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Background: Endothelial-to-mesenchymal transition (EndMT) is an important source of
myofibroblasts that directly affects cardiac function in diabetic cardiomyopathy (DCM) via
an unknown underlying mechanism. Sirt6 is a member of the Sirtuin family of NAD(+)-
dependent enzymes that plays an important role in glucose and fatty acid metabolism. In this
study, we investigated whether Sirt6 participates in EndMT during the development of
T2DM and the possible underlying regulatory mechanisms.

Methods: Endothelium-specific Sirt6 knockout (Sirt6-KO"®) mice (C57BL/6 genetic back-
ground) were generated using the classic Cre/loxp gene recombination system. T2DM was
induced in eight-week-old male mice by feeding with a high-fat diet for three weeks
followed by i.p. injection with 30 mg/kg of streptozotocin. The weight, lipids profiles,
insulin, food intake and water intake of experimental animals were measured on a weekly
basis. Cardiac microvascular endothelial cells (CMECs) were obtained from adult male mice;
the isolated cells were cultured with high glucose (HG; 33 mmol/L) and palmitic acid (PA;
500 pmol/L) in DMEM for 24 h, or with normal glucose (NG; 5 mmol/L) as the control.
Results: Sirt6 expression is significantly downregulated in CMECs treated with HG+PA.
Additionally, Sirt6-KOC was found to worsen DCM, as indicated by aggravated perivas-
cular fibrosis, cardiomyocyte hypertrophy, and decreased cardiac function. In vitro, Sirt6
knockdown exacerbated the proliferation, and migration of CMECs exposed to HG+PA.
Mechanistically, Sirt6 knockdown significantly enhanced Notchl activation in CMECs
treated with HG+PA, whereas Notchl adenoviral interference significantly blunted the
effects of Sirt6 knockdown on CMECs.

Conclusion: This study is the first to demonstrate that Sirt6 participates in EndMT via the
Notchl signaling pathway in CMECs stimulated with HG+PA. Therefore, the findings of this
study suggest that Sirt6 could provide a potential treatment strategy for DCM.

Keywords: diabetic cardiomyopathy, endothelial-to-mesenchymal transition, cardiac
function, fibrosis, Sirt6

Introduction

Type 2 diabetes mellitus (T2DM) is a highly prevalent disease that can cause
cardiovascular diseases, which are the leading cause of T2DM-associated death.'
Diabetic cardiomyopathy (DCM) is a complex metabolic disease characterized by
microvascular injury, cardiac fibrosis, and associated dysfunction.”* Myofibroblast-
mediated extracellular matrix remodeling is the key pathological basis for the
occurrence and development of DCM, since increased extracellular matrix deposi-
tion leads to cardiac stiffness and diastolic dysfunction, which can ultimately result
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in cardiomyocyte hypertrophy and left ventricular systolic
dysfunction.*> In addition, perivascular fibrosis can affect
the oxygen supply to cardiomyocytes and thus exacerbate
myocardial ischemia.

Recent studies have shown that endothelial cells are an
important source of myofibroblasts and that the endothe-
lial-to-mesenchymal transition (EndMT) is a key pathway
During EndMT, endothelial cells
undergo enhanced proliferation and migration, acquire

in this process.®’

mesenchymal characteristics (a-SMA) and lose endothelial
cell markers (CD31).® This process can be promoted by
various changes in diabetes, such as hyperglycemia, fatty
acid oxidation, and inflammation activation; therefore, it
has been suggested that this process could serve as
a potential therapeutic target for cardiac fibrosis in DCM.

Cardiac microvascular endothelial cells (CMECs) are
a single layer of cells arranged on the inner surface of
cardiac microvasculature, forming an important barrier
between circulation and cardiomyocytes. In addition,
CMECs act as an important endocrine organ within the
heart and are an initial target for hyperglycemia.’'
Considerable evidence has indicated that cardiac micro-

11,12 and

vasculature is closely related to cardiac function,
our previous study suggested that endothelial cell-specific
gene editing can affect cardiac function in diabetic mice."
Consequently, protecting cardiac microvessels could be
a potential treatment strategy for DCM.

Sirt6 is a member of the Sirtuin family of NAD(+)-
dependent enzymes. It has been shown to play an impor-
tant role in physiological and pathological processes,
particularly glucose and fatty acid metabolism, and
a protective role in maintaining cardiac homeostasis.'*'>
However, it remains unclear whether Sirt6 is involved in
T2DM-induced EndMT in CMECs. In this study, we
investigated whether Sirt6 participates in EndMT during
the development of T2DM and the possible underlying

regulatory mechanisms.

Materials and Methods

All experiments were performed according to the National
Institutes of Health Guidelines on the Use of Laboratory
Animals and were approved by the Fourth Military
Medical University Ethics Committee on Animal Care
(Approval ID: 2,018,103).

Animals
Endothelium-specific Sirt6 knockout (Sirt6-KO") mice
(C57BL/6 genetic background) were generated using the

classic Cre/loxp gene recombination system, as described
previously.'® Briefly, Tie2-Cre transgenic mice that have
the mouse endothelium-specific receptor were used to
deleting floxed sequences from endothelial cells of adult
mice. We crossed Sirt6™? mice with Tie2-cre mice to
establish (Sirt6™™; Tie2-cre+) mice. Sirt6-KO®® mice
were induced by intraperitoneal (i.p.) injection with
tamoxifen (40 mg/KG/day) for seven days. The experi-
mental mice were genotyped using PCR. T2DM was
induced in eight-week-old male mice by feeding with
a high-fat diet for three weeks followed by i.p. injection
with 30 mg/kg of streptozotocin (STZ; Sigma—Aldrich,
St. Louis, MO) dissolved in citrate buffer (0.1 M citrate
buffer, pH 4.5) for five days. The mice were fed a high-fat
diet for 12 weeks after the course of injections was com-
pleted. The control group mice were injected with the
same amount of citrate buffer and were fed a normal
diet. The normal diet (10% of kcal from fat, D12450)
and high-fat diet (60% of kcal from fat, D12492) were
purchased from Research Diets, Inc. (New Brunswick,
USA). Blood glucose levels were monitored every week
after the last STZ injection.

Echocardiography
Echocardiography was conducted using an echocardiogra-
phy system with a 15-MHz linear transducer

(VisualSonics, Toronto, ON, Canada). The left ventricular
ejection fraction (LVEF), left ventricular fraction short-
ening (LVFS), left ventricular end-diastolic diameter
(LVEDD), and left ventricular end-systolic diameter
(LVESD) were calculated using Vevo 2100 software algo-
rithms (VisualSonics, Toronto, ON, Canada).

CMEC lIsolation, Cultivation, and

Treatment

CMECs were obtained from adult male mice, as described
previously."® Briefly, adult mouse hearts were removed
under aseptic conditions, digested with 0.2% type II col-
lagenase (Sigma—Aldrich) for 30 min after the atria had
been removed, and then digested with 0.25% trypsin
(Sigma—Aldrich) for further 10 min. CMECs were col-
lected by centrifugation (1000 x g for 10 min) and cultured
with Dulbecco’s Modified Eagle’s medium (DMEM) con-
taining 20% fetal bovine serum (HyClone, UT, USA) at
37 °C in the presence of 75% N,, 20% O,, and 5% CO,.
The isolated cells were then cultured with high glucose
(HG; 33 mmol/L) and palmitic acid (PA; 500 umol/L) in
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DMEM for 24 h, or with normal glucose (NG; 5 mmol/L)
as the control, as described previously.'’

Adenovirus Management

As described previously,'® adenoviruses expressing short
hairpin (sh) RNAs directed against Sirt6 (Ad-shSirt6),
Notchl (Ad-shNotchl),
scramble) were purchased from Hanbio Technology Ltd
(Shanghai, China).

and a control vector (Ad-

Histological Analysis and

Immunofluorescence (IF) Staining

Mouse hearts were fixed in 4% paraformaldehyde overnight
at 4 °C, embedded in paraffin, and cut into 4 um thick slices.
Fibrosis and collagen content were assessed using Masson
trichrome staining. Myocyte size was evaluated using wheat
germ agglutinin staining. Histological analysis and IF stain-

ing were performed as described previously.'®!?

Scratch-Migration Assay

CMECs were cultured in six-well plates containing serum-
deprived medium for 24 h and scratched, and the medium
was replaced with a fresh serum-deprived medium. Images
were captured at 6 h intervals, and the migration area was
quantified using ImageJ software (version 1.46; National
Institutes of Health, MA, USA,)).

The 5-Ethynyl-2'-Deoxyuridine (EdU)
Cell Proliferation Assay

Cell proliferation was detected using an EdU kit (Beyotime
Biotechnology, Shanghai, China) according to the manufac-
turer’s instructions. Briefly, EdU (10 umol/L) was added to
the culture medium and the CMECs were incubated for 2
h before being fixed for detection. The proliferating cells
were indicated by bright red fluorescence under a laser con-
focal microscope (FV-10i, Olympus, Japan).

Western Blotting (WB)

Proteins were isolated from CMECs in heart tissue or cul-
tured in DMEM as described above. Next, 40 pg of each
protein sample was separated via 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE; Cwbiotech,
Beijing, China), transferred onto 0.22 pum nitrocellulose blot-
ting membranes (Millipore, MA, USA), and blocked with 5%
milk for 1 h at 37 °C. The membranes were then incubated
with the following primary antibodies at 4 °C overnight: anti-
Notch-1 (Santa Cruz Biotechnology, USA), anti-NICD and

anti-HES-1 (Cell Signaling Technology Inc., Danvers, MA),
and anti-CD31, anti-o-SMA, anti-Sirt6, and anti-GAPDH
(Abcam Co, Cambridge, UK). Antigen-antibody complexes
were detected and imaged by a chemiluminescence system
(Amersham Bioscience, Buckinghamshire, UK) after incuba-
tion with secondary antibodies for 1 h at 37 °C.

Statistical Analysis

Data are presented as the mean + SD. Differences were ana-
lyzed using Student’s #-tests and one-way Analysis of Variance
(ANOVA) followed by the Bonferroni comparison test.
P values of <0.05 were considered statistically significant.

Results
Sirt6 is Downregulated in CMECs in

Response to EndMT Induced by HG+PA

To evaluate the role of Sirt6 and EndMT in CMECs, we
constructed a mouse model of T2DM through a high-fat
diet and low-dose STZ. We measured the weight, lipids
profiles, insulin, food intake and water intake of experi-
mental animals on a weekly basis (s-Figure 1A-G), the
diabetic mice displayed glucose intolerance characterized
by intra-peritoneal glucose tolerance test (IPGTT) at 15
weeks (Figure 1A). To evaluate whether CMECs under-
went EndMT in T2DM, we detected the expression of
mesenchymal and endothelial cell markers. IF staining
CD31
upregulated a-SMA (Figure 1B), consistent with the char-
acteristics of EndMT. We then isolated CMECs from six-
week-old male mice and cultured them in HG+PA or NG
to further verify whether the EndMT process was caused
by HG+PA. WB and IF staining indicated decreased CD31
expression, upregulated a-SMA expression, and decreased

revealed downregulated microvascular and

Sirt6 expression in the HG+PA group (Figure 1E) com-
pared to the control group (Figure 1C and D). Taken
together, these results confirm that HG+PA induced
EndMT in CMECs and significantly downregulated Sirt6.

Endothelium-Specific Sirté6 Knockout

Worsens Perivascular Fibrosis and DCM

Having confirmed that Sirt6 was significantly downregu-
lated in CMECs during EndMT, we investigated whether
Sirt6 downregulation contributes toward or protects against
EndMT. Sirt6-KO"® mice and wild-type (WT) mice were
subjected to low-dose STZ and a high-fat diet for 16 weeks
to induce T2DM. First, we evaluated perivascular fibrosis,
with Masson staining revealing that T2DM significantly
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Figure | Sirt6 is downregulated in CMECs in response to EndMT induced by HG+PA. (A) A mouse mode of T2DM was constructed, and 2 h post-IPGTT hyperglycemia
was performed (n = 20). (B) Representative images of IF staining in different vessels. Red fluorescence represents CD31, green fluorescence represents a-SMA, and blue
fluorescence represents the nucleus (n = 5). (C and D) Western blotting and quantitative analysis of CD31, a-SMA, and Sirté protein levels in CMECs treated with HG+PA.
(E) Representative images of IF staining in CMECs from the NG and HG+PA groups. Red fluorescence represents CD31, green fluorescence represents a-SMA, and blue

fluorescence represents the nucleus (n = 5). *P < 0.05 vs NG.

increased extracellular matrix deposition in Sirt6-KOF®
mice compared to WT mice (Figure 2A and D). Moreover,
mice with T2DM exhibited a lower LVEF and LVFS than
the WT mice accompanied by a higher LVEDD and
LVESD, as determined by echocardiography (Figure 2C),
while endothelium-specific Sirt6 knockout reduced cardiac
function (Figure 2F-I). In addition, wheat germ agglutinin
staining revealed that Sirt6-KO" mice had larger myocytes
than WT mice with T2DM (Figure 2B and E). Thus,
endothelium-specific Sirt6 knockout appears to worsen peri-
vascular fibrosis and DCM in T2DM.

Sirté Knockout Affects the Proliferation,
Migration, and Mesenchymal Features of

CMECs Exposed to HG+PA

EndMT enhances the migration and proliferation capabil-
ities of endothelial cells and induces the expression of
mesenchymal markers.”® To investigate the effect of Sit6
on EndMT, we cultured CMECs in vitro with Ad-sh-Sirt6
or Ad- scramble in HG+PA or NG for 48 h. The EdU
proliferation assay revealed an 8% positive rate in the NG

group that did not change significantly with Ad-sh-Sirt6
transfection. Conversely, the HG+PA group displayed
a positive rate of 13% that was increased to 17% by Ad-
sh-Sirt6 transfection (Figure 3A and D). These results
indicate that HG+PA effectively promotes CMEC prolif-
eration, which is significantly increased by Sirt6 knockout.

Consistently, the scratch-migration assay revealed no sig-
nificant difference between the recovered area in the NG group
18 h after scratching with or without Ad-sh-Sirt6 transfection.
However, the recovered area in the HG+PA group was 14%
and increased to 18% with Ad-sh-Sirt6 transfection (Figure 3B
and E), indicating that Sirt6 knockout affects the migration of
CMECs treated with HG+PA. In addition, Sirt6 knockout
promoted a-SMA expression and inhibited CD31 expression
under HG+PA exposure, as confirmed by WB (Figure 3C and
F). Together, these results indicate that Sirt6 knockout contri-
butes toward EndMT in CMECs.

Sirté Mediates EndMT via the Notch|
Signaling Pathway in CMECs

Finally, we explored how Sirt6 mediates EndMT in
CMECs. As the Notch signaling pathway plays a key
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Figure 2 Endothelium-specific Sirt6 knockout worsens perivascular fibrosis and diabetic cardiomyopathy in T2DM. (A) Representative images of Masson trichrome staining
in mouse hearts from different groups (n = 6). (B) Representative images of wheat germ agglutinin staining in different groups (n = 6). (C) Cardiac function evaluated using
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role in cardiac development by regulating vascular

endothelial cell differentiation and proliferation,?'-*

we
detected all Notch signaling receptors (Notchl—4) and
found that HG+PA exposure significantly activated
Notchl. In addition, Sirt6 knockdown enhanced Notchl,
NICD, and HES-1 activation (Figure 4A and B), indicating
that Notchl signaling may participate in EndMT. To
further elucidate the role of Notchl in HG+PA-induced
EndMT regulation, we cultured CMECs in four groups
under different conditions: (1) HG+PA, (2) HG+PA+Ad-
shNotchl, (3) HG+PA+Ad-shSirt6, and (4) HG+PA+Ad-
shSirt6+Ad-shNotchl. Interestingly, Ad-shNotchl1 reduced
mesenchymal marker expression and enhanced the expres-
sion of endothelial cell markers in the HG+PA group
treated with Ad-shSirt6 (Figure 4C and D). Moreover,
Notchl knockdown reduced the migration area from 18%
to 15% in the HG+PA group treated with Ad-shSirt6 but
had no significant effect in the HG+PA group treated with-
out Ad-shSirt6 (Figure 4G and F). Furthermore, Ad-
shNotchl reduced the EdU positive rate from 34% to
26% in the HG+PA group treated with Ad-shSirt6 but
had no significant effect in the HG+PA group treated

without Ad-shSirt6 (Figure 4H and E). Taken together,
these results indicate that Sirt6 mediates EndMT via the
Notchl signaling pathway in CMECs.

Discussion
This study investigated the EndMT of CMECs in T2DM.
As reviewed in the introduction, EndMT is an important
cellular phenomenon that induces microvascular dysfunc-
tion and acts as an important source of myofibroblasts that
directly affect cardiac function in DCM.?**** EndMT has
also been implicated in the pathogenesis of diabetic fibro-
sis; for instance, Wang et al reported that HG levels can
induce EndMT in human umbilical vein endothelial cells,
including changes in corresponding protein expression and
morphology.?® These evidences indicate the sensitivity of
endothelial cells to hyperglycemia, but there was no direct
evidence to support the EndMT in CMECs caused by
T2DM. Therefore, we cultivated CMECs with HG+PA to
simulate T2DM in vitro and demonstrated the promotion
of EndMT by HG+PA in CMECs.

Sirt6 is known to play an important role in glucose
and fatty acid metabolism, and previous studies have
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Figure 3 Sirté knockout contributes toward proliferation, migration, and mesenchymal features expressing in CMECs exposed to HG+PA. (A) Representative images from
the EdU proliferation assay in CMECs treated as indicated. Red fluorescence represents proliferating cells (n = 5). (B) Representative images from the scratch-migration
assay in CMECs (n = 5). (C) Western blotting and quantitative analysis of a-SMA, and CD31 protein levels in CMECs treated as indicated (n = 5). (D) Quantitative analysis of
EdU proliferation assay results (n = 5). (E) Quantitative analysis of scratch-migration assay results (n = 5). (F) Quantitative analysis of a-SMA, and CD31 protein levels in
CMECs treated as indicated (n = 5). *P < 0.05 vs NG+Ad-scramble; #P < 0.05 vs NG+Ad-shSirt6; P < 0.05 vs HG+PA+Ad-scramble.

demonstrated that Sirt6 levels decrease in aging-induced
EndMT,*® confirming a link between SIRT6 and EndMT.
Therefore, we hypothesized that Sirt6 plays a key role in
mediating HG+PA-induced EndMT. Consistently, the
findings of this study demonstrated that Sirt6 was down-
regulated in CMECs in response to EndMT induced by
HG+PA. To further determine whether Sirt6 downregu-
lation contributes toward or protects against EndMT, we
constructed Sirt6-KO"C mice with or without T2DM. We
found that Sirt6-KO"C worsens perivascular fibrosis in
T2DM, and Sirt6-KO"®C mice displayed poorer cardiac
function, demonstrating that endothelial cells play an
important role in DCM through endotheliocyte- cardio-
myocyte or endotheliocyte-fibroblast crosstalk fashion,
and the protection of endothelial cells may be an impor-
tant measure in the prevention of diabetic injury.
Consistently, the CMECs cultured in vitro in HG+PA
with Ad-shSirt6 displayed stronger migration, prolifera-
tion, and mesenchymal features; therefore, we investi-
gated the underlying mechanisms.

Notch signaling has been reported to induce EndMT in
many normal or malignant cells, whereas recent studies
have reported that Notch signaling is activated in human

CMECs undergoing hypoxia-induced EndMT.>” Notch
signaling activation has also been shown to induce
EndMT progression in human coronary artery endothelial
cells and promote the development of atherosclerotic
lesions.”® In addition, the Sirt6 and Notch signaling path-
ways have been reported to regulate podocyte injury and
proteinuria,”® whereas Sirt6 deficiency was found to
impact corneal epithelial wound healing via Notch
signaling.’® Consistently, our study demonstrated that
Sirt6 deficiency contributes toward EndMT induced by
HG+PA via Notchl signaling.

Despite these important findings, our study has the fol-
lowing limitations. Although our results suggest that Sirt6
plays an important regulatory role in EndMT, the protective
effects of Sirt6 on CMECs need to be confirmed in endothe-
lium-specific Sirt6 transgenic mice. In addition, the relation-
ship between Sirt6 and the Notchl pathway did not display
one-to-one stoichiometry; therefore, we can only confirm
that Notchl plays a role in this process and cannot rule out
the possibility that Sirt6 promotes EndMT by simultaneously
targeting other genes involved in diabetes. Previous results
suggested that Sirt6 mediated transcriptional suppression of
MALAT]1 is a key mechanism for EndMT in a model of ECs
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aging,”® future research should focus on the role of Sirt6 and
target genes besides Notchl in EndMT.

In conclusion, our results highlight the importance of
CMEC:s in the development of DCM, provide a molecular
basis for HG+PA-induced EndMT in CMECs, and suggest
that the Sirt6/Notchl pathway might serve as a new ther-
apeutic target for treating DCM.
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