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Vascular smooth muscle cells (VSMCs) is a vital accelerator in the late phase of
diabetic atherosclerosis, but the underlying mechanism remains unclear. The
aim of our study was to investigate whether activin receptor-like kinase 7
(ALK7)-Smad2/3 pathway plays an important role in VSMC apoptosis of
diabetic atherosclerosis. It was shown that ALK7 expression was obviously
elevated in the aorta of ApoE™~ mice with type 2 diabetes mellitus. Inhibition
of ALK7 expression significantly improved the stability of atherosclerotic
plaques and reduced cell apoptosis. Further experiments showed that
ALK7 knockdown stabilized atherosclerotic plaques by reducing VSMC
apoptosis via activating Smad2/3. Our study uncovered the important role of
ALK7-Smad2/3 signaling in VSMCs apoptosis, which might be a potential
therapeutic target in diabetic atherosclerosis.
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Introduction

Atherosclerosis remains the major pathogenesis of ischemic
heart diseases and stroke, which represents a leading cause of
death worldwide (Weber and Noels, 2011; Hopkins, 2013;
Poznyak et al, 2020). In recent years, the important role of
diabetes mellitus as risk factor for atherosclerosis becomes more
typical and clear. Coexistence of diabetes sophisticates the
incidence, distribution and severity of atherosclerosis, leading
to increased vulnerability of plaques and more severe clinical
events (Moreno and Fuster, 2004; Yuan et al., 2019; Lien et al.,
2021). However, there are no effective therapeutic strategies
targeting diabetic atherosclerosis.

It is well-accepted that plaque vulnerability is determined by
the collagen, vascular smooth muscle cells (VSMCs), lipid and
macrophages. VSMCs, the major component of fibrillar cap, play
quite the opposite role in the development of plaque (Bennett
et al.,, 2016; Miano et al., 2021). During the early stage of plaque,
less VSMC apoptosis results in their accumulation in the intima
and media, in favor of the remodeling of atherosclerotic arteries
(Ahmadi et al.,, 2019). While in the late stage of plaque, increased
VSMC apoptosis can give rise to thinner fibrillar cap, immensely
influencing plaque stability and causing increased possibility of
its rupture (Leskinen et al., 2003; Clarke et al., 2006). Excessive
VSMC apoptosis was especially evident in the progression of
diabetic atherosclerosis. However, the mechanism underlying
VSMC apoptosis remains unclear and needs further exploration.

Activin receptor-like kinase 7 (ALK?), firstly isolated from rat
brain as an orphan receptor, belongs to the type I TGF receptor
superfamily (Rydén et al, 1996; Tsuchida et al, 1996). It is
composed of a transmembrane domain, a serine/threonine
kinases domain and a glycine-serine-rich (GS) linker between
them, and extracellular ligand domain (Tsuchida et al., 2008).
ALKY possesses serine/threonine kinase activity, and is widely
expressed in endocrine tissues, such as islet, adipose, which is also
detected in brain, liver, heart (Ibafiez, 2021). The interaction of
ALK?7 with its ligands is relatively weak and is mainly recruited to
form a complex with activin type II receptor (ActRII) and
phosphorylated by ActRII, signaling to a series of downstream
substrates, including Smads proteins (Greenwald et al,, 2003).
ALK7, a major modulator of metabolic homeostasis (Ibdnez,
2021), was reported to play an important role in diabetic
associated cardiomyopathy, aortic stiffness and retinopathy (Liu
etal, 2013; Lietal., 2015; Shi et al., 2020). Moreover, ALK7 exerted
its proapoptotic role on various cells in diabetic conditions, such as
osteoblasts, retinal pigment epithelial cells (Shi et al., 2020; Cheng
et al,, 2021). It was also reported that ALK7 acted as a positive
regulator  of
exacerbating plaque vulnerability (Cheng et al., 2021). Whether
ALK7 was involved in VSMC apoptosis caused by diabetic

atherosclerosis via activating macrophage,

atherosclerosis needs further exploration.
In the present study, we fed ApoE ™"~ mice with high fat diet
and inject one low-dose streptozotocin to mimic diabetic
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atherosclerosis and determined to explore the role of ALK7-
regulated VSMC apoptosis on the vulnerability of diabetic
atherosclerosis and its underlying mechanism. Our results
demonstrated that ALK7 promoted VSMC apoptosis and
exacerbated diabetic atherosclerosis via Smad2/3 signaling
pathway, providing a new therapeutic target for stabilizing
atherosclerotic plaques in diabetes mellitus.

Materials and methods
Reagents

Primary antibodies against ALK7 were obtained from Santa
Cruz Biotechnology (sc374538, United States). Primary antibodies
against Smad2/3 (5678), p-Smad2 (3108), p-Smad3 (9520), Bax
(2772) and cleaved caspase-3 (9662) were obtained from Cell
Signaling Technology (United States). Primary antibodies against
MOMA-2 (ab33451) and a-SMA (ab5694) were obtained from
Abcam (United Kingdom). Primary antibodies against Bcl-2 was
obtained from Genetex (GTX100064, United States), and -actin
was from Proteintech Group (60008-1, China). Secondary
antibodies were purchased from Jackson (United States).
Streptozotocin (STZ, S0130) and polybrene were purchased
from Sigma-Aldrich (United States). SB431542 was obtained
from Selleck (S1067,United States).

Experimental animals

Male ApoE™~ mice were purchased from Beijing Vital River
Laboratory Animal Technology Co. Ltd (China) and housed in
an environmentally controlled room at 22 + 2°C and 50% * 5%
humidity with a 12h/12 h light/dark cycle with free access to
food and water. They were allowed to acclimate one week before
performing intraperitoneal glucose tolerance test (IPGTT) and
then were randomly assigned to control group (Chow group) and
diabetic group (DM group). Mice in the diabetic group were fed
with a high fat diet (20% fat, 20% sugar, and 1.25% cholesterol;
Beijing HFK Bioscience company, China). After 8 weeks, IPGTT
was performed to confirm the appearance of insulin resistance.
Those mice showing insulin resistance were intraperitoneally
injected with one low-dose STZ (75-80 mg/kg body weight in
0.1 mol/L citrate buffer, pH 4.5). Two weeks after STZ injection,
most mice displayed hyperglycemia, insulin resistance, and
glucose intolerance (Supplementary Figure S1), as previously
reported (Wang et al, 2014). Mice with similar degrees of
hyperglycemia and body weight were randomly divided into
DM (DM, n = 20), DM + nc-shRNA (n = 20) and DM + ALK7-
shRNA, n = 20), and injected with nc-shRNA or ALK7-shRNA
lentivirus at a dose of 4x10° ifu per mouse via tail vein. At the end
of experiment, mice were sacrificed and aortas were collected for
subsequent analysis.
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Cell culture and treatment

Mouse primary VSMCs were purchased from Procell Life
Science & Technology Co., Ltd. (China), and maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, United States), supplemented with
10% fetal bovine serum (FBS, Thermo Fisher Scientific),
penicillin (100 U/mL) and streptomycin (100 mg/ml) in
humidified air with 5% CO, at 37°C. For high glucose and
high palmitate co-treatment, VSMCs were supplemented with
25 mM D-glucose and 0.2-0.4 mM BSA-conjugated palmitate
for 24 h (Wu et al., 2007; Weikel et al., 2015). VSMCs were added
with 5.5 mM glucose, 19.5 mM mannose (osmotic control) and
0.4 mM BSA for normoglycemic and normal palmitate controls.
VSMCs from passages 4-10 were used in all experiments.

Intraperitoneal glucose tolerance test

After fasted for 12-16h, a bolus of glucose (2 g/kg) was
injected intraperitoneally, and blood samples were collected from
tail vein at 0, 15, 30, 60 and 120 min. The glucose level was
measured using OneTouch Glucometer (LifeScan, CA). The
mean area under the receiver operating characteristic curve
(AUC) was calculated for glucose level.

Quantitative real-time PCR analysis

Total RNA was extracted using TRIzol-based (Thermo
Fisher Scientific) RNA isolation kit and quantified by
Nanodrop (Agilent Technologies, United States). cDNA was
reverse transcribed using the HiScript II Q RT SuperMix for
qPCR (+gDNA wiper) kit (Vazyme, China). Quantitative PCR
was carried out with the ChamQTM SYBR® qPCR Master Mix
(Vazyme). The forward primer sequence of ALK7 was 5'- ATG
CTAACCAACGGGAAAGAG-3/, and reverse primer sequence
of ALK7 was 5-GGAAGGTGCAGTGTGATATTGT-3'. The
forward primer sequence of internal reference 185 RNA was
5'-AGGGGAGAGCGGGTAAGAGA-3', and reverse primer
5'-GGACAGGACTAGGCGGAACA-3". The
expression level of ALK7 was normalized to 18S RNA
(Sangon Biotech Co., Ltd., China) and calculated using the
2744 method.

sequence was

Western blot analysis

Aortic tissues or VSMCs were lysed with RIPA lysis
buffer supplemented with protease inhibitor (Beyotime
Biotechnology, China). Equal protein was separated by
sodium dodecyl

electrophoresis,

sulfate-polyacrylamide gel

and transferred onto polyvinylidene
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fluoride (PVDF) membrane (Millipore, United States).
After blocked, the PVDF membranes were incubated with
target primary antibodies overnight at 4°C and secondary
antibodies for 1-2 h at room temperature. The membranes
then the
chemiluminescence reagents with American Image 600

were visualized using enhanced
(GE, United States). The density of the immunoreactive
bands was analyzed using Image ] software (National

Institutes of Health, United States).

Immunohistochemistry

After dewaxed and rehydrated, paraffin sections of aortic
root were blocked and incubated with primary antibodies (ALK7;
MOMA-2; a-SMA) overnight at 4°C. Then they were incubated
with horseradish peroxidase-conjugated secondary antibodies
followed by (DAB)
detection (DAKO). Finally, the sections were counterstained

3,3-Diaminobenzidine chromogen
with hematoxylin and the images were captured using
Olympus microscope (Japan). The expression of ALK7 was
calculated as percentage of ALK7-positive area to total plaque
area with the Image ] software.

En face analysis of atherosclerotic plaque
stability

The aortas were obtained by stripping from the base
ascending aorta to the iliac bifurcation and atherosclerotic
plaques were determined by en face Oil Red O staining.
Hematoxylin and eosin (HE) staining was used to detect the
lesion size, the area of which was circled and calculated in
conjunction with scale bar by Image ] software. The intima/
media (I/M) ratio was also calculated. In order to analyze the
lipids and collagen in the aortic root, consecutive sections of each
mouse were stained with Oil Red O and picrosirius red
respectively. The plaque stability was assessed by calculating
the vulnerable index according to the ratio of area I (Oil Red*
+ MOMA-2") to area II (a-SMA™* + Collagen®) as described
previously (Dong et al., 2013).

Activin receptor-like kinase 7 knockdown
and overexpression

Short hairpin RNAs (shRNA) against ALK7 and their
corresponding control vectors were constructed by Hanbio
Biotechnology Co. Ltd. (Shanghai, China), and the sequences
of ALK7 were as followed: 5'-GCTGTGAAGCACGATTCT
ATC-3'. Then they were transfected into VSMCs with 2 mg/
ml polybrene and stable VSMCs were selected with 1 mg/ml
puromycin for one week. Immunofluorescent staining and
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FIGURE 1

ALK7 was increased in the aortas with atherosclerotic lesions of diabetic mice. (A). Relative mRNA level of ALK7 in the aortas with atherosclerotic
plaques of diabetic mice was determined by quantitative real-time PCR. n = 3 per group. (B—C). Relative protein level of ALK7 in the aortas with
atherosclerotic plaques of diabetic mice was determined by western blot. n = 6 per group. (D—E). Immunohistochemical staining of ALK7 was
examined in the aortic root and quantified. n = 3 per group. Scale bar: 100 pm. Dashed lines encircled some part of atherosclerotic plaque.
Arrows indicated all the atherosclerotic plaques in the aortic root. Data was analyzed with student’s t-test. *p < 0.05 vs. the Chow group.

western blot was used to determine the infection efficiency. ALK7
overexpression (ALK7-OE) lentivirus were obtained from
Applied Biological Materials Inc. (Nanjing, China) and
infected VSMCs in the same way with ALK7 shRNA
lentivirus infection.

Transferase-mediated dUTP nick-end
labeling assay

Apoptotic  cells  were  determined by  terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining using In Situ Cell Death Detection Kit
(12156792510,  Roche, The

counterstained with DAPI. Images were captured by Olympus

Germany). nuclei  were
fluorescence microscope (Japan). The apoptosis proportion was
determined by the number of TUNEL-positive nuclei/ total

nuclei in the field.

Statistical analysis

SEMs of three
independent experiments for the in vitro studies. The

Data were expressed as mean =+

Frontiers in Pharmacology

04

statistical difference between two groups or among

multiple groups was analyzed respectively by the
student’s t-test or ANOVA in GraphPad Pro5.0
(GraphPad, CA). Difference was considered to be

significant at p < 0.05.

Results

Activin receptor-like kinase 7 expression
was elevated in diabetic mice aortas with
atherosclerotic plaques

In this study, we fed ApoE”~ mice with high fat diet for
8 weeks and then intraperitoneally gave one low-dose injection of
streptozotocin  to  successfully type 2 diabetes
(Supplementary Figure SI). Results showed that both of the
mRNA and protein level of ALK7 were elevated in the aortas

induce

with atherosclerotic lesions of diabetic group (Figures 1A-C).
Moreover, we found that ALK7 was greatly elevated and
extensively distributed in the atherosclerotic plaques of aortic
root in the diabetic group (Figures 1D,E). These findings
implicated ALK7 acting as a potential regulator in the
pathogenesis of diabetic atherosclerosis.
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Knockdown of ALK7 reduced atherosclerotic plaque burden of diabetic mice. (A—B). ALK7-shRNA lentivirus was delivered via tail vein and the
protein level of ALK7 in the aorta was determined by western blot. n = 6 per group. (C—D). Representative gross images of atherosclerotic plaques
along the aortic trees was examined by the Oil Red O staining. n = 4 per group. (E-G). Representative morphological images of aorta roots were
stained with hematoxylin and eosin, and the plaque area and I/M ratio was calculated. n = 4 per group. Scale bar: 100 um. Dashed lines encircled
some part of atherosclerotic plaque. Arrows indicated all the atherosclerotic plaques in the aortic root. Data was analyzed with ANOVA. *p < 0.05 vs.

the Chow group, *p < 0.05 vs. the DM + nc-shRNA group.

Activin receptor-like kinase 7 deficiency
decreased atherosclerotic plaque burden
and increased plaque stability of diabetic
mice

Next, we delivered ALK7-shRNA lentivirus via tail vein
injection to address its precise role on the plaque size and
stability. As expected, the protein level of ALK7 was
reduced when ALK7 was
(Figures 2A,B). En face analysis using Oil Red O staining
showed that ALK7 inhibition significantly decreased the
number of atherosclerotic plaques along the aortic tree in
the  diabetic  group 2C,D).

obviously knocked down

(Figures Moreover,
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ALK7 deficiency obviously reduced the increased size of
plaque and I/M ratio in the diabetic group (Figures
2E-G). However, ALK7 knockdown exerted no significant
influence on glucose and lipid metabolism of diabetic mice
(Supplementary Table SI).

We subsequently examined the effect of ALK7 inhibition on
the atherosclerotic plaque vulnerability. It was shown that there
were more a-SMA-positive cells and collagen, and less MOMA -
2-positive cells and lipids in the atherosclerotic plaque of aorta
in the diabetic group with ALK7-shRNA lentivirus delivery
(Figures 3A-E). As a result, ALK7 deficiency dramatically
decreased the plaque vulnerability index in the diabetic
group (Figure 3F).
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FIGURE 3

Knockdown of ALK7 increased atherosclerotic plaque stability of diabetic mice. (A). The stability of atherosclerotic plaques in the aortic root was
determined by a-SMA for smooth muscle cells, picrosirius red staining for collagen, MOMA-2 for macrophage infiltration, and Oil Red O staining for
lipid deposition. n = 4 per group. Scale bar: 100 um. Dashed lines encircled some part of atherosclerotic plaque. Arrows indicated all the
atherosclerotic plaques in the aortic root. (B—E). Quantification of smooth muscle cell content, collagen content, macrophage infiltration and

lipid accumulation in the atherosclerotic plaques of aortic root. (F). The vulnerability of atherosclerotic plaques was calculated using the ratio of
MOMA-2* (%) plus Oil Red (%) to a-SMA (%) plus collagen (%). Data was analyzed with ANOVA. *p < 0.05 vs. the Chow group, *p < 0.05 vs. the DM +

nc-shRNA group.

Activin receptor-like kinase 7 deficiency
improved diabetic atherosclerosis via
reducing vascular smooth muscle cell
apoptosis

In the late phase of atherosclerosis, increased apoptosis of
VSMCs leads to thinner fibrillar cap, which is one major
pathogenesis of plaque vulnerability. Therefore, we next
determined to study the role of ALK7 on VSMC apoptosis.
Results of in vivo experiments showed that ALK7 deficiency
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significantly increased the expression of Bcl-2 and decreased the
expression of Bax in the diabetic group (Figures 4A,B). Besides,
cleaved caspase 3 was reduced in the diabetic group with
ALK7 knockdown (Figures 4A,B).

Then we added high glucose and palmitic acid to VSMCs to
mimic diabetic atherosclerosis in vivo (Reddy et al., 2016) and
found that co-treatment of high glucose and palmitic acid
significantly upregulated the expression of ALK?7, taking on
time-dependent manner and being not influenced by the
osmotic pressure (Supplementary Figure S2). Moreover, co-
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Knockdown of ALK7 inhibited VSMC apoptosis in the atherosclerotic plaques of diabetic mice. (A-B). The protein level of Bcl-2, Bax, and
cleaved caspase 3 in the aortas with atherosclerotic plaques of diabetic mice were determined by western blot. n = 3 per group. *p < 0.05 vs. the
Chow group, #p < 0.05 vs. the DM + nc-shRNA group. (C—-D). The protein level of Bcl-2, Bax, and cleaved caspase 3 in VSMCs co-treated with HG and
PA with or without ALK7-shRNA were determined by western blot. n = 3 per group. *p < 0.05 vs. the control group, #*p < 0.05 vs. the HG + PA +
nc-shRNA group. (E—F). The percentage of VSMC apoptosis treated by co-treatment of HG and PA with or without ALK7-shRNA was determined by
TUNEL assay. n = 4 per group. Scale bar: 20 pm. The control group was added with 5.5 mM glucose, 19.5 mM mannose and 0.4 mM BSA. *p <
0.05 vs. the control group, *p < 0.05 vs. the HG + PA + nc-shRNA group. Data was analyzed with ANOVA.

treatment of high glucose and palmitic acid induced obvious
downregulation of Bcl-2 and upregulation of Bax and cleaved

caspase 3 (Supplementary Figure S2).
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In order to verify the role of ALK7 on high glucose and

palmitic acid-induced VSMC apoptosis, we transfected VSMCs
with ALK7 siRNA (Supplementary Figure S3) and found that
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FIGURE 5

ALK7 promoted VSMC apoptosis via Smad2/3 signaling. (A—B). The total and phosphorylation of Smad2 and Smad3 in the aortas with
atherosclerotic plaques of diabetic mice were determined by western blot. n = 3 per group. *p < 0.05 vs. the Chow group, #p < 0.05 vs. the DM + nc-
shRNA group. (C-D). The total and phosphorylation of Smad2 and Smad3 in VSMCs co-treated with HG and PA were determined by western blot. n =
3 per group. *p < 0.05 vs. the control group, #p < 0.05 vs. the HG + PA + nc-shRNA group. (E-F). The protein level of ALK7, Bcl-2, Bax, and
cleaved caspase 3 in VSMCs co-treated with HG and PA and Smad2/3 inhibitor with or without ALK7-shRNA were determined by western blot. n =
3 per group. *p < 0.05 vs. the control group, #p < 0.05 vs. the HG + PA group, ®p < 0.05 vs. the HG + PA + inhibitor. Data was analyzed with ANOVA.
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ALK7 deficiency down-regulated the Bax and cleaved caspase-3
level and up-regulated the expression of Bcl-2 ((Figures 4C,D).
Results of TUNEL staining showed similar results (Figures 4E,F).
These findings suggest that ALK7-regulated VSMC apoptosis
might be one key pathogenesis of plaque vulnerability in diabetes.

Activin receptor-like kinase 7-Smad2/
3 signaling pathway mediated high
glucose and palmitic acid-induced
vascular smooth muscle cells apoptosis

Smad2 and Smad3 are known downstream molecules of
ALK7 (Watanabe et al., 1999), and in this study, we
determined to explore the role of Smad2/3 in ALK7-
VSMC that
phosphorylation of Smad2/3 was induced greatly in the

induced apoptosis. It was shown
diabetic group, which was reduced by the knockdown of
ALK7 (Figures 5A,B). Similarly, high glucose and palmitic
acid treatment obviously increased the phosphorylation of
Smad2/3 in the VSMCs, which was efficiently reversed by
ALK?7 inhibition (Figures 5C,D). Moreover, application of
Smad2/3 inhibitor significantly decreased VSMC apoptosis
caused by high glucose and palmitic acid co-treatment
5E,F; S4).
ALK7 overexpression exerted no significant impact on the
inhibition of VSMC apoptosis by Smad2/3 inhibitor

(Figures 5C,D).

(Figures Supplementary Figure However,

Discussion

In this study, we found that ALK7 was elevated in the
of  diabetic Inhibiting
stabilized atherosclerotic plaques

atherosclerotic mice.
ALK7

reduced VSMC apoptosis. Furthermore, ALK7 exerted its pro-

plaques
expression and
apoptotic role via Smad2/3 signaling pathway. Our findings
indicated ALK7 might be a potential target for alleviating
diabetic atherosclerosis.

The coexistence of diabetes aggravates the vulnerability of
atherosclerotic plaques, resulting in the increased incidence and
severity of clinical events, even death (Moreno and Fuster, 2004;
Yuan et al., 2019; Xu et al., 2020). However, there are no effective
therapies in this field. ALK7 was initially reported to play a
crucial role in fat metabolism and other metabolic disturbance,
such as diabetes (Ibafiez, 2021). The key role of ALK?7 in diabetes
and atherosclerosis respectively promoted us to further explore
its role in diabetic atherosclerosis (Liu et al., 2013; Li et al., 2015;
Ibdnez, 2021; Zhao et al., 2021). As expected, we found elevated
ALK7 expression in the atherosclerotic plaques of diabetic mice
and made clear that suppression of ALK7 could generate
beneficial effects via inhibiting the progress of diabetic
atherosclerosis, as indicated by the decreased plaque load and
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area along the aortic tree. Our findings fully testify ALK7 as an
important modulator and potential therapeutic target in diabetic
atherosclerosis.

There are different degrees of abnormal glucose and lipid
metabolism in patients with type 2 diabetes mellitus (Gade
et al,, 2010). In the present study, we found that ALK7 exerted
no significant effects on the level of serum lipids and glucose.
Histological staining of aortic roots presented decreased index
of vulnerable plaques in diabetic group with administration of
ALK7-shRNA lentivirus. Therefore, we speculated ALK7 might
exert its crucial impacts beyond metabolic regulation. Increased
VSMC apoptosis brings about thinner fibrillar cap, destabilizes
atherosclerotic plaques and promotes plaque rupture (Silva
1995; 2013). We
demonstrated the promotion of ALK7 on VSMC apoptosis,

et al, Paneni et al, innovatively
suggesting ALK7 acted as a potential regulator of VSMCs.
Recently, ALK7 was reported to promote VSMC phenotypic
modulation induced by platelet-derived growth factor-BB via
inhibiting PPARy expression in the pathogenesis of intimal
hyperplasia (Gong et al., 2020). Our findings about ALK7 in
aggravating VSMC apoptosis of diabetic atherosclerosis
expanded action of ALK7 on the biological characteristics of
VSMCs.

The Smads family is a group of transcription factors that
transmit TGF-beta-regulated signals directly from cell surface
receptors to the nucleus, controlling a range of biological
activities, such as proliferation, apoptosis, differentiation
(Derynck et al., 1998; Zhou et al., 1999; Budi et al., 2017).
Among them, Smad2/3 are receptor-activated Smad proteins
that can be activated by the type I Activin receptors (ALK4/5/7)
(Massagué, 1998) (Siegel and Massagué, 2003). In this study,
the elevated phosphorylation of Smad2/3 in VSMCs co-
cultured with high glucose and palmitic
significantly inhibited by ALK7 knockdown, indicating
Smad2/3 as the of ALK7.
ALK?7 overexpression could not alleviate the anti-apoptotic
effect of Smad2/3 further that
ALK?7 regulated VSMCs apoptosis via Smad2/3 signaling.

acid was

downstream Moreover,

inhibitors, confirming
Our findings were consistent with other studies that
ALK7 can regulate cell apoptosis through Smad2/3 (Xu
et al., 2004; Zhao et al., 2012; Liu et al., 2013).

To sum up, our study demonstrated that interfering
ALK7 expression significantly increased the stability of
atherosclerotic plaques in ApoE™~ mice with type 2 diabetes
mellitus. Moreover, ALK7 was involved in the regulation of
VSMC apoptosis via Smad2/3 signaling pathway, indicating
ALK? as a vital target in the treatment of diabetic atherosclerosis.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.926433

Cao et al.

Ethics statement

The animal study was reviewed and approved by Animal
Care and Use Committee of Shandong University.

Author contributions

Data collection and analysis: SC, QD, XL, WL, HL.
Supervision: YC, SW, MT. Writing: QY, XZ, CZ. All authors
read and approve the final version of the manuscript.

Funding

This study was supported by the State Key Program of the
National Natural Science Foundation of China (82030059),
National Natural Science Foundation of China (81570401,
82102292, 81900435, 81670411, 82072141, 81900420,
82072144, 81873950, 81873953), National Key R&D Program
of China (2020YFC1512700, 2020YFC1512705,
2020YFC1512703), National S&T Fundamental Resources
Investigation Project (2018FY100600, 2018FY100602), Taishan
Pandeng  Scholar ~ Program of Shandong Province
(tspd20181220), Taishan Young Scholar Program of Shandong
Province (tsqn20161065, tsqn201812129), Natural Science
(ZR201808120047,

Foundation of Shandong Province

References

Ahmadi, A., Argulian, E., Leipsic, J., Newby, D. E., and Narula, J. (2019). From
subclinical atherosclerosis to plaque progression and acute coronary events: JACC
state-of-the-art review. J. Am. Coll. Cardiol. 74, 1608-1617. doi:10.1016/j.jacc.2019.
08.012

Bennett, M. R,, Sinha, S., and Owens, G. K. (2016). Vascular smooth muscle cells
in atherosclerosis. Circ. Res. 118, 692-702. doi:10.1161/CIRCRESAHA.115.306361

Budi, E. H., Duan, D., and Derynck, R. (2017). Transforming growth factor-{
receptors and smads: regulatory complexity and functional versatility. Trends Cell
Biol. 27, 658-672. doi:10.1016/j.tcb.2017.04.005

Cheng, W. L., Zhang, Q., Cao, J. L., Chen, X. L., Li, W,, Zhang, L., et al. (2021).
ALK7 acts as a positive regulator of macrophage activation through down-
regulation of PPARy expression. J. Atheroscler. Thromb. 28, 375-384. doi:10.
5551/jat.54445

Clarke, M. C,, Figg, N., Maguire, . J., Davenport, A. P., Goddard, M., Littlewood, T.
D., et al. (2006). Apoptosis of vascular smooth muscle cells induces features of plaque
vulnerability in atherosclerosis. Nat. Med. 12, 1075-1080. doi:10.1038/nm1459

Derynck, R., Zhang, Y., and Feng, X. H. (1998). Smads: transcriptional activators
of TGF-beta responses. Cell 95, 737-740. doi:10.1016/s0092-8674(00)81696-7

Dong, M., Yang, X, Lim, S., Cao, Z., Honek, J., Lu, H,, et al. (2013). Cold exposure
promotes atherosclerotic plaque growth and instability via UCP1-dependent
lipolysis. Cell Metab. 18, 118-129. d0i:10.1016/j.cmet.2013.06.003

Gade, W., Schmit, J., Collins, M., and Gade, J. (2010). Beyond obesity: the
diagnosis and pathophysiology of metabolic syndrome. Clin. Lab. Sci. 23, 51-61.
quiz 62-65. doi:10.29074/ascls.23.1.51

Gong, F. H,, Cheng, W. L., Zhang, Q., Chen, X. L,, Cao, J. L., Yang, T, et al. (2020).
ALK?7 promotes vascular smooth muscle cells phenotypic modulation by negative

regulating PPARYy expression. J. Cardiovasc. Pharmacol. 76, 237-245. doi:10.1097/
FJC.0000000000000857

Frontiers in Pharmacology

10

10.3389/fphar.2022.926433

ZR2021LSW003), Youth Top-Talent Project of National Ten
Thousand Talents Plan, and Qilu Young Scholar Program.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.926433/full#supplementary-material

Greenwald, J., Groppe, J., Gray, P., Wiater, E., Kwiatkowski, W., Vale, W, et al.
(2003). The BMP7/ActRII extracellular domain complex provides new insights into
the cooperative nature of receptor assembly. Mol. Cell 11, 605-617. doi:10.1016/
$1097-2765(03)00094-7

Hopkins, P. N. (2013). Molecular biology of atherosclerosis. Physiol. Rev. 93,
1317-1542. doi:10.1152/physrev.00004.2012

Ibanez, C. F. (2021). Regulation of metabolic homeostasis by the TGF-f
superfamily receptor ALK7. FEBS J., febs.16090. doi:10.1111/febs.16090

Leskinen, M. J., Lindstedt, K. A., Wang, Y., and Kovanen, P. T. (2003).
Mast cell chymase induces smooth muscle cell apoptosis by a mechanism
involving fibronectin degradation and disruption of focal adhesions.
Arterioscler.  Thromb. Vasc. Biol. 23, 238-243. doi:10.1161/01.atv.
0000051405.68811.4d

Li, W. B,, Zhao, ], Liu, L., Wang, Z. H., Han, L., Zhong, M., et al. (2015). Silencing
of activin receptor-like kinase 7 alleviates aortic stiffness in type 2 diabetic rats. Acta
Diabetol. 52, 717-726. doi:10.1007/s00592-014-0706-8

Lien, C. F.,, Chen, S. ], Tsai, M. C,, and Lin, C. S. (2021). Potential role of protein
kinase C in the pathophysiology of diabetes-associated atherosclerosis. Front.
Pharmacol. 12, 716332. doi:10.3389/fphar.2021.716332

Liu, L., Ding, W. Y., Zhao, J., Wang, Z. H., Zhong, M., Zhang, W., et al. (2013).
Activin receptor-like kinase 7 mediates high glucose-induced H9¢2 cardiomyoblast
apoptosis through activation of Smad2/3. Int. J. Biochem. Cell Biol. 45, 2027-2035.
doi:10.1016/j.biocel.2013.06.018

Massagué, J. (1998). TGF-beta signal transduction. Annu. Rev. Biochem. 67,
753-791. doi:10.1146/annurev.biochem.67.1.753

Miano, J. M., Fisher, E. A., and Majesky, M. W. (2021). Fate and state of vascular
smooth muscle cells in atherosclerosis. Circulation 143, 2110-2116. doi:10.1161/
CIRCULATIONAHA.120.049922

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.926433/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.926433/full#supplementary-material
https://doi.org/10.1016/j.jacc.2019.08.012
https://doi.org/10.1016/j.jacc.2019.08.012
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1016/j.tcb.2017.04.005
https://doi.org/10.5551/jat.54445
https://doi.org/10.5551/jat.54445
https://doi.org/10.1038/nm1459
https://doi.org/10.1016/s0092-8674(00)81696-7
https://doi.org/10.1016/j.cmet.2013.06.003
https://doi.org/10.29074/ascls.23.1.51
https://doi.org/10.1097/FJC.0000000000000857
https://doi.org/10.1097/FJC.0000000000000857
https://doi.org/10.1016/s1097-2765(03)00094-7
https://doi.org/10.1016/s1097-2765(03)00094-7
https://doi.org/10.1152/physrev.00004.2012
https://doi.org/10.1111/febs.16090
https://doi.org/10.1161/01.atv.0000051405.68811.4d
https://doi.org/10.1161/01.atv.0000051405.68811.4d
https://doi.org/10.1007/s00592-014-0706-8
https://doi.org/10.3389/fphar.2021.716332
https://doi.org/10.1016/j.biocel.2013.06.018
https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.926433

Cao et al.

Moreno, P. R,, and Fuster, V. (2004). New aspects in the pathogenesis of diabetic
atherothrombosis. J. Am. Coll. Cardiol. 44, 2293-2300. doi:10.1016/j.jacc.2004.
07.060

Paneni, F.,, Beckman, J. A., Creager, M. A., and Cosentino, F. (2013). Diabetes and
vascular disease: pathophysiology, clinical consequences, and medical therapy: Part
1. Eur. Heart J. 34, 2436-2443. doi:10.1093/eurheartj/eht149

Poznyak, A. V., Nikiforov, N. G., Markin, A. M., Kashirskikh, D. A., Myasoedova,
V. A, Gerasimova, E. V., et al. (2020). overview of OxLDL and its impact on
cardiovascular health: focus on atherosclerosis. Front. Pharmacol. 11, 613780.
doi:10.3389/fphar.2020.613780

Reddy, M. A,, Das, S., Zhuo, C,, Jin, W., Wang, M., Lanting, L., et al. (2016).
Regulation of vascular smooth muscle cell dysfunction under diabetic conditions by
miR-504. Arterioscler. Thromb. Vasc. Biol. 36, 864-873. doi:10.1161/ATVBAHA.
115.306770

Rydén, M., Imamura, T., Jérnvall, H., Belluardo, N., Neveu, I, Trupp, M., et al.
(1996). A novel type I receptor serine-threonine kinase predominantly expressed in
the adult central nervous system. J. Biol. Chem. 271, 30603-30609. doi:10.1074/jbc.
271.48.30603

Shi, Q., Dong, X., Zhang, M., Cheng, Y., and Pei, C. (2020). Knockdown of
ALK?7 inhibits high glucose-induced oxidative stress and apoptosis in retinal
pigment epithelial cells. Clin. Exp. Pharmacol. Physiol. 47, 313-321. doi:10.1111/
1440-1681.13189

Siegel, P. M., and Massagué, J. (2003). Cytostatic and apoptotic actions of TGF-
beta in homeostasis and cancer. Nat. Rev. Cancer 3, 807-821. doi:10.1038/
nrcl1208

Silva, J. A., Escobar, A., Collins, T. J., Ramee, S. R., and White, C. J. (1995).
Unstable angina. a comparison of angioscopic findings between diabetic and
nondiabetic patients. Circulation 92, 1731-1736. doi:10.1161/01.cir.92.7.
1731

Tsuchida, K., Nakatani, M., Uezumi, A., Murakami, T., and Cui, X. (2008). Signal
transduction pathway through activin receptors as a therapeutic target of
musculoskeletal diseases and cancer. Endocr. J. 55, 11-21. doi:10.1507/endocrj.
kr-110

Tsuchida, K., Sawchenko, P. E., Nishikawa, S., and Vale, W. W. (1996). Molecular
cloning of a novel type I receptor serine/threonine kinase for the TGF beta
superfamily from rat brain. Mol. Cell. Neurosci. 7, 467-478. doi:10.1006/mcne.
1996.0034

Frontiers in Pharmacology

1

10.3389/fphar.2022.926433

Wang, J., Han, L., Wang, Z. H,, Ding, W. Y., Shang, Y. Y., Tang, M. X, et al.
(2014). Overexpression of STAMP2 suppresses atherosclerosis and stabilizes
plaques in diabetic mice. J. Cell. Mol. Med. 18, 735-748. doi:10.1111/jcmm.12222

Watanabe, R, Yamada, Y., Thara, Y., Someya, Y., Kubota, A., Kagimoto, S., et al.
(1999). The MH1 domains of smad2 and smad3 are involved in the regulation of the
ALK?7 signals. Biochem. Biophys. Res. Commun. 254, 707-712. doi:10.1006/bbrc.
1998.0118

Weber, C., and Noels, H. (2011). Atherosclerosis: current pathogenesis and
therapeutic options. Nat. Med. 17, 1410-1422. doi:10.1038/nm.2538

Weikel, K. A., Cacicedo, J. M., Ruderman, N. B., and Ido, Y. (2015). Glucose and
palmitate uncouple AMPK from autophagy in human aortic endothelial cells. Am.
J. Physiol. Cell Physiol. 308, C249-C263. doi:10.1152/ajpcell.00265.2014

Wu, Y., Song, P., Xu, J., Zhang, M., and Zou, M. H. (2007). Activation of protein
phosphatase 2A by palmitate inhibits AMP-activated protein kinase. J. Biol. Chem.
282, 9777-9788. doi:10.1074/jbc.M608310200

Xu, G., Zhong, Y., Munir, S., Yang, B. B,, Tsang, B. K,, Peng, C,, et al. (2004).
Nodal induces apoptosis and inhibits proliferation in human epithelial ovarian
cancer cells via activin receptor-like kinase 7. J. Clin. Endocrinol. Metab. 89,
5523-5534. doi:10.1210/jc.2004-0893

Xu, S. N, Zhou, X,, Zhu, C. J., Qin, W., Zhu, J., Zhang, K. L, et al. (2020). Ne-
carboxymethyl-lysine deteriorates vascular calcification in diabetic atherosclerosis
induced by vascular smooth muscle cell-derived foam cells. Front. Pharmacol. 11,
626. doi:10.3389/fphar.2020.00626

Yuan, T., Yang, T., Chen, H,, Fu, D, Hu, Y., Wang, ], et al. (2019). New insights
into oxidative stress and inflammation during diabetes mellitus-accelerated
atherosclerosis. Redox Biol. 20, 247-260. doi:10.1016/j.redox.2018.09.025

Zhao, F., Huang, F.,, Tang, M,, Li, X, Zhang, N., Amfilochiadis, A., et al. (2012).
Nodal induces apoptosis through activation of the ALK7 signaling pathway in
pancreatic INS-1 B-cells. Am. J. Physiol. Endocrinol. Metab. 303, E132-E143. doi:10.
1152/ajpendo.00074.2012

Zhao, Z., Lu, Y., Wang, H., Gu, X, Zhu, L., Guo, H,, et al. (2021). ALK7 inhibition
protects osteoblast cells against high glucose-induced ROS production via Nrf2/
HO-1 signaling pathway. Curr. Mol. Med. 22, 354-364. doi:10.2174/
1566524021666210614144337

Zhou, S., Kinzler, K. W., and Vogelstein, B. (1999). Going mad with Smads. N.
Engl. ]. Med. 341, 1144-1146. doi:10.1056/NEJM199910073411510

frontiersin.org


https://doi.org/10.1016/j.jacc.2004.07.060
https://doi.org/10.1016/j.jacc.2004.07.060
https://doi.org/10.1093/eurheartj/eht149
https://doi.org/10.3389/fphar.2020.613780
https://doi.org/10.1161/ATVBAHA.115.306770
https://doi.org/10.1161/ATVBAHA.115.306770
https://doi.org/10.1074/jbc.271.48.30603
https://doi.org/10.1074/jbc.271.48.30603
https://doi.org/10.1111/1440-1681.13189
https://doi.org/10.1111/1440-1681.13189
https://doi.org/10.1038/nrc1208
https://doi.org/10.1038/nrc1208
https://doi.org/10.1161/01.cir.92.7.1731
https://doi.org/10.1161/01.cir.92.7.1731
https://doi.org/10.1507/endocrj.kr-110
https://doi.org/10.1507/endocrj.kr-110
https://doi.org/10.1006/mcne.1996.0034
https://doi.org/10.1006/mcne.1996.0034
https://doi.org/10.1111/jcmm.12222
https://doi.org/10.1006/bbrc.1998.0118
https://doi.org/10.1006/bbrc.1998.0118
https://doi.org/10.1038/nm.2538
https://doi.org/10.1152/ajpcell.00265.2014
https://doi.org/10.1074/jbc.M608310200
https://doi.org/10.1210/jc.2004-0893
https://doi.org/10.3389/fphar.2020.00626
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1152/ajpendo.00074.2012
https://doi.org/10.1152/ajpendo.00074.2012
https://doi.org/10.2174/1566524021666210614144337
https://doi.org/10.2174/1566524021666210614144337
https://doi.org/10.1056/NEJM199910073411510
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.926433

	Activin receptor-like kinase 7 promotes apoptosis of vascular smooth muscle cells via activating Smad2/3 signaling in diabe ...
	Introduction
	Materials and methods
	Reagents
	Experimental animals
	Cell culture and treatment
	Intraperitoneal glucose tolerance test
	Quantitative real-time PCR analysis
	Western blot analysis
	Immunohistochemistry
	En face analysis of atherosclerotic plaque stability
	Activin receptor-like kinase 7 knockdown and overexpression
	Transferase-mediated dUTP nick-end labeling assay
	Statistical analysis

	Results
	Activin receptor-like kinase 7 expression was elevated in diabetic mice aortas with atherosclerotic plaques
	Activin receptor-like kinase 7 deficiency decreased atherosclerotic plaque burden and increased plaque stability of diabeti ...
	Activin receptor-like kinase 7 deficiency improved diabetic atherosclerosis via reducing vascular smooth muscle cell apoptosis
	Activin receptor-like kinase 7-Smad2/3 signaling pathway mediated high glucose and palmitic acid-induced vascular smooth mu ...

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


