%
sodium dodecyl sulphate (SDS)-polyacrylamide gels and
electrophoretically transferred to the polyvinylidene fluo-
ride membranes. The blocking was done with 5% nonfat
milk for 2h, and then membranes were incubated with dif-
ferent rabbit anti-rat primary antibodies, including ALK7
antibody (R&D, Minneapolis, MN, USA), phosphor-Akt
(Ser473)/Akt, phosphor-Smad2 (Ser465/467)/Smad2,
phosphor-Smad3 (Ser423/425)/Smad3, Bcl-2, Bax and
cleaved Caspase3 antibody (Cell Signaling Technology,
Beverly, MA, USA), and Collagen I and III antibody
(Abcam, Cambridge, UK) overnight at 4°C. The goat-anti-
rabbit secondary antibodies (Abcam, Cambridge, UK) were
used for incubation at room temperature for 2 h after mem-
branes were washed with Tris buffered saline with Tween-
20 (TBST). GAPDH (Cell Signaling Technology, Beverly,
MA, USA) was used as the loading control. The ECL kit
(Amersham Pharmacia, Piscataway, NY, USA) was used
to visualize the blots, and the bands were quantified using
Image] software (National Institutes of Health, USA).

Statistical analysis

Values were expressed as mean = SD. The analyses were
performed with SPSS software Version 17.0 (SPSS Inc.,
Chicago, IL, USA). Differences among groups were explored
using one-way analysis of variance (ANOVA). Differences
between groups were evaluated by Tukey’s post hoc test
and independent samples t-test. Significance was defined as
a value of P<0.05.

Results

ALK?7 gene silencing ameliorated insulin
resistance and metabolism abnormalities

After a four-week HF diet, the IPGTT and IPITT were perfor-
med. The results of IPGTT showed that rats had a signifi-
cantly higher glucose level at each time point tested after the
four-week HF diet than at the baseline (P < 0.05; Figure 1(A)).
The values of AUC for glucose level over the time points
tested also increased significantly after the four-week HF
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diet compared with the baseline level (P <0.001; Figure 1(B)).
Similarly, the glucose levels of IPITT were elevated by the
four-week HF diet (Figure 1(C) and (D)). These data dem-
onstrated the induction of insulin resistance in rats which
experienced a four-week HF diet.

Both IPGTT and IPITT were repeated before the rats
were killed, and the results showed significantly higher
glucose levels in the DCM group than the control group
(P<0.001, P<0.001). With ALK7 gene silencing, the glu-
cose level of IPGTT and IPITT decreased significantly com-
pared with the vehicle group (P <0.01, P <0.01; Figure 1(E)
and (G)). The AUC for IPGTT and IPITT was also lower in
the ALK7-siRNA group than the vehicle group (P <0.001,
P<0.001; Figure 1(F) and (H)). In addition, the decreased
ISI in the DCM group was restored after ALKY7 silencing
(P<0.001; Figure 2(A) and (B)). These data demonstrated
that ALK7-siRNA treatment ameliorated insulin resistance
in diabetic rats.

The rats of the DCM group had increased serum levels of
TC, TG, and FBG compared with the control group (Figure
2(C) to (E)). The elevated TC and TG appeared at Week 4
while the FBG increased markedly after the onset of diabetes.
The increased levels of TC, TG, and FBG were significantly
reduced by the ALK7-siRNA treatment (P <0.001, P<0.01,
P <0.001; Figure 2(C) to (E)).

Rats in the DCM group had higher values of heart rate,
food intake, water intake, and urine volume than the control
group (P <0.001, P<0.001, P <0.001, P <0.001, respectively;
Table 1). With ALK7-siRNA treatment, both the water intake
and urine volume decreased significantly (P <0.01, P <0.01;
Table 1). There was no significant difference in body weight
and blood pressure among all groups.

ALKZ7 gene silencing improved cardiac function
in DCM

Cardiac function was measured by cardiac catheterization
with a pressure detecting catheter positioned into the LV.
After 16 weeks of established diabetes, rats in the DCM
group exhibited markedly impaired diastolic function com-
pared with the control group, as indicated by increased
LVEDP (7.14 =0.90 vs. 23.43 £ 1.81 mmHg, respectively;
P <0.001). Decreased LVSP was also shown in the DCM
group (109.29 £9.78 vs. 88 £10.6 mmHg, respectively;
P <0.01). This impaired cardiac function was partially
restored by ALK7-siRNA treatment. Values of LVEDP in the
ALK7-siRNA group were significantly lower (P <0.001) than
the vehicle group (Figure 3).

ALK? gene silencing ameliorated cardiac
remodeling in DCM

Both the cardiac mRNA and protein expression of ALK7 were
significantly upregulated by diabetes (P <0.001, P<0.001;
Figure 7(A) and (B)). The elevated expressions of cardiac
ALKY were significantly downregulated by ALK7 silencing
(P<0.01, P<0.01; Figure 7(A) and (B)).

Rats of the DCM group showed significantly larger hearts
and higher heart weight to body weight ratio (HW /BW) com-
pared with the control group (P <<0.001; Figure 4(Aa)). With

ALKY treatment, HW/BW decreased significantly in the ALK7-
siRNA group compared with the vehicle group (2.82 = 0.33 vs.
3.19 +0.27mg/ g, respectively; P <0.05; Figure 4(B)).

The cross-section staining of H&E showed that rats of
the DCM group had dilated ventricle and thickened ven-
tricular wall (Figure 4(Ab)). The cardiomyocytes were
compact and well organized in the control group while
appearing to be hypertrophic and disorganized in the DCM
group (Figure 4(Ac) and (Ad)). With ALK7-siRNA treat-
ment, the myocyte hypertrophy and disorganization, as
well as LV dilation and wall thickening, were ameliorated
(Figure 4(ADb) to (Ad)). The myocyte sizes were significantly
decreased in the ALK7-siRNA group compared with the
vehicle group (0.35 = 0.03 vs. 0.50 = 0.04 mm?, respectively;
P <0.001; Figure 4(C)).

ALK?7 gene silencing prevented cardiomyocyte
apoptosis in DCM

The apoptotic cells were stained in brown by TUNEL as
shown in Figure 5(A). The expressions of pro-apoptotic
protein cleaved Caspase3, Bax, and anti-apoptosis protein
Bcl2 were assessed by western blot. Rats of the DCM group
showed a significantly increased cardiomyocyte apoptosis
rate (P <0.001; Figure 5(A) and (B)) and protein expression
of cleaved Caspase3 and Bax/Bcl2 (P<0.001, P <0.001,
respectively; Figure 5(C) to (E)). The apoptotic changes in
diabetic heart were blunted by a four-week ALK7-siRNA
treatment. Rats of the ALK7-siRNA group showed signifi-
cantly fewer numbers of TUNEL-positive cardiomyocytes
and lower protein levels of cleaved Caspase3 and Bax/Bcl2
than the vehicle group (P <0.001, P<0.01, P <0.001, respec-
tively; Figure 5).

ALK?7 gene silencing attenuated diabetes
induced cardiac fibrosis

Cardiac fibrosis was examined using Masson’s trichrome
and sirius red staining. Cardiac tissue of the DCM group
showed a diffuse, reticular, pockety, and disorganized col-
lagen network structure in both interstitial (Figure 6(Aa)
to (Ac)) and perivascular areas (Figure 6(Ad) to (Af)). The
CVF and PVCA/LA were higher in the DCM group than
the control group (P <0.001, P <0.001; Figure 6(B) and (C)).
With ALK7-siRNA treatment, both the interstitial and PVCA
deposition were significantly ameliorated, and the collagen
fibers were thinner and more uniform than the vehicle group
(Figure 6(A)). Besides, CVF and PVCA /LA reduced signifi-
cantly after ALK7 gene silencing (P <0.01, P <0.001; Figure
6(B) and (C)).

Furthermore, immunohistochemistry analysis showed
that the Collagen I-to-III ratio (Coll-I/Coll-III) was signifi-
cantly higher in the DCM group than the control group
(P <0.001; Figure 6(D) and (E)). However, the elevated
value of Coll-I/Coll-IIl was significantly mitigated by ALK7-
siRNA treatment (P <0.01; Figure 6(D) and (E)). Western
blot also showed that rats of the ALK7-siRNA group had
decreased protein levels of Collagen I and III, and decreased
Coll-I/Coll-III compared with the vehicle group (P<0.001,
P<0.01, P<0.01; Figure 6(F) to (I)).
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Figure 1. Rats of diabetic cardiomyopathy (DCM) group showed insulin resistance after four-week HF diet and ALK?7 silencing ameliorated insulin resistance. (A, C)
Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT) were performed at baseline and at Week 4 in rats of DCM group. (B, D)
Area under the receiver operating characteristic curve (AUC) for IPGTT and IPITT. (E, G) IPGTT and IPITT were repeated at the end of the experiment for all groups.
(F, H) AUC for IPGTT and IPITT.

Data are mean = SD; n=7-10 per group. HF: high fat.

*P <0.05; **P <0.01; ***P < 0.001 vs. baseline; ¥P < 0.001 vs. control; P < 0.05; #P < 0.01; ##P <0.001 vs. vehicle.
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Figure 2. ALK7 gene silencing improved metabolic disturbance. (A) Fasting insulin (FINS). (B) Insulin sensitivity index (ISI). (C) Total cholesterol (TC) levels.
(D) Triglyceride (TG) levels. (E) Fasting blood glucose (FBG).
Data are mean =+ SD; n=7-10 per group.
*P < 0.05; ***P <0.001 vs. control; 1P < 0.01; P < 0.001 vs. vehicle.

Table 1. Animal characteristics at the end of experiment.

Control DCM ALK7-siRNA Vehicle
BW (g) 430.38 =20.03 461.25+27.26 447.14 + 33.65 468.5 +35.72
HW (g) 1.13+0.14 1.47 =0.09*** 1.28 +0.10*t 1.48 +0.09***
HW/BW(mg/g) 2.58+0.37 3.18+0.19** 2.82+0.33t 3.19+0.27**
SBP (mmHg) 121.50 +5.95 117.75+5.94 119.14 +5.96 118.83 = 6.21
DBP (mmHg) 92.38 +=5.93 91.38+5.80 93.14+6.15 92.83+4.07
MAP (mmHg) 102.05+5.14 100.17 =5.49 101.81 +3.92 101.50+3.83
HR (bpm) 324.63+7.76 343.88 +10.25"** 334.29+11.74 344.33 +15.23*
Food intake (g/day) 16.29 +2.42 28.95 +2.39*** 27.14 +2.83"** 29.91 +2.84***
Water intake (mL/day) 25.00 +6.99 159.50 = 10.03*** 131.29 = 10.09***tt 165.50 = 8.64***
Urine volume (mL/day) 19.63+6.63 132.38 = 8.53*** 108.14 = 10.76***1t 134.67 = 10.58***

Data are mean = SD; n=7-10 per group. DCM: diabetic cardiomyopathy; BW: body weight; HW: heart weight; SBP: systolic blood pressure; DBP: diastolic blood

pressure; MAP: mean arterial pressure; HR: heart rate.
*P <0.05; **P<0.01; ***P <0.001 vs. control; TP <0.05, 1P < 0.01 vs. vehicle.

ALK? regulated Akt and Smad2/3 signaling
pathways

To further elucidate the mechanisms underlying the cardio-
protective effects of ALK7-siRNA treatment, we investigated
the effects of ALK7 on Smad2/3 and Akt in myocardial tis-
sue. The expression of phosphorylated Akt decreased
markedly (P <0.001; Figure 7(C) and (D)) while phospho-
rylated Smad2/3 increased significantly in the DCM group
(P<0.001, P<0.001; Figure 7(E) to (G)). With ALK?Y silenc-
ing, inhibited phosphorylation of Akt was recovered (Figure
7(C) and (D)), and phosphorylated Smad2 and Smad3 were
abolished by 41% and 35%, respectively, in the ALK7-siRNA
group (Figure 7(E) to (G)). There was no significant differ-
ence of total Smad2/3 and Akt levels in all groups.

Discussion

Although ALK?Y activity of the cardiomyocyte is elevated
by high glucose,® its pathophysiological significance in
the diabetic heart is incompletely understood. The present
study demonstrated a low-dose STZ-induced diabetes rat
model with hyperglycemia as well as severe insulin resist-
ance, and this model is considered similar to a Type 2 diabe-
tes model.?>3% In this study, the impaired insulin sensitivity,
elevated phosphorylation of Smad2/3 and depressed phos-
phorylation of Akt were restored after ALK7 gene silencing.
Furthermore, inhibition of ALK7 ameliorated cardiomyocyte
apoptosis and cardiac fibrosis in the diabetes rat model, lead-
ing to the improvement of myocardial function. Thus, ALK7
plays a critical role in myocardial remodeling during the
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Figure 3. ALK7 silencing ameliorated left ventricular (LV) dysfunction in diabetic rats. (A) Pressure curves of cardiac catheterization. (B) Analysis of LV end-diastolic
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development of DCM, and this action of ALK7 may be asso-
ciated with cardiomyocyte apoptosis and cardiac fibrosis in
diabetic hearts.

ALK? gene silencing and cardiomyocyte apoptosis
in diabetes

Cardiomyocyte apoptosis is a significant pathological change
of DCM. The apoptosis could cause a progressive loss of
contractile units, and then initiates cardiac remodeling.
Previous studies demonstrated that ALK7 plays a crucial
role in regulating proliferation and apoptosis, such as pan-
creatic cells, human ovarian epithelial cells, bladder cancer
cells, and trophoblast cells.!1417.182627 Qur study in vitro also

proved that ALK7 was involved in high glucose-induced
HO9¢2 cardiomyoblast apoptosis. However, it remains unclear
whether ALK7 participates in regulating cardiomyocyte
apoptosis in the diabetic hearts.

Consistent with previous studies, we found increased
cardiomyocyte apoptosis in the hearts of diabetic rats, cor-
relating with LV dysfunction.®3435 We further showed that
ALKY silencing ameliorated cardiac apoptosis as well as
restored the enhanced phosphorylation of Smad2/3, and
depressed phosphorylation of Akt in DCM. Smad2/3 are
important apoptosis regulatory proteins.3¢37 Previous
studies demonstrated that ALK7 was a key activator of the
Smad2/3 signaling pathway in high glucose-induced pan-
creatic beta cell and H9¢2 cardiomyocyte apoptosis.2>?”
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Figure 4. ALK7 gene silencing ameliorated cardiac remodeling in DCM. (Aa). Heart size (scale bar: 5mm). (Ab). Representative LV cross-section stained with
hematoxylin and eosin (H&E) at papillary muscle level (scale bar: 5mm). (Ac). Longitudinal section of LV stained with H&E (scale bar: 50 um). (Ad). Transverse

sections of LV stained with H&E (scale bar: 100 um). (B). The heart weight-to-body weight ratio (HW/BW). (C) Quantitative analysis of LV cardiomyocyte size.
Data are mean + SD; n=7-10 per group.

**P <0.01; **P <0.001 vs. control; 1P < 0.05; P < 0.001 vs. vehicle.
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Figure 5. ALK?7 silencing attenuated cardiomyocyte apoptosis in diabetic rats. (A) Representatives of TUNEL staining in cardiomyocytes from LV tissues (brown
staining considered TUNEL-positive; scale bar: 100 um). (B) Quantitative analysis of TUNEL-positive cardiomyocytes (n=6 per group). (C) Representative western blot
of Bax, Bcl2, and cleaved Caspase3. (D) Western blot analysis of Bcl2-to-Bax ratio (Bcl2/Bax). (E) Western blot analysis of cleaved Caspase3.

Values are the mean = SD, and western blots were conducted at least 3 times. (A color version of this figure is available in the online journal.)

*P <0.05; ***P < 0.001 vs. control; TP <0.01; P <0.001 vs. vehicle.

We therefore postulated that ALK7 gene silencing decreased
the phosphorylation of Smad2/3, thereby directly ame-
liorating cardiomyocyte apoptosis in diabetic hearts. Akt
plays important roles in inhibiting cell apoptosis and pro-
moting cell proliferation.3® The decreased phosphorylation

of Akt restored after ALK7 was silenced, indicated that
Akt might be an additional mechanism by which ALK?
mediated apoptosis in DCM. The results were consistent
with previous findings that ALK7 participated in elevated
glucose-induced pancreatic beta cell apoptosis through
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Figure 6. ALK7 gene silencing attenuated cardiac fibrosis in diabetic rats. Aa to Ac: Interstitial fibrosis. (Aa) Representative Masson trichrome staining (collagen fibers
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of PVCA/LA. (D) Representative immunohistochemical staining of Collagen | (Da) and Il (Db). (E) Quantitative analysis of Collagen I-to-lll ratio (Coll-I/Coll-lI).

(F) Representative western blot of Coll-1 and Coll-1ll. (G) Western blot analysis of Coll-I. (H) Western blot analysis of Coll-lll. (I) Western blot analysis of Coll-1/Coll-IlI.

Scale bar: 50 um; Data are mean = SD; n=6 per group.
*P<0.05; **P <0.01; ***P <0.001 vs. control; TP < 0.01; ¥P < 0.001 vs. vehicle.

mediating distinct signaling pathways involving Smad2/3
and Akt.?

ALK7 gene silencing and cardiac fibrosis in
diabetes

Cardiac fibrosis, characterized by excessive collagen deposi-
tion, is another major feature of DCM.” The role of ALK7 in
cardiac fibrosis is poorly understood. In the present study,
we found that both the interstitial and PVCA deposition was
increased in the LV of diabetic rats. ALKY7 silencing signifi-
cantly reduced the aberrant interstitial and PVCA accumu-
lation. The total Collagen I and III content, which constitute
90% of cardiac collagen, decreased significantly,® in accord

with the improved LV function, especially diastolic func-
tion. These findings suggested that ALK7-siRNA treatment
prevented cardiac fibrosis in DCM.

Smad?2/3 are critical for the fibrosis induced by profi-
brotic factors, such as advanced glycation end products and
Angiotensin I1.4%4! The phosphorylated Smad2/3 can form
a heteromeric complex with co-Smad, and the complex then
translocates into the nucleus where they recruit cofactors
to Smad-binding element DNA sequences and activate col-
lagen gene transcription.*? This study has demonstrated
that the phosphorylation of Smad2/3 was influenced by
ALK? activation. These findings therefore confirmed the
crucial role of ALKY7 in diabetic cardiac fibrosis, and the
effects of ALKY silencing on preventing cardiac fibrosis
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Figure 7. ALK7 silencing restored Akt phosphorylation and suppressed Smad2/3 phosphorylation. (A) Relative ALK7 mRNA expression in all groups.
(B) The silencing efficacy of ALK7-siRNA measured by western blot. (C) Representative western blot of p-Akt and t-Akt. (D) Western blot analysis of p-Akt/t-Akt.
(E) Representative western blot of p-Smad2, p-Smad3 and t-Smad2/3. (F, G) Western blot analysis of p-Smad2/t-Smad2 and p-Smad3/t-Smad3.

Values are the mean = SD, and western blots were conducted at least 3 times.
*P <0.05; ***P < 0.001 vs. control; TP <0.01 vs. vehicle.

might primarily be attributed to the decreased phospho-
rylation of Smad2/3.

ALK? gene silencing and insulin resistance in
diabetes

Insulin resistance is an important characteristic of this low-
dose STZ-induced diabetes rat model. In this study, with
gene silencing of ALK?7, the elevated serum levels of TC and
TG decreased while impaired ISI was restored, indicating
that the ALK? gene silencing ameliorated insulin resistance
in diabetic rats. The improvement of insulin resistance could
be attributed to increased phosphorylation of Akt which is a
key molecule involved in the maintenance of normal glucose
homeostasis.?! As this study was an adenovirus mediated
systemic knock down model, the inhibition of ALK7 in other
organs, such as the liver and adipose tissue, might also lead
to the improvement of glucose metabolism and finally con-
tribute to the alleviation of insulin resistance.

In addition to a direct role of ALK7 gene silencing in pre-
venting cardiac fibrosis, the anti-fibrosis effects of ALK7-
siRNA treatment might also be partly attributable to the
amelioration of insulin resistance, which otherwise stimu-
lates the generation of Collagen I and III in fibroblasts.*3 The
amelioration of insulin resistance might also cause reduction

in the loss of contractile units and finally improve cardiac
function.*

ALK?7 gene silencing and LV dysfunction in
diabetes

In the current study, the 16 weeks untreated diabetic rats
showed significantly higher LVEDP and lower LVSP
compared with rats in the control group, indicating the
development of cardiac dysfunction in Type 2 diabetes.
Cardiomyocyte apoptosis plays an important role during
this process through causing continuous loss of myocardial
contractile units and compensatory cardiomyocyte hyper-
trophy, both of which lead to hemodynamic overload.*®
Following apoptotic cell death, the aberrant interstitial and
PVCA deposition occurs. The increased collagen deposition
then results in enlargement of myocardial fibers, decreased
LV compliance, and finally preceding systolic LV dysfunc-
tion.®4¢ Notably, a recent study showed that ALK7 protected
against pressure overload-induced cardiac hypertrophy in
an aortic banding mice model.?6 This result indicates that
ALK7 may play different roles in various pathological states,
although this requires further exploration.

The present study found that ALK7-siRNA treatment
caused decreased LVEDP in the DCM group compared
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with the vehicle-control group, indicating the attenuation
of LV dysfunction in diabetic rats. This result confirmed the
pathophysiological significance of ALK? activation in dia-
betic hearts, and the improvement of LV function might be
attributed to the inhibition of cardiomyocyte apoptosis and
cardiac fibrosis as well as the amelioration of insulin resist-
ance by ALK7 gene silencing.

However, our findings should be seen in the light of some
limitations. First, the ALK7 systemic knock down model was
used in this study. Second, cardiac catheterization combined
with echocardiography allows for a more comprehensive
assessment of cardiac function. Further investigations using
a cardiac-specific knockout model is required to explore the
role of ALK? in the development of DCM. Despite the above
limitations, our study still provides new insights into DCM.

In conclusion, ALKY silencing significantly attenuates
cardiomyocyte apoptosis, cardiac fibrosis, as well as insulin
resistance in a low-dose STZ-induced diabetes rat model.
These effects of ALK7 may be mediated through Smad2/3
and Akt signaling. The cardioprotective effects with ALK7
gene silencing suggest a potential therapeutic approach for
the treatment of DCM in diabetes mellitus.
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