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SIRT3 attenuates coronary atherosclerosis in diabetic patients
by regulating endothelial cell function
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Abstract

Background: This study aimed to explore the relationship between the Sirtuin 3
(SIRT3) gene and endothelial cell dysfunction, contributing to the progression of coro-
nary atherosclerosis driven by hyperglycemia.

Methods: We measured serum SIRT3 levels using enzyme-linked immunosorbent
assay in 95 patients with type 2 diabetes mellitus (T2DM) who underwent diagnostic
coronary angiography. The patients were divided into two groups according to the
presence (n = 45) or absence (n = 50) of coronary artery disease (CAD). Human aortic
endothelial cells (HAECs) grown in vitro in a medium with various concentrations of
glucose (5.5, 11, 16.5, 22, 27.5, 33, and 38.5mM) for 24 h were assessed for protein
expression of SIRT3, peroxisome proliferator-activated receptor alpha (PPAR-a), en-
dothelial nitric oxide (NO) synthase (eNOS), and inducible NO synthase (iNOS) using
Western blot analysis. HAECs were subjected to SIRT3 overexpression or inhibition
through SIRT3 adenovirus and siRNA transfection.

Results: Serum SIRT3 levels were significantly lower in T2DM patients with CAD
than in those without CAD (p = 0.048). The in vitro results showed that HG signifi-
cantly increased SIRT3, PPAR-«, and eNOS protein expression in a concentration-
dependent manner. Moreover, iNOS expression was decreased in HAECs in response
to HG. Reduced PPAR-a and eNOS levels and increased iNOS levels were observed in
SIRT3 silenced HAECs cells. In contrast, SIRT3 overexpression significantly improved
PPAR-a and eNOS expression and suppressed iNOS expression.

Conclusion: SIRT3 was associated with the progression of atherosclerosis in T2DM
patients through upregulation of PPAR-a and eNOS and downregulation of iNOS,
which are involved in endothelial dysfunction under hyperglycemic conditions.
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1 | INTRODUCTION

Diabetes mellitus (DM), clinically characterized by hyperglycemia, is
a metabolic disease and a major risk factor for cardiovascular mor-
bidity and mortality.! Patients with type 2 DM (T2DM) are at higher
risk for the development and progression of cardiovascular compli-
cations, such as atherosclerosis and myocardial infarction (M), than
those without diabetes.?® Endothelial dysfunction occurring in the
early stage of diabetes is recognized as a risk factor for the initiation
and progression of atherosclerotic lesions, which are aggravated by
hyperglycemia.“'5 Molecular events linking hyperglycemia with en-
dothelial dysfunction have been reported to be involved in reduced
nitric oxide (NO) bioavailability,%” increased generation of reactive
oxygen species (ROS),® and increased inflammatory activation.”
Sirtuin 3 (SIRT3), the mitochondrial nicotinamide adenine dinu-
cleotide (+)-dependent deacetylase, has emerged as an important
contributor for improving obesity and diabetes by removing harm-
ful ROS.X° The deficiency of SIRT3 has been reported to result in a
high risk of developing diabetes.'*™*® SIRT3 has also contributed to
cardiovascular pathologies, such as endothelial dysfunction, athero-
sclerosis, oxidative stress, and inflammation. 1314 However, differ-
ent findings have been reported regarding the potential function of
SIRT3 in atherosclerosis. A previous study reported that SIRT3 defi-
ciency affected neither plaque burden nor fibrous cap thickness and
necrotic core diameter in low-density lipoprotein receptor knockout
mice.r®> Another study indicated that loss of SIRT3 does not impact
endothelial function in advanced atherosclerosis but may accelerate
the progression of vascular calcification.'® Reduced SIRT3 levels re-
sulting from deoxyribonucleic acid sequence variants may contrib-
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ute to the development of MI.*” However, Emrullah et a
that circulating SIRT3 levels were similar between patients with
acute MI (AMI) and those with normal coronary findings, suggesting
that no cardioprotective effect was found for SIRT3 in patients with
AMI. Therefore, the role of SIRT3 in the progression of coronary
heart disease associated with diabetes is not well established.
Herein, we used the serum of T2DM patients with coronary ar-
tery disease (CAD) and human aortic endothelial cells (HAECs) to
explore the effect of human SIRT3 on endothelial cell dysfunction

associated with atherosclerosis in diabetes.

2 | MATERIALS AND METHODS

2.1 | Study population

A total of 95 consecutive patients with T2DM who underwent di-
agnostic coronary angiography were recruited from the Second
Hospital of Shandong University and divided into two groups: pa-
tients with CAD (15 females, n = 45) and patients without CAD (con-
trol patients, 22 females, n = 50). The diagnostic evidence of CAD
was based on coronary angiography confirmed stenosis of >50% in
one or more major coronary arteries, including the left main coro-
nary artery, left anterior descending branch, left circumflex artery,
right coronary artery, and larger diagonal branch. Individuals were

excluded if they had a history of smoking, type 1 DM, gestational
diabetes, acute ST-elevation MI, acute heart failure, cerebrovascular
and peripheral vascular disease, mental abnormalities, and chronic
hepatic, renal, or any other serious disease. Informed consent was
obtained from all participants, and the procedures were approved
by the Ethics Committee of the Second Hospital of Shandong
University and were in accordance with the Declaration of Helsinki.

2.2 | Clinical measurements

The baseline demographics and clinical characteristics of all the pa-
tients were determined. The details of age, sex, body mass index
(BMI), and systolic and diastolic blood pressure were recorded.
Fasting blood samples were collected at baseline for glucose, gly-
cosylated hemoglobin (HbA1c), total cholesterol, triglycerides, high-
density lipoprotein (HDL) cholesterol, and low-density lipoprotein
(LDL) cholesterol.

2.3 | Enzyme-linked immunosorbent assay
(ELISA) analysis

Blood samples were obtained from all participants at admission,
centrifuged at 4000rpm for 10 min, and serum was separated and
stored at -80°C. Serum SIRT3 levels were determined in all patients
using a commercial human ELISA kit (Enzyme-linked Biotechnology
Co., Ltd., Shanghai, PRC) with a detection range of 62.5-2000 pg/ml.
The typical sensitivity of the SIRT3 ELISA kit is <10 pg/ml. The opti-
cal density was measured at a wavelength of 450 nm.

24 | Cellculture

Human aortic endothelial cells were grown in endothelial cell growth
medium 2 containing 2% fetal calf serum, 10 ng/ml growth factors,
1001U/ml penicillin, and 100 pg/ml streptomycin at 37°C, 5% CO, in
atmosphere, and 95% humidity.

2.5 | ELISA analysis for SIRT3 in HAECs

SIRT3 levels in the culture supernatants of HAECs treated with dif-
ferent concentrations of glucose (5.5, 11, 16.5, 22, 27.5, 33, and
38.5mM) for 24h were determined using ELISA kits (Shanghai
Enzyme-linked Biotechnology Co., Ltd.), according to the manufac-

turer's instructions.

2.6 | Western blot analysis

Confluent cells were incubated with various concentrations
of glucose (5.5, 11, 16.5, 22, 27.5, 33 and 38.5mM) for 24h.
Moreover, HAECs were maintained in 5.5mM normal glucose
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TABLE 1 Baseline and clinical

WI LEYM

characteristics of the T2DM subgroups Variables Control patients CAD patients p value

Number 50 45 -

Sex (male/female) 28/22 30/15 0.833
Age (years) 55.3+14.4 60.0+9.4 0.063
BMI (kg/m?) 26.11+4.42 27.39+3.60 0.128
Systolic BP (mmHg) 145.56+20.53 140.36+16.90 0.183
Diastolic BP (mmHg) 87.66+10.33 84.44+10.20 0.131
Total cholesterol (mmol/L) 4.58+1.24 4.29+1.21 0.251
Triglyceride (mmol/L) 1.60+1.12 1.88+2.08 0.431
HDL cholesterol (mmol/L) 1.08+0.29 1.09+0.25 0.985
LDL cholesterol (mmol/L) 2.67+0.99 2.50+0.97 0.399
Glucose (mmol/L) 8.91+2.84 8.01+2.63 0.115
HbA1c (%) 8.98+1.84 8.40+1.61 0.111
Creatinine (pmol/L) 72.39+29.94 71.32+20.63 0.842
Smoking (n, %) 20 (40%) 25 (55.6%) 0.153

Note: Values are mean+SD.

as a control group. HAECs were washed twice with phosphate-
buffered saline, incubated on ice with 200l radioimmunopre-
cipitation assay buffer (Beijing Solarbio Science & Technology
Co., Ltd.) and 2 pl phenylmethylsulfonyl fluoride for 10 min, and
centrifuged at 12,000x g for 15min at 4°C. Protein concentra-
tions were determined using a standard bicinchoninic acid assay
(Beijing ComWin Biotech Co., Ltd.). Total cell lysates were elec-
trophoresed on 10% sodium dodecyl sulfate-poly acrylamide
gels, followed by electroblotting onto polyvinylidene difluoride
membranes. The membrane was blocked for 1 h in 5% nonfat dry
milk in 1x Tris-buffered saline with Tween™ 20 detergent (TBST)
buffer and then incubated overnight with monoclonal antibod-
ies. SIRT3, proliferator-activated receptor alpha (PPAR-a), en-
dothelial NO synthase (eNOS), and inducible NO synthase (iNOS)
protein expression was detected using rabbit anti-human SIRT3
(1:1000, Abcam, England), rabbit anti-human PPAR-a (1:200,
Wuhan Boster Biological Technology, Ltd.), rabbit anti-human
eNOS (1:1000, Sigma company, USA), and rabbit anti-human
iNOS (1:1000, Sigma company, USA) antibodies, as described pre-
viously. The membrane was washed thrice for 10 min each with
1x TBST buffer and then incubated in 5% milk with horserad-
ish peroxidase-conjugated goat anti-rabbit immunoglobulin G for
1.5 h. The membrane was washed thrice for 12 min each with 1x
TBST buffer and developed using a highly sensitive chemilumi-
nescence reagent (Beijing ComWin Biotech Co., Ltd.). Anti-B-actin
rabbit polyclonal antibody (Beijing ComWin Biotech Co., Ltd.) was
used as the loading control. Images were captured with a camera
(Alpha Innotech, USA), and densitometric measurements were
performed using Image J software (Kodak, USA).

2.7 | SIRT3 adenovirus transfection

Human aortic endothelial cells were plated onto six-well culture
plates and transfected with adenovirus overexpressing green

fluorescent protein or SIRT3 (ViGene BioSciences). After 48h of

transfection, cells were harvested for Western blot analysis.

2.8 | Shortinterfering ribonucleic acid (siRNA)
transfection

Human aortic endothelial cells were plated onto six-well culture
plates and transfected with siRNA for SIRT3 knockdown using
Lipofectamine iMAX (Life Technologies) according to the manu-
facturer's protocol. After 48h of transfection, cells were har-
vested for Western blot analysis. The target sequences of siRNA
were sense: GCUCAUGGGUCCUUUGUAUTT and antisense:
AUACAAAGGACCCAUGAG CTT for SIRT3.

2.9 | Statistical analysis

All data are expressed as the mean+standard error of the mean.
After testing for normal distribution of variables, data were analyzed
using Student's t-test and one-way analysis of variance (ANOVA)
followed by the least significant difference post hoc test, as appro-
priate. In all tests, p <0.05 was considered statistically significant.
Data analysis was performed using SPSS version 23.0 and GraphPad
Prism software version 8.0.2.

3 | RESULTS

3.1 | SIRT3 was decreased in T2DM patients with
CAD

The baseline and clinical characteristics of the T2DM subgroups are
shown in Table 1. No differences were found in age, sex, BMI, blood
pressure, blood lipids, glucose, creatinine, or smoking between the
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two subgroups. The distribution of serum SIRT3 levels was ap-
proximately a normal distribution. SIRT3 levels were significantly
decreased in T2DM patients with CAD compared with those pa-
tients without CAD (284.21 +54.36pg/ml vs. 315.28+90.16 pg/ml,
p = 0.048) (Figure 1).

3.2 | The expression of SIRT3 is concentration-
dependent

In vitro experiments, we observed the expression of full-length
SIRT3, PPAR-a, eNOS, and iNOS in HAECs incubated in various
concentrations of glucose. No significant difference was observed
in B-actin protein expression in HAECs among groups treated with
various concentrations of glucose. Although the presence of SIRT3
expression in endothelial function and human and animal ath-

d,*>7'® we wanted to focus on the

erosclerotic tissue is still debate
expression of SIRT3 in HAECs treated under hyperglycemic condi-
tions. HAECs were treated with 5.5, 11, 16.5, 22, 27.5, 33, 38.5mM
glucose for 24 h. As presented in Figure 2, ELISA revealed that high
glucose (HG) treatment significantly increased the protein expres-
sion of SIRT3 in the culture supernatants. We further measured
protein levels of SIRT3 using Western blot analysis. Consistent with
the ELISA results, distinct SIRT3 protein expression was observed in
HAECs in a concentration-dependent manner (all p <0.05). The lev-
els of SIRT3 reached a maximum at 27.5mM glucose and decreased
at 33 and 38.5mM (Figure 3A,B).

3.3 | The expression of PPAR-« is concentration-
dependent

PPAR-a is known to play a role in atherosclerosis derived from in-

flammation as well as insulin resistance.’ To identify whether
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FIGURE 1 Serum levels of SIRT3 by ELISA in T2DM subgroups.
The T2DM patients with CAD displayed significant decrease in
SIRT3 levels when compared to those without CAD. *p = 0.048

PPAR-a regulates endothelial cells, cells were treated with various
concentrations of glucose to test PPAR-a expression (Figure 3A,C).
At the protein level, hyperglycemia caused a significant upregula-
tion of PPAR-« (all p <0.05). The most dramatic response in PPAR-«a
expression was observed at 27.5mM glucose. These data show that
the expression of PPAR-« is consistent with SIRT3, attributable to
hyperglycemia treatment in HAECs.

3.4 | The expression of eNOS and iNOS is
concentration-dependent

Nitric oxide has a pivotal role in mediating vascular endothelial func-
tion. To understand how endothelial dysfunction is related to the
antioxidant effects of SIRT3, eNOS and iNOS levels were also in-
vestigated (Figure 3A,D,E). Compared with the control, eNOS was
upregulated in HAECs exposed to higher glucose concentrations (all
p<0.05). eNOS expression was prominent at the protein levels at
27.5mM glucose. Meanwhile, downregulation of iINOS expression
was demonstrated in a concentration- dependent manner in re-
sponse to hyperglycemia, with the highest expression observed at
11 mM glucose, then decreased, with the lowest at 27.5mM glucose
compared with the control (all p <0.05).

3.5 |
PPAR-o

SIRT3 positively regulates the expression of

SIRT3 siRNA and adenovirus transfection were conducted to
further investigate the effects of SIRT3 on hyperglycemia- or
diabetes-induced atherosclerosis. As shownin Figure 4A, SIRT3 over-
expression aggravated PPAR-a upregulation (p <0.05). Consistently,
siRNA-mediated SIRT3 knockdown significantly suppressed PPAR-a
expression in HAECs (p <0.05) (Figure 4B). Taken together, these
results imply that SIRT3 is a positive regulator of PPAR-a expression.

3.6 | SIRT3 regulates the expressions of
eNOS and iNOS

Under similar conditions, as demonstrated in Figure 4A, SIRT3 over-
expression significantly improved eNOS expression and suppressed
iNOS expression (all p <0.05). In contrast, reduced eNOS levels and
increased iNOS levels were observed in SIRT3 silenced HAECs cells
(all p <0.05) (Figure 4B). These results indicate that SIRT3 posi-
tively regulates eNOS expression and negatively regulates iNOS
expression.

4 | DISCUSSION

Our results suggest that serum SIRT3 levels are significantly lower
in diabetic patients with CAD than in those with normal coronary
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arteries. An in vitro study using a high-glucose-treated HAEC model
demonstrated that SIRT3 could positively regulate the expression of
PPAR-a and eNOS while negatively regulating iNOS expression. Our
study may help explain the potential mechanisms contributing to the
progression of diabetes-associated CAD.

In diabetes, hyperglycemia is identified as a major cause for
pathological conditions such as vascular complications, endo-
thelial dysfunction, and atherosclerosis.?° Although the effect of
hyperglycemia on the atherosclerotic process has been widely rec-
ognized, previous data have reported that some diabetic patients
never develop long-term hyperglycemia-related vascular compli-
cations due to the autoregulatory mechanism.?*23 The molecular
mechanisms involving hyperglycemia in the pathogenesis of en-
dothelial cell injury and atherosclerosis are not well established.
Several studies have revealed that mitochondrial dysfunction and
oxidative stress might be involved in the development of vascular
complications in T2DM.2*25 SIRT3 plays a crucial role in athero-
sclerosis by governing mitochondrial metabolism and ROS homeo-
stasis.2® Previous studies discovered that SIRT3 has an antioxidant
effect in the pathogenesis of atherosclerosis.?”?® However, human
data on SIRT3 in cardiovascular disease are limited. In this study,
we observed a marked decrease in circulating SIRT3 levels in
T2DM patients with CAD. Our data support the notion that there
are connections between SIRT3 and diabetes-associated coronary
atherosclerosis in humans, which is inconsistent with an earlier
study by Emrullah et al.*®

Endothelial cell dysfunction induced by hyperglycemia is consid-
ered a hallmark of vascular complications in diabetes.?”%% One re-
cent report demonstrated that HG downregulated the expression
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FIGURE 2 ELISA analysis of SIRT3 expression in the supernatant
of HAECs exposed to different concentrations of glucose. *p <0.05
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FIGURE 3 (A) Western blot analysis of SIRT3, PPAR-a, eNOS
and iNOS expression in HAECs with indicated concentrations

of glucose. (B) Quantification of the SIRT3 level with Actin as a
reference. (C) Quantification of the PPAR-a level with Actin as

a reference. (D) Quantification of the eNOS level with Actin as

a reference. (E) Quantification of the iNOS level with Actin as a
reference. *p <0.05 vs. 5.5mM Glucose
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of SIRT3 in human umbilical vein endothelial cells (HUVECs) stimu-
lated by HG (30mM) for 48 h.% In line with this, the expression levels
of SIRT3 were decreased under HG conditions (20mM) for 48h in
human monocytic cells (THP-1).32 Here, our results indicated that
the pattern of SIRT3 expression was in a concentration-dependent
manner, with the highest level noted at 27.5mM and decreased at
33 and 38.5mM glucose. We speculate that the reduction in SIRT3
levels induced by HG (33 and 38.5 mM) might be associated with the
upregulation of oxidative stress and endothelial injury in endothelial
cells. 3334 The analysis of SIRT3 expression in HAECs following HG
stimulation was not completely consistent with previous findings.
These discrepancies might be related to differences in multiple glu-
cose conditions, exposure durations, or cell types.

PPAR-a, eNOS, and iNOS may be involved in the effect of SIRT3
on endothelial dysfunction in this study. PPAR-«, a ligand-activated
transcription factor, regulates glucose metabolism, fatty acid metab-
olism, lipid metabolism, and inflammation, especially in the patho-
genesis of obesity, hypercholesterolemia, insulin resistance, and
atherosclerosis.***>%¢ In our study, we found that HG could stim-
ulate PPAR-« expression in HAECs. PPAR-« levels almost paralleled
the pattern of SIRT3 expression. Yang et al.¥” reported that elevated
SIRT3 expression reduced oxidative stress in kidney tissues after
green tea polyphenols treatment, which was mediated by PPAR-a.
In the present study, we also observed that the protein expression
of PPAR-a was decreased in SIRT3 silenced HAECs cells. On the
contrary, SIRT3 overexpression upregulated PPAR-a levels. These
data indicated that SIRT3 plays a crucial role in positively regulating

PPAR-a

B AJdGFP FIGURE 4 SIRT3 positively regulated
PPAR-a, eNOS, and negatively regulated
) 5- B AdSIRT3 iNOS. (A) Western blot analysis of SIRT3,
ﬂ>’ * PPAR-a, eNOS, iNOS protein expression
2 T 41 in cells infected with AAGFP or AdSIRT3.
‘% > * *p <0.05 vs. AAdGFP. (B) Western blot
8 83 analysis of SIRT3, PPAR-a, eNOS, iNOS
s g 2 protein expression in cells transfected
g § with control or SIRT3 siRNA. *p <0.05
'% ~ 14 * versus CTR siRNA. AAGFP adenovirus
@ GFP; AdSIRT3 adenovirus SIRT3; CTR
e 0- siRNA control siRNA
eNOS PPAR-a iNOS
Il CTR siRNA
3 SIRT3 siRNA
0 2.0 *
:_
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95 1.0
eNOS > 3
2 £ 0.5
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14

iNOS

PPAR-a expression. Our results identified potential regulatory links
between SIRT3 and PPAR-a in HG-induced endothelial dysfunction.

The dysfunction of endothelial cells could be characterized by
impaired carbohydrate metabolism, mitochondrial dysfunction,
oxidative stress, and decreased NO production.24’38 It is well es-
tablished that NO plays an important role in maintaining vascu-
lar homeostasis and modulating oxidative stress. Endothelial NO
synthase-derived NO has been responsible for anti-atherosclerotic
effects in endothelial cells.®? Excess NO derived by iNOS has been
involved in cytostatic and cytotoxic effects.*® SIRT3 siRNA could
worsen the angiotensin llI-induced eNOS decrease and downregu-
late eNOS protein expression in HUVECs.*! In this study, we discov-
ered that SIRT3 could positively regulate the expression of eNOS
and negatively regulate iINOS expression, implicating the key role of
SIRT3 in improving endothelial cell dysfunction.

5 | CONCLUSIONS

In conclusion, our study revealed that T2DM patients with CAD ex-
hibited lower serum SIRT3 levels than those with normal coronary
arteries. The expression levels of SIRT3, PPAR-«, eNOS increased
and iNOS decreased in a concentration- dependent manner in HG-
treated HAECs. Furthermore, SIRT3 positively regulated PPAR-a
and eNOS and negatively regulated iNOS expression. Our findings
shed some light on how SIRT3 affects endothelial dysfunction in-
volved in the pathogenesis of atherosclerosis under HG conditions.
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