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Objectives. Transition from cardiac hypertrophy to failure involves adverse metabolic reprogramming involving mitochondrial
dysfunction. We have earlier shown that vitamin D deficiency induces heart failure, at least in part, through insulin resistance.
However, whether activation of vitamin D receptor (VDR) can attenuate heart failure and underlying metabolic phenotype
requires investigation. Thus, we aimed to assess the cardioprotective potential of paricalcitol, a vitamin D receptor-activator,
against cardiac hypertrophy and failure in high-fat high-fructose-fed rats. Methods. Male Sprague Dawley rats were fed control
(Con) or high-fat high-fructose (HFHFrD) diet for 20 weeks. After 12 weeks, rats from HFHFrD group were divided into the
following: HFHFrD, HFHFrD+P (paricalcitol i.p. 0.08μg/kg/day) and HFHFrD+E (enalapril maleate i.p. 10mg/kg/day).
Intraperitoneal glucose tolerance test, blood pressure measurement, and 2D echocardiography were performed. Cardiac fibrosis
was assessed by Masson’s trichrome staining of paraffin-embedded heart sections. Mitochondrial DNA and proteins, and
citrate synthase activity were measured in rat hearts. VDR was silenced in H9c2 cardiomyoblasts, and immunoblotting was
performed. Results. Paricalcitol improved glucose tolerance, serum lipid profile, and blood pressure in high-fat high-fructose-
fed rats. Paricalcitol reduced cardiac wall thickness and increased ejection fraction in high-fat high-fructose-fed rats but had no
effect on perivascular fibrosis. PGC1-α was upregulated in the HFHFrD+P group compared to the HFHFrD group, but there
was no significant difference in mitochondrial content. Citrate synthase activity was significantly higher in the HFHFrD+P
group compared to the HFHFrD group. Rat hearts of the HFHFrD+P group had significantly higher expression of mitofusins.
H9c2 cells with VDR knockdown showed significantly lower expression of Mfn2. Improvement in the HFHFrD+P group was
comparable with that in the HFHFrD+E group. Conclusions. Paricalcitol reverses cardiac dysfunction in rats with metabolic
syndrome by enhancing mitochondrial fusion. We demonstrate repurposing potential of the drug currently used in end-stage
kidney disease.

1. Introduction

Heart failure is a public health problem with persistently ris-
ing prevalence due to increase in ageing population [1]. Mal-
adaptive cardiac remodeling, in response to injury or

comorbid conditions such as diabetes and hypertension,
and ventricular dilatation, and impaired contractility consti-
tute systolic heart failure [2]. Its diagnosis is clinically con-
firmed by echocardiographic observation of impaired
myocardial and valvular structure and function. Treatment
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options include pharmacologic therapy, implantable devices,
lifestyle changes, and surgery. Drug therapy is mainly aimed
at relief of symptoms (e.g., diuretics) and improvement of
residual cardiac function (e.g., ACE inhibitors, beta blockers,
and aldosterone antagonists). Heart failure often coexists
with other morbidities such as metabolic syndrome, renal
impairment, and anemia, which further complicates the
treatment.

We have earlier shown vitamin D deficiency is associated
with increased prevalence of type 2 diabetes both with and
without coexisting coronary artery disease, both important
risk factors for heart failure [3]. We have also demonstrated
the role of vitamin D deficiency as an independent risk fac-
tor for cardiac hypertrophy and heart failure in rats, through
induction of myocardial insulin resistance [4]. In experi-
mental and clinical studies, respectively, VDR knockdown
or vitamin D deficiency is associated with remarkable car-
diac hypertrophy, activation of the renin angiotensin system,
cardiac dysfunction, and failure [5, 6]. However, experimen-
tal and clinical reports of vitamin D supplementation yield
contradicting data about possible benefits [7, 8]. Reduced
activation of vitamin D due to hepatic or renal dysfunction
and sequestering of vitamin D in fat stores in obesity are
some possible reasons for the loss of beneficial effects in dis-
ease, and hence, synthetic, nonhypercalcemic analogues
might be preferable alternatives [9, 10]. Paricalcitol is an
FDA-approved drug used in the management of end-stage
kidney disease and has shown cardiorenal benefits in various
experimental models [11, 12].

Though heart failure is essentially a decompensated state
of cardiac muscle contractility, it is also marked by deficits in
cardiac bioenergetics. Energy transduction in the heart
depends majorly on oxidative phosphorylation in the mito-
chondria; excessive fatty acid oxidation in the absence of
glucose leads to respiratory uncoupling and oxidative stress
[13]. Mitochondrial dynamics are under control of processes
such as fusion, fission, and biogenesis, and insulin is known
to directly promote mitochondrial fusion through optic
atrophy protein 1 (OPA1) [14]. Myocardial insulin resis-
tance and mitochondrial dysfunction have been shown to
be involved in the transition of heart from diastolic dysfunc-
tion to systolic failure in a model of pressure overload-
hypertrophy in rats [15]. Successful use of therapies such
as trimetazidine, omega-3 fatty acid, and perhexiline indi-
cates that metabolic modulation might be an attractive ther-
apeutic strategy to manage the development and progression
of heart failure [16, 17].

Vitamin D receptor is a nuclear receptor conventionally
known to be involved in transcription of target genes
involved in calcium absorption and bone formation. How-
ever, the pleiotropic extraskeletal effects of VDR are under
investigation in various tissues [18, 19]. Vitamin D has been
shown to favourably affect metabolic functions such as insu-
lin signalling and lipid metabolism in both experimental and
clinical samples [20–22]. High circulating level of free fatty
acidscan contribute to both insulin resistance and mitochon-
drial dysfunction. Regulation of mitochondrial structure,
content, and bioenergetics by 1,25-OH vitamin D3 has been
reported in peripheral blood mononuclear cells, adipocytes,

skeletal muscle, and various cancer cell lines [23–26]. In
homocysteine-treated rat heart slices, treatment with vita-
min D3 improved mitochondrial function and redox status
[27]. However, the possible effect of VDR modulation on
myocardial mitochondrial dynamics in metabolic
syndrome-associated cardiac failure requires investigation.

We aimed to investigate the therapeutic potential of par-
icalcitol in cardiac dysfunction in rats with metabolic syn-
drome, through its possible effect on cardiac mitochondrial
dynamics. Animals were fed high-fat high-fructose diet and
treated with paricalcitol, and cardiometabolic outcomes
were assessed. Since renin angiotensin system blockade has
known clinical benefit against cardiac remodeling and fail-
ure, enalapril was used as the standard therapy in a group
of high-fat high-fructose fed rats.

2. Research Designs and Methods

2.1. Animals. Male Sprague Dawley rats (200-220 g) were
procured from All India Institute of Medical Sciences, New
Delhi, and maintained in Small Animal facility of THSTI,
Faridabad. Rats were provided food and water ad libitum
throughout the study period, with the exception of the 12-
hour fasting period preceding blood sample withdrawal
and intraperitoneal glucose tolerance test. All experimental
procedures involving animals were performed according to
the relevant regulations and guidelines of Institutional Ani-
mal Ethical Committee (IAEC) of Translational Health Sci-
ence and Technology Institute, Faridabad (IAEC/THSTI/
2015-3).

2.2. Materials. Paricalcitol was purchased from Cayman
Chemical Company (#17716). Enalapril maleate was pro-
cured from LKT Labs (#E5201). Antibodies against VDR
(ab3508; 1 : 500), PGC1-α (ab54481; 1 : 1000), MFN1
(ab57602; 1 : 1000), and MFN2 (ab137037; 1 : 1000) were
purchased from Abcam.

2.3. In Vivo Study Design and Drug Treatment. Control (65%
corn starch diet; Cat. No. D11708B) and high-fat high-
fructose (45% kcal% fat and 35% kcal% fructose; Cat. No.
D08040105G) diets were purchased from Research Diets,
USA. After an acclimatization period of one week, rats were
randomized into two groups and were fed either control diet
(CON) or high-fat high-fructose diet (HFHFrD) for 20 weeks.
At the end of 12 weeks, intraperitoneal glucose tolerance test
and echocardiography were performed, and rats from the
HFHFrD group were further divided into three groups:
HFHFrD, HFHFrD+P (paricalcitol i.p. 0.08μg/kg/day), and
HFHFrD+E (enalapril maleate i.p. 10mg/kg/day). The experi-
mental design is illustrated in Figure 1. At the end of the
remaining 8 weeks, rats from all the groups were sacrificed;
serum samples and heart tissues were collected and stored at a
-80°C refrigerator for further analysis. Experimental methods
have been adapted from our previously published work [4].

2.4. Intraperitoneal Glucose Tolerance Test. At the end of 12
and 20 weeks, after an overnight fasting period, rats were
given an intraperitoneal bolus injection of glucose (2 g/kg
BW). Blood glucose sampling was performed at 0 (just
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before), 15, 30, 60, and 120 minutes post glucose administra-
tion, using a commercially available blood glucose measure-
ment system (OneTouch Select Plus, Johnson & Johnson).

2.5. Serum Biochemistry. Insulin (Crystal Chem, USA), tri-
glycerides (BioVision, USA), HDL cholesterol (BioVision,
USA), and free fatty acids (BioVision, USA) were measured
in rat serum samples using commercially available assay kits.

2.6. Noninvasive Blood Pressure Measurement. Blood pres-
sure was evaluated at the end of the study (20 weeks) using
the Non-Invasive Blood Pressure System (Harvard Appara-
tus), complying with manufacturer’s protocol. Animals were
trained daily in restrainers for 4 days prior to experimental
data recording. To record blood pressure, a tail cuff and sen-
sor were placed about 2 cm from the tip of the animal’s tail,
and blood pressure was recorded. Five individual measure-
ments were made and analysed as mean for each animal.

2.7. Echocardiography. Echocardiography was performed
after the completion of 12 and 20 weeks. Rats were anesthe-
tized using a cocktail of ketamine (80mg/kg BW i.p.) and xyla-
zine (8mg/kg BW i.p.). Two-dimensional and M-mode
echocardiograms were obtained using a fully digitized instru-
ment (HD11 XE, Philips) with a hand-held 12MHz neonatal
cardiac probe transducer placed at a short axis view at the level
of the papillary muscles of the left ventricle. Diastolic left ven-
tricular posterior wall (LVPW) and intraventricular septum
(IVS) thicknesses were recorded. Left ventricular internal dia-
stolic dimension (LVIDd) and LV internal systolic dimension
(LVIDs) were also recorded. Fractional shortening and ejec-
tion fraction values were derived from the dimensions
recorded above. Image acquisition and analysis were per-
formed by an analyst blind to the experimental groups.

2.8. Cardiac Hypertrophy Measurement. Heart weight-to-tail
length ratio of rats was used to evaluate cardiac hypertrophy.
Briefly, at the end of 20 weeks, animals from all groups were
sacrificed, hearts were isolated, rinsed in ice-cold PBS, and

blotted, and their weight was measured. The ratio of heart
weight and tail length was calculated and expressed in
gcm-1.

2.9. Histopathology. At the end of 20 weeks, the heart tissue
was harvested and fixed in phosphate-buffered formalin
(10%). Fixed samples were embedded in paraffin and sec-
tioned for histopathological analysis. Sections of 5μm thick-
ness were stained with haematoxylin-eosin (H&E) and
Masson’s trichrome stains and examined under a light
microscope.

2.10. Mitochondrial Content/Mass Measurement. Mitochon-
drial mass/content was estimated by analysing mitochon-
drial DNA expression and normalising it to nuclear DNA
expression. DNA was isolated from rat hearts using the
GF1-Tissue/Blood FNA Extraction kit (Vivantis) as per
manufacturer’s protocol. DNA concentration and quality
were measured using NanoDrop spectrophotometer
(Thermo Scientific). Polymerase chain reaction (PCR) was
set up using EmeraldAmp PCR Mastermix (Takara, USA)
on Veriti Thermal Cycler (Applied Biosystems). Nuclear
beta 2-microglobin expression was used as a reference to
normalise the mitochondrial CO-1 (cytochrome oxidase C
subunit 1) expression data. Primer sequences are listed in
Table 1.

2.11. Cell Culture. H9c2 cells, purchased from ATCC (USA),
were cultured in DMEM supplemented with 10% FBS, at
37°C in a 5% CO2 incubator. VDR was silenced by transfect-
ing H9c2 cells with shRNA against VDR (Origene) using
Xtremgene HP Transfection Reagent (Roche), and trans-
fected cells were used to establish a stable cell line using
puromycin as a selecting agent.

2.12. Western Blotting. Rat heart tissues and H9c2 cells were
lysed in ice-cold RIPA buffer (Pierce) and were then centri-
fuged at 12000 rpm for 20 minutes at 4°C. Bicinchoninic acid
(BCA) assay (Thermo Scientific) was used to measure

20 weeks

High fat high fructose diet (20 wk)

Treatment (8 wk)

(i) Biochemical
parameters

(ii) Intraperitoneal
glucose tolerance test

(iii) Blood pressure
measurement

(iv) Echocardiography

Control diet

High fat high fructose diet

HFHFrD + Paricalcitol

HFHRrD + Enalapril

Figure 1: Schematic representation of experimental animal study design.
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protein content. Proteins (30μg) were resolved on 10-12%
SDS-polyacrylamide gel using TGX stain free kit (Bio-
Rad). After electrophoresis, proteins were blotted on to
polyvinylidine difluoride (PVDF) membrane (Merck Milli-
pore). Membrane was blocked in 3% nonfat dry milk in
TBST (0.1% Tween 20) or 5% BSA solution at room tem-
perature for an hour, followed by incubation with desired
primary antibody overnight at 4°C. After three washes
with TBST, the membrane was incubated with the appro-
priate HRP-labeled secondary antibody at room tempera-
ture for an hour. Membrane was washed with TBST
(thrice for 5min each), and the blot was visualized using
Gel Doc XR system (Bio-Rad), using Roche Lumi Light
substrates (Thermo Scientific). Protein expression was nor-
malised to corresponding stain free gel (BioRad™) loading
controls’ expression.

3. Results

3.1. Paricalcitol Improves Glucose Tolerance in High-Fat
High-Fructose-Fed Rats

3.1.1. Fasting Blood Glucose and Serum Insulin. There was a
significant increase in fasting blood glucose of HFHFrD
group as compared to that of the Con group, at the end of
20 weeks (Figure 2(a)). However, we did not observe any sig-
nificant difference in the HFHFrD+P and HFHFrD+E
groups, in comparison to the HFHFrD group (Figure 2(a)).

Similarly, there was a significant increase in fasting
serum insulin of the HFHFrD group as compared to the
Con group (Figure 2(b)). However, no significant difference
was observed in the HFHFrD+P and HFHFrD+E groups, in
comparison to the HFHFrD group (Figure 2(b)).

3.1.2. HOMA Analysis. At the end of twenty weeks, HOMA-
IR of the HFHFrD group was significantly higher than that
of the Con group (Figure 2(c)). However, no significant dif-
ference was observed in the HFHFrD+P and HFHFrD+E
groups, in comparison to the HFHFrD group (Figure 2(c)).

No significant difference was found between HOMA-B
values of different groups (Figure 2(d)).

3.1.3. Intraperitoneal Glucose Tolerance Test. In the intraper-
itoneal glucose tolerance test (IPGTT) performed at the end
of 12 weeks, the HFHFrD group showed raised blood glu-
cose time-profile and significantly higher area-under-curve
(AUC) than the Con group (Figure 2(e)), indicating
impaired blood glucose disposal in these rats.

In the IPGTT performed at the end of 20 weeks, the
HFHFrD group showed impaired glucose tolerance and
higher area under curve, compared to the Con group
(Figures 2(f) and 2(g)). After 8 weeks of treatment with par-
icalcitol, the HFHFrD+P group showed significantly

improved glucose tolerance in IPGTT, with significantly
lower area under curve, compared to the HFHFrD group
(Figures 2(f) and 2(g)).

3.2. Paricalcitol Attenuates Dyslipidemia in High-Fat High-
Fructose-Fed Rats. We observed significantly higher serum
triglycerides and free fatty acids in the HFHFrD group com-
pared to the Con group (Figures 3(a) and 3(b)). After 8
weeks of treatment with paricalcitol, the HFHFrD+P group
showed significantly decreased triglycerides and free fatty
acids, compared to the HFHFrD group (Figures 3(a) and 3
(b)). The HFHFrD+E group showed significant decrease in
serum free fatty acids, compared to the HFHFrD group
(Figure 3(b)). There were no significant changes in serum
HDL cholesterol in the different groups (Figure 3(c)).

3.3. Paricalcitol Attenuates Hypertension in High-Fat High-
Fructose-Fed Rats. There were significant increases in systolic,
diastolic, and mean arterial blood pressure in the HFHFrD
group, compared to the Con group (Figures 3(d)–3(f)). After
8 weeks of treatment with paricalcitol or enalapril, the
HFHFrD+P group showed significantly decreased blood pres-
sure, compared to the HFHFrD group (Figures 3(d)–3(f)).

3.4. Paricalcitol Attenuates Cardiac Hypertrophy in High-Fat
High-Fructose-Fed Rats. At the end of 20 weeks, we observed
significant increase in the heart weight-to-tail length ratio in
the HFHFrD group, when compared to the Con group
(Figure 3(g). After treatment with paricalcitol for 8 weeks,
the HFHFrD+P and HFHFrD+E groups showed significant
decrease in heart weight-to-tail length, as compared to the
HFHFrD group (Figure 3(g)).

3.5. Paricalcitol Attenuates Left Ventricular Hypertrophy and
Systolic Dysfunction in High-Fat High-Fructose-Fed Rats

3.5.1. Cardiac Wall Thickness. To study changes in the car-
diac structure and function, we performed 2D echocardiog-
raphy at the end of 12 and 20 weeks. At the end of 20 weeks,
there was a significant increase in the intraventricular sep-
tum thickness (IVSd) and left ventricular posterior wall
thickness (LVPWd) in the HFHFrD group, compared to
the control group (Figures 4(a) and 4(b)). The HFHFrD+P
and HFHFrD+E groups had significantly decreased IVSd
and LVPWd compared to the HFHFrD group, at the end
of 20 weeks. Also, IVSd had significantly decreased in the
HFHFrD+P and HFHFrD+E groups between 12 and 20
weeks, indicating curative effect of the treatment with pari-
calcitol and enalapril (Figures 4(a) and 4(b)).

3.5.2. Cardiac Chamber Diameters. We did not observe sig-
nificant changes in the diastolic left ventricular internal
diameter (LVIDd) (Figure 4(c)). However, there was a signif-
icant increase in the systolic left ventricular internal diameter

Table 1: List of primers used in mitochondrial content measurement.

Gene Forward primer Reverse primer

CO-1 CACATGAGCAAAAGCCCACT ACGGCCGTAAGTGAGATGAA

Beta 2-microglobin GATCACTTGTCCGGAGTAGAA ACGTAGCAGTTGAGGAAGTTG
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(LVIDs) of the HFHFrD group compared to the Con group, at
the end of 20 weeks (Figure 4(d)). This indicated dilatation of
the left ventricle in the HFHFrD group. The HFHFrD+P and
HFHFrD+E groups showed significant decrease in LVIDs
compared to the HFHFrD group, at the end of 20 weeks. Also,
LVIDs showed significant decrease in the HFHFrD+P group
between 12 and 20 weeks, indicating curative effect of the
treatment with paricalcitol (Figure 4(d)).

3.5.3. Cardiac Contractile Function. At the end of 20 weeks,
there was a significant decrease in the fractional shortening
(FS) and ejection fraction (EF) in the HFHFrD group, com-
pared to the control group (Figures 4(e) and 4(f)). The
HFHFrD+P and HFHFrD+E groups significantly improved
in FS and EF compared to the HFHFrD group, at the end
of 20 weeks. Also, FS significantly improved in the
HFHFrD+P and HFHFrD+E groups between 12 and 20
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weeks, indicating curative effect of the treatment with pari-
calcitol and enalapril (Figure 4(e)).

3.6. Paricalcitol Does Not Affect Myocardial Fibrosis in High-
Fat High-Fructose-Fed Rats. We observed no significant dif-
ferences in histopathological features among the different
groups based on haematoxylin and eosin (H&E)-stained
rat heart sections (Figure 5(a)). In the Masson trichrome
stained heart sections, increased perivascular fibrosis was
observed in the HFHFrD group (Figure 5(b)). However, no
significant improvement was observed in the HFHFrD+P
and HFHFrD+E groups, compared to the HFHFrD group
(Figure 5(b)).

3.7. Paricalcitol Increases Cardiac PGC1-α Expression in
High-Fat High-Fructose-Fed Rats. PGC1-α induces mito-
chondrial biogenesis through activation of transcription fac-
tors such as NRF-1 and NRF-2. At the end of the study,
PGC1-α expression was lower in the HFHFrD group, com-
pared to the Control group, though not statistically signifi-
cant (Figure 6(b)). Treatment with paricalcitol caused
significantly higher expression of PGC1-α protein in the
HFHFrD+P group, compared to the HFHFrD group. The
enalapril also significantly upregulated PGC1-α expression,
similar to paricalcitol (Figure 6(b)).

3.8. Paricalcitol Does Not Alter Mitochondrial Mass/Content
in High-Fat High-Fructose-Fed Rats. Since we observed
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Figure 3: Paricalcitol attenuates dyslipidemia, hypertension and cardiac hypertrophy in high-fat high-fructose-fed rats. (a) Serum
triglycerides. (b) Serum free fatty acids. (c) Serum HDL cholesterol. (d) Systolic blood pressure. (e) Diastolic blood pressure. (f) Mean
arterial pressure. (g) Heart weight/tail length ratio. Data expressed as mean ± SEM (n = 6). ∗p < 0:05 and∗∗p < 0:01 vs. the CON group,
#p < 0:05, ##p < 0:01, and ###p < 0:001 vs. the HFHFrD group.
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increased expression of PGC1-α expression in the hearts of
the HFHFrD+P group, we evaluated the effect of paricalcitol
on mitochondrial mass/content. Change in mitochondrial
DNA content is a marker of changing mitochondrial mass.
We observed no significant differences in mitochondrial
DNA/content between the different experimental groups,
calculated from the expression of mitochondrial CO-1 nor-
malised to beta 2-microglobin (Figure 6(d)).

3.9. Paricalcitol Increases Cardiac Citrate Synthase Activity
in High-Fat High-Fructose-Fed Rats. At the end of the study,
we evaluated citrate synthase activity in the rat hearts. It was
significantly lower in the HFHFrD group, compared to the
Con group (Figure 6(e)). Treatment with paricalcitol, but
not with enalapril, significantly increased citrate synthase
activity in the HFHFrD+P group, compared to the HFHFrD
group.
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3.10. Paricalcitol Increases Cardiac Expression of Mfn2 in
High-Fat High-Fructose-Fed Rats. Since we observed an
increase in citrate synthase activity with paricalcitol treat-
ment, we next studied the expression of Mfn1 and Mfn2 that
are involved in mitochondrial fusion. There was no signifi-
cant change in the expression of Mfn1 and Mfn2 in the
HFHFrD group compared to the Con group (Figure 7(b)).
The increase in Mfn1 expression in both the HFHFrD+P
and HFHFrD+E groups was not significant, compared to
the HFHFrD group. Paricalcitol and enalapril significantly
increased the expression of Mfn2 in the HFHFrD+P group,
compared to the HFHFrD group (Figure 7(c)).

3.11. VDR Knockdown Causes Downregulation of Mfn2 in
H9c2 Cardiomyoblasts. Since paricalcitol upregulated the
expression of Mfn2 in a high-fat high-fructose-fed rat heart,
we next investigated whether VDR is directly involved in the
regulation of cardiac expression of mitofusins. We observed
that VDR silencing in H9c2 cardiomyoblasts causes a signif-
icant decrease in Mfn2 expression, but not in Mfn1 expres-
sion (Figures 7(e) and 7(f)).

4. Discussion

Vitamin D has been gaining attention for nonclassical roles
such as regulation of inflammation, immunity, cell cycle,
and metabolism. Association between vitamin D deficiency
and adverse cardiometabolic outcomes has been repeatedly
shown in patients, but the therapeutic role of vitamin D sup-
plementation remains controversial [3, 28, 29]. Clinical
studies have yielded conflicting results regarding the poten-
tial benefits of vitamin D in subjects with cardiometabolic
diseases [30, 31]. In view of reduced bioavailability of the
active form of vitamin D in disease conditions, use of vita-
min D analogues such as paricalcitol and maxacalcitol has
been investigated [32]. Paricalcitol has shown therapeutic
benefit in experimental models of kidney disease, diabetes,

and their cardiovascular complications [33, 34]. However,
its effect on metabolic syndrome-associated heart failure
remained to be investigated. In this study, we have demon-
strated the cardioprotective effects of paricalcitol treatment
in a high-fat high-fructose-fed rat model of metabolic
syndrome.

Rats were fed diets with high fat and high fructose to
induce metabolic syndrome. Hypercaloric diets containing
high fat and high fructose have been shown to induce hyper-
insulinemia and impaired glucose tolerance [35]. Insulin
resistance is considered a principal component of diet-
induced metabolic syndrome [36, 37]. In our study, animals
of the HFHFrD group showed elevated blood glucose, serum
insulin, and HOMA-IR values, indicating development of a
prediabetes-like state. Treatment with paricalcitol for 8
weeks did not cause any significant changes in these param-
eters. However, paricalcitol reversed the impairment of
blood glucose disposal in the intraperitoneal glucose toler-
ance test in the HFHFrD+P group.

High-calorie diets are known to disturb serum lipid pro-
file with an increase in serum triglycerides and free fatty
acids [38]. In this study, we observed increase in triglycerides
and free fatty acids in serum of rats in the HFHFrD group.
Treatment with paricalcitol attenuated these changes and
improved lipid profile of the HFHFrD+P group. No signifi-
cant differences were observed in the HDL cholesterol levels
of the different groups. The lipid-lowering effect of paricalci-
tol in metabolic syndrome has not been reported earlier.

Apart from triggering metabolic derangements such as
insulin resistance and dyslipidemia, high-fat high-fructose
diet also causes cardiovascular perturbations [35]. At the
end of the study, we observed raised systolic, diastolic, and
mean arterial blood pressure in the HFHFrD group. Treat-
ment with paricalcitol significantly reduced blood pressure
in the HFHFrD+P group. Hypertension is an established
predictor of cardiac hypertrophy, due to resultant increase
in cardiac workload. Heart weight-to-tail length ratio, an

Con HFHFrD

HFHFrD+P HFHFrD+E

(a)

Con HFHFrD

HFHFrD + P HFHFrD + E

(b)

Figure 5: Paricalcitol does not affect myocardial fibrosis in high-fat high-fructose-fed rats. (a) Representative micrograph of haematoxylin
and eosin-stained rat heart sections. (b) Representative micrograph of Masson’s trichrome-stained rat heart sections.
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index of cardiac size, was increased significantly in the
HFHFrD group compared to the Con group. Treatment
with paricalcitol was associated with a significant decrease
in heart weight-to-tail length ratio in the HFHFrD+P group.
Similar to our findings, paricalcitol has earlier been shown to
attenuate cardiac hypertrophy in experimental models of
pressure overload, hypertension, and uremia [39–41].

As a consequence of its metabolic effects, high-fat high-
fructose diet also induces cardiac remodeling [35]. At the
end of 20 weeks, there was significant increase in the intra-
ventricular septum and left ventricular posterior wall thick-

nesses in the HFHFrD rats. We observed significant
decrease in cardiac wall thicknesses in the HFHFrD+P
group, indicating attenuation of cardiac hypertrophy.
Though initially an adaptive response, unmitigated left ven-
tricular hypertrophy progresses to cardiac failure. Metabolic
syndrome is known to increase the risk of left ventricular
systolic dysfunction by two folds [42]. Echocardiography is
considered the gold-standard diagnostic technique for sys-
tolic failure; hence, we used it to assess systolic function in
these rats. In the HFHFrD rats, we observed increased sys-
tolic internal dimension of the left ventricle, indicating

PGC1 
alpha

Con HFHFrD

Loading 
control

HFHFrD+P HFHFrD+E

(a)

##
##

0.0

Co
n

H
FH

Fr
D

H
FH

Fr
D

+P

H
FH

Fr
D

+E

0.5

1.0

1.5

2.0

2.5

Fo
ld

 ch
an

ge
(P

G
C1

-𝛼
/lo

ad
in

g 
co

nt
ro

l)

⁎

(b)

CO-1

Con HFHFrD

Beta-2 
microglobulin

HFHFrD+P HFHFrD+E

(c)

0.0

Co
n

H
FH

Fr
D

H
FH

Fr
D

+P

H
FH

Fr
D

+E

0.5

1.0

1.5

Fo
ld

 ch
an

ge
(m

tD
N

A
 ex

pr
es

sio
n)

CO
1/

Be
ta

 2
-m

ic
ro

gl
ob

in Mitochondrial content

(d)

##

0.0

Co
n

H
FH

Fr
D

H
FH

Fr
D

+P

H
FH

Fr
D

+E

0.5

1.0

1.5

2.0

Fo
ld

 ch
an

ge
ci

tr
at

e s
yn

th
as

e a
ct

iv
ity

⁎

Citrate Synthase Activity

(e)

Figure 6: Paricalcitol does not alter myocardial mitochondrial content in high-fat high-fructose-fed rats. (a) Representative western blot
image of PGC1-α. (b) Densitometry analysis of PGC1-α expression. (c) Representative agarose gel image of CO-1 and beta 2-
microglobin PCR products. (d) Densitometry analysis of CO-1 expression. (e) Fold change in citrate synthase activity. Protein expression
data were normalised to the expression of stain free gel (TGX Stain-FreeTM FastCastTM BioRadTM) image. ##p < 0:01 vs. HFHFrD
group. CO-1 expression data were normalised to beta 2-microglobin expression. Data expressed as mean ± SEM (n = 3 for Western blot
and agarose gel electrophoresis; n = 5 for citrate synthase activity). ∗p < 0:05 vs. Control; ##p < 0:01 vs. HFHFrD.
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dilatation and systolic dysfunction. This led to significantly
reduced fractional shortening and ejection fraction, which
implies compromised cardiac contractility. In the HFHFrD
+P group, systolic function was markedly improved.
According to earlier studies, paricalcitol prevents the pro-
gression of hypertrophy to heart failure in Dahl salt-
sensitive hypertensive rats [40].

Interestingly, paricalcitol did not only attenuate the
high-fat high-fructose-induced cardiac perturbations seen
at the end of 20 weeks, it also reversed the progression of
cardiac dysfunction induced by high-fat high-fructose diet
seen at the end of 12 weeks. The improvement in systolic
function is an interesting finding because the current treat-
ment regimens for heart failure only manage the symptoms
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Figure 7: Vitamin D receptor modulates myocardial expression of mitofusin 2. (a) Representative western blot images of Mfn1 and Mfn2 in
rat hearts. (b) Densitometry analysis of Mfn1 expression in rat hearts. (c) Densitometry analysis of Mfn2 expression in rat hearts. (d)
Representative western blot images of VDR, Mfn1, and Mfn 2 in H9c2 cells. (e) Densitometry analysis of Mfn1 in H9c2 cells. (f)
Densitometry analysis of Mfn2 in H9c2 cells. Protein expression data were normalised to the expression of stain free gel (TGX Stain-
FreeTM FastCastTM BioRadTM) image. Data expressed as mean ± SEM (n = 3). ∗p < 0:05 vs. the Control group; ∗∗∗p < 0:001 vs. the
Control group.
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and do not reverse cardiac dysfunction. An important under-
lying pathology here is the pathological remodeling of the
heart. Increased cardiac load due to factors such as hyperten-
sion, sympathetic tone, and others can trigger reactive myo-
cardial fibrosis [43]. These fibrotic changes usually begin in
the perivascular region and slowly spread into the myocar-
dium. Perivascular fibrosis was observed in the HFHFrD
group through observation of Masson’s trichrome-stained
heart sections. We speculated that attenuation or reversal of
this fibrosis might be responsible for cardioprotective effect
of paricalcitol, seen earlier. However, we did not observe any
significant difference in the HFHFrD+P group, as compared
to the HFHFrD group. This is similar to earlier reports where
paricalcitol had no protective effect on perivascular fibrosis in
rats with renal insufficiency and low vitamin D [44]. These
findings warranted further investigation into the factors
underlying the protective effect of paricalcitol in high-fat
high-fructose-induced cardiac dysfunction.

Since there were no significant improvements in cardiac
structure or remodelling status and functional improve-
ments were observed, it indicated improvement in the func-
tional status of the cardiac muscle. The myocardium relies
on continuous supply of ATP to sustain its contractility.
Mitochondria are the cellular organelles that generate the
required ATP for energy transduction in heart. Defects in
structure, function, or dynamics of mitochondria adversely
affect cardiac function. Mitochondrial dysfunction has been
shown to underlie progression of cardiac hypertrophy to
heart failure [45]. Hypercaloric diets can cause mitochon-
drial dysfunction through increased flux of fats and glucose
[46]. Mitochondrial biogenesis, which implies formation of
new mitochondria, might be impaired in conditions of
unmitigated stress [44]. In our study also, we observed that
expression of PGC1-α was downregulated in HFHFrD rat
hearts. PGC1-α drives mitochondrial biogenesis through
activation of downstream transcription factors [47, 48]. In
the HFHFrD+P group, increased expression of PGC1-α
was observed. In earlier reports, vitamin D supplementation
has been shown to upregulate PGC1-α expression in rat
skeletal muscle [49].

Increased cardiac expression of PGC1-α after paricalcitol
treatment led us to speculate an increase in mitochondrial
mass/content in the HFHFrD group. Mitochondrial mass/
content can be quantified using mitochondria-tagging fluo-
rescent dyes or by measuring mitochondrial DNA amount.
We measured the expression of CO-1 gene that is encoded
in mitochondrial DNA and normalised it to expression of
beta 2-microbin encoded in nuclear DNA. Surprisingly, we
did not observe any significant changes between the fold
changes of CO-1 expression between different groups. This
indicated that there was no significant increase in mitochon-
drial content in HFHFrD+P rat hearts, despite upregulation
of PGC1-α. This could be due to regulation of PGC1-α func-
tion by posttranslational modifications. However, activity of
myocardial citrate synthase improved in the HFHFrD+P
group, compared to the HFHFrD group. Acetyl CoA gener-
ated from glycolysis and fatty acid oxidation enters Kreb’s
cycle in the mitochondrial matrix. Citrate synthase is the
first enzyme of this biochemical cycle, and its activity is thus

considered a hallmark of mitochondrial health [50]. Our
findings indicate that paricalcitol improves mitochondrial
function in high-fat high-fructose-fed rats.

Our next question was how mitochondrial function
could improve without any changes in mitochondrial con-
tent or biogenesis. Mitochondrial dynamics are controlled
not only through biogenesis but also through fusion and fis-
sion. Mitochondrial fusion improves mitochondrial function
by fusing of healthy mitochondrial fractions and recycling of
damaged components [51]. We examined the expression of
mitofusins (Mfn2) that are the proteins involved in mito-
chondrial fusion. Myocardial expression of Mfn2 increased
significantly in the HFHFrD+P group, compared to the
HFHFrD group. Mfn2 has been earlier described as a thera-
peutic target for diabetic cardiomyopathy through inhibition
of mitochondrial fission in db/db mice [52]. It has also been
shown to be protective against angiotensin-mediated cardio-
myocyte injury by induction of mitophagy and mitochon-
drial fusion [48].

The findings above indicate that paricalcitol improved
mitochondrial function, possibly through improvement of
mitochondrial dynamics. To confirm that this beneficial
effect was mediated by activation of VDR by paricalcitol,
we performed further experiments in vitro. To perform
loss-of-function studies regarding the effect of VDR on
mitochondrial fusion, we silenced VDR in H9c2 cardiomyo-
blasts. Here, we observed that the expression of Mfn2, but
not Mfn1, was remarkably reduced in H9c2 cells with
VDR knockdown.

5. Summary and Conclusion

In this study, we demonstrate that paricalcitol, a vitamin D
receptor activator, attenuates metabolic syndrome-associated
cardiac dysfunction in rats. High-fat high-fructose diet
induces glucose intolerance, dyslipidemia, hypertension, fibro-
sis, and cardiac dysfunction in rats. Paricalcitol improves glu-
cose tolerance, lipid profile, blood pressure, and cardiac
contractility, but does not attenuate myocardial fibrosis. We
demonstrate that the VDR activator paricalcitol improves car-
diometabolic function in rats, possibly through improvement
of mitochondrial dynamics. Despite increase in cardiac
PGC1-α expression, change in mitochondrial content is not
observed in paricalcitol-treated rats with metabolic syndrome.
However, paricalcitol-induced increase in citrate cynthase
activity and expression of Mfn2 indicates the possible role of
VDR activation in mitochondrial fusion. Further investigation
is warranted into the detailed mechanism of activation of
Mfn2 and its effect on other mitochondrial function parame-
ters. Decreased expression of mitofusin 2 in VDR-silenced
H9c2 cells provided evidence about the positive role of VDR
in mitochondrial fusion. These findings indicate potential for
repurposing of paricalcitol for treatment of cardiac failure
associated with conditions such as prediabetes and diabetes
mellitus.
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A relationship between osteoporosis (OP) and vascular calcification (VC) is now proposed. There are common mechanisms
underlying the regulation of them. Fibroblast growth factor- (FGF-) 23 and Klotho are hormones associated with the metabolic
axis of osteovascular metabolism. Most recently, it was suggested that the FGF23-klotho axis is associated with increasing
incidence of fractures and is potentially involved in the progression of the aortic-brachial stiffness ratio. Herein, we discussed
the potential role of the FGF23/Klotho axis in the pathophysiology of OP and VC. We want to provide an update review in
order to allow a better understanding of the potential role of the FGF23/Klotho axis in comorbidity of OP and VC. We believe
that a better understanding of the relationship between both entities can help in proposing new therapeutic targets for reducing
the increasing prevalence of OP and VC in the aging population.

1. Introduction

Osteoporosis (OP) is a systemic skeletal disease, character-
ized by low bone mass and deterioration in the microarchi-
tecture of the bone tissue, which has greater susceptibility
to fractures [1]. The prevalence of this metabolic bone disease
is very high in the population, and fractures resulting from
osteoporosis are becoming frequent situations. Vascular cal-
cification (VC) in the past was reported a passive process, tra-
ditionally considered a degenerative consequence of aging
[2]. However, recent studies have identified it is an active
process, which has histopathological characteristics, mineral
composition, and initiation and development mechanisms
characteristic of bone formation [3]. Paradoxically, patients
suffering from OP exhibit many of the classic hallmarks of
vascular calcifications, which are known as “calcification
paradox” [4].

There has been growing researchers in studying the rela-
tionship between metabolic bone disease and cardiovascular
diseases over the years. Current clinical practice evidence

supports the notion that patients with OP frequently suffer
from VC, which was shown as a predictor for the progression
of cardiovascular morbidity/mortality and osteoporotic frac-
tures [5]. In the famous Framingham Heart Study, a 30-year
longitudinal analysis of bone loss and VC showed that corti-
cal bone loss measured at the metacarpal was related to the
progression of atherosclerotic aortic calcification in women
[6]. The association between cardiovascular disease and cal-
cium deposition in the vasculature was first described in the
19th century [7]. Traditionally, OP and VC have been con-
sidered as independent processes related to age; although, a
correlation has been demonstrated between the loss of bone
mass and vascular calcification through a series of recent
epidemiological studies [8–10].

Another important concept that connects OP and VC is
the bone-vascular axis. Growing evidence linking bone with
different functional and structural characteristics of arterial
tree has contributed to developing the concept of the bone-
vascular axis [11]. The emerging new study results still con-
tinue to enhance the rationality of the bone-vascular axis,

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 7536614, 9 pages
https://doi.org/10.1155/2021/7536614

https://orcid.org/0000-0001-6723-9604
https://orcid.org/0000-0002-9383-907X
https://orcid.org/0000-0002-0044-8759
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7536614


which is reflected in the interpretation and discovery of the
interaction mechanism [12–14]. What is more, clinical evi-
dence demonstrated that some medications such as statins,
insulin, and antihypertensives could exert protective effects
on both osteoporosis and cardiovascular disease, suggesting
a common pathophysiological basis [15].

Over the past decade, although there is a complex rela-
tionship between OP and VC, various research tools enabled
clinicians and scientists to take a closer look at the molecular
and cellular mechanisms behind these two diseases [16].
Among them, the knowledge progress of the FGF23/Klotho
axis and its influence on phosphorus and calcium metabo-
lism change our vision of the regulation of mineral metabo-
lism in the past few years [17]. Fibroblast growth factor-
(FGF-) 23 and Klotho are hormones associated with the met-
abolic axis of osteovascular metabolism. Klotho is known as a
membrane protein in response to the effect of FGF-23 on kid-
ney [18]. The FGF-23, which is a growth factor synthesized in
the bone, acts in the renal to inhibit activation of vitamin D
and to induce Pi excretion through proximal tubular epithe-
lial cells [19]. Most recently, it was especially investigated that
the FGF23-klotho axis is associated with increasing incidence
of fractures and is potentially involved in the progression of
aortic-brachial stiffness ratio [20]. Furthermore, an essential
role of the FGF-23 is in the positively regulation and modu-
lation of the OPG gene expression, emphasizing its role in
the bone-vascular axis [21]. While in animal models, Klotho
also has been reported to exert various effects on bone
formation and to play a protective role in vascular calcifica-
tion [22, 23].

Hence, this review provides an update in order to allow a
better understanding of the potential role of the
FGF23/Klotho axis in comorbidity of OP and VC.We believe
that a better understanding of the relationship between both
entities can help in proposing new therapeutic targets for
reducing the increasing prevalence of OP and VC in the
aging population.

2. Mechanism of the FGF23/Klotho axis
on Osteoporosis

2.1. Vitamin D. FGF23 was later demonstrated to be involved
in the decreases of 1,25(OH)2 D in both global and tissue-
specific deletion studies [24]. The renal 1α(OH) ase enzyme
is recognized as the major source of circulating 1, 25(OH)2
D, which is tightly downregulated by the phosphaturic hor-
mone FGF23. It is well established that activation of the
FGF23/α-klotho signal is able to inhibit the production of
1,25(OH) 2 D by suppression of the renal Cyp27b1 expres-
sion. In addition, diverse studies point to these active forms,
including 1,25(OH) 2 D and 25(OH) D, can be metabolized
largely by CYP24A1, while FGF23 could increase the expres-
sion of CYP24A1 [25]. It is well known that 1,25(OH)2 D, a
steroidal hormone, acts mainly as a ligand of the widely dis-
tributed nuclear vitamin D receptor (VDR). Vitamin D com-
pounds reduce the RANKL/OPG ratio and osteoclast
differentiation by acting on VDR which is preferentially
expressed in osteoblasts and osteocytes in the bone, while
mineral-regulating hormones such as PTH and FGF23 plays

a complex role in the VDR-regulated expression of RANKL
and OPG in osteoblast lineage cells [26]. Also, interesting
results were observed in a recent animal experiment. Klotho
−/− VDR Δ/Δ knockout mice, like Klotho −/− -PTH −/−
mice, had complete rescue of the skeletal phenotype, while
FGF23 −/−VDR Δ/Δ knockout mice did not [27]. These data
provided a second line of evidence that Klotho and FGF23
effects independently in bone.

2.2. Phosphate (Pi). FGF23 reduces serum Pi by inhibiting
1,25-dihydroxyvitamin D synthesis, suppressing intestinal
Pi absorption, and by downregulating the transporters
NPT2a and NPT2c, suppressing Pi reabsorption in the prox-
imal tubules [28]. Of special interest, the organ-specific
expression of Klotho has been detected that is practically
confined to distal tubules, which is also the site for initial
FGF23 binding and signaling. The mechanism of how signals
originating in the distal tubules translate into the proximal
tubules to reduce Pi reabsorption remains unknown. How-
ever, recently, a novel mechanism of efflux of inorganic Pi
from renal proximal tubular epithelia has been proposed:
Xenotropic and polytropic retrovirus receptor 1 mediates
efflux of Pi through the basolateral membrane of the renal
proximal tubular epithelia [29]. Furthermore, an in vivo
experiment implied a potential role for the
FGF23/Klotho/PTH axis in the Pi handling in the proximal
tubules [30].

It is confirmed by several studies that a high phosphorus
diet decreases the α-Klotho expression. On the contrary, the
expression of α-Klotho increased by a Pi-deficient diet in
mature mice [31]. One recent study further explored dietary
Pi exerts effects on the expression of α-klotho at different life
stages, which allowed to hypothesize that there are more
adverse effects in weaned mice given high Pi diet on the renal
α-klotho expression and pathogenesis of renal calcification
compared with periadolescent mice given the same diet
[32]. Meanwhile, the main regulatory mechanism of
enhanced FGF23 production by high dietary Pi is the post-
translational modification of FGF23 protein through a gene
product of GALNT3. Furthermore, high extracellular Pi
directly activates FGFR1, and its downstream intracellular
signaling pathway regulates the expression level of GALNT3
[33]. The capability of increasing FGF23 production in
response to high Pi has highlighted the important role of
the FGFR1c-GALNT3 axis [34].

2.3. Parathyroid Hormone (PTH). FGF23, which is a hor-
mone synthesized mainly in mature osteoblasts and osteo-
cytes, exerts inhibitive effects on the production of
1,25(OH) 2 D and PTH [35]. Recent clinical studies suggest
a very intriguing opposite independent association between
PTH and FGF23: premenopausal women exhibited a positive
relationship, while FGF23 has a negative relation with PTH
in men. To date, the nature of the regulation involved in
the links between FGF23 and PTH is not clearly defined, as
PTH administration increases circulating FGF23 in some
studies, while decreasing it in others [36, 37]. A reasonable
explanation is the dual antagonistic effect of FGF23 on para-
thyroid cells; that is to say, FGF23 directly inhibits the
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secretion of PTH and simultaneously inhibits the renal vita-
min D activation, thus indirectly stimulating the synthesis
of PTH [38]. In addition, the FGF23/Klotho axis has been
proposed that it is not essential for the phosphaturic and ana-
bolic functions of PTH by using the novel FGF23 and Klotho
knockout mice in other experiments, which further repre-
sented PTH as one of the most promising new therapeutic
targets for improving the skeletal quality of patients even in
the presence of abnormal serum FGF23 levels [39].

2.4. Ectonucleotide Phosphatase/Phosphodiesterase 1
(ENPP1). ENPP1 was the first enzyme identified and is the
only human enzyme capable of generating extracellular pyr-
oPi [40]. Recently, clinical study reported a cohort of middle
age men with hereditary early onset osteoporosis (EOOP)
manifested by vertebral and/or radial fractures and low bone
mass with heterozygous ENPP1 deficiency. Specifically, these
patients exhibit mildly elevated FGF23, decreased serum
phosphorous, elevated urinary Pi clearance, and radiographic
evidence of osteoporosis [41]. This allowed to hypothesize
the suppression of murine FGF23 and Alp by human
ENPP1-Fc, which was demonstrated later by animal experi-
ments [42]. Other study also showed that Enpp1 loss signifi-
cantly downregulates the renal Klotho expression under the
elevated levels of dietary Pi. Meanwhile, a progressive
increase in serum Pi levels promote FGF23 production from
the bone, but the FGF23 signals are altered due to the
decreased Klotho expression [43].

2.5. Bone Marrow-Derived Mesenchymal Stem Cells (BMSCs).
BMSCs are primarily secreted from mesoderm with infinite
expansion and differentiation into the nerve, muscle, and
bone. It plays a significant role in bone formation and repair.
One latest original study clarified that astragalus exerts influ-
ence on the aging BMSC model and on the vitamin D-
FGF23-Klotho axis. In fact, it has been verified that changes
in astragalus concentration affect diverse factors such as
FGF23, Klotho, and CYP24A1. After adding serum-
containing astragalus, the activity of cells and the osteogenic
ability was increased; the expression levels of FGF23, Klotho,
and CYP24A1 were decreased, while the expression levels of
CYP27B1 were increased. The trend was more obvious with a
progressive increase in astragalus concentration, which
finally demonstrated that astragalus has the ability of inhibit-
ing the aging of BMSCs and improving the osteogenesis abil-
ity by regulating the VD-FGF23-Klotho pathway. In
addition, several evidences point to secreted Klotho, through
the inhibition of FGFR1 and ERK phosphorylation, and can
delay the differentiation of human mesenchymal stem cells
into osteoblasts [44].

2.6. Wnt Signaling. Historically, the participation of the
Wnt/β-catenin pathway in bone disorders has been widely
documented. WNT1 in the bone is secreted from osteocytes,
and WNT1 mutations may be direct players in the process of
impaired WNT/β-catenin signaling and decreased bone for-
mation [45, 46]. However, the mechanisms involved in the
direct interaction of FGF23 or Klotho with Wnt elements
are not clearly defined. It has been shown that the extracellu-

lar domain of Klotho binds to multiple Wnt ligands, specifi-
cally inhibiting their ability to activateWnt signaling [47, 48].
Carrillo et al. identified that FGF23 plays a directly role of
inhibiting Wnt signaling through the increase of Dkk1 levels
with the participation of soluble Klotho in the bone [49].
Recently, some studies have shown that there is a positive
correlation between FGF23 and sclerostin levels in patients
with rheumatic arthritis; in this sense, these indicated a direct
relationship among FGF23, reduced Wnt activity, and bone
demineralization in these patients [50]. In vitro studies, the
link between FGF23, Klotho, and Wnt signaling in bone cells
had been recently confirmed [51]. Klotho is located within
osteocytes and osteoblasts, suggesting that the bone is
another target organ for FGF23. Several studies indicate that
Klotho as a negative modulator of bone formation [23].
Moreover, the capability of FGF23 with the assistance of
klotho is to inhibit Wnt signaling and osteogenesis by
enhancing the Dkk1 expression, which is supported by previ-
ous observations showing that Wnt activity is increased in
Klotho knockout mice [52]. Additionally, Ma et al. observed
that in UMR-106, a bone cell line, the addition of β-glycero-
phosphate upregulates the expression of Wnt target genes;
the coadministration of β -glycerophosphate and sKlotho
results in a decrease in FGF23 levels and a reduction in
Wnt activation, suggesting that sKlotho may modulate oste-
ogenesis and FGF23 production [53].

2.7. NF-κB Signaling Pathway. In fact, it has been verified that
the NF-κB overexpression can promote apoptosis of vascular
smooth muscle cells and inhibit cell proliferation [54]. Addi-
tionally, NF-κB inhibition results in osteoblast differentiation
and bone enhancement [55]. Furthermore, it has been
described that activation of NF-κB by palmitate can induce
apoptosis of MC3T3-E1 osteoblasts [56]. Growing recent evi-
dence suggests that klotho has inhibitory effects results in the
degradation of IκB and activation of nuclear NF-κB [57]. In
latest article, the authors reported that the NF-κB inhibitor
pyrrolidine dithiocarbamate (PDTC) participates in reducing
the number of apoptotic cells and attenuating the activity of
caspase-3 induced by DEX, suggesting the involvement of
NF-κB in DEX-induced MC3T3-E1 apoptosis [58]. Klotho
was demonstrated to be involved in the inhibition of NF-κB
activation and the reduction of the DEX-induced caspase-3
expression by these researchers, in consistent with previous
studies. These results indicate that NF-κB activation may
mediate the antiapoptotic effect of Klotho and proapoptotic
effect of DEX.

2.8. Mechanism of the FGF23/Klotho axis on Vascular
Calcification. Patients with advanced CKD were frequently
found to have VCs, and at present, it is responsible for the
high CVD-related mortality [59]. VC is the final consequence
of a process where VSMC is transdifferentiated into
osteoblast-like cells [60]. The molecular mechanisms of VC
present substantial similarities with those of skeletal bone
mineralization.

2.9. Phosphate. The involvement of elevated FGF23 in the
progress of VC is still under debate [61, 62]. A correlation
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has been demonstrated between higher FGF23 levels and
increased aortic calcification in clinical studies of 65 hemodi-
alysis and 142 patients with CKD stages 2–5 [63]. In contrast,
different results were observed in a much larger cohort study
named the CRIC (Chronic Renal Insufficiency Cohort),
which performed in a cohort of 1501 patients with a mean
eGFR of 47mL/min/1.73m2 and showed that there are no
associations between FGF23 levels and the prevalence of cor-
onary artery calcification [64]. The CRIC study was further
supported by in vitro experiments. Stimulation with FGF23
did not augment phosphate-induced calcification, neither in
human vascular smooth muscles cells (VSMCs) in depen-
dence on the Pi concentration nor in aortic rings in the pres-
ence of soluble Klotho [64]. Other experimental studies even
suggested that FGF23 exerts protective effects on the progres-
sion of VC [65]. Recently, Chen et al. further showed that the
overexpression of FGF23 and Klotho in rat VSMCs attenu-
ated phosphate-induced calcification by inhibiting
Wnt7b/β-catenin signaling [66]. On the contrary, Jimbo
et al. reported FGF23 may dedicate an enhanced
phosphate-induced calcification in Klotho-overexpressing
VSMCs [61]. In other studies, a remarkable aspect is that
FGF23 is recognized as a protective factor, since it was
observed that depletion of FGF23 levels in rodent CKD
models results in a more severe VC [67].

2.10. Intermedin 1–53. Intermedin (IMD) is characterized by
a potential endogenous protective peptide of the cardiovas-
cular system, activating the cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) pathway [68]. Previous
studies showed that the levels of IMD downregulated in cal-
cified aortas in vivo and in calcified VSMCs, and IMD1–53
treatment was later demonstrated to be involved in the allevi-
ation of vascular calcification [69]. However, a novel mecha-
nism behind the suppression of IMD1–53 on VC [70] has
been proposed by Chang et al. In their study, IMD1–53
administration has been shown to attenuate VC, suppress
osteoblast-like cell formation, and increase the expression
of Klotho in the aorta of CKD rats. To directly examine the
effect of IMD1–53 on Klotho and calcification in VSMCs,
IMD1–53 was applied to cultured VSMCs. An interesting
and more importantly aspect is that IMD1–53 increased the
level of vitro Klotho protein in calcified VSMCs. Klotho
knockdown blocked the inhibitory effect of IMD1–53 on calci-
fication in VMSCs and transformation of VMSCs into
osteoblast-like cells [71]. Taken together, in the basis of the
vivo and vitro findings, we consider the numerous processes
in which IMD1–53 is involved, including as stimulator to
upregulate renal, vascular, and plasma Klotho protein levels.

2.11. Peroxisome Proliferator-Activated Receptor γ (PPAR γ).
It has been indicated that mice lack Klotho promoted calcifi-
cation and osteoblastic differentiation of VSMCs [72],
whereas Klotho transgenic mice were observed a significant
decrease in the incidence of calcifications and have better
preserved renal function compared to wild-type mice with
CKD [73]. It has been suggested that Klotho suppresses oste-
oblastic transdifferentiation and calcification of VSMCs by
inhibiting PiT-1/2-dependent Pi uptake, thus repressing the

expression of Cbfa1/Runx2. Klotho has been identified as a
target for nuclear receptor peroxisome proliferator-
activated receptor (PPAR) γ [74]. Thiazolidinediones, which
act as PPAR γ agonists, participate in the upregulated Klotho
expression in HEK293 cells and several renal epithelial cell
lines at the mRNA and protein level. This induction was
blocked by siRNA-mediated gene silencing of PPAR γ or
PPAR γ antagonists, which have been shown to attenuate
high glucose-induced VSMC calcification [75]. The latest
findings suggested that Klotho plays a modulatory role in
the regulation of Pi-induced vascular calcification by PPAR
γ, since it has recently been shown that knockdown of Klotho
abolished the ability of activated PPAR γ to inhibit calcifica-
tion in VSMCs. These findings suggested a potential mecha-
nism of PPAR γ in the regulation of Pi-induced vascular
calcification [76].

2.12. Salusin-β. Salusins are characterized as two related pep-
tides: salusin-α and salusin-β [77]. In contrast to salusin-α,
associations traditionally considered are salusin-β referred
to the regulation of cardiovascular and the accelerated devel-
opment of atherosclerosis [78]. Salusin-β was expressed at
high levels in macrophage foam cells, VSMCs, and fibroblasts
within atherosclerotic lesions in coronary arteries [79]. CD36
lymphocytes have also been confirmed to play a key role in
the formation of foam cells and participate in the uptake of
oxidized low-density lipoprotein by macrophages. The inter-
action between these two key molecules is a hot research
topic at present [80]. Moreover, existing evidence demon-
strated that salusin-β increased the expressions and activity
of acyl coenzyme A-cholesterol acyltransferase-1 (ACAT-
1), and silencing of ACAT-1 abolished the salusin-β-induced
lipid accumulation. Salusin-β also stimulates the prolifera-
tion of VSMCs and fibroblasts and induces the expression
of growth-associated genes, such as c-myc and c-fos [77].
These phenomena are regarded as important characteristics
of atherosclerosis.

In addition, in light of oxidative stress, salusin-β is widely
accepted as an oxidation inducer in cardiac tissues, VSMCs,
and endothelial cells in multiple disease scenarios [81].
Klotho is characterized for antiaging that protects cells from
inflammation and oxidative stress [82]. Klotho treatment
exerts protective effects on the heart from hyperglycemia-
induced injury by inactivating the reactive oxygen species
(ROS) signaling pathway [83]. In particular, oxidative stress
is a significant regulator in the expression of the Klotho gene,
and an essential role of the associations of oxidative stress
with klotho is in the process of VC [84]. However, the direct
evidence involved in the links between salusin-β and Klotho
is not clearly defined, and they might target the same oxida-
tive stress signaling pathway. As demonstrated by recent
study, Salusin-β regulates VC through activation of NAD(-
P)H/ROS-mediated Klotho downregulation, suggesting that
salusin-β may represent one of promising new therapeutic
targets for the treatment of VC [85].

2.13. Wnt7b/β-Catenin Pathway. The Wnt/β-catenin path-
way is accepted as a family of proteins that is implicated in
the regulation of many vital functions such as vascular
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calcification [86]. More recently, Yao et al. in a study revealed
that high phosphorus level leads to aortic calcification via β-
catenin in CKD [87]. Besides, VC in CKD was also reported
to be induced via a mechanism involving the Wnt/β-catenin
pathway. However, additional studies are needed to specifi-
cally address the mechanisms by which the Klotho/FGF23
axis could influence the relevant signaling molecules in
Wnt/β-catenin signaling. Recent study demonstrated that
both Klotho and FGF23 have opposite effects on the VSMC
calcification induced by high phosphate. In addition, Klotho
and FGF23 impaired phosphate-induced vascular calcifica-
tion by inhibiting the Wnt7b/β-catenin pathway [66]. Other
studies have shown that inhibition of the Wnt/β-catenin
pathway is able to prevent VSMC calcification by Klotho sup-
plementation [88].

The common mechanism by which the FGF23/Klotho
axis affects OP and VC was shown in Figure 1.

3. Discussion

The link between OP and VC had been recently confirmed.
Patients with OP frequently suffer from VC. Several studies
have demonstrated that VC presents substantial similarities
with OP, for example, they share several cardiovascular risk
factors such as age, hypertension, dyslipidemia, diabetes,
and cigarette smoking [5], the majority of studies of our
review suggested that this relationship is not only due to
the presence of common clinical risk factors but most prob-
ably also to underlying biological factors that connect them.
Furthermore, a recent retrospective observational study pro-
moted that it seems unlikely that VC could be secondary only
to the catabolic processes in the osteoporotic bone, consider-
ing the lack of any significant impact of bisphosphonate ther-
apy in the progression of VC [89, 90]. The existence of
underlying biohumoral mechanisms indicates that the con-
nection of the two pathological conditions is probable. In
support of this, it has been proposed that vitamin D plays a
modulatory role in the regulation of both bone metabolism
and valve calcification [91]. Vitamin D is the precursor to
the active steroid hormone of 1,25-dihydroxyvitamin D
(1,25[OH]2 D), known as calcitriol, a key regulator of cal-
cium and phosphorous homeostasis through actions in the
intestine, kidneys, and bones. Activated vitamin D binding

to the vitamin D receptor regulates transcription of hundreds
of genes, including those involved in cell cycling, prolifera-
tion, differentiation, and apoptosis [92]. But interestingly,
the results of studies [93, 94] exploring the association
between bone mineral density and vascular calcification are
inconsistent in terms of race. A study in different races
revealed that vitamin D and/or vitamin D precursor levels
in European Americans was correlated with BMD and nega-
tively associated in African American [95]. In addition, pos-
itive correlations in African Americans between calcified
atherosclerotic plaque and 25(OH)D levels have been
reported; instead, the associations in European Americans
were negatively [96]. Some researchers suppose that there
are differences in terms of the appropriate “normal” range
for 25(OH)D levels among racial and ethnic groups [97].

Nowadays, the FGF23/Klotho system is considered as a
principal regulator of phosphate homeostasis, exerting its
effects independently of the two classic endocrine regulating
factors: PTH and calcitriol. PTH and calcitriol synthesis is
also actively regulated by this system. Overall, the important
role of the endocrine bone–kidney–parathyroid gland axis
was highlighted by FGF23 to control serum phosphate levels
by negative feedbacks over kidney and parathyroid glands
[98]. In addition, the relationship between the FGF23/Klotho
axis and Wnt signaling pathway has also been revealed [99].
Herein, we discussed the potential role of the FGF23/Klotho
axis in the pathophysiology of OP and VC, which we believe
that has great clinical value in the context of an aging society.

Although the preliminary basic research on VC hvs
shown evidence of pathological mechanisms similar to OP,
how will these findings from experimental bench benefit
patients with OP and VC? Clearly, animal models have some
immanent peculiarities, including differences in bone growth
pattern and a relative resistance against atherosclerosis and
arterial calcification; thus, further studies are needed to eval-
uate whether these results can be extrapolated from animal to
human. However, progress in imaging techniques will allow
higher resolution, shorter acquisition time, and more reason-
able radiation exposure in noninvasive preclinical evaluation
[100]. With the improvement of techniques, these are
becoming more accessible and affordable and should be
employed in clinical studies to assess simultaneously OP
and VC. Additionally, intervention studies addressing the

VDR1,25-(OH)2-D
RANKL/OPG ratio

osteoclast
differentiation

‐

FGF23/klotho

‐CYP27B1 + CYP24A1

‐

-Pi absorption
FGF23—

-NPT2a -NPT2c

PTH FGF23‐

VD
‐+

New target 
for treatment

BMSCs ENPP

Wintsignaling NF-kb signaling

PPARγ
klotho

IMD
+

-

Klotho in the
aorta 

osteoblast-like cell
formation

CA2+
CA2+

CA2+

Salusin-β

NAD(P)H/ ros

klotho

klotho

FGF23
- Wnt7b/β-catenin

klothoFGF23
‐+

high dietary Pi
+GALNT3

Figure 1: The common mechanism by which the FGF23/Klotho axis affects OP and VC.

5Oxidative Medicine and Cellular Longevity



question whether treatment of OP benefits VC or vice versa
would be desirable, based on the molecular and cellular con-
cepts of VC.

To sum up, studies have revealed common pathogenesis
underlying these two frequent age-related disorders by the
combined skeletal and vascular phenotypes of animal
models. However, additional studies are needed to demon-
strate whether these findings can be directly extrapolated to
the human OP/VC syndrome. Thus, these data highlight
the need of clinicians to employ an open-minded approach
with integrative thinking, with the aim to benefit patients
with OP and VC.
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Acute coronary syndromes (ACS) are frequently reported in patients with coronavirus disease 2019 (COVID-19) and may
impact patient clinical course and mortality. Although the underlying pathogenesis remains unclear, several potential
mechanisms have been hypothesized, including oxygen supply/demand imbalance, direct viral cellular damage, systemic
inflammatory response with cytokine-mediated injury, microvascular thrombosis, and endothelial dysfunction. The severe
hypoxic state, combined with other conditions frequently reported in COVID-19, namely sepsis, tachyarrhythmias, anemia,
hypotension, and shock, can induce a myocardial damage due to the mismatch between oxygen supply and demand and
results in type 2 myocardial infarction (MI). In addition, COVID-19 promotes atherosclerotic plaque instability and thrombus
formation and may precipitate type 1 MI. Patients with severe disease often show decrease in platelets count, higher levels of
d-dimer, ultralarge von Willebrand factor multimers, tissue factor, and prolongation of prothrombin time, which reflects a
prothrombotic state. An endothelial dysfunction has been described as a consequence of the direct viral effects and of the
hyperinflammatory environment. The expression of tissue factor, von Willebrand factor, thromboxane, and plasminogen
activator inhibitor-1 promotes the prothrombotic status. In addition, endothelial cells generate superoxide anions, with
enhanced local oxidative stress, and endothelin-1, which affects the vasodilator/vasoconstrictor balance and platelet
aggregation. The optimal management of COVID-19 patients is a challenge both for logistic and clinical reasons. A deeper
understanding of ACS pathophysiology may yield novel research insights and therapeutic perspectives in higher
cardiovascular risk subjects with COVID-19.

1. Introduction

After the identifications of the first cases in Wuhan, China,
coronavirus disease 2019 (COVID-19) rapidly spread world-
wide and took on pandemic proportions [1, 2].

Although primarily affecting the respiratory tract, the
clinical course of COVID-19 may be complicated by sev-
eral systemic and potentially life-threatening conditions,
with a reported inhospital mortality rate ranging from
9% to 15% [3].

Cardiovascular (CV) involvement is frequently reported
in COVID-19 and may impact on patient clinical outcome
and mortality risk [4–7].

Acute coronary syndrome (ACS) has been reported in a
substantial proportion of patients with COVID-19 [8, 9].
Although the underlying pathogenesis remains unclear,
several potential mechanisms have been hypothesized, includ-
ing direct viral cellular damage, systemic inflammatory
response with cytokine-mediated injury, microvascular throm-
bosis, endothelial dysfunction, and oxygen supply/demand
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imbalance due to the severe hypoxic state [10–14]. More-
over, as described in other infective diseases, COVID-19
may promote atherosclerotic plaque instability and throm-
bus formation and precipitate type 1 myocardial infarction
(MI) [15, 16].

In this review, we aimed at describing the pathophysio-
logical mechanisms of ACS in patients with COVID-19, with
a focus on the translational perspectives and potential clini-
cal applications.

2. Pathogenesis and Transmission of COVID-19

COVID-19 is caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), a novel β-coronavirus infect-
ing human cells of the respiratory tract, vascular endothelium,
heart, gut, and immune system [17]. The virus binds the
angiotensin-converting enzyme 2 (ACE2) receptor, highly
expressed on the target host cells, through a spike (S) protein
that enables the fusion of membranes and viral internalization
[18, 19]. In particular, endothelial cells and cardiac pericytes
express abundant ACE2, making them highly susceptible to
SARS-CoV-2 interaction and internalization.

The interferon-mediated upregulation of ACE2 may
facilitate the involvement of adjacent pneumocytes and the
development of an uncontrolled inflammatory reaction,
microvascular thrombosis, interstitial and alveolar edema,
and eventual progression toward acute respiratory distress
syndrome (ARDS) [20], Moreover, it has been hypothesized
that SARS-CoV-2, by interacting with ACE2 for the cell
entry, causes a downregulation of the bound ACE2 and
increases the circulating level of soluble ACE2. This deregu-
lation affects the activity of bound ACE2, which is associated
with several beneficial effects by regulating the inflammatory
response, reducing oxidative stress, and promoting vessel
relaxation via the production of angiotensin1-7 (Ang1-7)
[17, 21]. It seems reasonable to hypothesize that, similarly
to SARS-CoV-1, SARS-CoV-2 promotes the cleavage of
ACE2 receptors leading to lower Ang1-7 serum levels [22].
However, only one in vitro study has showed that SARS-
CoV-2 downregulates the ACE2 expression, and further
studies are needed to confirm this pathophysiological path-
way [23]. SARS-CoV-2 is transmitted from person to person
via close contact through respiratory droplets and viral
particles inhalation, with a mean incubation of about five
days [24]. Viral load detected in the asymptomatic and
symptomatic subjects appears to be similar, suggesting that
asymptomatic subjects can transmit the virus as well as the
symptomatic ones [25].

The initial symptoms are very similar to other viral
respiratory syndromes and include fever, cough, shortness
of breath, fatigue, myalgias, headache and gastrointestinal
involvement. [1] The clinical spectrum of COVID-19 mani-
festations is particularly wide, ranging from asymptomatic
or minimally symptomatic to life-threatening or fatal forms,
characterized by systemic inflammatory response syndrome,
ARDS, multiple organ failures, and death [26]. CV involve-
ment has been frequently reported in hospitalized patients
with COVID-19 and may impacts the length of hospitaliza-

tion, clinical severity, rate of admission in intensive care
unit, and probability of survival [4, 9].

3. The Epidemiology Paradox of
ACS in COVID-19

Although COVID-19 may be complicated by coronary pla-
que instability and myocardial oxygen supply/demand
imbalance, multiple investigators worldwide have reported
a marked reduction in the rate of hospitalization for ACS
during the peak of pandemic. Data from the ISACS-STEMI
COVID-19 registry showed a significant drop in the number
of ST-elevation MI (STEMI) patients invasively treated from
2019 to 2020, with a 18.9% reduction of admissions for
STEMI in the last year. Patients treated in 2020 also had lon-
ger ischemia and door-to-balloon time [27]. Another study
conducted in China showed that the number of primary per-
cutaneous coronary intervention (PCI) dropped by more
than a half in the first three months of 2020 compared to
2018 and 2019, while the number of patients treated with
fibrinolysis increased by 2 to 3 times. Also in this study, a
longer time to reperfusion was reported among patients
treated in 2020 [28].

The significant reduction of hospitalization for ACS reg-
istered all over the world has been associated with a substan-
tial reduction in the total number of urgent and emergent
coronary angiography performed [29–33]. Despite the delay
in the reperfusion time, most of STEMI patients without
COVID-19 underwent emergent coronary angiography and
primary PCI as per standard of care [34]. Conversely,
COVID-19 patients with STEMI frequently did not receive
guideline-recommended treatments, and the use of fibrino-
lysis over PCI has been reported in a high number of cases
[27, 28, 35, 36]. In a cohort of 78 COVID-19 patients with
STEMI, noninvasive treatment with fibrinolysis, instead of
primary PCI, was reported as the most performed strategy
in 3 out of 4 cases [27].

Changes in the epidemiology of STEMI may have sev-
eral potential interpretations. First, social distancing, the
fear of contagion, and the prominent media attention on
the uncontrolled spread of the disease might have reduced
the awareness of the population towards other life-
threatening conditions, such as ACS. Second, the redistri-
bution of healthcare resources in the struggle against the
overwhelming pandemic could have weaken the local
emergency networks, as highlighted by the reported system
delays. Additionally, although seemingly contradictory
given the risk of COVID-19-related thrombotic complica-
tions, the contribution of an actual reduction of ACS
due to less emotional and physical triggering cannot be
excluded, a plausible phenomenon after the prompt adop-
tion of national lockdowns during the first period of the
pandemic [37].

The lower rate of admission for STEMI has been associ-
ated with the increased incidence of out-of-hospital cardiac
arrest and mechanical complications reported in this period
[38–40]. This has raised the attention of health organizations
worldwide and calls for caution and further investigations.
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4. Mechanisms of ACS in COVID-19

The potential underlying mechanisms of ACS in COVID-19
may be multiple and to date are not fully understood. The
spectrum of pathophysiological mechanisms reflects the dis-
tinctive clinical features of patients with confirmed MI diag-
nosis, such as the angiographic evidence of non-obstructed
coronary arteries, stent thrombosis, multiple thrombotic cul-
prit lesions, and high thrombus burden [27, 41, 42]. Some-
times, MI has been the first manifestation of the disease,
suggesting that ACS should be considered as a specific
thrombotic complication of SARS-CoV-2 infection [41,
43]. The most recognized mechanisms include cytokine-
mediated systemic inflammatory response, prothrombotic
activation of the coagulation cascade, endothelial dysfunc-
tion, and hypoxic injury due to oxygen supply/demand
imbalance (Figure 1).

4.1. Hemostatic Abnormalities. Several hemostatic abnor-
malities have been reported in COVID-19. Patients with
severe disease often show decrease in platelets count, higher
levels of d-dimer, and prolongation of prothrombin time
[44, 45]; these abnormalities have showed negative prognos-
tic impact in cohorts of hospitalized patients with COVID-
19. In an observational study conducted in Wuhan, China,
patients admitted to the intensive care unit (ICU) had signif-
icant higher plasma levels of d-dimer than patients who did
not need ICU care [46]. Similarly, Tang et al. reported
increased levels of d-dimer and fibrinogen degradation
products and a mild prolongation of prothrombin time in
fatal cases, compared with patients who survived [47]. The
reason for this prothrombotic state is not completely under-
stood; moreover, it is unclear whether these abnormalities
are imputable to direct viral effects on the coagulation cas-
cade or to the cytokine-mediated inflammatory response
[48]. A recent prospective study comparing laboratory find-
ings in cases with COVID-19-related ARDS with a historic
cohort of patient with nonCOVID-19-related ARDS showed
a significant increase in procoagulant factors in patients with
SARS-CoV-2 infection, correlated with the elevation of the
acute phase reactants. These findings suggest a major role
of the cytokine storm (CS) in COVID-19-related coagulopa-
thy [49]. Cytokines produced during the systemic inflamma-
tory response induce the overexpression of ultralarge von
Willebrand factor multimers (ULVWF) and tissue factor
(TF), which are involved in the primary and secondary
hemostatic mechanisms, respectively [47, 50, 51]. These fac-
tors may act as major triggers in the activation of the coag-
ulation cascade, resulting in a hypercoagulability status
characterized by increased production of thrombin [52]. In
addition, the presence of a positive lupus anticoagulant
(LA) might further contribute to SARS-CoV-2- related coag-
ulopathy [50]. LA antibodies are produced in clinical cir-
cumstances characterized by high cellular lysis, such as
infectious, inflammatory, and immune diseases; in such
cases, the occurrence of cellular damage, caused by the oxi-
dative stress on the endothelium, exposes phospholipids
usually not accessible to the immune system, with conse-
quent induction of thrombus formation [53].

This multifactorial coagulopathy justifies the common
incidence of life-threatening thrombotic complications, such
as venous thromboembolism (VTE), pulmonary embolism
(PE), and ACS [7, 10, 14, 41]. More specifically, patients
with ACS and concurrent COVID-19 represent a distinctive
clinical setting characterized by hallmarks of heightened
thrombogenicity. Choudry et al. compared COVID-19
patients with STEMI with a control group of SARS-CoV-2-
negative STEMI and reported a higher incidence of multiple
thrombotic culprit lesions, higher thrombus grade, and
lower rate of procedural success of primary PCI procedures
as assessed by myocardial blush grade (a marker of myocar-
dial perfusion) [42, 54]. Notably, high coronary thrombus
burden and low myocardial blush grade were associated with
higher d-dimer plasma levels. Eventually, in a population of
91 COVID-19 patients with STEMI, Rodriguez-Leor et al.
reported a high rate of stent thromboses (4.1%) [30], a
potentially catastrophic event with lower than 1% incidence
at one year in contemporary STEMI cohorts [55, 56].

4.2. Endothelial Dysfunction. Vascular endothelium is a cen-
tral interface between circulatory apparatus and tissues and
plays a key role in vascular homeostasis. A functional endo-
thelium possesses several valuable properties for regulating
vasomotion, inflammation, platelet reactivity, coagulation,
vascular permeability, and host defense. Traditional CV risk
factors such as diabetes, hypertension, older age, and smok-
ing may damage the endothelium through several mecha-
nisms, including oxidative stress related to the increased
intracellular levels of superoxide anions. All these mecha-
nisms shift towards a vasoconstrictive and procoagulant
status typical of the dysfunctional endothelium, which is a
distinctive feature of patients with coronary artery disease
(CAD) [57, 58].

Recent findings indicate that endothelial dysfunction
represents one of the most detrimental mechanisms of
COVID-19 pathophysiology [59, 60]. The endothelial injury
may be induced by both direct viral effects, as demonstrated
by the presence of viral elements within the endothelium
and inflammatory cell accumulation, resulting in venous,
arterial, and microvascular thrombosis [13, 61]. Several
pathways seem to be involved in the development of
endothelial-mediated complications of COVID-19. While
in physiological conditions, the endothelium maintains anti-
coagulant, antithrombotic, and profibrinolytic characteris-
tics, when stimulated by inflammatory and infectious
triggers, it can shift toward an opposite array of functions
through the expression of tissue factor, the release of von
Willebrand factor (vWf), and the production of thrombox-
ane and plasminogen activator inhibitor-1 (PAI-1) [62–64].
Under normal conditions, a functional endothelium is able
to limit oxidative stress, a recognized contributor to the pro-
gression of atherosclerosis, through the expression of super-
oxide dismutase and glutathione [65, 66]. In contrast, when
activated by inflammatory cytokines, endothelial cells gener-
ate superoxide anions with consequent enhancement of local
oxidative stress, which has been associated with a higher risk
of MI and other CV consequences [67–69]. The enhanced
production of endothelin-1, a potent vasoconstrictor and
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prothrombotic agent, may also favor the vasodilator/vaso-
constrictor imbalance, platelet aggregation and, finally, myo-
cardial ischemia [70]. Recent findings from a single-centre
study also reported higher levels of thrombomodulin, a spe-
cific marker of endothelial injury, which resulted associated
with poor inhospital outcome [60].

Another pathway of endothelial dysfunction may be
vascular endothelial glycocalyx (VEGLX) SARS-CoV-2-
mediated damage. VEGLX is composed by glycosylated
lipid-protein mixtures that covers vascular endothelium
and plays an important role in maintaining vascular homeo-
stasis [71]. A variety of conditions, including inflammatory
response, hypoxia, hyperglycemia, and ischemia/reperfusion
injury, are known to be associated with VEGLX damage
through several degradation pathways [72–74]. Moreover,
high circulating levels of VEGLX components are associated
with poor outcomes in critically hill patients [75]. Severe
COVID-19 forms represent the typical scenario in which
glycocalyx damage might occur. Several reports observed
high concentrations of VEGLX injury biomarkers in patients
hospitalized for COVID-19, including syndecan-1, hyaluro-
nic acid, and sTie-2 [75–78]. Moreover, Stahl et al. found a
severe depletion of heparanase-2, an enzyme with protective
effects on VEGLX structure and functions [76].

Despite the paucity of data, it is possible to hypothesize
that VEGLX damage might contribute to the progression
of endothelial dysfunction in severe COVID-19, with antic-
ipated consequences on the development of thrombotic
and vascular complications.

All these mechanisms might be amplified in case of pre-
existing endothelial dysfunction, such as in patients with CV
risk factors and CAD, leading to a heightened risk of ACS
and other thrombotic complications. Advances in the under-
standing of SARS-CoV-2-related endothelial dysfunction,
beyond the pathophysiological insights, would encourages
the assessment of the utility of pharmacological therapies
targeting the endothelium, such as ACE-inhibitors (ACEi)
and statins, in large prospective randomized studies [79–82].

4.3. Inflammatory Response and Cytokine Storm. Immune
and inflammatory response is chronically involved in the
progression of atherosclerotic disease. [83] In the context
of viral infection, the inflammation may spoil the regular
homeostasis and trigger a prothrombotic state by activating
platelets and promoting endothelial dysfunction [15]. More-
over, infections can increase the sympathetic activity with
consequent vasoconstriction in the coronary tree [84]. The
interplay between all these biological and mechanical condi-
tions can induce atheromatous plaque erosion or rupture,
resulting in coronary thrombosis and ACS [85, 86].

The clinical course of severe forms of COVID-19 is char-
acterized by an aberrant inflammatory response and CS [46,
48]. CS is a process primed by the primordial inflammatory
cytokine interleukin-1 (IL-1), which has the ability to induce
its own gene expression and to endorse a self-powered
inflammatory response [87]. IL-1 stimulates the production
of other proinflammatory mediators such as tumor necrosis
factor (TNFα), interleukin-6 (IL-6), and chemoattractant
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Figure 1: Pathophysiology of ACS in COVID-19. Mechanisms involved in the pathophysiology of ACS in patients with COVID-19. SARS-
CoV-2, by binding the ACE2 receptors expressed on the surface of the host cell, may infect pneumocytes, macrophages, and endothelial
cells. The respiratory impairment related to the pulmonary involvement, ranging from pneumonia to ARDS in severe forms, causes
hypoxia and type 2 MI due to the oxygen supply/demand mismatch. Also, the infection promotes an aberrant inflammatory response
resulting in the release of cytokines and proinflammatory molecules such as IL-1, IL-6, IL-7, TNFα, and IFNγ. Cytokines have the
potential to damage the endothelial function with increased production of oxidative stress agents and prothrombotic factors. SARS-CoV-
2 may also exert a direct cellular effect by interacting with molecules expressed on the surface of the endothelial cells. In turn, the
inflammatory environment enhances the instability of preexisting atheromatous plaques, promotes platelets activation and aggregation,
and upregulates the sympathetic nervous system resulting in increased vasomotility and coronary spasm. The interplay of all these
mechanisms may favor plaque rupture and thrombosis leading to type 1 MI. ACS: acute coronary syndrome; ACE2: angiotensin-
converting enzyme 2; COVID-19: coronavirus disease 2019; IFNγ: interferon γ; IL-1: interleukin 1; IL-6: interleukin 6; IL-7: interleukin 7;
MI: myocardial infarction; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; TNFα: tumor necrosis factor α.
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molecules, involved in tissue penetration of inflammatory
cells [88–90]. In addition to the local effects, IL-6 induces
the synthesis of acute phase reactants, such as fibrinogen,
plasminogen activator inhibitor-1 (PAI-1), and favor a pro-
thrombotic and antifibrinolytic imbalance. SARS-CoV-2-
related CS is confirmed by several studies showing increased
level of proinflammatory factors, such as IL-1, IL-6, IL-10,
IFNγ, granulocyte colony stimulating factor (G-CSF),
monocyte chemoattractant protein (MCP1), macrophage
inflammatory protein 1 alpha (MIP1A), platelet-derived
growth factor (PDGF), TNFα, and vascular endothelial
growth factor (VEGF) [46, 91]. The extensive production
of proinflammatory cytokines disrupts the physiological
homeostasis guaranteed by the functional endothelium, thus
contributing to thrombosis and local tissue injury [47, 50,
92]. The pathophysiological relationship between COVID-
related CS and thrombotic events suggests the implementa-
tion of targeted therapy for prevention and treatment of
ACS in this setting [93].

4.4. Oxygen Supply/Demand Imbalance. Hypoxemic respira-
tory failure is the leading cause of death in COVID-19,
accounting for nearly 60% of cases with fatal outcome [94].
The severe hypoxic state, combined with other mechanisms
observed in COVID-19, such as sepsis, tachyarrhythmias,
anemia, hypotension, and shock, can induce a myocardial
damage due to the mismatch between oxygen supply and
demand in absence of atherothrombotic lesions, findings
consistent with the diagnosis of type 2 MI [95]. Compared
with type 1 MI, patients with type 2 MI show distinct clinical
features and poorer prognosis, largely related to the higher
prevalence of coexisting systemic diseases [96]. Given their
high complexity and vulnerability, critically ill patients with
COVID-19 are particularly prone to the occurrence of type 2
MI, which strongly contributes to the reported high rate of
inhospital mortality [4].

5. Myocardial Infarction with Nonobstructive
Coronary Arteries

Myocardial infarction with nonobstructive coronary arteries
(MINOCA) has been frequently reported in patients with
COVID-19 [30, 97]. In an Italian series of 28 STEMI
patients with COVID-19, 11 patients (39.3%) did not have
obstructive CAD [43]. In another series of 18 COVID-19
patients with STEMI from New York, coronary angiogra-
phy did not detect obstructive CAD in 33% of cases [41].
Several mechanisms have been proposed for these cases,
including plaque erosion, microthrombi, or coronary
vasospasm [41, 98, 99]. The pathophysiology seems to be
multifactorial and encompasses inflammatory activation,
oxidative stress, and endothelial dysfunction in the context
of COVID-19-related CS [100, 101]. The underlying mech-
anisms of MINOCA, albeit theoretical, are largely underin-
vestigated due to difficulties in performing invasive and
noninvasive diagnostic work-up including intravascular
imaging, pharmacological provocative test, and cardiac
magnetic resonance [102–104].

Takotsubo syndrome (TTS), a condition that simulates
an ACS at presentation, has been frequently reported during
COVID-19 pandemic [105]. Observational studies on hospi-
talized patients with COVID-19 and laboratory evidence of
myocardial injury have estimated an incidence of TTS rang-
ing from 2% to 4% of cases [9, 106, 107]. Although TTS has
been proposed as a direct manifestation of COVID-19, it
may be also the consequence of the physical and emotional
stress related to the SARS-CoV-2 infection leading to sym-
pathetic overdrive [108]. A higher risk of TTS has also been
described in the context of pandemic, irrespective of SARS-
CoV-2 infection. In a cohort study of consecutive patients
admitted for suspected ACS at Cleveland Clinic, TTS
diagnosis was reported in 7.8% of patients during the first
wave of the pandemic, being significantly higher than in pre-
pandemic timelines [109]. These findings have been consid-
ered the consequence of growing psychological stress related
to the pandemic context (e.g., fear of contagion, social
distancing, and isolation), but need confirmation in larger
prospective studies [110].

6. Therapeutic Perspectives

The optimal management of ACS in COVID-19 patients is a
demanding challenge, both for logistic and clinical reasons.
During the first wave of the pandemic, in order to reduce
healthcare workers exposure and the risk of contagion,
several scientific societies suggested the use of fibrinolysis
as first-line therapy in STEMI patients with COVID
[111–113]. However, the delay in reperfusion time, the
increased risk of mortality and left ventricular dysfunction,
and frequent absence of a coronary culprit lesion do not
seem to support such an approach as an alternative to the
guideline-recommended treatment with primary PCI and
optimal antithrombotic therapy, currently considered as
the standard of care [34, 42, 114].

Antithrombotic therapy in COVID-19 is an active area
of investigation, with multiple ongoing randomized clinical
trials evaluating a variety of regimens with antiplatelet, anti-
coagulant, or their combinations (Table 1). Antiplatelet
agents, besides being the cornerstone of pharmacological
treatment of ACS, may deserve a remarkable role in the set-
ting of COVID-related endothelial injury and thromboin-
flammation. Their anti-inflammatory and antithrombotic
effects, indeed, provide the pathophysiological rationale for
a systematic use in this clinical setting. Activated platelets
release several inflammatory mediators, such as cytokines,
chemokines, and metalloproteinases, further contributing
to the sustainment of a systemic inflammatory response
[115]. Moreover, the interaction between activated platelets
and neutrophils induces neutrophil activations, extracellular
matrix protein degradation, and prothrombotic endothe-
lium activation [116, 117].

Several antiplatelet agents, such as glycoprotein IIb/IIIa
antagonists and P2Y12 inhibitors, also showed protective
effects on lung injury in patients with viral respiratory
infections, due to the limitation of neutrophil recruitment
[118]. Although all P2Y12 inhibitors have the potential to
reduce platelet–leukocyte aggregates and platelet-derived
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proinflammatory cytokines, ticagrelor is unique in the inhi-
bition of ENT1 (equilibrative nucleoside transporter 1),
resulting in higher antiplatelet, but also antibacterial activ-
ity [119]. Previous data from non-COVID-19 cohorts
showed the reduction of lung injury and the prevention of
septic complications in patients with pneumonia treated
with ticagrelor, resulting in a significant survival benefit
[120, 121]. However, to counterbalance the well-
documented risk of thrombotic complications, diffuse alve-
olar hemorrhage was reported as a possible autoptic finding
in COVID-19 and severe acute respiratory syndrome [122,
123]. The extensive thrombosis of pulmonary capillary bed,
if left uncontrolled, leads to secondary fibrinolysis, con-
sumption coagulopathy, disseminated intravascular coagu-
lation, and diffuse alveolar hemorrhage. Also, considering
the high bleeding risk profile of frail patients hospitalized
for severe COVID-19, some authors hypothesized the pos-
sibility of a shorter duration dual antiplatelet therapy after
an ACS [124, 125].

Thus, the selection of the proper antiplatelet regimen in
COVID-19 patients with ACS remains an open clinical
issue; it should be based on the careful assessment of ische-
mic and bleeding risk and tailored to the individual patient.

Anticoagulant agents might yield clinical benefits in
COVID-19, not only for their antithrombotic action but also
for additional anti-inflammatory effects. Unfractionated
heparin (UFH) and low-molecular-weight heparin (LMWH)
have pleiotropic anti-inflammatory effects, including the
inhibition of the interaction between platelets and neutro-
phils and the reduction of the release of inflammatory medi-
ators like IL-1β, IL-6, E-selectin, and ICAM-1 [126–128].
Heparins have also direct antiviral effects mediated by their
interaction with heparan sulfate, a component of cell surface
identified as the initial contact point between human cells
and several viruses, including SARS-CoV-2 [129–131]. Hep-
arins compete with heparan sulfate and hamper the interac-
tion between virus and target cells.

Additional antiviral effects of heparin may be related to
the interaction with SARS-CoV-2S proteins. Each S protein
is characterized by two subunits, S1 and S2; S1 presents the
binding domain which interacts with ACE2 receptor on host
cells. Heparin has been demonstrated to bind the S1 subunit,
causing a structural change that jeopardizes the viral entry
mechanism into the target cells. [129] After the interaction
with ACE2, the cleavage of S1-S2 subunits is needed to
expose S2 for adhesion of cell membrane and to finalize
the virus entrance into the target cell. This step is permitted
by several proteases, including factor Xa, cathepsin, throm-
bin, and furin. The anticoagulant agents that inhibit these
proteases, including heparins and oral anticoagulants, might
exert antiviral effects due to the interference with SARS-
CoV-2 in host cell infection.

Although the pathophysiology of COVID-19 seems to
provide a rationale for the use of anticoagulant drugs in rou-
tine clinical practice, also in patients without clinically evi-
dent thrombotic complications, there are still controversial
data on what is the best anticoagulant agent and on the opti-
mal dosing [132, 133]. An observational study on 4,389
patients showed a lower rate of mortality in patients treated

with anticoagulants; there was no incremental benefit of
therapeutic over prophylactic regimens, but an increased
risk of bleeding in patients treated with therapeutic doses
[134]. Results from randomized clinical trials, currently
ongoing, are urgently needed to clarify these controversies.
In the meantime, the choice of the optimal anticoagulation
strategy should be individually considered, particularly in
patients with COVID-19 and life-threatening thrombotic
complications, like ACS [135, 136]. The optimal antithrom-
botic therapy in COVID-19 patients with ACS and indica-
tion for chronic oral anticoagulation therapy (e.g., atrial
fibrillation and mechanical valvular prosthesis) is a poorly
explored clinical scenario. The choice of type and duration
of antithrombotic therapy should be tailored on patients’
characteristics taking into account the trade-off between
ischemic and bleeding risks, which varies on an individual
basis. Due to the higher risk of thrombotic events, some
authors have suggested a more aggressive treatment in
COVID-19 patients at higher risk of thromboembolic
events, such as those with an indication for combined anti-
platelet and anticoagulation therapy. However, there are no
evidence supporting such an approach and to date seems
reasonable to follow the general recommendations proposed
for patients with ACS and indication for concomitant oral
anticoagulation.

The progressive understanding of COVID-19 patho-
physiology provides us a conceptual framework for treat-
ment of endothelial dysfunction. ACEi and statins, two
widely used drugs in CV diseases, have robust evidence on
their ability to improve endothelial function [80, 82].

The renin-angiotensin-aldosterone system, a key regula-
tor of vascular homeostasis, effectively participates in
COVID-19 CV manifestations. Given the central role of
ACE2 in COVID-19 pathophysiology, its interaction with
SARS-CoV2 might represent a potential therapeutic target
[17, 19]. ACE2, unlike ACE, is not antagonized by ACEi,
and its expression and activity provide beneficial effects
through different pathways [137]. Most of these properties
are related to the production of angiotensin1-7, a molecule
with multiple anti-inflammatory, antioxidant, vasodilatory,
and natriuretic effects, exerted through the G-protein
coupled receptor Mas [138]. Ang1-7 production can be
obtained by several mechanisms: ACE2 can convert angio-
tensin II (Ang II) directly into Ang1-7 via C-terminus cleav-
age, representing the most efficient way of production of
Ang1-7. Ang1-7 can also be produced from the Ang I via
an alternative pathway mediated by the metallopeptidase
neprilysin. In addition, ACE2 can convert Ang I into the
Angiotensin1-9 (Ang1-9) intermediate, which itself is con-
verted into Ang1-7 by ACE; however, the latter two path-
ways are less efficient [137]. Conversely, SARS-CoV-2,
similarly to other coronaviruses, limits ACE2 expression by
promoting its cleavage by the specialized proteinase A disin-
tegrin and metalloproteinase 17 (ADAM17), leading to a
reduction in ACE2’s protective effects [22]. Previous studies
showed that ACEi increases the transcription of ACE2
mRNA and plasma levels of Ang1-7, therefore suggesting
an ACEi-mediated upregulation of the ACE2/Ang1-7/Mas
pathway [139]. In light of this evidence, the use of ACEi
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might lead to anti-inflammatory, antifibrotic, and anti-
thrombotic effects, providing a valuable protection against
ACS in patients with COVID-19.

Statins, beyond their effect on circulating lipids, exert
pleiotropic effects on the immune response by modulating
immune cell adhesion and migration, antigen presentation,
and cytokine production. These effects are mediated by their
capability of inhibiting the production of small GTPases
(Ras, Rho, Rac) and modulate the plasma level of the mye-
loid differentiation primary response 88 (MYD88), leading
to the downregulation of inflammatory transcriptional fac-
tors, like NF-κΒ [140, 141]. Statins also reduce reactive oxy-
gen species and increase the production of antioxidants,
restoring the normal endothelial function and integrity by
upregulating eNOS and consequently increasing the produc-
tion of NO by the endothelium [142]. Statin-mediated NO
production has been associated with a reduction of platelets
reactivity; [143] additional antithrombotic properties of sta-
tins are related to the inhibition of thromboxane A2 and iso-
prostane formation, the downregulation of TF production,
and the increase of thrombomodulin levels [144]. Like ACEi,
statins can upregulate the expression of ACE2 via epigenetic
histone modification, favoring the beneficial effects of the
upregulation of the ACE2/Ang1-7/Mas axis [145]. This wide
range of pharmacodynamic properties would support the
use of statins in COVID-19, aiming to antagonize the proin-
flammatory and prothrombotic endothelial modifications of
the disease [146]. A recent propensity-matched observa-
tional study on 13,981 patients has showed a reduction in
all-cause mortality in patients hospitalized for COVID-19
and treated with statins [147]. Albeit, these findings from
general COVID-19 population need confirmation by large
randomized clinical trials, and the rationale for the use of
statins would be stronger in patients with multiple risk
factors for ACS.

Beta-blockers (β-blockers) are widely used in different
cardiovascular diseases, including ACS. They have been pro-
posed in patients with COVID-19 to antagonize the disease-
related hyperinflammatory response [148, 149]. In fact,
beta2-adrenergic receptors are widely expressed on immune
cells such as macrophages, dendritic cells, and T and B
lymphocytes and seem to play a relevant role in promoting
macrophage activation and proinflammatory cytokine pro-
duction (IL-6, TNF-α, and NFκΒ) [150–153].

Since CS is involved in the pathogenesis of vascular
complications in COVID-19, the reduction of circulating
cytokines driven by β-blockers could mitigate their sys-
temic detrimental effects. The rationale for the use of β-
blockers is reinforced in COVID-19 patients who develop
left ventricular systolic dysfunction and heart failure
(HF) after STEMI. Rodriguez-Leor et al. reported a higher
percentage of HF on admission in STEMI patients with vs.
those without COVID-19 (31.9% vs. 18.4%) [30]. Consis-
tently, Choudry et al. showed that left ventricular ejection
fraction after PCI was lower in STEMI patients with
COVID-19 than in those without (42.5% vs. 45%) [42].
The potentially beneficial anti-inflammatory and cardiac
effects of β-blockers need to be confirmed by large multi-
center studies.

7. Conclusions

Despite the overall reduction in cases admitted at the emer-
gency departments during the early phase of the pandemic,
ACS is a potential life-threatening complication of
COVID-19. The pathophysiological mechanisms are multi-
ple and include atherosclerotic plaque rupture, overactiva-
tion of the coagulation system, platelet hyperreactivity,
abnormal systemic inflammatory response, and oxygen sup-
ply/demand imbalance. When compared to non-COVID-19
cases, patients with ACS and SARS-CoV-2 infection present
distinctive clinical and anatomical features including the
absence of obstructive CAD, the higher burden of thrombus,
and the angiographic evidence of multiple thrombotic
lesions. Deeper understanding of the ACS pathophysiology
in COVID-19 may allow the application of translational
notions in daily clinical practice. The use of pharmacological
agents, namely, antiplatelets, anticoagulants, ACEi, β-
blockers, and statins, seems a valuable strategy not only in
the treatment of ACS but also as a preventive strategy in
higher CV risk subjects with COVID-19.
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1. Introduction

Pulmonary arterial hypertension (PAH) is an incurable life-
limiting disease characterized by increased pulmonary
hypertension secondary to pulmonary vasculature remodel-
ing [1]. The increased pressure overloads the right ventricle
(RV), inducing adaptative RV remodeling. In the initial
stages, RV hypertrophy decreases wall tension, but maladap-
tive remodeling induces RV dysfunction and right heart
failure syndrome in the end stages [2]. Specific treatment
includes therapies targeting endothelin, nitric oxide, and
prostacyclin pathways in pulmonary arteries to decrease
pulmonary pressure and prevent RV stress [3]. The available
therapeutic approaches improve quality of life and reduce the
incidence of clinical worsening [4]. Although RV dysfunction
and the patient’s response to PAH-specific treatment deter-
mine survival [5, 6], there are no therapeutic aims to improve
RV dysfunction [7]. Left ventricular (LV) dysfunction mech-
anisms have been widely studied, and multiple therapies to
improve LV failure survival are available [8]; however,
treatment for RV dysfunction is less robust [9]. Notably,
beta-blockers and drugs that target the renin-angiotensin-
aldosterone system (RAAS), which are standard therapies
for LV failure, are potentially contraindicated in RV dysfunc-
tion [8]. Thus, understanding the differences between the RV
and LV and describing RV dysfunction’s underlying
mechanism may be essential to outline an RV-directed
therapy and improve PAH patient outcomes. This review
focuses on the underlying mechanisms that differentiate left
and right ventricles in both physiological conditions and
disease development.

2. Structural and Functional
Differences between the Right and
Left Ventricles

The heart is a muscular pump whose primary function is to
supply blood to the body, allowing oxygen and nutrients to
reach each cell while removing carbon dioxide and metabolic
waste. The ventricles propel blood from the heart to either
high-pressure systemic circulation by the thick-walled conic-
shaped LV or pulmonary circulation by the thin-walled,
crescent-shaped RV, which is capable ofmaintaining low pres-
sure levels even under changes in volume [10, 11]. Both ventri-
cles adapt their mechanisms at the cellular and tissue levels to
meet the whole organism’s needs and their development into
adulthood to accomplish the heart’s function. This section
summarizes the differences in development and adaptations
of each ventricle to maintain its proper function.

2.1. Structural Differences between Ventricles. Embryonic
development of the human cardiovascular system occurs
between the third and eighth weeks of gestation [12]. Specif-
ically, heart development begins on the 16th day of gestation;
however, it is not a uniform process. Ventricles show differ-
ences in development, cellular origin, and molecular and
genetic markers. These differences begin with the movement
of cardiac progenitor cells that originate in gastrulation, from
the mesoderm to the anterior of the primitive vein [13],

where two structures are differentiated: the first cardiac field
(FHF) and the second cardiac field (SHF) [14]. The FHF will
give origin to the crescent-shaped cardiac tube and the LV,
which begins development before the RV. The SHF will give
origin to the outflow tract and the RV. It is essential to note
that these processes develop successively and under genetic
control, including the Paired-Like Homeodomain 2 (PITX2)
gene, which determines left and right asymmetry [13], and
the Heart and Neural Crest Derivatives Expressed (HAND1
and HAND2) genes, which influence the development of
the left and right ventricles, respectively, [14]. Contrary to
what happens in adulthood, where cardiac output is the same
for both ventricles, during embryological development, the
RV produces 60% of total cardiac output [11]. Likewise, dur-
ing embryological development, the thickness and strength
generated by the LV and RV are the same [12].

An organ’s structure serves its function; thus, differences
in the pressure of pulmonary and systemic circuits determine
several structural differences between ventricles. Noting the
anatomical muscle arrangement in both ventricles helps to
understand how blood is pumped through different parts of
the circulatory system. Most of the muscle fibers in the RV
free wall are transverse fibers with a small portion of suben-
docardial longitudinal fibers [15]. However, the LV is com-
posed of endocardial and epicardial fibers, which form a
helical structure, and circumferential fibers located at the
midwall [16]. Therefore, RV needs fewer muscle fibers and
is much thinner than the LV, and it has about one-third of
LV’s thickness [10]. This fiber arrangement contributes dif-
ferently to ventricle contraction. LV contraction involves
the septum, presenting a radial constriction and longitudinal
shortening, contributing 67% and 33% to the LV ejection
fraction (LVEF), respectively [16]. Simultaneously, longitu-
dinal fibers in the RV free wall account for 20–30% of the
RV ejection fraction (RVEF). In comparison, approximately
80% of RV systolic function is attributed to the septum’s heli-
cal fibers, which twist and shorten the longitudinal axis in the
RV [15]. Along with differences in fiber arrangement and
muscle contraction, the RV has a higher extracellular matrix
content than the LV [17].

2.2. Physiological Difference between Ventricles. Anatomical
differences between the ventricles are also reflected in their
perfusion system. The lower pulmonary arterial pressure
and pulmonary vascular resistance are 20% and 10% of sys-
temic arterial pressure and systemic vascular resistance,
respectively [18], leading to lower oxygen consumption by
the RV [19]. While the LV has a higher oxygen demand, its
perfusion predominantly occurs during diastole due to the
fact that increased intramural pressure during systole
impedes the flow supply [19]. The low pressures handled by
the RV allow the perfusion of blood flow throughout the
entire cardiac cycle, allowing it to maintain an appropriate
myocardial oxygen level [19]. Moreover, the collateral vessels
of the RV are denser than those of the LV [10]. The lower
oxygen consumption and blood flow in the RV result in an
oxygen extraction reserve, making the RV less vulnerable to
myocardial ischemia [19]. However, the RV is highly suscep-
tible to acute increases in afterload, unlike the LV [20, 21].
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Increases in pulmonary arterial pressure increase intramural
pressure, impeding blood supply during systole, which
increases blood flow demands during diastole, like LV perfu-
sion [19]. After the blood flow fails to meet an acute or
chronic increased oxygen demand caused by an increased
afterload, it results in RV ischemia and RV failure [19, 22].

2.3. Differences in Cell Shortening and Relaxation between
Cardiac Cells. The cardiac muscle’s functional unit is the car-
diomyocyte, whose primary function is to accomplish the cell
contraction-relaxation cycle, leading to synchronized organ
contraction and relaxation [23]. This synchronization is
made possible by cardiac excitation-contraction coupling
(ECC), which is the physiological process of converting an
electrical stimulus to a mechanical response [24]. ECC refers
to everything from the activation of the calcium ion (Ca2+)
transient by initial membrane depolarization, through the
action potential (AP), to myofilament contraction in response
to increased intracellular Ca2+. The initial AP promotes the
entry of extracellular Ca2+ through voltage-dependent Ca2+

channels at the plasma membrane or sarcolemma, which pro-
motes the release of Ca2+ from the sarcoplasmic reticulum
(SR) in a process known as calcium-induced calcium release
(CICR), causing a significant transient increase in intracellular
Ca2+ [24], which interacts with the proteins in myofilaments
to produce cellular contraction. Cell relaxation occurs by
removing cytosolic Ca2+ in a highly energy-dependent process
[25]. This section will focus on describing the differences
between left and right cardiomyocytes during ECC, especially
the differential characteristics of AP, components of Ca2+ han-
dling inmyocytes, and energetic andmitochondria-dependent
process in excitation energetic coupling.

By definition, AP involves a reversible change in mem-
brane potential due to the sequential activation and inhibi-
tion of several ionic channels, which allow ions to flow in
favor of their electrochemical gradient through the cell mem-
brane [26]. Sodium ion (Na+) and Ca2+ inward currents and
different potassium ion (K+) outward currents are described
in this section. Differences in AP form and duration (APD)
are explained by changes in the expression and function of
these ions’ channels (Table 1). Figure 1 highlights the main
differences between the right and left AP shape and currents.
Membrane depolarization by AP starts with a sodium inward
current (INa) through voltage-sensitive Na+ channels. Higher
INa densities and larger Na+ currents have been found in the
LV than in the RV. In the LV, Na+ channels also have more
negative steady-state inactivation, V1/2, and slower recovery
from inactivation than in the RV, without changes in the acti-
vation threshold [26]. The lower INa density causes a slower
conduction time in the RV, resulting in a lower upstroke
velocity [26]. Despite the lower density, higher [27] or
unchanged [26] Na+ channel expression has been reported.

The movement of different ions through the cell mem-
brane shapes the AP, organizing it in well-defined membrane
depolarization and repolarization phases. The main difference
between LV’s and RV’s AP is during phase 1, which corre-
sponds to the synchronized opening of K+ channels after the
initial Na+ inward current [28, 29]. The RV has a deeper notch

than the LV due to an increase in outward K+ current density
[28, 30, 31]. This increase is due to the larger amplitude of the
transient outward current (Ito) in the RV than in the LV [28,
30–32]. In some studies, no changes were observed in protein
expression [31, 33] or in the inactivation constant [30, 32].
APD differences between the LV and RV have been described
in several species, with some studies finding more prolonged
APD in the LV than the RV [29, 30, 32, 34–36], even in human
hearts [37]. However, a lack of changes in APD was reported
in Langendorff-perfused guinea pig hearts [38], and 2-9%
RV longer APD has been observed in dogs [26]. The K+ repo-
larization currents can explain the shorter APD present in the
RV. The RV’s steeper repolarization phase’s significant contri-
bution is partially due to a higher density in the RV of the slowly
activating component (IKs) of the delayed rectifier K1 current
[32]. In contrast, a rapidly activating component (IKr), the
inward rectifier current (IK1), and the sustained current (ISS)
do not show changes in expression, density, or inactivation
[29–33]. The ATP-activated K+ current (IKATP) has been iden-
tified as a determinant factor of APD in ischemia, and its
expression is higher in the LV than in the RV [38].

Changes in AP duration and shape may be considered
since the cardiac AP’s immediate consequence is the genera-
tion of an intracellular Ca2+ transient and differences
observed between the APs of the LV and RV may influence
intracellular Ca2+ dynamics. The initial membrane depolari-
zation triggers the activation of L-type Ca2+ channels
(LTCC), allowing an inward current of Ca2+, which, in turn,
promotes the release of Ca2+ from the SR through the ryano-
dine receptors (RyR) by CICR, originating the Ca2+ transient
[24]. Figure 1 shows the main differences between the RV
and LV in the Ca2+ transient.

The link between the initial membrane depolarization
and the Ca2+ transient is the LTCC. There is a clear difference
between the AP in both ventricles; however, the initial phase
of the Ca2+ transient is not affected by these changes. Indeed,
while some reports show an increase in LTCC protein
expression in the RV [27], others report unchanged gene
expression between ventricles [29]. Moreover, the Ca2+ cur-
rents (ICa) do not show differences between ventricles [29].

Regarding RyR, there are no differences in Ca2+ concen-
tration for half-maximal activation, the Hill coefficient,
caffeine-sensitive ryanodine binding, or current density
[39]. However, there are discrepancies in RyR expression in
the RV, since some studies show unchanged protein expres-
sion, while others refer to lower expression [40]. More studies
will be required to clarify these discrepancies.

At rest, there is no difference in diastolic Ca2+ between
the right and left ventricles [29, 41]. However, although it
seems that RyR expression and function are unchanged, it
has been reported an increase in Ca2+ transient amplitude
during systole in the LV [29, 42], indicating a major Ca2+

release by the SR due to primary Ca2+ content [42]. A higher
contraction force [36] and greater sarcomere shortening have
been found in the LV than in the RV [29, 36, 41, 43], which
coincides with the increase in the transient amplitude since
the more significant the Ca2+ release, the greater the contrac-
tion force. However, two previous studies found no changes
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Table 1: Physiological differences between ventricles in myocyte function.

Process Component Level
RV change

(Compared to LV)
Model Reference

Action potential

INa

Density Lower Dog

[26]
Expression (SCN5A,SCN1B

and 4B)
NC Dog

Steady-state inactivation Higher Dog

Recovery from inactivation Higher Dog

AP Duration
Higher

Human, Dog, Rat, Mice,
Human

[29, 30, 32, 34–37]

NC Guinea pig [38]

Ito

Current Higher Dog, Mice, Rat, Dog [28, 30–32]

Expression NC Rabbit, Mice [31, 33]

Inactivation constant NC Dog, Dog [30, 32]

ICa Current NC Mice [29]

IKs
Density Higher Dog [32]

Expression NC Rabbit [33]

IKr Density NC Dog [32]

IK1
Expression NC Mice, Dog [30, 31]

Density NC Mice [29]

ISS Density NC Dog, Mice [30, 31]

IKATP Expression Lower Guinea pig [38]

CIRC

LTCC
Expression

Higher Rabbit [27]

NC Mice [29]

Current NC Mice [29]

RyR

Activity NC Human [39]

Sensitivity NC Human [39]

Density NC Human [39]

Expression
NC Rabbit, Human [27, 154]

Lower Dog [40]

Ca2+ transient
Amplitude Lower Rat, Mice [29, 42]

Time to decay Higher Rat [36]

SR
Volume NC Pig [54]

Ca2+ load Lower Rat [42]

Diastolic Ca2+ Level NC Mice, Rat [29, 41]

Cell contraction

Contraction force Lower Dog [36]

Sarcomere shortening Lower Rat, Mice, Dog, Rat [29, 36, 41, 43]

Troponin I Phosphorylation NC Mice [46]

Troponin T Phosphorylation NC Mice [46]

MyBP-C Phosphorylation NC Mice [46]

MRLC Phosphorylation NC Mice [46]

Actin-Myosin
binding

Mobility Lower Mice, Rabbit [44, 45]

Maximal shortening velocity Lower Mice [29]

Myofilaments Ca2+ sensitivity Lower Rat, Mice [46–48]

Myosine ATPase activity Higher Rat, Rat [49, 50]

Myosine heavy
chain

Alfa: beta proportion Higher Rat [49]
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in sarcomere shortening in rats [41, 42]. Furthermore, at the
molecular level, actin interacts differently with myosin cross-
bridges in the LV, allowing greater mobility of actin mono-
mers and, hence, greater contractility [44, 45], without
changes in troponin I and T, myosin-binding protein C
(MyBP-C), or the myosin regulatory light chain phosphory-
lation, between LV and RV [46]. On the other hand, the max-
imal shortening velocity is also slower in RV myocytes [29],

which is related to decreased Ca2+ sensitivity in RV myofila-
ments [46–48]. However, greater myosin ATPase activity
[49, 50] and a faster cellular contraction in the RV have also
been reported due to a larger proportion of heavy α-chain-
containing myosin isozyme in the RV compared to the LV,
which has a larger proportion of the slower β-chain [49].
All the expression changes between ventricles are summa-
rized in Table 1.

Table 1: Continued.

Process Component Level
RV change

(Compared to LV)
Model Reference

Cell relaxation

SERCA

Activity

Lower Rat, Rat [41, 42]

Higher Rat [36]

NC Mice [29]

Expression
Lower Rat [41]

NC Rat, Rabbit [27, 42]

Phosphorylation Lower Rat [41]

Affinity to Ca2+ Lower Rat [41]

SERCA-PBL
Ratio NC Rat

[41]
Stability complex Higher Rat

NCX
Expression Higher Rabbit [27]

Rest-potentiation
phenomenon

Higher Rat, Mice [29, 36]

Cell energetics

Mitochondria
respiration

Expression NC Rat [53]

Activity NC Dog [52]

Oxidative
metabolism

Expression NC Rat [53]

Fatty acid oxidation Expression NC Rat [53]

Rate of oxidation Activity Lower Rat [53]

Mitochondria
content

Citrate synthase activity Lower Rat [53]

Mitochondria-myofibrils
ratio

Lower Pig [54]

Mitochondria volume NC Pig [54]

NC: no change.

SERCA

Right ventricle Left ventricle

Same basal potential

IKATPINa

IKs

Ito

APD

Myofilament

Shortenning
velocity

Sarcomere
shortening

Ca2+ sensitivity
NCX

Amplitude

Same Ca2+ distolic

Figure 1: Physiological differences in excitation-contraction coupling between ventricles. Black lines, letters and arrows represent the action
potential; red lines, letters and arrows represent Ca2+ transient; blue line, letters and arrows represent cellular shortening. Ito: transient
outward current; IKs: slowly activating component; INa: sodium inward current; IKATP: ATP-activated K+ current; ADP: action potential
duration; SERCA: sarcoendoplasmic reticulum Ca2+ ATPase; NCX: sodium-calcium exchanger. The figure was created with BioRender.com.
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For relaxation to occur during diastole, intracellular Ca2+

must decline, and the sarco/endoplasmic reticulum Ca2+-
ATPase (SERCA) pump is the primary removal mechanism
[24]. As illustrated in Figure 1, a more prolonged Ca2+ tran-
sient has been reported in RV myocytes than in LV myocytes
[41, 42], accompanied by decreased SERCA activity [41, 42]
and expression, as well as affinity to Ca2+ in the RV [41].
Phospholamban (PLB) is a critical SERCA inhibitor, but
PLB phosphorylation relieves SERCA of its inhibition [51].
A previous study found that LV and RV present similar SER-
CA/PLB ratios but the RV’s SERCA-PLB complex is more
stable than in LV [41]. The decreased SERCA activity in
RV myocytes may allow more active participation of other
Ca2+ removal mechanisms, leading to lower Ca2+ availability
in the SR. This phenomenon might explain the decreased
transient amplitudes and SR content [42] observed in RV
myocytes when compared to LV myocytes. However, there
are some discrepancies since faster relaxation has been
reported in the RV [36] than in the LV, as well as no
differences in SERCA and PBL activity [29] and expression
[27, 42] between LV and RV.

Another important Ca2+ removal mechanism in cardio-
myocytes is the Na+/Ca2+ exchanger (NCX). Higher NCX
protein expression has been found in RV than in LV [27]
(Table 1), which might also explain the decreased SR Ca2+

availability, resulting in a decreased Ca2+ transient amplitude
without changes in SERCA activity. However, regardless of
its expression, NCX is more active in LV than in RV [36],
promoting Ca2+ overload in the SR during the rest-
potentiation phenomenon, which is more prominent in the
LV than in the RV [36]; thus, there are differences in the bal-
ance between Ca2+ entry and SR loading in the right and left
ventricles. Notably, the mitochondrial Ca2+ uniporter and
mitochondrial NCX contribute to Ca2+ handling in cardiac
cells [25], but the function and expression of these systems
remain unknown in RV cardiomyocytes.

Otherwise, cell relaxation is a high energy-dependent
process. Ca2+ removal against its concentration gradient by
SERCA and the detachment of myosin heads from actin
require an adequate ATP supply [24]. Mitochondria are the
organelle responsible for energy production in ATP form.
There is no change in respiratory components, oxidative
metabolism, fatty acid oxidation, or mitochondria respira-
tion between the right and left ventricles [52, 53]. However,
the LV has a higher rate of oxidation and mitochondrial
membrane potential. This finding has been understood as
higher mitochondrial content, supported by a higher citrate
synthase activity [53], a higher mitochondria-myofibril ratio
[54], and higher nitrosylated protein content in LV than in
RV [53]. The mechanism that induces differential levels of
mitochondrial biogenesis between the LV and RV is entirely
unknown and could be a fertile research area in the future.

3. Distinctions between Right and Left
Ventricle Dysfunction

In the vascular system, the RV has not received much
research attention since 1943, when cauterization of the RV
free wall in canine hearts did not change venous pressure

[55]. Furthermore, the LV is more severely affected than
the RV in heart disease. However, the medical field’s
perception of the RV is changing from it being considered
unimportant to it being an essential component of normal
hemodynamics [56]. More recently, significant differences
have been recognized in right and left heart failure progres-
sion [11]. Although changes in the left ventricles of failing
hearts have been thoroughly described, the assumption that
the same mechanism is involved in LV and RV failure has
been challenged in recent decades. Physiological and struc-
tural differences between the two ventricles may explain the
differences in the pathologies each ventricle faces, giving
importance to underlying mechanisms that make them more
susceptible or resistant to diverse insults.

3.1. Differences between Right and Left Ventricular Infarction.
The compromised coronary artery predominantly deter-
mines the size and location of the infarction. Acute right ven-
tricular infarction (RVMI) can occur when there is occlusion
of the right coronary artery (RCA), proximally to the takeoff
of RV branches [57]. The RVMI is an infrequent event,
occurring in one-third to one-half of patients presenting with
inferior myocardial infarction; very rarely, it can occur in
isolation [58].

The term RV infarction may be somewhat misleading
since acute RV ischemic dysfunction frequently has a faster
recovery than LV infarction. Indeed, there is a deep contrast
between the effects of ischemia and reperfusion in RV and in
LV, in which prolonged ischemia often leads to myocardial
infarction. Levin and Goldstein proposed diverse reasons to
explain LV’s lower vulnerability to infarction. First, oxygen
demand is undoubtedly lower in the RV than in the LV,
because of its much smaller muscle mass and lower afterload.
Second, in the absence of severe RV hypertrophy or pressure
overload, the coronary artery flow in the RV is given in both
diastole and systole. Third, chronic RV failure attributable to
RV myocardial infarction is infrequent. Fourth, there is
greater availability of blood perfusion in the RV through
the collateral flow from the left to right coronary arteries
[59]. However, Heresi et al. used a sensitive assay to measure
cardiac troponin I (cTnI), a myocardial infarction biomarker,
and found a significant positive association between cTnI
and a more severe PAH and worse clinical outcomes in
patients with PAH [60], suggesting that the susceptibility of
the RV to ischemic events is not completely understood.

3.2. Differential Mechanisms of Right versus Left Pathological
Remodeling. Cardiac hypertrophy is defined as an increase in
cardiac mass manifested by increasing size, as well as
morphological and functional alterations attributed to a
physiological or pathological stimulus. Physical exercise is
an example of a physiological stimulus, while a pathological
stimulus is found in hypertension, diabetes, myocardial
ischemia, and other conditions [61]. Cardiac hypertrophy is
considered an adaptive response to increased activity or
functional overload, and it is classified as eccentric or
concentric. An increase in preload due to high blood volumes
reaching the heart, usually observed in aortic regurgitation or
endurance exercise, leads to eccentric hypertrophy. This
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represents a serial addition of sarcomeres, which increases of
the ventricular chamber volume and the wall thickness. A
higher afterload due to pressure overload in the ventricle
leads to concentric hypertrophy. This represents a parallel
addition of sarcomeres, which increases myocardial thick-
ness and reduces the diameter of the ventricular cham-
ber [61].

Concentric hypertrophy is generally accompanied by
remodeling to adapt to pressure overload and maintain a
stable cardiac output. Next, remodeling progresses from an
adaptive to a maladaptive phenotype, with altered contractil-
ity that leads to cardiac failure [62]. Differences in LV and RV
responses to pressure overload have been described [63, 64].
The compensatory remodeling is restricted in RV versus LV.
Inhibition of nitric oxide with L-NAME generates LV and
RV hypertrophy, but the RV responds with dilation, dysfunc-
tion, and an increase in reactive oxygen species (ROS), which
causes the inhibition of hypoxia-inducible factor 1-α (HIF1α)
and the suppression of angiogenesis, inducing chronic ische-
mia in the RV [64, 65]. Moreover, a reduction in superoxide
dismutase in the RV versus its increase in the LV has been
observed [64]. Additionally, pressure overload in the RV in
pulmonary artery banding (PAB) models leads to higher
mortality and oxidative stress than pressure overload in the
LV by aortic constriction. PAB models also produce more
elevated hypoxia in the RV after surgery, with less capillary
density and ischemia [66].

Furthermore, mechanical stress on the ventricular wall
due to pressure overload stimulates fibroblasts to differenti-
ate into myofibroblasts that produce type II and III collagen
in the LV and RV, contributing to cardiac failure [67, 68].
However, differences in the distribution of extracellular
matrix (ECM) protein and metalloproteinases in the LV
and RVmay be explained by a further ECM degradation pat-
tern between ventricles [69], which could explain why effec-
tive antifibrotic therapies in LV failure are not effective in
RV failure [70]. On the other hand, in chronic thromboem-
bolic pulmonary hypertension, to adjust the RV afterload
and wall stress, RV pathological remodeling and wall hyper-
trophy occur [71], and ECM biomarkers, such as matrix
metalloproteinases 2 and 9, decrease, while tissue inhibitor
of metalloproteinases-1 (TIMP-1) increases significantly
[72]. Notably, treatment with a massive pulmonary embolus
is applied to relieve the RV afterload (e.g., pulmonary artery
endarterectomy, systemic thrombolytics, or percutaneous
intervention), resulting in significant regression of patholog-
ical remodeling and RV hypertrophy [71].

Studies have shown shared molecular pathways to hyper-
trophy and fibrosis between the LV and RV, such as TGF-β,
Rho-ROCK, and MAPKs. However, differences in signaling
have been observed in MAPKs [61, 65]. Phosphorylated
p38 (p-p38) MAPK increases in RV fibroblasts and mediates
fibrosis induced by TGF-β and ventricular dysfunction; how-
ever, hypertrophy and changes in proinflammatory genes are
not mediated by p-p38 MAPK [73]. In the LV, the role of p38
MAPK, specifically p38α, has been also described as a medi-
ator of fibrosis and hypertrophy, but conversely, interleukin-
6 is involved as a probable pathway to induce hypertrophy
[74]. Furthermore, while the apelin receptor (APJ) partici-

pates in hypertrophy induced by pressure overload and ape-
lin prevents hypertrophy in the LV [75–77], the role of APJ in
RV has not been elucidated [78].

Difference between RV and LV responses also depends
on the stimulus. ROCK signaling mediates hypertrophy
induced by metabolic alterations in the LV and by hypoxia
in the RV [61], but also, it induces hypertrophy in the LV
and RV in pressure overload models, inducing p-ERK1/2
and GATA4 [66, 79]. Studies have demonstrated angiotensin
II’s role through AT1R in LV hypertrophy due to pressure
overload [80–82], whereas an increase in mRNA levels of
angiotensin in the monocrotaline (MCT) model has been
reported [83]; however, its role in RV has not been fully dem-
onstrated. Angiotensin II is also involved in the induction of
autophagy [81]. The role of autophagy in cardiac hypertro-
phy is controversial; however, basal autophagy would be
essential for the preservation of cellular homeostasis, whereas
excessive autophagy or its inhibition could aggravate hyper-
trophy. In different models, such as LV hypertrophy induced
by pressure overload or metabolic dysfunction [84, 85] and
RV hypertrophy induced by monocrotaline-induced pulmo-
nary arterial hypertension (MCT-PAH) or hypoxia [86, 87],
hypertrophy would be mediated by the induction of autoph-
agy, while its inhibition could prevent hypertrophy [85].

On the other hand, activation of proteasome has been
observed in LVs exposed to pressure overload, which pro-
duces hypertrophy [88], similar to findings obtained in RVs
[89]. However, another study performed using the pressure
overload model in RVs observed a reduction in proteasome
activity [90]; this study was conducted 8-10 days after surgery
contrarily to the previous study performed three weeks after
surgery [89].

Epigenetic mechanisms have also been identified in car-
diac hypertrophy. Class I histone deacetylase inhibitors
(HDACs) induce hypertrophy in the LV and RV [91, 92],
whereas class IIa HDACs prevent hypertrophy [91, 93].
Unlike findings in the LV [94], inhibitors of HDACs aggra-
vate RV hypertrophy induced by pressure overload [93, 95].
Therefore, further studies are needed to better understand
hypertrophy mechanisms in the LV and, mainly, in the RV.

The inflammatory response also plays an essential role in
heart failure progression by the activation of proinflamma-
tory cytokines [96]. The increase in inflammatory mediators
that can interfere with cardiac contractility and remodeling
in PAH correlates to RV dysfunction [97]. While the effects
of anti-inflammatory therapies in LV failure are unclear
[98, 99], they might be useful in preventing RV failure since
perivascular inflammation triggers RV inflammation in a
vicious cycle that leads to RV failure [97].

3.3. An Overview of the Similarities and Differences between
Right and Left Ventricular Failure. The increase in LV after-
load by an overload of pressure or volume is considered a
determining cause of left heart failure (LHF). In contrast,
pulmonary hypertension, pulmonary stenosis, chronic
obstructive pulmonary disease, and tricuspid valve pathology
produce similar consequences on the right side, inducing
right heart failure (RHF) [100–102]. RHF could be acute or
chronic. Acute RHF is caused by a suddenly increased RV
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afterload due to hypoxia or a pulmonary embolus [102, 103]
or decreased RV contractility in RV ischemia, myocarditis, or
postcardiotomy shock [104]. On the other hand, chronic
RHF results from the gradual increases in RV afterload pro-
duced by pulmonary hypertension [101, 102], which pro-
motes cardiac remodeling with increased RV mass, fibrosis,
and hypertrophy of cardiomyocytes, analogous to the remod-
eling observed in LHF [105].

As a further example of the interconnection between
both ventricles, the prevalence of RV dysfunction increases
with LHF progression [106], and RV function and RV–pul-
monary artery coupling fail progressively across HF stages
[107]. In a community-based cohort study, subclinical RV
dysfunction was present in nearly 20% of elderly people
and was associated with common HF risk factors. Among
people without HF, lower RVEF was associated with HF
and death independent of LVEF or N-terminal pro-brain
natriuretic peptide (pro-BNP) [107], suggesting that RV dys-
function plays a crucial and underestimated role in HF pro-
gression. RV dysfunction was observed in 48% [108] and
33% [109] of heart failure with reduced ejection fraction
(HFrEF) and with preserved ejection fraction (HFpEF)
patients, respectively, and HFpEF patients displayed greater
right-sided chamber enlargement, higher RV diastolic pres-
sure, and more severe contractile dysfunction compared to
controls [109].

Furthermore, in patients with LHF, the development of
pulmonary hypertension and RV dysfunction is common,
and they play an essential role in disease progression, mor-
bidity, and mortality. The diagnosis of pulmonary hyperten-
sion aggravates the prognosis in HFpEF and HFrEF patients,
and pulmonary hypertension is observed in approximately
75% of patients with HFpEF. Thereby, this prevalence is
higher than in patients with HFrEF [100, 110]. In a large
community-based prospective cohort of 1,049 subjects with
HF, pulmonary hypertension was described as an indepen-
dent and strong predictor of mortality [110]. Pulmonary
hypertension was also defined as a decisive factor in post-
transplant mortality because the significantly elevated levels
of pulmonary vascular resistance in the postoperative period
to which the donor’s heart is exposed could trigger RV dys-
function [111].

The requirements of oxygen, glucose absorption, and the
glycolytic rate increase in both the LV and RV, reducing fatty
acid metabolism [112]. An increased hemodynamic load
causes the activation of a pattern of early response or the
immediate-early genes c-fos and c-jun, followed by the
induction of a “fetal gene program” for the sarcomeric pro-
teins and natriuretic peptides: atrial natriuretic peptide
(ANP) and BNP, whose expression is observed also in both
ventricles [66, 113].

Mitochondrial dysfunction is an important and crucial
mechanism in the development of heart failure [114]. Hyper-
trophy triggers the Warburg effect in the RV, shifting metab-
olism from aerobic to anaerobic, showing a decrease in
glucose oxidation and increased uncoupled glycolysis and
glucose uptake [115], as well as decreasing mitochondrial
membrane potential and compromising ATP production
[116]. Therefore, protecting mitochondrial function and

metabolism has shown positive results in preserving RV
function. On the other hand, glutamine antagonist [117]
and sodium-glucose cotransporter 2 (SGLT2) inhibitors
[118] positively affect cardiac performance, RV hypertrophy,
and survival. Regarding fatty acid oxidation (FAO), the infor-
mation is controversial since RV function improvement has
been observed following FAO inhibition [119] and stimula-
tion [120]. Improvement in mitochondrial fragility and
membrane potential by activating SIRT3 through stilbene
resveratrol administration improves RV function and
decreases fibrosis and hypertrophy [43, 121].

In LV and RV failure, alterations in ECC and relaxation
are observed. In the LV, diastolic dysfunction with a slower
contraction-relaxation kinetic is produced, as well as loss of
T-tubules, reduced SR density, and altered Ca2+ release from
the SR. These changes were also described in RV failure,
where loss of T-tubules, smaller and slower intracellular
Ca2+ transients, reduction and disorganization of the RyR2
network, and reduction of SERCA have been observed in
severe hypertrophy caused by MCT-PAH [62]. However, it
has been reported that remodeling of the LV wall, which
causes diastolic dysfunction, is compensated by an increase
in the contraction-relaxation kinetic in cardiomyocytes
[122]. PAH-RV treated with resveratrol significantly improves
cell relaxation dynamics by enhancing SERCA activity and
maintaining the mitochondrial energy supply [121].

The role of Ca2+ signaling has been well demonstrated.
Ca2+ binds to calmodulin (CaM), which activates calcineurin,
a phosphatase that dephosphorylates NFAT in the cytosol,
allowing its nuclear translocation to regulate the expression
of prohypertrophic genes, such as the β-myosin heavy chain
(β-MHC). Additionally, Ca2+/CaM activates Ca2+/CaM
kinase II (CaMKII), which induces the nuclear export of his-
tone deacetylase 5 (HDAC5), derepressing the prohyper-
trophic transcription factor Mef2 [123]. Mef2 has been
implicated in the underlying mechanisms that cause a switch
from compensated to decompensated hypertrophy in the
RV; Mef2 increases in compensated hypertrophy and
decreases during decompensation [124]. In the LV, the role
of TGF-β and its signaling pathway as a molecular switch
has also been reported [65].

4. A Clinical and Experimental Therapeutic
Approach to RV Dysfunction

As mentioned previously, patients with PAH develop RV
remodeling due to the progressive increase in pulmonary vas-
cular resistance and pulmonary artery pressure, leading to RV
failure. Although RV failure is the leading cause of death in
PAH patients, most PAH treatments (e.g., prostaglandin ana-
logs, Ca2+-antagonists, endothelin receptor antagonists, and
nitric oxide) target vascular abnormalities. Therefore, the ame-
lioration of RV remodeling and dysfunction may represent an
essential aspect of PAH therapy, but unfortunately, current
therapies do not improve RV function.

Under the experimental therapeutic side, different
research groups have focused on observing the effects of
PAH treatment directly on RV function, mostly using the
in vivo induction of PAH by MCT, PAB, or hypoxia. Three
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main action mechanisms are identified. The first and most
common mechanism is the blocking of surface receptor sig-
naling, in which the compounds tend to act on multiple
receptors. Second, the reduction of cytosolic ROS production
by trapidil and pterostilbene at different levels of signaling
prevents RV remodeling. The third mechanism is the preser-
vation of the metabolic capacity of the cell, where ursolic acid
prevents lipotoxicity, while CsA and RES preserve mitochon-
drial function. Table 2 and Figure 2 summarize the effects of
different PAH treatments on RV remodeling and protection.
Using recombinant human neuregulin (rhNRG-1), Adão
et al. observed attenuation in the increased PLB phosphory-
lation and decreased mRNA expression of Col1a2, Col3a1,
and ACTA1 caused by MCT-PAH in Wistar rats, as well as
decreased passive tension in the rats’ isolated RV cardiomyo-
cytes [125]. Treatment with rhNGR-1 also decreased the Ful-
ton index scores, the cardiomyocyte cross-sectional area, and
fibrosis caused by PAB-induced PAH in Wistar rats [125].
During treatment of PAH caused by MCT in Sprague-
Dawley rats, An et al. [126] observed that a maxingxiongting
mixture (MXXTM, an effective Chinese medicine compound
prescribed for pulmonary hypertension) reduced the protein
expression of RhoA and ROCK II, suggesting that it might
improve RV hypertrophy by inhibiting the Rho-kinase sig-
naling pathway in the treatment of pulmonary hypertension.
Using a hypoxia-induced PAH in vivo model, Dang et al.
observed decreased myocardial and RV hypertrophy and col-
lagen deposition, as well as the downregulation of collagen I
and III genes and ACE, AngII, and AT1R proteins, when
Sprague-Dawley rats were treated with Tsantan Sumtang, a
traditional and commonly prescribed Tibetan medicine.
Treatment with Tsantan Sumtang attenuated RV remodeling
and fibrosis, likely through disruption of the ACE-AngII-
AT1R equilibrium in the RV [127].

After treating of PAH caused by an MCT in vivo model
with ursolic acid, Gao et al. observed the preservation of
RV function and the attenuation of hypertrophy indexes.
The expression of Col1a1, Col3a1, TGFβ1, and Bax, as well
as fibrosis and apoptosis markers, also decreased [128].
Similarly, when using resveratrol, a phenolic compound with
known cardioprotective effects, in an MCT-PAH in vivo
model, Vázquez-Garza et al. observed improved RV function
measured by tricuspid annular plane systolic excursion
(TAPSE) technique and RV free wall thickness and contrac-
tility and decreased RV fibrosis and cardiomyocyte area and
volume, caused by the low mRNA expression of BNP, Tnnc1,
and Col1a1, as well as increased IL-10 and SIRT1 mRNA
levels [43]. These mRNA markers were also decreased after
using nintedanib to treat PAH in a SU5416+hypoxia in vivo
model. Rol et al. observed a decrease in RV hypertrophy
and collagen content, accompanied by reduced mRNA levels
of Col1a1, BNP, and OPN [129]. Furthermore, Leong et al.
observed reduced cardiac remodeling biomarker BNP
mRNA levels and serum-NT-pro-BNP levels after treating
Wistar-Imamichi rats with imatinib and sunitinib in an
MCT-PAH in vivo model [130].

On the other hand, in a PAB in vivo model, Rai et al.
observed the preservation of RV function by the attenuation
of the increase in RV end-diastolic/systolic volume and colla-

gen content after C57Bl/6J mice were treated with riociguat
or sildenafil [131]. These compounds also reduced collagen
production and secretion and the phosphorylation of Smad2
and Smad3 proteins when used to treat RV cardiac fibroblast
stimulated with TGFβ1 in vitro. Therapy with macitentan
also improved RV function and hypertrophy caused by
PAB in Wistar-Tokyo rats [132].

In a hypoxia-induced PAH model, Schmuck et al.
observed that mesenchymal stem cells had a protective effect
on RV function. A reduction in RV hypertrophy was
observed, with an attenuated RV stroke volume and cardiac
output, maintained RV contractility, reduced RV collagen
content, and slowed cardiomyocyte enlargement [133].

Poststress conditions could increase ROS in the RV, a
determinant factor in many diseases’ progression and severity.
Pterostilbene complexed with hydroxypropyl-β-cyclodextrin
(HPβCD) to treat PAH induced by MCT in vivo, Lacerda
et al. observed an increase in GSH concentrations and
GSH/GSSG ratio, accompanied by restored glutathione
reductase, glutathione-S-transferase, and glutaredoxin enzyme
activity [134]. This treatment also increased the expression of
SERCA. Similarly, using trapidil to treat PAH in a MCT
in vivo model, Türck et al. observed increased GSH/total
glutathione ratio, decreased NADPH oxidase activity, and
increased RV SERCA and RyR protein content [135]. The
results of these studies suggest that oxidative stress and
improving the RV’s Ca2+ handlingmechanismsmay represent
valuable targets to treat PAH.

As mitochondria play a key role in heart pathophysiol-
ogy, Lee et al. investigated the effect of cyclosporine A
(CsA) in MCT-PAH in vivo [114]. Despite the increase in
RV mass, CsA prevented the mitochondrial disruption
caused by MCT and attenuated the increases in apoptotic
protein Casp3 and Apoptosis-Inducing Factor (AIF) levels.
Similarly, Bernal-Ramírez et al. [121] showed that resveratrol
treatment in MC-induced PAH rat model avoids mitochon-
drial permeability and transition pore formation by decreas-
ing cyclophilin D (CypD) hyperacetylation via SIRT3
activation. The combinatorial treatment with macitentan
and tadalafil used by Mamazhakypov et al. in Wistar-Kyoto
rats with PAH induced by SU5416+hypoxia improved RV
function and decreased the expression of hypertrophy
A-type natriuretic peptide precursor (NPPA), B-type natri-
uretic peptide precursor (NPPB), and fibrosis Col1a1
markers [132]. The results of these studies suggest that the
use of combinatorial treatments or the addition of an
RV-targeted therapy, such as CsA, might be a new thera-
peutic strategy in the treatment of PAH.

Various clinical trials have been conducted to better
understand or more effectively treat PAH. However, most
of themmanaged cardiac improvement secondary to reduced
pulmonary artery pressure instead of managing it as a
primary objective. Clinical trials aimed at RV function have
studied functional and structural improvement by measur-
ing various parameters. Table 3 summarizes the available
clinical trial results with measures focused on RV function
through RVEF, RV end-diastolic, end-systolic volume
(RVEDV and RVESV), mass, longitudinal strain, TAPSE,
or Tei index parameters.
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Table 2: Treatment of PAH focused on RV remodeling and protection of its function.

Biological subject Treatment
Experimental

model
Effect on RV compared with the model group Reference

Isolated skinned
cardiomyocytes
(Wistar rats)

Recombinant human
neuregulin-1 (rhNRG-1)

MC-induced PAH
Decreased RV isolated cardiomyocyte passive

tension
[125]

Wistar rats
Recombinant human

neuregulin-1 (rhNRG-1)
MC-induced PAH

Attenuate the increase of phospholamban
phosphorylation

Attenuate the upregulated mRNA expression of
Col1a2, Col3a1, and ACTA1

[125]

PAB-induced
pressure overload

Decreased Fulton index, cardiomyocyte CSA, and
fibrosis

Sprague-Dawley rats Maxingxiongting mixture MC-induced PAH
Attenuate the upregulated protein expression of

RhoA and ROCK II
[126]

Sprague-Dawley rats Tsantan Sumtang Hx-induced PAH

Decrease RVHI, RV/TL, myocardial hypertrophy,
and collagen deposition

Downregulate collagen I and III levels and
hydroxyproline content

Downregulated levels of ACE, AngII, and AT1R
proteins

[127]

Sprague-Dawley rats Ursolic acid MC-induced PAH

Higher TAPSE and PAT/PET
Prevented increase in RVSP

Attenuated the increase of RVHI, RVmyocardial cell
size, and cross-sectional area

Attenuated the increased expression of Col1a1,
Col3a1, TGFβ1, and Bax

[128]

Sprague-Dawley rats Resveratrol MC-induced PAH

Improved TAPSE, RV free wall thickness, and
contractility

Decreased RV fibrosis and cardiomyocyte area and
volume

Decreased BNP, Tnnc1, and Col1a1 mRNA levels
Increased IL-10 and SIRT1 mRNA levels

[43]

Sprague-Dawley rats Nintedanib
SU5416+Hx-
induced PAH

Decreased RV hypertrophy
Reduced RV total collagen content

Reduced Col1a1, BNP, and OPN mRNA levels
[129]

Wistar-Imamichi
rats

Imatinib MC-induced PAH
Reduced RVH

Reduced RV BNP mRNA expression and
serum NT-pro-BNP levels

[130]

Sunitinib
Reduced RVH

Reduced RV BNP mRNA expression and serum
NT-pro-BNP levels

C57Bl/6J mice Riociguat
PAB-induced

pressure overload

Attenuated the increase of RV end-diastolic/systolic
volume

Reduced RV collagen content
[131]

Sildenafil
Attenuated the increase of RV end-diastolic/systolic

volume

Sprague-Dawley rats Mesenchymal stem cells
SU5416+Hx-
induced PAH

Reduced RV hypertrophy
Attenuated the reduction of RV stroke volume and

cardiac output
Maintained RV contractility

Reduced RV collagen content and cardiomyocyte
enlargement

[133]
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Among the therapeutic compounds studied for PAH
treatment at clinical trials are anti-ischemic agents (e.g., tri-
metazidine and ranolazine), vasodilators (e.g., treprostinil,
sildenafil, tadalafil, and riociguat), endothelin receptor antag-
onists (e.g., ambrisentan, macitentan, and ambrisentan),
beta-blockers (e.g., bisoprolol and carvedilol), stem cells
(allogeneic human cardiosphere-derived stem cells), and
others. Some of these clinical trials report improvements in
RVEF at different percentages: 3.9% after three months of
trimetazidine treatment (NCT03273387), 10.4% after six
months of carvedilol (NCT00964678) oral treatment,
10.14% after six months of macitentan (NCT02310672) oral
treatment, 7.65% and 5.8% after six months of ranolazine
(NCT02829034, NCT01839110) oral treatments, and 7.54%
after six months of treprostinil inhalations combined with
oral tadalafil treatment (NCT01305252). Besides, some
clinical trials describe changes in TAPSE such as 7% from
baseline after three months of anastrozole treatment
(NCT01545336), a decrease from 1.88 to 1.79 cm after four
months of QCC374 therapy (NCT02927366), and a decrease
from 2.2 to 1.65 cm after nine months of tadalafil and ambri-
sentan combinational treatment (NCT01042158). These

changes reported in RVEF and TAPSE suggest an improve-
ment of the RV function.

Changes in RV volume parameters were also observed in
different clinical trials. Treatment with macitentan caused
changes in RVSV of 15.17mL, RVEDV of -6.22mL, and
RVESV of 16.39mL (NCT02310672); besides, treatment
with carvedilol caused a difference of 22.6mL in RVESV
(NCT00964678); these results were observed after six months
of treatment with each compound. Along with these changes,
improvements in RV mass were reported. Treatment with
macitentan for six months caused a reduction of 10.10 g in
RV mass (NCT02310672). Similarly, the combinatorial treat-
ment with tadalafil and ambrisentan caused a change in RV
mass from 32.5 to 28 g after nine months of treatment
(NCT01042158), indicating an improvement in right ven-
tricular remodeling.

As mentioned, most of the conducted clinical trials focus
on enhancing cardiac function as a consequence of an
improvement in pulmonary artery condition. The clinical
trials mentioned here reported improvement in cardiac func-
tion with RV function parameters. Unfortunately, these clin-
ical trials aimed at measuring RV function are not primarily

Table 2: Continued.

Biological subject Treatment
Experimental

model
Effect on RV compared with the model group Reference

Wistar-Kyoto rats

Macitentan
SU5416+Hx-
induced PAH

Reduced RVSP, TPVR, and RV hypertrophy
Increased cardiac output, TAPSE, and RV dilatation

Attenuated the increase of NPPA and NPPB
expression

Attenuated the increase of Col1a1

[132]

Tadalafil

Reduced RVSP, TPVR, and RV hypertrophy
Increased cardiac output, TAPSE, and RV dilatation

Attenuated the increase of NPPA and NPPB
expression

Attenuated the increase of Col1a1

Macitentan+tadalafil

Reduced RVSP, TPVR, and RV hypertrophy
Increased cardiac output, TAPSE, and RV dilatation

Attenuated the increase of NPPA and NPPB
expression

Attenuated the increase of Col1a1 and Col3a1

Wistar rats
Pterostilbene complexed with

HPβCD
MC-induced PAH

Increased concentration of GSH and GSH/GSSG
ratio

Restored the activity of GSR, GST, and GRx
Reduced TBARS levels

Increased expression of SERCA

[134]

Wistar rats Trapidil MC-induced PAH

Increased GSH/total glutathione ratio
Decreased NADPH oxidase activity

Increased RV SERCA and ryanodine receptor
protein content

[135]

Sprague-Dawley rats Cyclosporine A MC-induced PAH

Increased RV mass
Prevented mitochondrial disruptions

Attenuated the increase of Casp3 and AIF protein
levels

[114]

Sprague-Dawley rats 17β-Estradiol MC-induced PAH

Reduced RV diameter, wall thickness, fibrosis,
RV/LV+IVS, and RV/BW ratio

Improvement of TAPSE, RVFAC, and RIMP
Decreased serum BNP levels

[155]
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focused on molecular parameters, such as mRNA or protein
markers of RV damage, which could be helpful in achieving a
better understanding of PAH improvement in humans.

4.1. Biomarkers in Right Ventricular Dysfunction. Although
the clinical trials described above focus on evaluating
improvement in the functional parameters of the RV after
administering treatment, some studies have evaluated molec-
ular parameters that could be taken into account when eval-
uating the results of these treatments. Although most of these
molecular parameters are not exclusive to right ventricular
dysfunction, they could be used as a complementary tool in
functional evaluations to determine the diagnosis and prog-
nosis of RV dysfunction. For example, myocardial fibrosis
is a hallmark of ventricular remodeling and can be detected
by assessing myocardial interstitial collagen content.
Although endocardial tissue biopsy is the gold standard in
the diagnosis of myocardial fibrosis, researchers have pro-
posed assessing a number of circulating biomarkers with
serum analysis markers of collage type I and III turnover,
such as procollagen type III amino-terminal propeptide
(PIIINP), collagen type I carboxy-terminal telopeptide
(CITP), and procollagen type I N-terminal propeptide
(PINP), which might serve as surrogate estimates in approx-
imating the intensity of fibrosis in the myocardium. PIIINP
may also be a good indicator for right ventricular (SRV)
remodeling [136, 137]. Furthermore, cartilage intermediate
layer protein 1 (CILP1), an extracellular matrix (ECM) pro-

tein involved in profibrotic signaling in the myocardium
[138], was recently described as a novel biomarker of RV
and LV pathological remodeling in patients with pulmonary
hypertension. In one study, maladaptive RV patients had
higher CILP1 concentrations than controls and those with
LV hypertrophy and dilated cardiac myopathy in [139]. Pre-
viously, expression at the RNA level in heart mouse models
was shown to be more pronounced in RV pressure overload
than in LV pressure overload [140]. Another novel bio-
marker has been reported; fetal tenascin-C (Tn-C) variants
(B+ and C+) are significantly elevated in patients with
pulmonary hypertension and can be used to estimate both
pulmonary vascular remodeling and RV load in patients
with pulmonary hypertension [141]. Furthermore, in an
animal model with monocrotaline-induced PAH, Tn-C
overexpression has been demonstrated in cardiac tissue
[142, 143]. Moreover, it has been reported that elevated
serum Interlukin-6 (IL-6) levels in pulmonary hypertension
patients are associated with RV dysfunction, regardless of
the burden of pulmonary vascular disease. The association
between serum IL-6 levels and RV dysfunction may explain
the increased mortality in pulmonary hypertension patients
with elevated serum IL6 levels, but it is important to clarify
that IL6 levels are also related to functional impairment in
patients with left ventricular systolic heart failure[144].
BNP and N-terminal pro-BNP are the most commonly used
biomarkers in PAH. Both hormones are measurable in
plasma and serve as biomarkers of RV dysfunction [145].
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Table 3: Clinical trials with aim in measuring RV function.

Clinicaltrials.gov
identifier

Trial status Intervention RV outcome measures Results

NCT03273387 Completed Trimetazidine
Changes in RV ejection fraction

after 3 months
Improvement of RVEF
(3.9%) from baseline

NCT03835676 Recruiting Treprostinil

Effects on right ventricular
structure and function using

echocardiography
Effects on right ventricular
structure and function using
cardiac magnetic resonance

imaging

No results reported

NCT02253394
Terminated (low
enrollment)

Ambrisentan plus
spironolactone

Effect on cardiac output No results reported

NCT04435782 Not yet recruiting JNJ-67896049

Change from baseline to week 26
in RVSV, RVEDV, RVESV, RVEF,
mass, and RVGLS in participants
will be assessed by pulmonary

artery flow MRI

No results reported

NCT02074449 Completed Treprostinil
Change in RV coupling index

between baseline, titration at 48-72
hours, and 3 months

No results reported

NCT01545336 Completed Anastrozole
Tricuspid annular plane systolic
excursion (TAPSE) from baseline

to 3 months
7% change from baseline

NCT02310672 Completed Macitentan
Change from baseline in RVSV,

RVEDV, RVESV, RVEF, and mass
to week 26

Change of 15.17mL of
RVSV, -6.22mL of RVEDV,
-16.39mL of RVESV, 10.14%
of RVEF, and -10.10 g to

week 26

NCT02169752
Terminated (PI left

National Jewish Health)
Ambrisentan

Improvement in RV myocardial
strain from baseline to 1, 3, and 6

months
No results reported

NCT03236818 Unknown
ERA and PDE-5I
(sildenafil, tadalafil,

bosentan, macitentan)
Change in RVEF No results reported

NCT01083524 Completed Dichloroacetate sodium Changes in RV size/function No results reported

NCT01246037 Unknown Bisoprolol
Improvement of maladaptive
remodeling of the RV wall and

diastolic properties of RV
No results reported

NCT00742014
Suspended (absorption of

oral sildenafil not
consistent)

Sildenafil
Increase in end-systolic elastance
of the right ventricle from baseline

No results reported

NCT01148836 Completed
Coenzyme Q-10

Dietary supplement

RV outflow and myocardial
performance from baseline to 3

months

RV outflow from 11.3 to
13.5 cm and performance

ratio from 0.9 to 0.7

NCT01757808 Completed Ranolazine Change in RV echo parameters No results reported

NCT03617458 Recruiting Metformin

Change from baseline to week 12
in RV myocardial muscle

triglyceride content, TAPSE,
RVEF, RV fractional area, RV

diastolic function, and RV free wall
longitudinal strain

No results reported

NCT04062565 Recruiting Treprostinil Change in RV diastolic stiffness No results reported

NCT02829034 Completed Ranolazine
Change from baseline in RVEF to

26 weeks
Change of 7.56% from

baseline

NCT01839110 Completed Ranolazine
Changes from baseline in RVEF to

6 months
Change of 5.8% from

baseline
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However, they are not specific to RV damage and can be
elevated in almost all heart diseases [146].

Additionally, cardiac troponin T (cTnT) is used less fre-
quently but has been identified as an independent marker
of mortality in patients with PAH [147]; cTnT levels must
be correlated with functional and hemodynamic measures
[148]. Currently, miRNAs are also important candidate bio-
markers. Notwithstanding, most of the upregulated miRNAs
in RV failure are similar to those in LV afterload stress. In a
murine model of right ventricular hypertrophy (RVH) and
right ventricular failure (RVF) using pulmonary artery con-

striction, RV-specific miRNAs 34a, 28, 93, and 148a were
found; however, none of these are increased in LV hypertro-
phy and failure induced by transverse aortic constriction
[149]. Interestingly, a transcriptomic study of human RVH
via RNA expression and network analysis using exclusively
freshly isolated myocardium of pediatric patients with tetral-
ogy of Fallot/pulmonary stenosis found that miR-371a and
miR-372 are differentially expressed when compared to con-
trols. The authors suggest that these miRNAs are potential
biomarkers for diseases associated with RV pressure overload
[150]. In a study with 40 patients with RV pressure overload

Table 3: Continued.

Clinicaltrials.gov
identifier

Trial status Intervention RV outcome measures Results

NCT02939599

Terminated (study was
terminated early for
strategic reasons; only
part I of the study was

completed)

QCC374
Change from baseline in RV Tei
index and RV fractional area at

week 16

Tei index change of 0.84 and
fractional area of 23.91%

NCT02927366

Terminated (study was
terminated early for
strategic reasons; only
part I of the study was

completed)

QCC374
Change from baseline in RV
fractional area, Tei index, and

TAPSE

Change from 20.17 to
20.70% of fractional area,

0.92 to 0.89 of Tei index, and
TAPSE from 1.88 to 1.79 cm

NCT00964678 Completed Carvedilol
Change from baseline in RVEF and

RVESV to 6 months
Change in RVEF of 10.4%
and RVESV of 22.6mL

NCT03344159
Suspended (COVID-19

pandemic)
Spironolactone

Change from baseline of RV wall
stress, structure, function, and area

of fibrosis
No results reported

NCT02507011 Terminated Carvedilol Mean change in RVEF Change in RVEF of 10%

NCT01174173 Completed Ranolazine
Change from baseline in absolute
RV longitudinal strain to 3 months

Change in RV longitudinal
strain from -1.4 to 1.0%

NCT02744339 Completed Riociguat
Change from baseline in RVEF and

RV volume to 26 weeks
No results reported

NCT02102672 Unknown Trimetazidine
Change from baseline in RV

function to 3 months
No results reported

NCT03648385 Recruiting Dehydroepiandrosterone
Chance from baseline in RV

longitudinal strain and RVEF to 40
weeks

No results reported

NCT01042158 Completed
Tadalafil and
ambrisentan

Change from baseline in RV mass
and TAPSE to 36 weeks

Change in RV mass from
32.5 to 28 g and TAPSE from

2.2 to 1.65 cm

NCT03145298 Recruiting
Allogeneic human

cardiosphere-derived
stem cells

Change in RV ventricular function No results reported

NCT03362047 Recruiting
Riociguat and
macitentan

Change from baseline in RV
function and contractility to 12

weeks
No results reported

NCT03449524 Terminated CXA-10
Change from baseline in RVEF to 6

months
No results reported

NCT01305252 Completed
Treprostinil inhalations

and tadalafil
Change from baseline in RVEF to

24 weeks
Change of 7.45% in RVEF

NCT01917136 Completed
11C-acetate and

[18F]fluoro-2-deoxy-2-
D-glucose

Change from baseline in RVEF to 6
months

Change of 7.56% of RVEF

NCT00772135 Unknown Sildenafil citrate
Change from baseline in RV

pressure
No results reported
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by pulmonary hypertension, it was reported that circulating
levels of miR-21, miR-130a, miR-133b, miR-191, miR-204,
and miR-208b were higher, while the levels of miR-1,
miR26a, miR-29c, miR-34b, miR-451, and miR-1246 were
lower in comparison to matched controls. This study also
confirmed that a correlation exists between the severity of
PAH and circulating levels of miR-133b and miR-208b with
[151]. It was also shown that long noncoding RNA H19 is
upregulated in decompensated RV from PAH patients and
correlates with RV hypertrophy and fibrosis. These findings
were corroborated in a rat model of monocrotaline and pul-
monary artery banding. The authors propose that H19 is a
promising biomarker for the prognosis and severity of RV
dysfunction by PAH [152].

Additional research is needed to identify new biomarkers
that can further improve diagnostic accuracy. It is important
to define standard operating procedures for blood and tissue
collection, processing, and storage, as well as miRNA analy-
sis, to ensure precise quantification. Additionally, it is neces-
sary to correlate all emerging biomarkers with right
ventricular function for robust validation.

5. Final Thoughts

The ventricles have commonly been studied as individual
entities; however, each ventricle must adapt its function to
perform its respective role in coordination with each other.
Structural differences between ventricles determine their
physiological differences in function at the organ level. LV
contraction involves radially constricting and longitudinally
shortening the septum, while RV contraction is more passive
since the RV’s free wall lies flat against the septum when LV
contracts. The prolonged AP in the LV and the slower
contraction velocity in the RV may be a mechanism to coor-
dinate whole-organ contraction. Changes in ECC may com-
pensate for the differences in muscle thickness and ejection
pressure to allow ventricles to synchronize at the end of the
systole. Furthermore, the discrepancies reported in changes
at different stages of the ECCmay be due to the heterogeneity
within and between ventricles [26, 31, 153]. Physiological dif-
ferences in the structure, function, and molecular adapta-
tions of the LV and RV result in different responses to
stressful stimuli. While LV thickness helps to support higher
pressures, a thin RV wall is highly susceptible to increases in

vascular resistance. A better understanding of the differences
in cellular and molecular alterations in the LV and RV due to
remodeling and failure may facilitate the development of
more effective therapeutic approaches. This understanding
is especially important for the RV, given that the mechanisms
related to its dysfunction are not as widely studied as those
related to LV’s dysfunction.

Advances in RV dysfunction diagnostics and therapeu-
tics are needed to improve the early detection of the disease
and improve prognosis. The determination and validation
of new, less-invasive, and more accurate biomarkers is an
important research area that has been strengthened by the
description of ventricle differences in dysfunction. Addition-
ally, the search for new therapeutic approaches that target RV
has been fueled by the variation in response between the two
ventricles. Some diverse therapeutic strategies could be bene-
ficial in improving current treatments (Table 4), but they
require further investigation to estimate their contribution
to patient morbidity and mortality.

Data Availability

The data used to support the findings of this study are
available from the corresponding authors upon request.

Conflicts of Interest

No conflicts of interest, financial or otherwise, are declared
by the authors.

Authors’ Contributions

Judith Bernal-Ramirez and Magda C. Díaz-Vesga contribute
equally to this work.

Acknowledgments

The authors wish to acknowledge the financial support of
Tecnológico de Monterrey, a CONACYT doctoral fellowship
(Grant 492122 to J.B.R.). This work was supported by grants
from the CONACYT (256577 to G.G.R. and 258197 to
C.J.S.), Fronteras de la Ciencia Grant (0682 to G.G.R.), and
Ciencia Básica (A1-S-43883 to G.G.R.); Agencia Nacional
de Investigación y Desarrollo (ANID) grants Fondo Nacional

Table 4: Possible therapeutic strategies to address key alterations in RV versus LV dysfunction.

Possible therapeutic strategies Ref.

Fibrosis
Current antifibrotic therapies effective in LV do not reverse RV fibrosis,

possibly due to differences in ECM composition.
[69, 70, 156–159]

Myocyte contraction
There is improvement of sarcomere function by PKA activators since RV

myofilaments have lower Ca2+ sensitivity.
[46–48, 160, 161]

Inflammation
RV has more macrophages and dendritic cells, which could mean

inflammation plays a more important role.
[162, 163]

Mitochondrial dynamics
PAH presents excessive RV mitochondrial fission, which could indicate

significant mitochondrial quality control impairment.
[164–166]

Mitochondrial function
RV has less mitochondrial content and a lower rate of oxidation; thus,
the preservation of mitochondrial integrity and membrane potential

improves RV function.
[43, 53, 121, 167]

15Oxidative Medicine and Cellular Longevity



de Desarrollo Científico y Tecnológico, FONDECYT, Chile
(1180613 to Z.P. and 1211270 to C.Q. and Z.P.) and ANID
fellowship (21191341 to M.C.D.); Fondo de Financiamiento
de Centros de Investigación en Áreas Prioritarias, FONDAP,
ACCDiS, Chile (15130011 to C.Q., and Z.P.); U-Redes
Generación, Vicerrectoría de Investigación y Desarrollo, Uni-
versidad de Chile, Chile, (URG-035/1 to M.H., and Z.P.); and
Puente-ICBM 2019 (to M.H.).

References

[1] D. Santos-Ribeiro, P. Mendes-Ferreira, C. Maia-Rocha,
R. Adão, A. F. Leite-Moreira, and C. Brás-Silva, “Hyperten-
sion arterielle pulmonaire : connaissances de base pour les
cliniciens,” Archives of Cardiovascular Diseases, vol. 109,
no. 10, pp. 550–561, 2016.

[2] F. S. de Man, M. L. Handoko, and A. Vonk-Noordegraaf,
“The unknown pathophysiological relevance of right ventric-
ular hypertrophy in pulmonary arterial hypertension,” Euro-
pean Respiratory Journal, vol. 53, article 1900255, no. 4, 2019.

[3] N. Galiè, R. N. Channick, R. P. Frantz et al., “Risk stratifica-
tion and medical therapy of pulmonary arterial hyperten-
sion,” European Respiratory Journal, vol. 53, no. 1, article
1801889, 2019.

[4] A. Hemnes, A. M. K. Rothman, A. J. Swift, and L. S. Zisman,
“role of biomarkers in evaluation, treatment and clinical
studies of pulmonary arterial hypertension,” Pulmonary
Circulation, vol. 10, no. 4, 2020.

[5] R. L. Benza, D. P. Miller, M. Gomberg-Maitland et al.,
“Predicting survival in pulmonary arterial hypertension:
insights from the Registry to Evaluate Early and Long-Term
Pulmonary Arterial Hypertension Disease Management
(REVEAL),” Circulation, vol. 122, no. 2, pp. 164–172, 2010.

[6] J. A. Mazurek, A. Vaidya, S. C. Mathai, J. D. Roberts, and P. R.
Forfia, “Follow-up tricuspid annular plane systolic excursion
predicts survival in pulmonary arterial hypertension,” Pul-
monary circulation, vol. 7, no. 2, pp. 361–371, 2017.

[7] A. Huertas, L. Tu, M. Humbert, and C. Guignabert, “Chronic
inflammation within the vascular wall in pulmonary arterial
hypertension: more than a spectator,” Cardiovascular
Research, vol. 116, no. 5, pp. 885–893, 2020.

[8] C. W. Yancy, M. Jessup, B. Bozkurt et al., “2016 ACC/A-
HA/HFSA Focused Update on New Pharmacological Ther-
apy for Heart Failure: An Update of the 2013 ACCF/AHA
Guideline for the Management of Heart Failure: A Report
of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines and
the Heart Failure Society of America,” Journal of cardiac fail-
ure, vol. 22, no. 9, pp. 659–669, 2016.

[9] M. A. Simon, “Assessment and treatment of right ventricular
failure,” Nature Reviews. Cardiology, vol. 10, no. 4, pp. 204–
218, 2013.

[10] F. Haddad, S. A. Hunt, D. N. Rosenthal, and D. J. Murphy,
“Right ventricular function in cardiovascular disease, part I:
anatomy, physiology, aging, and functional assessment of
the right ventricle,” Circulation, vol. 117, no. 11, pp. 1436–
1448, 2008.

[11] D. J. Penny and A. N. Redington, “Function of the left and
right ventricles and the interactions between them,” Pediatric
Critical Care Medicine, vol. 17, 8 Supplement 1, pp. S112–
S118, 2016.

[12] J. Sanz, D. Sánchez-Quintana, E. Bossone, H. J. Bogaard, and
R. Naeije, “Anatomy, Function, and Dysfunction of the Right
Ventricle:,” Journal of the American College of Cardiology,
vol. 73, no. 12, pp. 1463–1482, 2019.

[13] P. Delgado-Olguin, “Embryological origins: how does the
right ventricle form,” in Right Ventricular Physiology, Adap-
tation and Failure in Congenital and Acquired Heart Disease,
pp. 1–17, Springer, 2018.

[14] F. Radu-Ioniţă, E. Bontaş, V. Goleanu et al., “Heart embryol-
ogy: overview,” in Right Heart Pathology, pp. 3–24, Springer,
2018.

[15] G. Buckberg and J. I. E. Hoffman, “Right ventricular architec-
ture responsible for mechanical performance: unifying role of
ventricular septum,” The Journal of Thoracic and Cardiovas-
cular Surgery, vol. 148, no. 6, pp. 3166–3171.e4, 2014.

[16] D. H. MacIver, “The relative impact of circumferential and
longitudinal shortening on left ventricular ejection fraction
and stroke volume,” Experimental and Clinical Cardiology,
vol. 17, no. 1, pp. 5–11, 2012.

[17] D. Oken and R. Boucek, “Quantitation of collagen in human
myocardium,” Circulation Research, vol. 5, no. 4, pp. 357–
361, 1957.

[18] D. Sidebotham, “Pulmonary Hypertension,” in Cardiotho-
racic Critical Care, D. Sidebotham, A. Mckee, M. Gillham,
and L. JHBT-CCC, Eds., pp. 374–382, Elsevier, 2007.

[19] G. J. Crystal and P. S. Pagel, “Right ventricular perfusion: phys-
iology and clinical implications,” Anesthesiology, vol. 128,
no. 1, pp. 202–218, 2018.

[20] K. M. Chin, N. H. S. Kim, and L. J. Rubin, “The right ventricle
in pulmonary hypertension,” Coronary Artery Disease,
vol. 16, no. 1, pp. 13–18, 2005.

[21] J. C. Matthews and V. McLaughlin, “Acute right ventricular
failure in the setting of acute pulmonary embolism or chronic
pulmonary hypertension: a detailed review of the pathophys-
iology, diagnosis, and management,” Current Cardiology
Reviews, vol. 4, no. 1, pp. 49–59, 2008.

[22] F. Haddad, R. Doyle, D. J. Murphy, and S. A. Hunt, “Right
ventricular function in cardiovascular disease, part II: patho-
physiology, clinical importance, and management of right
ventricular failure,” Circulation, vol. 117, no. 13, pp. 1717–
1731, 2008.

[23] J. M. Cordeiro, K. Calloe, R. Aschar-Sobbi et al., “Physiolog-
ical roles of the transient outward current i I i sub to sub in
normal and diseased hearts,” Frontiers in Bioscience, vol. 8,
no. 1, pp. 143–159, 2016.

[24] D. M. Bers, “Cardiac excitation-contraction coupling,”
Nature, vol. 415, no. 6868, pp. 198–205, 2002.

[25] E. Fernández-Sada, C. Silva-Platas, C. A. Villegas et al.,
“Cardiac responses to β-adrenoceptor stimulation is partly
dependent on mitochondrial calcium uniporter activity,”
British Journal of Pharmacology, vol. 171, no. 18, pp. 4207–
4221, 2014.

[26] K. Calloe, G. L. Aistrup, J. M. Di Diego, R. J. Goodrow, J. A.
Treat, and J. M. Cordeiro, “Interventricular differences in
sodium current and its potential role in Brugada syndrome,”
Physiological reports, vol. 6, no. 14, article e13787, 2018.

[27] J. J. Kim, J. Nemec, R. Papp, R. Strongin, J. J. Abramson, and
G. Salama, “Bradycardia alters Ca(2+) dynamics enhancing
dispersion of repolarization and arrhythmia risk,” American
Journal of Physiology. Heart and Circulatory Physiology,
vol. 304, no. 6, pp. H848–H860, 2013.

16 Oxidative Medicine and Cellular Longevity



[28] J. M. Di Diego, Z. Q. Sun, and C. Antzelevitch, “I(to) and
action potential notch are smaller in left vs. right canine ven-
tricular epicardium,” The American Journal of Physiology,
vol. 271, no. 2, pp. H548–H561, 1996.

[29] R. P. Kondo, D. A. Dederko, C. Teutsch et al., “Comparison
of contraction and calcium handling between right and left
ventricular myocytes from adult mouse heart: a role for repo-
larization waveform,” The Journal of Physiology, vol. 571,
no. 1, pp. 131–146, 2006.

[30] O. Casis, M. Iriarte, M. Gallego, and J. A. Sanchez-Chapula,
“Differences in regional distribution of K+ current densities
in rat ventricle,” Life Sciences, vol. 63, no. 5, pp. 391–400,
1998.

[31] S. Brunet, F. Aimond, H. Li et al., “Heterogeneous expression
of repolarizing, voltage-gated K+ currents in adult mouse
ventricles,” The Journal of Physiology, vol. 559, no. 1,
pp. 103–120, 2004.

[32] P. G. Volders, K. R. Sipido, E. Carmeliet, R. L. H.M. G. Spätjens,
H. J. Wellens, and M. A. Vos, “Repolarizing K+ currents ITO1
and IKs are larger in right than left canine ventricular midmyo-
cardium,” Circulation, vol. 99, no. 2, pp. 206–210, 1999.

[33] Y. Tsuji, S. Zicha, X.-Y. Qi, I. Kodama, and S. Nattel, “Potas-
sium channel subunit remodeling in rabbits exposed to long-
term bradycardia or Tachycardia,” Circulation, vol. 113,
no. 3, pp. 345–355, 2006.

[34] T. Watanabe, L. M. Delbridge, J. O. Bustamante, and T. F.
McDonald, “Heterogeneity of the action potential in isolated
rat ventricular myocytes and tissue,” Circulation Research,
vol. 52, no. 3, pp. 280–290, 1983.

[35] A. Bueno-Orovio, B. M. Hanson, J. S. Gill, P. Taggart, and
B. Rodriguez, “In vivo human left-to-right ventricular differ-
ences in rate adaptation transiently increase pro-arrhythmic
risk following rate acceleration,” PLoS One, vol. 7, no. 12, arti-
cle e52234, 2012.

[36] J. Švíglerová, J. Kuncová, L. Nalos et al., “Cardiac remodeling
in rats with renal failure shows interventricular differences,”
Experimental Biology and Medicine (Maywood, N.J.),
vol. 237, no. 9, pp. 1056–1067, 2012.

[37] C. Ramanathan, P. Jia, R. Ghanem, K. Ryu, and Y. Rudy,
“Activation and repolarization of the normal human heart
under complete physiological conditions,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 103, no. 16, pp. 6309–6314, 2006.

[38] S. V. Pandit, K. Kaur, S. Zlochiver et al., “Left-to-right ven-
tricular differences in IKATP underlie epicardial repolarization
gradient during global ischemia,”Heart rhythm, vol. 8, no. 11,
pp. 1732–1739, 2011.

[39] V. Ramesh, M. J. Kresch, A. M. Katz, and D. H. Kim, “Char-
acterization of Ca(2+)-release channels in fetal and adult rat
hearts,” The American Journal of Physiology, vol. 269, no. 3,
pp. H778–H782, 1995.

[40] K. M. Meurs, V. A. Lacombe, K. Dryburgh, P. R. Fox, P. R.
Reiser, and M. D. Kittleson, “Differential expression of the
cardiac ryanodine receptor in normal and arrhythmogenic
right ventricular cardiomyopathy canine hearts,” Human
Genetics, vol. 120, no. 1, pp. 111–118, 2006.

[41] V. Sathish, A. Xu, M. Karmazyn, S. M. Sims, and
N. Narayanan, “Mechanistic basis of differences in Ca2+
-handling properties of sarcoplasmic reticulum in right and
left ventricles of normal rat myocardium,” American Journal
of Physiology. Heart and Circulatory Physiology, vol. 291,
no. 1, pp. H88–H96, 2006.

[42] J. Sabourin, A. Boet, C. Rucker-Martin et al., “Ca2+ handling
remodeling and STIM1L/Orai1/TRPC1/TRPC4 upregulation
in monocrotaline-induced right ventricular hypertrophy,”
Journal of Molecular and Cellular Cardiology, vol. 118,
pp. 208–224, 2018.

[43] E. Vázquez-Garza, J. Bernal-Ramírez, C. Jerjes-Sánchez et al.,
“Resveratrol prevents right ventricle remodeling and dys-
function in monocrotaline-induced pulmonary arterial
hypertension with a limited improvement in the lung vascu-
lature,” Oxidative medicine and cellular longevity, vol. 2020,
Article ID 1841527, 13 pages, 2020.

[44] J. Nagwekar, D. Duggal, R. Rich et al., “The spatial distribu-
tion of actin and mechanical cycle of myosin are different in
right and left ventricles of healthy mouse hearts,” Biochemis-
try, vol. 53, no. 48, pp. 7641–7649, 2014.

[45] J. Nagwekar, D. Duggal, R. Rich et al., “Differences in the spa-
tial distribution of actin in the left and right ventricles of
functioning rabbit hearts,” Medical Photonics, vol. 27,
pp. 1–8, 2018.

[46] J. Liang, K. Kazmierczak, A. I. Rojas, Y.Wang, and D. Szczesna-
Cordary, “The R21C mutation in cardiac troponin I imposes
differences in contractile force generation between the left and
right ventricles of knock-in mice,” BioMed Research Interna-
tional, vol. 2015, Article ID 742536, 9 pages, 2015.

[47] C. L. Perreault, O. H. Bing, W. W. Brooks, B. J. Ransil, and
J. P. Morgan, “Differential effects of cardiac hypertrophy
and failure on right versus left ventricular calcium activa-
tion,” Circulation Research, vol. 67, no. 3, pp. 707–712, 1990.

[48] R. J. Belin, M. P. Sumandea, G. A. Sievert et al., “Interventric-
ular differences in myofilament function in experimental
congestive heart failure,” Pflügers Archiv, vol. 462, no. 6,
pp. 795–809, 2011.

[49] W. Brooks, O. Bing, A. Blaustein, and P. Allen, “Comparison
of contractile state and myosin isozymes of rat right and left
ventricular myocardium,” Journal of Molecular and Cellular
Cardiology, vol. 19, no. 5, pp. 433–440, 1987.

[50] H. Krug, K. Punkt, and L. Bittorf, “The higher myosin
ATPase activity in the right heart ventricle of the rat, proved
by histophotometry,” Acta Histochemica, vol. 82, no. 1,
pp. 115–119, 1987.

[51] R. A. Bassani, J. W. Bassani, and D. M. Bers, “Relaxation in
ferret ventricular myocytes: unusual interplay among calcium
transport systems,” The Journal of Physiology, vol. 476, no. 2,
pp. 295–308, 1994.

[52] V. G. Sharov, A. Goussev, M. Lesch, S. Goldstein, and H. N.
Sabbah, “Abnormal mitochondrial function in myocardium
of dogs with chronic heart failure,” Journal of Molecular
and Cellular Cardiology, vol. 30, no. 9, pp. 1757–1762, 1998.

[53] R. Nogueira-Ferreira, R. Ferreira, A. I. Padrão et al., “One year
of exercise training promotes distinct adaptations in right and
left ventricle of female Sprague-Dawley rats,” Journal of Phys-
iology and Biochemistry, vol. 75, no. 4, pp. 561–572, 2019.

[54] S. Singh, F. C. White, and C. M. Bloor, “Myocardial morpho-
metric characteristics in swine,” Circulation Research, vol. 49,
no. 2, pp. 434–441, 1981.

[55] I. Starr, W. A. Jeffers, and R. H. Meade Jr., “The absence of
conspicuous increments of venous pressure after severe
damage to the right ventricle of the dog, with a discussion
of the relation between clinical congestive failure and heart
disease,” American Heart Journal, vol. 26, no. 3, pp. 291–
301, 1943.

17Oxidative Medicine and Cellular Longevity



[56] N. H. Guiha, C. J. Limas, and J. N. Cohn, “Predominant right
ventricular dysfunction after right ventricular destruction in
the dog,” The American Journal of Cardiology, vol. 33, no. 2,
pp. 254–258, 1974.

[57] J. M. Isner and W. C. Roberts, “Right ventricular infarction
complicating left ventricular infarction secondary to coro-
nary heart disease: Frequency, location, associated findings
and significance from analysis of 236 necropsy patients with
acute or healed myocardial infarction,” The American Journal
of Cardiology, vol. 42, no. 6, pp. 885–894, 1978.

[58] S. Turkoglu, M. Erden, and M. Ozdemir, “Un infarctus ven-
triculaire droit isole cause par une occlusion de la branche
ventriculaire droite en l'absence d'intervention coronaire per-
cutanee,” The Canadian Journal of Cardiology, vol. 24, no. 10,
pp. 793-794, 2008.

[59] T. Levin and J. A. Goldstein, “Right ventricular myocardial
infarction - UpToDate,” https://www.uptodate.com/
contents/right-ventricular-myocardial-infarction/.

[60] G. A. Heresi, W. H. W. Tang, M. Aytekin, J. Hammel, S. L.
Hazen, and R. A. Dweik, “Sensitive cardiac troponin I
predicts poor outcomes in pulmonary arterial hypertension,”
The European Respiratory Journal, vol. 39, no. 4, pp. 939–944,
2012.

[61] C. P. Anaruma, R. M. Pereira, K. Cristina da Cruz Rodrigues
et al., “Rock protein as cardiac hypertrophy modulator in
obesity and physical exercise,” Life sciences, vol. 254, article
116955, 2020.

[62] F. Antigny, O. Mercier, M. Humbert, and J. Sabourin, “Alter-
ation du couplage excitation-contraction et relaxation dans le
remodelage ventriculaire droit due a une hypertension arter-
ielle pulmonaire,” Archives of Cardiovascular Diseases,
vol. 113, no. 1, pp. 70–84, 2020.

[63] I. Friehs, D. B. Cowan, Y.-H. Choi et al., “Pressure-overload
hypertrophy of the developing heart reveals activation of
divergent gene and protein pathways in the left and right ven-
tricular myocardium,” American Journal of Physiology. Heart
and Circulatory Physiology, vol. 304, no. 5, pp. H697–H708,
2013.

[64] R. Schreckenberg, M. Rebelo, A. Deten et al., “Specific mech-
anisms underlying right heart failure: the missing upregula-
tion of superoxide dismutase-2 and its decisive role in
antioxidative defense,” Antioxidants & Redox Signaling,
vol. 23, no. 15, pp. 1220–1232, 2015.

[65] J. Heger, R. Schulz, and G. Euler, “Molecular switches under
TGFβ signalling during progression from cardiac hypertro-
phy to heart failure,” British Journal of Pharmacology,
vol. 173, no. 1, pp. 3–14, 2016.

[66] S. Ikeda, K. Satoh, N. Kikuchi et al., “Crucial role of rho-
kinase in pressure overload-induced right ventricular
hypertrophy and dysfunction in mice,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 34, no. 6, pp. 1260–
1271, 2014.

[67] S. Minegishi, K. Kitahori, A. Murakami, and M. Ono, “Mech-
anism of pressure-overload right ventricular hypertrophy in
infant rabbits,” International Heart Journal, vol. 52, no. 1,
pp. 56–60, 2011.

[68] M. Yildiz, A. A. Oktay, M. H. Stewart, R. V. Milani, H. O.
Ventura, and C. J. Lavie, “Left ventricular hypertrophy and
hypertension,” Progress in Cardiovascular Diseases, vol. 63,
no. 1, pp. 10–21, 2020.

[69] E. Herpel, S. Singer, C. Flechtenmacher et al., “Extracellular
matrix proteins and matrix metalloproteinases differ between

various right and left ventricular sites in end-stage cardiomy-
opathies,” Virchows Archiv, vol. 446, no. 4, article 1177,
pp. 369–378, 2005.

[70] S. Andersen, J. Birkmose Axelsen, S. Ringgaard et al., “Pres-
sure overload induced right ventricular remodeling is not
attenuated by the anti-fibrotic agent pirfenidone,” Pulmonary
circulation, vol. 9, no. 2, 2019.

[71] Y. C. Bryce, R. Perez-Johnston, E. B. Bryce, B. Homayoon,
and E. G. Santos-Martin, “Pathophysiology of right ventricu-
lar failure in acute pulmonary embolism and chronic throm-
boembolic pulmonary hypertension: a pictorial essay for the
interventional radiologist,” Insights Into Imaging, vol. 10,
no. 1, p. 18, 2019.

[72] W. Pang, Z. Zhang, Y. Zhang et al., “Extracellular matrix col-
lagen biomarkers levels in patients with chronic thromboem-
bolic pulmonary hypertension,” Journal of Thrombosis and
Thrombolysis, vol. 52, no. 1, pp. 48–58, 2021.

[73] B. Kojonazarov, T. Novoyatleva, M. Boehm et al., “p38
MAPK inhibition improves heart function in pressure-
loaded right ventricular hypertrophy,” American Journal of
Respiratory Cell and Molecular Biology, vol. 57, no. 5,
pp. 603–614, 2017.

[74] S. A. Bageghni, K. E. Hemmings, N. Zava et al., “Cardiac
fibroblast-specific p38αMAP kinase promotes cardiac hyper-
trophy via a putative paracrine interleukin-6 signaling mech-
anism,” The FASEB Journal, vol. 32, no. 9, pp. 4941–4954,
2018.

[75] L. Lu, D. Wu, L. Li, and L. Chen, “Apelin/APJ system: a
bifunctional target for cardiac hypertrophy,” International
Journal of Cardiology, vol. 230, pp. 164–170, 2017.

[76] D. Wu, F. Xie, L. Xiao et al., “Caveolin-1-autophagy pathway
mediated cardiomyocyte hypertrophy induced by apelin-13,”
DNA and Cell Biology, vol. 36, no. 8, pp. 611–618, 2017.

[77] V. N. Parikh, J. Liu, C. Shang et al., “Apelin and APJ orches-
trate complex tissue-specific control of cardiomyocyte hyper-
trophy and contractility in the hypertrophy-heart failure
transition,” American Journal of Physiology. Heart and Circu-
latory Physiology, vol. 315, no. 2, pp. H348–H356, 2018.

[78] I. Falcão-Pires, N. Gonçalves, T. Henriques-Coelho,
D. Moreira-Gonçalves, R. J. Roncon-Albuquerque, and A. F.
Leite-Moreira, “Apelin decreases myocardial injury and
improves right ventricular function in monocrotaline-
induced pulmonary hypertension,” American Journal of
Physiology. Heart and Circulatory Physiology, vol. 296,
no. 6, pp. H2007–H2014, 2009.

[79] Y. Olgar, M. C. Celen, B. E. Yamasan, N. Ozturk, B. Turan,
and S. Ozdemir, “Rho-kinase inhibition reverses impaired
Ca2+ handling and associated left ventricular dysfunction in
pressure overload-induced cardiac hypertrophy,” Cell Cal-
cium, vol. 67, pp. 81–90, 2017.

[80] B. R. Cowan and A. A. Young, “Left ventricular hypertrophy
and renin-angiotensin system blockade,” Current Hyperten-
sion Reports, vol. 11, no. 3, pp. 167–172, 2009.

[81] L. Zhou, B. Ma, and X. Han, “The role of autophagy in angio-
tensin II-induced pathological cardiac hypertrophy,” Journal
of Molecular Endocrinology, vol. 57, no. 4, pp. R143–R152,
2016.

[82] S. Gallo, A. Vitacolonna, A. Bonzano, P. Comoglio, and
T. Crepaldi, “ERK: a key player in the pathophysiology of car-
diac hypertrophy,” International journal of molecular sci-
ences, vol. 20, no. 9, p. 2164, 2019.

18 Oxidative Medicine and Cellular Longevity

https://www.uptodate.com/contents/right-ventricular-myocardial-infarction/
https://www.uptodate.com/contents/right-ventricular-myocardial-infarction/


[83] H. K. Park, S. J. Park, C. S. Kim, Y. W. Paek, J. U. Lee, and
W. J. Lee, “Enhanced gene expression of renin-angiotensin
system, TGF-beta1, endothelin-1 and nitric oxide synthase
in right-ventricular hypertrophy,” Pharmacological Research,
vol. 43, no. 3, pp. 265–273, 2001.

[84] I.-P. Chou, Y.-P. Chiu, S.-T. Ding, B.-H. Liu, Y. Y. Lin, and
C.-Y. Chen, “Adiponectin receptor 1 overexpression reduces
lipid accumulation and hypertrophy in the heart of diet-
induced obese mice–possible involvement of oxidative stress
and autophagy,” Endocrine Research, vol. 39, no. 4, pp. 173–
179, 2014.

[85] L. Weng, W. Zhang, Y. Ye et al., “Aliskiren ameliorates pres-
sure overload-induced heart hypertrophy and fibrosis in
mice,” Acta Pharmacologica Sinica, vol. 35, no. 8, pp. 1005–
1014, 2014.

[86] L. Long, X. Yang, M. Southwood et al., “Chloroquine prevents
progression of experimental pulmonary hypertension via
inhibition of autophagy and lysosomal bone morphogenetic
protein type II receptor degradation,” Circulation Research,
vol. 112, no. 8, pp. 1159–1170, 2013.

[87] D. K. Rawat, A. Alzoubi, R. Gupte et al., “Increased reactive
oxygen species, metabolic maladaptation, and autophagy
contribute to pulmonary arterial hypertension-induced ven-
tricular hypertrophy and diastolic heart failure,” Hypertens
(Dallas, Tex 1979), vol. 64, no. 6, pp. 1266–1274, 2014.

[88] F. Cacciapuoti, “Role of ubiquitin-proteasome system (UPS)
in left ventricular hypertrophy (LVH),” American journal of
cardiovascular disease, vol. 4, no. 1, pp. 1–5, 2014.

[89] T. Heitmeier, A. Sydykov, C. Lukas et al., “Altered protea-
some function in right ventricular hypertrophy,” Cardiovas-
cular Research, vol. 116, no. 2, pp. 406–415, 2020.

[90] V. Rajagopalan, M. Zhao, S. Reddy et al., “Altered ubiquitin-
proteasome signaling in right ventricular hypertrophy and
failure,” American Journal of Physiology. Heart and Circula-
tory Physiology, vol. 305, no. 4, pp. H551–H562, 2013.

[91] R. Kerkela and T. Force, “Recent insights into cardiac hyper-
trophy and left ventricular remodeling,” Current Heart Fail-
ure Reports, vol. 3, no. 1, pp. 14–18, 2006.

[92] B. S. Ferguson, B. C. Harrison, M. Y. Jeong et al., “Signal-
dependent repression of DUSP5 by class I HDACs controls
nuclear ERK activity and cardiomyocyte hypertrophy,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 110, no. 24, pp. 9806–9811, 2013.

[93] P. Chelladurai, O. Boucherat, K. Stenmark et al., “Targeting
histone acetylation in pulmonary hypertension and right
ventricular hypertrophy,” British Journal of Pharmacology,
vol. 178, no. 1, pp. 54–71, 2021.

[94] J. Y. Y. Ooi, N. K. Tuano, H. Rafehi et al., “HDAC inhibition
attenuates cardiac hypertrophy by acetylation and deacetylation
of target genes,” Epigenetics, vol. 10, no. 5, pp. 418–430, 2015.

[95] H. J. Bogaard, S. Mizuno, A. A. Hussaini et al., “Suppression
of histone deacetylases worsens right ventricular dysfunction
after pulmonary artery banding in rats,” American Journal of
Respiratory and Critical Care Medicine, vol. 183, no. 10,
pp. 1402–1410, 2011.

[96] Y. Seta, K. Shan, B. Bozkurt, H. Oral, and D. L. Mann, “Basic
mechanisms in heart failure: the cytokine hypothesis,” Jour-
nal of Cardiac Failure, vol. 2, no. 3, pp. 243–249, 1996.

[97] X.-Q. Sun, A. Abbate, and H.-J. Bogaard, “Role of cardiac
inflammation in right ventricular failure,” Cardiovascular
Research, vol. 113, no. 12, pp. 1441–1452, 2017.

[98] E. S. Chung, M. Packer, K. H. Lo, A. A. Fasanmade, J. T.
Willerson, and Anti-TNF Therapy Against Congestive Heart
Failure Investigators, “Randomized, double-blind, placebo-
controlled, pilot trial of infliximab, a chimeric monoclonal
antibody to tumor necrosis factor-α, in patients with
moderate-to-severe heart failure,” Circulation, vol. 107,
no. 25, pp. 3133–3140, 2003.

[99] B.W. van Tassell, N. A. Abouzaki, C. Oddi Erdle et al., “Inter-
leukin-1 blockade in acute decompensated heart failure: a
randomized, double-blinded, placebo-controlled pilot study,”
Journal of Cardiovascular Pharmacology, vol. 67, no. 6,
pp. 544–551, 2016.

[100] C. S. P. Lam, V. L. Roger, R. J. Rodeheffer, B. A. Borlaug, F. T.
Enders, and M. M. Redfield, “Pulmonary hypertension in
heart failure with preserved ejection fraction: a community-
based study,” Journal of the American College of Cardiology,
vol. 53, no. 13, pp. 1119–1126, 2009.

[101] M. Guazzi and R. Naeije, “Pulmonary hypertension in heart
failure: pathophysiology, pathobiology, and emerging clinical
perspectives,” Journal of the American College of Cardiology,
vol. 69, no. 13, pp. 1718–1734, 2017.

[102] A. Kemdem, F. Lemaitre, R. Lovat, V. Siraux, P. Dillien, and
F. Dive, “Acute hypoxic pulmonary hypertension associated
with right heart failure,” Acta Cardiologica, vol. 75, no. 6,
pp. 544–548, 2020.

[103] C. E. Ventetuolo and J. R. Klinger, “Management of acute
right ventricular failure in the intensive care unit,” Annals
of the American Thoracic Society, vol. 11, no. 5, pp. 811–
822, 2014.

[104] S. Ghio, C. Raineri, L. Scelsi, M. Ašanin, M. Polovina, and
P. Seferovic, “Pulmonary hypertension and right ventricular
remodeling in HFpEF and HFrEF,” Heart Failure Reviews,
vol. 25, no. 1, pp. 85–91, 2020.

[105] J. J. Ryan, J. Huston, S. Kutty et al., “Right ventricular adapta-
tion and failure in pulmonary arterial hypertension,” The
Canadian Journal of Cardiology, vol. 31, no. 4, pp. 391–406,
2015.

[106] S. Rosenkranz, J. S. R. Gibbs, R. Wachter, T. de Marco,
A. Vonk-Noordegraaf, and J.-L. Vachiéry, “Left ventricular
heart failure and pulmonary hypertension,” European Heart
Journal, vol. 37, no. 12, pp. 942–954, 2016.

[107] K. Nochioka, G. Querejeta Roca, B. Claggett et al., “Right ven-
tricular function, right ventricular-pulmonary artery cou-
pling, and heart failure risk in 4 US communities: the
atherosclerosis risk in communities (ARIC) study,” JAMA
Cardiology, vol. 3, no. 10, pp. 939–948, 2018.

[108] I. Iglesias-Garriz, C. Olalla-Gómez, C. Garrote et al., “Contri-
bution of right ventricular dysfunction to heart failure mor-
tality: a meta-analysis,” Reviews in Cardiovascular Medicine,
vol. 13, no. 2-3, pp. e62–e69, 2012.

[109] V. Melenovsky, S.-J. Hwang, G. Lin, M. M. Redfield, and B. A.
Borlaug, “Right heart dysfunction in heart failure with pre-
served ejection fraction,” European Heart Journal, vol. 35,
no. 48, pp. 3452–3462, 2014.

[110] F. Bursi, S. M. McNallan, M. M. Redfield et al., “Pulmonary
pressures and death in heart failure: a community study,”
Journal of the American College of Cardiology, vol. 59, no. 3,
pp. 222–231, 2012.

[111] M. A. Konstam, M. S. Kiernan, D. Bernstein et al., “Evalua-
tion and management of right-sided heart failure: a scientific
statement from the American Heart Association,” Circula-
tion, vol. 137, no. 20, pp. e578–e622, 2018.

19Oxidative Medicine and Cellular Longevity



[112] S. E. Altin and P. C. Schulze, “Metabolism of the right ven-
tricle and the response to hypertrophy and failure,” Prog-
ress in Cardiovascular Diseases, vol. 55, no. 2, pp. 229–
233, 2012.

[113] N. Saadane, L. Alpert, and L. E. Chalifour, “Expression of
immediate early genes, GATA-4, and Nkx-2.5 in adrenergic-
induced cardiac hypertrophy and during regression in adult
mice,” British Journal of Pharmacology, vol. 127, no. 5,
pp. 1165–1176, 1999.

[114] D. S. Lee and Y. W. Jung, “Protective effect of right ventricular
mitochondrial damage by cyclosporine a in monocrotaline-
induced pulmonary hypertension,” Korean circulation journal,
vol. 48, no. 12, pp. 1135–1144, 2018.

[115] J. J. Ryan and S. L. Archer, “The right ventricle in pulmonary
arterial hypertension: disorders of metabolism, angiogenesis
and adrenergic signaling in right ventricular failure,” Circula-
tion Research, vol. 115, no. 1, pp. 176–188, 2014.

[116] T. A. Karim, N. T. Boardman, and M. C. Sanchez, “Mito-
chondrial respiratory states and rates,” 2019.

[117] L. Piao, Y.-H. Fang, K. Parikh, J. J. Ryan, P. T. Toth, and S. L.
Archer, “Cardiac glutaminolysis: a maladaptive cancer
metabolism pathway in the right ventricle in pulmonary
hypertension,” Journal of Molecular Medicine, vol. 91,
no. 10, pp. 1185–1197, 2013.

[118] B. Chowdhury, A. Z. Luu, V. Z. Luu et al., “The SGLT2 inhib-
itor empagliflozin reduces mortality and prevents progres-
sion in experimental pulmonary hypertension,” Biochemical
and Biophysical Research Communications, vol. 524, no. 1,
pp. 50–56, 2020.

[119] Y.-H. Fang, L. Piao, Z. Hong et al., “Therapeutic inhibition of
fatty acid oxidation in right ventricular hypertrophy: exploit-
ing Randle’s cycle,” Journal of Molecular Medicine, vol. 90,
no. 1, pp. 31–43, 2012.

[120] E. Legchenko, P. Chouvarine, P. Borchert et al., “PPARγ ago-
nist pioglitazone reverses pulmonary hypertension and pre-
vents right heart failure via fatty acid oxidation,” Science
translational medicine, vol. 10, no. 438, p. eaao0303, 2018.

[121] J. Bernal-Ramírez, C. Silva-Platas, C. Jerjes-Sánchez et al.,
“Resveratrol Prevents Right Ventricle Dysfunction, Calcium
Mishandling, and Energetic Failure via SIRT3 Stimulation
in Pulmonary Arterial Hypertension,” Oxidative Medicine
and Cellular Longevity, vol. 2021, Article ID 9912434, 15
pages, 2021.

[122] Å. T. Røe, J. M. Aronsen, K. Skårdal et al., “Increased passive
stiffness promotes diastolic dysfunction despite improved Ca2+
handling during left ventricular concentric hypertrophy,” Car-
diovascular Research, vol. 113, no. 10, pp. 1161–1172, 2017.

[123] A. M. Gómez, G. Ruiz-Hurtado, J.-P. Benitah, and
A. Domínguez-Rodríguez, “Ca(2+) fluxes involvement in
gene expression during cardiac hypertrophy,” Current Vascu-
lar Pharmacology, vol. 11, no. 4, pp. 497–506, 2013.

[124] R. Paulin, G. Sutendra, V. Gurtu et al., “AmiR-208-Mef2 axis
drives the decompensation of right ventricular function in
pulmonary hypertension,” Circulation Research, vol. 116,
no. 1, pp. 56–69, 2015.

[125] R. Adão, P. Mendes-Ferreira, C. Maia-Rocha et al., “Neuregu-
lin-1 attenuates right ventricular diastolic stiffness in experi-
mental pulmonary hypertension,” Clinical and Experimental
Pharmacology & Physiology, vol. 46, no. 3, pp. 255–265, 2019.

[126] X. An, S. Li, X. Weng et al., “Maxingxiongting mixture attenu-
ates hypoxia pulmonary arterial hypertension to improve right

ventricular hypertrophy by inhibiting the rho-kinase signaling
pathway,” Journal of Traditional Chinese Medicine= Chung i
tsa Chih Ying wen pan, vol. 40, no. 6, pp. 992–998, 2020.

[127] Z. Dang, S. Su, G. Jin et al., “Tsantan Sumtang attenuated
chronic hypoxia-induced right ventricular structure remodeling
and fibrosis by equilibrating local ACE-AngII-AT1R/ACE2-
Ang1-7-Mas axis in rat,” Journal of Ethnopharmacology,
vol. 250, p. 112470, 2020.

[128] X. Gao, Z. Zhang, X. Li et al., “Ursolic acid improves
monocrotaline-induced right ventricular remodeling by reg-
ulating metabolism,” Journal of Cardiovascular Pharmacol-
ogy, vol. 75, no. 6, pp. 545–555, 2020.

[129] N. Rol, M. A. de Raaf, X. Q. Sun et al., “Nintedanib improves
cardiac fibrosis but leaves pulmonary vascular remodelling
unaltered in experimental pulmonary hypertension,” Cardio-
vascular Research, vol. 115, no. 2, pp. 432–439, 2019.

[130] Z. P. Leong, A. Okida, M. Higuchi, Y. Yamano, and
Y. Hikasa, “Reversal effects of low-dose imatinib compared
with sunitinib on monocrotaline-induced pulmonary and
right ventricular remodeling in rats,”Vascular Pharmacology,
vol. 100, pp. 41–50, 2018.

[131] N. Rai, S. Veeroju, Y. Schymura et al., “Effect of riociguat and
sildenafil on right heart remodeling and function in pressure
overload induced model of pulmonary arterial banding,”
BioMed Research International, vol. 2018, Article ID
3293584, 9 pages, 2018.

[132] A. Mamazhakypov, A. Weiß, S. Zukunft et al., “Effects of
macitentan and tadalafil monotherapy or their combination
on the right ventricle and plasma metabolites in pulmonary
hypertensive rats,” Pulmonary circulation, vol. 10, no. 4,
p. 204589402094728, 2020.

[133] E. G. Schmuck, T. A. Hacker, D. A. Schreier, N. C. Chesler,
and Z. Wang, “Beneficial effects of mesenchymal stem cell
delivery via a novel cardiac bioscaffold on right ventricles of
pulmonary arterial hypertensive rats,” American Journal of
Physiology-Heart and Circulatory Physiology, vol. 316, no. 5,
pp. H1005–H1013, 2019.

[134] D. Lacerda, P. Türck, C. Campos-Carraro et al., “Pterostil-
bene improves cardiac function in a rat model of right heart
failure through modulation of calcium handling proteins
and oxidative stress,” Applied Physiology, Nutrition, and
Metabolism, vol. 45, no. 9, pp. 987–995, 2020.

[135] P. Türck, D. S. Lacerda, C. C. Carraro et al., “Trapidil
improves hemodynamic, echocardiographic and redox state
parameters of right ventricle in monocrotaline-induced pul-
monary arterial hypertension model,” Biomedicine & Phar-
macotherapy, vol. 103, pp. 182–190, 2018.

[136] M. Lipczyńska, P. Szymański, M. Kumor, A. Klisiewicz, and
P. Hoffman, “Collagen turnover biomarkers and systemic
right ventricle remodeling in adults with previous atrial
switch procedure for transposition of the great arteries,” PLoS
One, vol. 12, no. 8, article e0180629, 2017.

[137] B̃. López, A. González, and J. Díez, “Circulating biomarkers
of collagen metabolism in cardiac diseases,” Circulation,
vol. 121, no. 14, pp. 1645–1654, 2010.

[138] F. A. van Nieuwenhoven, C. Munts, R. C. op’t Veld et al.,
“Cartilage intermediate layer protein 1 (CILP1): a novel
mediator of cardiac extracellular matrix remodelling,” Scien-
tific Reports, vol. 7, no. 1, article 16201, p. 16042, 2017.

[139] S. Keranov, O. Dörr, L. Jafari et al., “CILP1 as a biomarker for
right ventricular maladaptation in pulmonary hypertension,”
European Respiratory Journal, vol. 57, no. 4, p. 1901192, 2021.

20 Oxidative Medicine and Cellular Longevity



[140] K. Kreymborg, S. Uchida, P. Gellert et al., “Identification of
right heart-enriched genes in a murine model of chronic out-
flow tract obstruction,” Journal of Molecular and Cellular
Cardiology, vol. 49, no. 4, pp. 598–605, 2010.

[141] I. Rohm, K. Grün, L. M. Müller et al., “Increased serum levels
of fetal tenascin-C variants in patients with pulmonary
hypertension: novel biomarkers reflecting vascular remodel-
ing and right ventricular dysfunction?,” International journal
of molecular sciences, vol. 18, no. 11, p. 2371, 2017.

[142] J. Correia-Pinto, T. Henriques-Coelho, R. J. Roncon-
Albuquerque et al., “Time course and mechanisms of left
ventricular systolic and diastolic dysfunction in monocrotaline-
induced pulmonary hypertension,” Basic Research in Cardiol-
ogy, vol. 104, no. 5, pp. 535–545, 2009.

[143] M. Hessel, P. Steendijk, B. den Adel, C. Schutte, and A. van
der Laarse, “Pressure overload-induced right ventricular fail-
ure is associated with re-expression of myocardial tenascin-C
and elevated plasma tenascin-C levels,” Cellular Physiology
and Biochemistry, vol. 24, no. 3-4, pp. 201–210, 2009.

[144] K. W. Prins, S. L. Archer, M. Pritzker et al., “Interleukin-6 is
independently associated with right ventricular function in
pulmonary arterial hypertension,” The Journal of Heart and
Lung Transplantation, vol. 37, no. 3, pp. 376–384, 2018.

[145] N. M. Pradhan, C. Mullin, and H. D. Poor, “Biomarkers and
right ventricular dysfunction,” Critical Care Clinics, vol. 36,
no. 1, pp. 141–153, 2020.

[146] N. Galiè, M. Humbert, J.-L. Vachiery et al., “2015 ESC/ERS
guidelines for the diagnosis and treatment of pulmonary
Hypertension,” European Heart Journal, vol. 37, no. 1,
pp. 67–119, 2016.

[147] A. Torbicki, M. Kurzyna, P. Kuca et al., “Detectable serum
cardiac troponin T as a marker of poor prognosis among
patients with chronic precapillary pulmonary hypertension,”
Circulation, vol. 108, no. 7, pp. 844–848, 2003.

[148] M. Wilkins, “Pulmonary hypertension: proteins in the
blood,” Global Cardiology Science & Practice, vol. 2020,
no. 1, article e202007, 2020.

[149] S. Reddy, M. Zhao, D.-Q. Hu et al., “Dynamic microRNA
expression during the transition from right ventricular
hypertrophy to failure,” Physiological Genomics, vol. 44,
no. 10, pp. 562–575, 2012.

[150] P. Chouvarine, J. Photiadis, R. Cesnjevar et al., “RNA expres-
sion profiles and regulatory networks in human right ventric-
ular hypertrophy due to high pressure load,” iScience, vol. 24,
no. 3, article 102232, 2021.

[151] C. Wei, H. Henderson, C. Spradley et al., “Circulating miR-
NAs as potential marker for pulmonary hypertension,” PLoS
One, vol. 8, no. 5, article e64396, 2013.

[152] J. Omura, K. Habbout, T. Shimauchi et al., “Identification of
long noncoding RNA H19 as a new biomarker and thera-
peutic target in right ventricular failure in pulmonary arte-
rial hypertension,” Circulation, vol. 142, no. 15, pp. 1464–
1484, 2020.

[153] B. C. Knollmann, A. N. Katchman, and M. R. Franz, “Mono-
phasic action potential recordings from intact mouse heart:
validation, regional heterogeneity, and relation to refractori-
ness,” Journal of Cardiovascular Electrophysiology, vol. 12,
no. 11, pp. 1286–1294, 2001.

[154] G. Münch, B. Bölck, A. Sugaru, and R. H. Schwinger, “Iso-
form expression of the sarcoplasmic reticulum Ca2+ release
channel (ryanodine channel) in human myocardium,” Jour-

nal of Molecular Medicine (Berlin, Germany), vol. 78, no. 6,
pp. 352–360, 2000.

[155] Y. D. Wang, Y. D. Li, X. Y. Ding et al., “17β-Estradiol pre-
serves right ventricular function in rats with pulmonary arte-
rial hypertension: an echocardiographic and histochemical
study,” The International Journal of Cardiovascular Imaging,
vol. 35, no. 3, pp. 441–450, 2019.

[156] M. J. Overbeek, K. T. B. Mouchaers, H. M. Niessen et al.,
“Characteristics of interstitial fibrosis and inflammatory cell
infiltration in right ventricles of systemic sclerosis-associated
pulmonary arterial hypertension,” International Journal of
Rheumatology, vol. 2010, Article ID 604615, 10 pages, 2010.

[157] M. Boehm, N. Arnold, A. Braithwaite et al., “Eplerenone
attenuates pathological pulmonary vascular rather than right
ventricular remodeling in pulmonary arterial hypertension,”
BMC Pulmonary Medicine, vol. 18, no. 1, p. 41, 2018.

[158] S. Rain, D. S. G. Bos, M. L. Handoko et al., “Protein changes
contributing to right ventricular cardiomyocyte Diastolic
Dysfunction in Pulmonary Arterial Hypertension,” Journal
of the American Heart Association, vol. 3, no. 3, article
e000716, 2014.

[159] D. Sacks, B. Baxter, B. C. V. Campbell et al., “Multisociety
consensus quality improvement revised consensus statement
for endovascular therapy of acute ischemic stroke,” Interna-
tional journal of stroke, vol. 13, no. 6, pp. 612–632, 2018.

[160] S. Hsu, K. M. Kokkonen-Simon, J. A. Kirk et al., “Right ven-
tricular myofilament functional differences in humans with
systemic sclerosis-associated versus idiopathic pulmonary
arterial hypertension,” Circulation, vol. 137, no. 22,
pp. 2360–2370, 2018.

[161] S. Rain, S. Andersen, A. Najafi et al., “Right ventricular myo-
cardial stiffness in experimental pulmonary arterial hyperten-
sion: relative contribution of fibrosis and myofibril stiffness,”
Circulation. Heart Failure, vol. 9, no. 7, article e002636, 2016.

[162] M. W. Gorr, K. Sriram, A. M. Chinn, A. Muthusamy, and
P. A. Insel, “Transcriptomic profiles reveal differences
between the right and left ventricle in normoxia and hyp-
oxia,” Physiological reports, vol. 8, no. 2, article e14344, 2020.

[163] J. A.Watts, J. Zagorski, M. A. Gellar, B. G. Stevinson, and J. A.
Kline, “Cardiac inflammation contributes to right ventricular
dysfunction following experimental pulmonary embolism in
rats,” Journal of Molecular and Cellular Cardiology, vol. 41,
no. 2, pp. 296–307, 2006.

[164] L. Tian, F. Potus, D. Wu et al., “Increased Drp1-mediated
mitochondrial fission promotes proliferation and collagen
production by right ventricular fibroblasts in experimental
pulmonary arterial hypertension,” Frontiers in Physiology,
vol. 9, p. 828, 2018.

[165] H. V. Hwang, N. Sandeep, R. V. Nair et al., “Transcriptomic
and functional analyses of mitochondrial dysfunction in
pressure overload-induced right ventricular failure,” Journal
of the American Heart Association, vol. 10, no. 4, article
e017835, 2021.

[166] U. K. Ihenacho, K. A. Meacham, M. C. Harwig, M. E.
Widlansky, and R. B. Hill, “Mitochondrial fission protein 1:
emerging roles in organellar form and function in health and
disease,” Frontiers in Endocrinology, vol. 12, article 660095, 2021.

[167] J. Nagendran, V. Gurtu, D. Z. Fu et al., “A dynamic and
chamber-specific mitochondrial remodeling in right ventric-
ular hypertrophy can be therapeutically targeted,” the Journal
of thoracic and cardiovascular surgery, vol. 136, no. 1,
pp. 168–178.e3, 2008.

21Oxidative Medicine and Cellular Longevity



Research Article
Endogenous Taurine Downregulation Is Required for Renal
Injury in Salt-Sensitive Hypertensive Rats via CBS/H2S Inhibition

Pan Huang,1 Yaqian Huang ,1 Boyang Lv,1 Heng Zhang,2 Jia Liu,1 Guosheng Yang,3

Yinghong Tao,3 Dingfang Bu,4 Guang Wang ,2 Junbao Du ,1,5 and Hongfang Jin 1

1Department of Pediatrics, Peking University First Hospital, Beijing 100034, China
2Department of Endocrinology, Beijing Chaoyang Hospital, Capital Medical University, Beijing 100020, China
3Animal Center, Peking University First Hospital, Beijing 100034, China
4Research Center, Peking University First Hospital, Beijing 100034, China
5Key Laboratory of Molecular Cardiology, Ministry of Education, Beijing, China

Correspondence should be addressed to Yaqian Huang; yaqianhuang@126.com, Guang Wang; drwg6688@aliyun.com,
Junbao Du; junbaodu1@126.com, and Hongfang Jin; jinhongfang51@126.com

Received 27 January 2021; Revised 23 July 2021; Accepted 12 August 2021; Published 26 August 2021

Academic Editor: Albino Carrizzo

Copyright © 2021 Pan Huang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Although taurine is known to exert an antihypertensive effect, it is unclear whether it is involved in the mechanism for
hypertension-related target organ injury. To reveal the role of endogenous taurine in renal injury formation during salt-
sensitive hypertension and clarify its mechanisms, both salt-sensitive Dahl rats and salt-resistant SS-13BN rats were fed a high-
salt diet (8% NaCl) and given 2% taurine for 6 weeks. Rat systolic blood pressure (SBP) was measured by the tail-cuff method
and artery catheterization. Kidney ultrastructure was observed under an electron microscope. Taurine content and mRNA and
protein levels of taurine synthases, cysteine dioxygenase type 1 (CDO1) and cysteine sulfinic acid decarboxylase (CSAD), were
decreased in Dahl rats fed a high-salt diet. However, taurine supplementation and the resulting increase in renal taurine
content reduced the increased SBP and improved renal function and structural damage in high-salt diet-fed Dahl rats. In
contrast, taurine did not affect SS-13BN SBP and renal function and structure. Taurine intervention increased the renal H2S
content and enhanced cystathionine-β-synthase (CBS) expression and activity in Dahl rats fed a high-salt diet. Taurine
reduced the renin, angiotensin II, and aldosterone contents and the levels of oxidative stress indices in Dahl rat renal tissues
but increased antioxidant capacity, antioxidant enzyme activity, and protein expression. However, taurine failed to achieve this
effect in the renal tissue of SS-13BN rats fed a high-salt diet. Pretreatment with the CBS inhibitor HA or renal CBS
knockdown inhibited H2S generation and subsequently blocked the effect of taurine on renin, superoxide dismutase 1 (SOD1),
and superoxide dismutase 2 (SOD2) levels in high-salt-stimulated Dahl renal slices. In conclusion, the downregulation of
endogenous taurine production resulted in a decrease in the renal CBS/H2S pathway. This decrease subsequently promoted
renin-angiotensin-aldosterone system (RAAS) activation and oxidative stress in the kidney, ultimately contributing to renal
injury in salt-sensitive Dahl rats.

1. Introduction

The kidney is the main target of organ damage due to hyper-
tension. A chronic increase in arterial pressure leads to a
decrease in the glomerular filtration rate, proteinuria, and
ultimately renal failure [1]. Chronic kidney disease, which
is caused by hypertension, is a powerful independent risk
factor for adverse cardiovascular outcomes [2]. However,

the pathogenesis of hypertensive renal injury is still poorly
understood. Dietary habits are closely related to the inci-
dence of hypertension [3]. Up to 50% of patients with
essential hypertension have high salt-induced hypertension,
also known as salt-sensitive hypertension [4]. Notably, salt-
sensitive hypertensive patients are more likely to develop
end-stage renal disease compared with salt-resistant hyper-
tensive patients [5]. High salt intake also directly causes
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renal damage [6]. The activation of the renin-angiotensin-
aldosterone system (RAAS), oxidative stress, and inflamma-
tion are all related to high salt-induced renal damage [7].
However, the mechanism for endogenous regulation of
salt-sensitive hypertensive renal injury has not been fully
elucidated.

Taurine is a nonprotein free amino acid produced endog-
enously from cysteine by the oxidation of cysteine dioxygenase
(CDO) and decarboxylation of cysteine sulfinic acid decarbox-
ylase (CSAD) [8]. Taurine has a variety of biological effects,
including the inhibition of RAAS activation, antioxidant
stress, and vasodilation, promotion of water and sodium
metabolism, and suppression of sympathetic nerve excitation
[9, 10]. Taurine supplementation can decrease blood pressure
in various hypertensive animal models, including L-NAME-
induced hypertensive rats [11], stroke-prone spontaneously
hypertensive rats [12], cyclosporine A-induced hypertensive
rats [13], and DOCA-salt rats [14]. Oral taurine has been
shown to significantly lower blood pressure and protect vascu-
lar function and responsiveness in clinical hypertensive
patients [15]. These studies suggest that taurine is of great
potential value in the mechanism and clinical treatment of
hypertension. However, the changes in endogenous taurine
during high salt-induced hypertensive renal injury and the
possible mechanisms by which it impacts renal injury are
unclear and warrant further exploration.

In the past, hydrogen sulfide (H2S) was considered a
waste gas. However, over the past two decades, it has been
found that there is a complete H2S-generating pathway in
mammals [16]. L-cysteine produces H2S under the catalysis
of cystathionine-β-synthase (CBS) and cystathionine-γ-lyase
(CSE) [17]. Moreover, 3-mercaptopyruvate, which can be
produced either from L-cysteine catalyzed by cysteine ami-
notransferase or from D-cysteine catalyzed by D-amino-
acid oxidase (DAO), also generates H2S under the catalysis
of mercaptopyruvate sulfurtransferase (MPST) [17–19].
CBS, CSE, and MPST are all expressed in the brain, heart,
lung, artery, and kidney [17, 18, 20]. An increasing number
of studies have revealed that endogenous H2S is an impor-
tant gasotransmitter and exerts various physiological and
pathophysiological effects [17–22]. Endogenous H2S genera-
tion was reportedly downregulated in several hypertensive
animal models including spontaneously hypertensive rats
(SHRs) [23] and models of salt-sensitive hypertension [24],
L-NAME-induced hypertension [25], and two-kidney one-
clip hypertension [26]. Furthermore, supplementation of
the H2S donor sodium hydrosulfide (NaHS) significantly
alleviated hypertension [27] and suppressed renal oxidative
stress [28, 29], implying that the downregulated endogenous
H2S pathway might be important in the mechanism under-
lying hypertensive renal damage. Sun et al. [15] found that
taurine could reduce the blood pressure of patients with pre-
hypertension, improve vasodilation, and impact the plasma
H2S content. However, whether endogenous taurine partici-
pates in the development of salt-sensitive hypertensive renal
injury through regulating the H2S-generating pathway
remains to be clarified.

In this study, the change in and role of the endogenous
taurine pathway during salt-sensitive hypertensive renal

damage and the role of the renal H2S-generating pathway
in controlling renal damage via taurine were examined.

2. Materials and Methods

2.1. Materials. High-salt (HS) feed containing 8% sodium
chloride (NaCl) was purchased from Beijing Keao Xieli Feed
Company (Beijing, China), taurine was purchased from
Beijing Puboxin Biotechnology Company (Beijing, China),
and horseradish peroxidase-labeled secondary antibodies,
NaHS, and the CBS inhibitor hydroxylamine hydrochloride
(HA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) [30]. Antibodies against CBS , MPST, gp91phox,
p47phox, p22phox and CD31 were purchased from Santa
Cruz (Dallas, TX, USA); CSE antibody was purchased from
Sigma-Aldrich; antibodies against CSAD, CDO1, CD31
and renin were purchased from Abcam (Waltham, MA,
USA); β-actin antibody was purchased from Beijing
Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing,
China); GAPDH antibody was from Shanghai Kangcheng
Biological Engineering Company (Shanghai, China), and
antibodies against SOD1 and SOD2 were purchased from
Enzo Life (Farmingdale, NY, USA).

2.2. Animal Experiments. Animal experiments were
approved by the Animal Research Ethics Committee of
Peking University First Hospital (approval number:
j201205) and strictly abided by the regulations of the Animal
Experiment Center of Peking University First Hospital and
the laboratory animal welfare rules. Male salt-sensitive
(Dahl) and salt-resistant (SS-13BN) rats (n = 30 per group,
5 weeks old, and weighing 180–200 g) were obtained from
Beijing Vital River Laboratory Animal Technology Com-
pany (Beijing, China). These two types of rats were further
randomly divided into three groups (n = 10 per group) and
given a normal diet containing 0.5% NaCl (Dahl+normal
salt (NS), SS-13BN+NS), an HS diet containing 8% NaCl
[31] (Dahl+HS, SS-13BN+HS), or an HS diet combined with
2% taurine [11] in drinking water (Dahl+HS+Tau, SS-13BN
+HS+Tau) for 6 weeks.

2.3. Blood Pressure Measurement. The tail arterial pressure of
awake rats was measured using an intelligent noninvasive
blood pressure monitor [32]. After the experiment, rat sys-
tolic blood pressure (SBP) was also determined using the
carotid artery catheter method [33]. Briefly, the rat was anes-
thetized with 25% urethane and then intubated through the
right common carotid artery. Rat SBP was recorded using a
PT-100 biological blood pressure sensor and a BL-420F
multichannel physiological signal acquisition and recording
system (Chengdu Techman Instrument Co., Ltd., Sichuan,
China).

2.4. Determination of Biochemical Indicators. After the
experiment, 24-h urine samples were collected using a met-
abolic cage. After rat SBP measurement, the blood sample
was collected by puncture of the inferior vena cava. After
centrifugation, the serum was collected. The serum urea
and creatinine content and 24-h urinary protein level were
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determined using an automatic biochemical analyzer (Hita-
chi 7600, Tokyo, Japan) [28].

2.5. Ultrastructure of Renal Tissue. Renal cortex tissue
(2 × 2 × 2mm3) was fixed with 3% glutaraldehyde solution
and then prepared into sections for electron microscopy
[28]. The ultrastructure of renal sections was observed under
a JEM-1230 transmission electron microscope (JEOL,
Tokyo, Japan).

2.6. Ex Vivo Incubation Experiments of Renal Tissue Slices.
After the rats were anesthetized with 25% urethane, the
abdominal cavity was quickly opened. The kidney was
removed and stored in aerated sterile Krebs buffer (pH7.4)
on ice. The kidney cross-section was placed in a tissue micro-
tome with 0.1% low-melting-point agarose in ice-cold
phosphate-buffered saline (PBS) to prepare renal cortex slices
(300 ± 50μm). The slices were incubated in continuously aer-
ated (95% O2 : 5% CO2) Dulbecco’s modified Eagle medium
(DMEM)/F12 medium at 37°C for 3h. Finally, the incubation
medium and renal slices were collected and tested.

2.7. Inhibition of CBS Activity in Renal Slices. HA was used
in the ex vivo incubation experiments to suppress renal
CBS activity. The Dahl renal slices were divided into the
NS (incubation medium with 137mM NaCl) [34], HS, HS
+Tau, and HS+Tau+HA groups. HS incubation medium
contained 200mM NaCl [34, 35]. The concentrations of
taurine and HA in the incubation medium were 10mM
and 50μM, respectively [36, 37].

2.8. CBS Knockdown in Rat Renal Tissue. Lentivirus contain-
ing CBS-small hairpin RNA (shRNA) or scramble-shRNA
was purchased from Cyagen Biosciences Inc. (Guangzhou,
China). After four-week-old male Dahl rats (weighing about
150 g) were anesthetized, a small incision was made in the
renal area on the back of the rats to expose the kidney. Each
kidney was administrated with 100μL of scramble-shRNA
or CBS-shRNA lentivirus (1 × 109 TU/mL) through kidney
puncture. The same procedure was used for both kidneys.
After two weeks of lentivirus infection, the ex vivo incuba-
tion experiments were performed using the renal tissue
slices. Dahl rats transfected with scramble-shRNA lentivirus
were divided into three groups (n = 8 per group): the Dahl
+NS+scramble-shRNA, Dahl+HS+scramble-shRNA, and
Dahl+HS+Tau+scramble-shRNA groups. Dahl rats trans-
fected with CBS-shRNA lentivirus were also divided into
three groups (n = 8 per group): the Dahl+NS+CBS-shRNA,
Dahl+HS+CBS-shRNA, and Dahl+HS+Tau+CBS-shRNA
groups. The NS and HS incubation medium contained
137mM and 200mM NaCl, respectively. The incubation
medium contained a taurine concentration of 10mM.

2.9. Taurine Content Determination. Taurine content was
determined by Beijing Mass Spectrometry Medical Research
Co., Ltd (Beijing, China). The renal tissue was homogenized
in deionized water on ice. The homogenate (50μL) was
mixed with 50μL of protein precipitation agent and centri-
fuged at 13,200 rpm for 4min. The supernatant (10μL)
was mixed with 50μL labeling buffer and centrifuged for a

few seconds. Derivatization solution (20μL) was added and
centrifuged for a few seconds, then reacted for 15min at
55°C. The above mixture (50μL) was analyzed using a
high-performance liquid chromatographer (AB Company,
Carlsbad, CA, USA). The liquid chromatography column
was MSLAB 45+AA-C18 (150 × 4:6mm, 5μm). The mobile
phase included the water phase (water containing 1‰
formic acid) and organic phase (acrylonitrile containing
1‰ formic acid). The methanol elution gradient was 90%
(0–1min), 90–30% (1–12min), 30–0% (12–12.1min), 0%
(12.1–15min), 0–90% (15–15.1min), and 90% (15.1–
20min). The taurine content in the renal tissue was deter-
mined in the positive ionization mode.

2.10. H2S Content Determination. H2S levels in serum and
renal tissue were measured by the sensitive sulfur electrode
method [37]. The renal tissue was homogenized with PBS
and centrifuged, and the supernatant was collected to mea-
sure the protein and H2S concentrations. The front end
(10mm) of the polarized H2S electrode (WPI, Shanghai,
China) was inserted into the sample at room temperature,
and the current output (pA) increased. After reaching a pla-
teau, the pA was recorded. A standard curve was drawn
based on the concentration of sodium sulfide and pA. The
H2S content in the sample was calculated based on this stan-
dard curve. The H2S content in the tissue homogenate was
then corrected for protein concentration.

2.11. Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR). The rat renal tissues were ground into powder
in liquid nitrogen, followed by the addition of TRIzol for
homogenization and lysis. Chloroform was added to remove
protein and DNA. RNA was selectively precipitated by isopro-
panol, washed with ethanol, dissolved in ribozyme-free water,
and finally reverse-transcribed into cDNA [38]. RT-qPCR was
carried out on an Applied Biosystems 7300 system (Carlsbad,
CA, USA). Each reaction contained a mixture of 2 ×mix,
primers (7.5μM), TaqMan probe (5μM), cDNA, and purified
water. The PCR program was 10min at 95°C, followed by 40
cycles of 15 s at 95°C and 1min at 60°C. Data were compared
quantitatively with the relative CT value (2-ΔΔCT). β-Actin was
used as the internal reference. Table 1 shows the primer and
TaqMan probe sequences.

2.12. Western Blot. Renal protein was extracted using lysis
buffer containing 50mM Tris base, 150mM NaCl, 1mM
EDTA, 6mM sodium deoxycholate, 1% NP-40, protease
inhibitor, phosphatase inhibitor, and phenylmethylsulfonyl
fluoride (PMSF). After centrifugation, the supernatants were
used for protein quantification and Western blot [39]. The
proteins were separated by polyacrylamide electrophoresis
and transferred to a nitrocellulose membrane, which was
then blocked and incubated with antibodies. ECL lumines-
cent solution was added to the membrane which was then
placed in a gel imaging instrument (Gene Company Limited
Company, Hong Kong, China) for exposure. Optical density
values of protein bands were determined by AlphaEase FC
software. The optical density of the corresponding internal
reference β-actin or GAPDH was used for correction.
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2.13. Detection of CBS, MPST, and CSE Activity in Renal
Tissues. Renal homogenate was incubated with protein
A/G at 4°C for 1 h and centrifuged at 8,000 g for 10min.
Supernatant was incubated with primary antibody against
corresponding protein overnight. Protein A/G was then
added, and the mixture was incubated for 4 h. After centrifu-
gation, precipitated protein was eluted.

According to Stipanuk’s method in the published litera-
ture [40], 10μg of protein was added to 1mL of reaction
solution containing 100mM potassium phosphate buffer,
10mM L-cysteine, and 2mM pyridoxal 5′-phosphate and
incubated at 37°C for 2 h. Renal H2S contents were measured
using the free radical detection analyzer TBR4100. The rate
of H2S production was calculated to reflect the CBS and
CSE activity (nmol/h/μg).

To detect MPST activity, 10μg of protein was added into
1mL of reaction solution including PBS and 2mM β-mer-
captopyruvate and incubated for 2 h. H2S contents were
measured using the free radical detection analyzer
TBR4100, and the rate of H2S production was calculated to
reflect the MPST activity (nmol/h/μg) [41].

2.14. Determination of Renin, Angiotensin II (AngII), and
Aldosterone Content by Enzyme-Linked Immunosorbent
Assay (ELISA). ELISA kits for renin, AngII, and aldosterone
were purchased from Shanghai Bogu Biotechnology Co., Ltd
(Shanghai, China). The concentrations of renin, AngII, and
aldosterone in the rat renal tissue were determined by ELISA
and standardized with total protein content according to the
manufacturer’s instructions.

2.15. Determination of Oxidative Stress Indicators in Renal
Tissue. The renal tissues were homogenized in PBS and centri-

fuged at 10,000 g for 10min to obtain supernatant. According
to the manufacturer’s instructions provided in the kits (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China), the
biochemical colorimetry method [42] was used to determine
the activities of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-PX), and myeloperoxidase
(MPO); the contents of oxidized glutathione (GSSG), reduced
glutathione (GSH), malondialdehyde (MDA), hydrogen perox-
ide (H2O2), hydroxyl radical (

⋅OH), and carbon monoxide
(CO); and total antioxidant capacity (T-AOC).

2.16. Immunofluorescence Staining. The frozen sections of rat
aorta were washed with PBS, blocked with 5% BSA, and then
incubated with primary antibodies overnight at 4°C. The sec-
tions were then washed with PBS three times and incubated
with secondary antibodies (Invitrogen, Carlsbad, CA, USA)
for 1.5 h at room temperature away from light. After washing,
sections were stained with DAPI (ZSGB-Bio, ZLI-9557). The
fluorescence signals were captured under an Olympus confo-
cal laser scanning microscope.

2.17. Statistical Analysis. Statistical analysis was performed
using IBM SPSS 13.0 software. Data are expressed as the
mean ± standard error ðmean ± SEÞ. Comparisons among
multiple groups were performed using one-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test. P values
less than 0.05 are considered statistically significant.

3. Results

3.1. The Renal Endogenous Taurine PathwayWas Significantly
Downregulated during Salt-Sensitive Hypertensive Renal
Injury. To examine the role of the endogenous taurine

Table 1: Sequence of primer and TaqMan probe for rat target genes and β-actin.

Target Sequence (5′-3′) Product

CSAD

Forward CTGGAGTGGCGCATCGA

80 bpReverse AACTCAAATCCTTCCCGCTTTT

TaqMan CAGGCCTTTGCTCTCACTCGGTACTTGG

CDO1

Forward GGGAAAATCAGTGTGCCTACATT

121 bpReverse GCATGGCATGTATCGAAAGGT

TaqMan TTACATCGAGTAGAGAACGTCAGCCACACAGAG

CBS

Forward CTCCGGGAGAAGGGTTTTGA

81 bpReverse CATGTTCCCGAGAGTCACCAT

TaqMan AGGCACCTGTGGTCAACGAGTCTGG

CSE

Forward GCTGAGAGCCTGGGAGGATA

92 bpReverse TCACTGATCCCGAGGGTAGCT

TaqMan CTGAGCTTCCAGCAATCATGACCCATG

MPST

Forward CGGCGCTTCCAGGTAGTG

131 bpReverse CTGGTCAGGAATTCAGTGAATGG

TaqMan CCGCGCAGCTGGCCGTTT

β-Actin

Forward ACCCGCGAGTACAACCTTCTT

80 bpReverse TATCGTCATCCATGGCGAACT

TaqMan CCTCCGTCGCCGGTCCACAC

Note: the 5′ end of the TaqMan probe is labeled with FAM, and the 3′ end is labeled with TAMRA.
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pathway in salt-sensitive hypertensive renal damage, both salt-
sensitive Dahl rats and salt-resistant SS-13BN rats were given
NS and HS diets. Compared with the Dahl+NS group, the tail
arterial SBP of the Dahl+HS group was consistently andmark-

edly increased after 2, 4, and 6 weeks of HS feeding according
to the tail-cuffmethod (Figure 1(a)). The results of the carotid
artery catheterization method also revealed a significant
increase in arterial SBP after 6 weeks of HS feeding
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Figure 1: Taurine increment inhibited high-salt (HS) diet-induced renal damage in Dahl rats. (a) Changes of tail arterial systolic blood
pressure (SBP) of Dahl and SS-13BN rats treated with normal salt (NS) diet, HS diet, or HS feeding supplemented with 2% taurine in
drinking water (HS+Tau) for 2, 4, and 6 weeks, measured using an intelligent noninvasive blood pressure monitor. (b) Changes in SBP
after 6 weeks of HS diet feeding measured by the carotid artery catheter method. (c–e) Changes of serum creatinine (Scr) content (c),
serum urea content (d), and the 24 h urinary protein level (e) in rats. (f) Electron microscope examination of rat renal ultrastructure
(transmission electron microscopy, magnification: 8000x). → indicates foot process of glomerular podocytes. n = 10 for each group.
∗∗P < 0:01 vs. Dahl+NS; #P < 0:05 and ##P < 0:01 vs. Dahl+HS.
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Figure 2: Continued.

6 Oxidative Medicine and Cellular Longevity



(Figure 1(b)). Serum contents of creatinine and urea and the
24-h urinary protein level were elevated in HS Dahl rats
(Figures 1(c)–1(e)). The results of electron microscopy
showed that glomerular podocytes were fused in the Dahl
+HS group (Figure 1(f)). These data demonstrate that the
salt-sensitive hypertensive renal injury rat model was success-
fully established. Interestingly, the taurine content and mRNA
and protein levels of CDO1 and CSAD were significantly
downregulated in the kidneys of HS-fed Dahl rats compared
with NS-fed rats (Figures 2(b)–2(e)), while the renal cysteine
content remained unchanged (Figure 2(a)).

However, the taurine content and CDO1 and CSAD
protein levels were higher in the kidneys of SS-13BN+HS
rats than those in SS-13BN+NS rats (Figures 2(b), 2(c),
and 2(f)), while the CDO1 and CSAD mRNA expression
in the renal tissues did not differ between the two groups
(Figure 2(d)). Furthermore, the renal cysteine content
decreased in the SS-13BN+HS group (Figure 2(a)). HS diet
did not affect the blood pressure and renal function of SS-
13BN rats (Figure 1). These results suggest that the HS diet
downregulated the endogenous taurine pathway and
impaired renal function in salt-sensitive hypertensive Dahl
rats.

3.2. Downregulation of Renal Taurine Promoted Renal
Damage in Salt-Sensitive Hypertension. To investigate the
functional significance of renal taurine downregulation dur-
ing salt-sensitive hypertensive renal injury, the HS diet of
both the SS-13BN rats and Dahl rats was supplemented with
or without 2% taurine in drinking water (HS+Tau or HS).
The renal taurine content was increased in the Dahl+HS
+Tau group compared with the Dahl+HS group
(Figures 2(b) and 2(c)). This upregulation of the renal tau-
rine contents was associated with a marked decrease in the
SBP (Figures 1(a) and 1(b)), serum creatinine content
(Figure 1(c)), serum urea content (Figure 1(d)), and 24h uri-
nary protein level (Figure 1(e)). Electron microscopy results

showed that the fusion of glomerular podocytes was signifi-
cantly reduced in the Dahl+HS+Tau group compared with
the Dahl+HS group (Figure 1(f)). Taurine supplementation
in SS-13BN rats given the HS diet increased the taurine
content in the renal tissues (Figures 2(b) and 2(c)) and
decreased CDO1 and CSAD protein expression
(Figure 2(f)); however, it did not change the CDO and
CSAD mRNA expression (Figure 2(d)), the SBP level of
rats, or the function and structure of the kidney compared
to the HS-fed SS-13BN rats without taurine treatment
(Figure 1). These data suggest that exogenous taurine
supplementation restored the renal taurine of Dahl rats to
normal levels, which could antagonize HS-induced hyper-
tensive renal damage. These findings imply that high salt
downregulated the endogenous taurine pathway to cause
renal injury during salt-sensitive hypertension.

3.3. Endogenous Taurine Reduction Suppressed the Renal
CBS/H2S Pathway in Rats with Salt-Sensitive Hypertensive
Renal Damage. Taurine treatment is known to increase
plasma H2S levels in prehypertensive patients [15], and pre-
vious studies have shown the possible renoprotective effect
of H2S [28]. Therefore, the changes in the endogenous
H2S-producing pathway were analyzed to aid in under-
standing the mechanism by which downregulated taurine
contributed to renal injury in HS diet-fed Dahl rats. HS diet-
fed Dahl rats exhibited a significant decrease in renal H2S con-
tent (Figure 3(a)), CBS mRNA, protein levels, and activity,
MPST mRNA levels and activity, and renal CSE mRNA levels
compared with those fed an NS diet (Figures 3(b)–3(d)).
Meanwhile, MPST protein expression and CSE protein
expression and activity in the renal tissues were not signifi-
cantly different between the Dahl+NS and Dahl+HS groups
(Figures 3(d) and 3(e)). Notably, renal H2S content
(Figure 3(a)), CBS mRNA, protein expression, and activity
(Figures 3(b) and 3(c)), MPST mRNA levels (Figure 3(b)),
and CSE mRNA and protein levels (Figures 3(b) and 3(e)) in
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Figure 2: High-salt (HS) diet downregulated renal endogenous taurine-generating pathway in Dahl rats. (a) Changes of cysteine (Cys)
contents in rat renal tissues. (b) The representative high-performance liquid chromatograms of taurine (Tau) in rat renal tissues. (c)
Changes in Tau contents in rat renal tissues. (d) CDO1 and CSAD mRNA levels in rat renal tissues. (e) Protein levels and quantification
of CDO1 and CSAD in the kidneys of Dahl rats. (f) Protein levels and quantification of CDO1 and CSAD in the kidneys of SS-13BN
rats. n = 10 for each group. ∗P < 0:05 and ∗∗P < 0:01 vs. Dahl+normal salt (NS); ##P < 0:01 vs. Dahl+HS; δδ P < 0:01 vs. SS-13BN+NS;
&P < 0:05 and &&P < 0:01 vs. SS-13BN+HS.
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renal tissues were markedly elevated by taurine supplementa-
tion in HS-induced Dahl rats; meanwhile, MPST activity and
protein expression (Figure 3(d)) and CSE activity
(Figure 3(e)) did not change.

There were no differences in the renal H2S content, CBS
mRNA and protein expression, and CBS, MPST, and CSE
activity among the SS-13BN+NS, SS-13BN+HS, and SS-
13BN+HS+Tau groups (Figures 3(a), 3(b), and 3(f)–3(h)).
These data suggest that taurine supplementation upregu-
lated the HS diet-inhibited renal CBS/H2S levels in Dahl rats.
Furthermore, the decrease in taurine caused by the HS diet
suppressed the renal H2S-generating pathway during salt-
sensitive hypertensive renal damage.

3.4. Taurine Downregulation Facilitated Renal Oxidative
Stress in Salt-Sensitive Hypertensive Rats. Oxidative stress is
crucial in the pathogenesis of renal damage. Therefore, the
impact of taurine on various oxidative damage substances
and antioxidant substances in the rat renal tissues was exam-
ined. The renal contents of MDA, H2O2,

⋅OH, and GSSG
and the MPO activity were higher in Dahl rats fed an HS diet
than those fed an NS diet (Figures 4(a)–4(e)); meanwhile,
the T-AOC (Figure 4(f)), CO, and GSH contents
(Figures 4(g) and 4(i)), CAT, GSH-PX, and SOD activities
(Figures 4(h), 4(j), and 4(k)), and SOD1 and SOD2 protein
expression (Figure 4(l)) were lower in the kidneys of HS
diet-fed Dahl rats than in those fed an NS diet. More
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Figure 3: Taurine downregulation induced by high-salt (HS) diet reduced the cystathionine-β-synthase (CBS)/hydrogen sulfide (H2S)
pathway in Dahl kidneys. (a) H2S content in rat renal tissues. (b) Renal mRNA levels of CBS, mercaptopyruvate sulfurtransferase
(MPST), and cystathionine-γ-lyase (CSE). (c–e) Protein expression and activity of CBS (c), MPST (d), and CSE (e) in Dahl rat kidneys.
(f–h) Protein expression and activity of CBS (f), MPST (g), and CSE (h) in SS-13BN rat kidneys. n = 10 for each group. ∗P < 0:05 and
∗∗P < 0:01 vs. Dahl+normal salt (NS); #P < 0:05 and ##P < 0:01 vs. Dahl+HS.
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Figure 4: Continued.
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importantly, oxidative damage index levels significantly
decreased (Figures 4(a)–4(e)), and antioxidant index levels
significantly increased (Figures 4(f)–4(k)) in the kidneys of
Dahl+HS+Tau group rats.

However, the renal contents of MDA, H2O2,
⋅OH, GSSG,

T-AOC, CO, and GSH (Figures 4(a)–4(d), 4(f), 4(g), and
4(i)), the activities of MPO, CAT, GSH-PX, and SOD
(Figures 4(e), 4(h), 4(j), and 4(k)), and the SOD1 and
SOD2 protein levels (Figure 4(m)) did not differ among
the SS-13BN+NS, SS-13BN+HS, and SS-13BN+HS+Tau
groups. These data indicated that taurine supplementation
inhibited oxidative stress and promoted antioxidant capacity
in the kidneys of HS diet-fed Dahl rats. Furthermore, the
decrease in taurine caused by the HS diet promoted renal
oxidative stress.

3.5. Taurine Downregulation Enhanced Renal RAAS
Activation in Salt-Sensitive Hypertensive Rats. The RAAS is
also known to be activated by high salt and acts as another
important factor in the pathogenesis of salt-sensitive
hypertensive renal damage. As such, we investigated the
influence of taurine on renal RAAS activation in HS diet-
fed Dahl rats. High salt activated renal RAAS in Dahl rats,
and renin, AngII, and aldosterone contents and renin
protein expression were increased (Figures 5(a)–5(d)).
Meanwhile, the administration of taurine to HS diet-fed

Dahl rats significantly reduced renal contents of renin,
AngII, and aldosterone and renin protein expression
(Figures 5(a)–5(d)).

In SS-13BN rats, the renal contents of renin, AngII, and
aldosterone and renin protein expression were not markedly
different among the NS, HS, and HS+Tau groups
(Figures 5(a)–5(c) and 5(e)). These data suggest that the
decreased taurine caused by the HS diet promoted renal
RAAS activation in Dahl rats.

3.6. Endogenous Taurine Reduction Caused by High Salt
Contributed to Renal Injury through CBS/H2S Pathway
Inhibition in Dahl Rats. To explore whether taurine down-
regulation promoted renal injury through the endogenous
H2S pathway, the Dahl renal slices were treated with HA,
an inhibitor of CBS activity, in ex vivo experiments. The
renal slices with HS medium incubation exhibited a decrease
in H2S content (Figure 6(a)) and SOD1 and SOD2 protein
expression (Figures 6(c) and 6(d)), but an increase in renin
expression (Figure 6(b)). Meanwhile, supplementation of
HS-treated renal slices with taurine upregulated H2S content
(Figure 6(a)) and SOD1 and SOD2 protein expression
(Figures 6(c) and 6(d)) but downregulated renin protein
expression (Figure 6(b)). However, treatment with HA
blocked taurine-induced H2S production, the inhibition of
renin protein expression, and taurine-facilitated SOD1 and
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Figure 4: High-salt (HS) diet-caused decrease in taurine promoted oxidative stress and impaired antioxidative capacity in Dahl rat kidneys.
(a–d) Malondialdehyde (MDA) (a), H2O2 (b), ⋅OH (c), and oxidized glutathione (GSSG) contents (d) in rat renal tissues. (e)
Myeloperoxidase (MPO) activity in rat renal tissues. (f) Total antioxidant capacity (T-AOC) in renal tissues. (g) Carbon monoxide (CO)
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SOD2 levels in the Dahl renal slices incubated with HS
(Figures 6(a)–6(d)).

To further confirm whether CBS mediated the effects of
taurine on renal RAAS activation and oxidative stress, the
kidneys of Dahl rats were transfected with CBS-shRNA len-
tivirus to knock down renal CBS (Figure 6(e)). Scramble-
shRNA was used as a control. The Dahl renal slices were
treated with normal medium, HS medium, and HS medium
containing taurine after transfection with each lentivirus.
The H2S content (Figure 6(f)) and CBS (Figure 6(g)),
SOD1 (Figure 6(i)), and SOD2 (Figure 6(j)) protein expres-
sion were decreased in the renal slices of Dahl rats trans-

fected with scramble-shRNA and incubated with HS
medium, but renin protein expression was increased
(Figure 6(h)). Meanwhile, taurine administration rescued
the rats from this effect (Figures 6(f)–6(j)). The renal H2S
content and CBS protein expression were significantly
downregulated in the Dahl rats whose kidneys were trans-
fected with CBS-shRNA lentivirus compared with those
whose kidneys were transfected with scramble-shRNA lenti-
virus (Figures 6(f) and 6(g)). Notably, the H2S content and
CBS, renin, SOD1, and SOD2 levels in Dahl rat renal slices
transfected with CBS-shRNA were not affected by HS treat-
ment or HS and taurine treatment (Figures 6(f)–6(j)). These
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Figure 5: Taurine reduction by the high-salt (HS) diet activated the renin-angiotensin-aldosterone system (RAAS) in Dahl rat kidneys.
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Figure 6: Continued.
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data suggested that downregulation of endogenous taurine
caused by the HS treatment promoted RAAS activation
and oxidative stress in the kidneys of Dahl rats by inhibiting
the renal CBS/H2S pathway.

3.7. High-Salt Diet Caused a Reduction in Endogenous
Taurine in association with Endothelial Dysfunction in
Dahl Rats. Considering that taurine could improve the
repair of damaged endothelial function in SHRs through
its antioxidant effect [43], we investigated the contribution
of taurine downregulation by the HS diet to endothelial dys-
function. The results showed that the HS diet downregulated
CBS, SOD1, and SOD2 protein expression but upregulated
renin, gp91phox, p22phox, and p47phox protein expression
in the aortic endothelial cells of Dahl rats. Meanwhile, tau-
rine supplementation increased CBS, SOD1, and SOD2
expression but decreased renin, gp91phox, p22phox, and
p47phox levels in the aortic endothelial cells of HS diet-fed
Dahl rats (Figure 7). There were no differences in these indi-
cators in aortic endothelial cells among the SS-13BN+NS,
SS-13BN+HS, and SS-13BN+HS+Tau groups (Figure 7).
These data suggest that taurine downregulation caused by
the HS diet is associated with endothelial dysfunction.

4. Discussion

In the present study, we first revealed a novel mechanism for
salt-sensitive hypertensive renal injury. This mechanism
shows that downregulation of the endogenous taurine path-
way is a crucial mechanism for renal injury in salt-sensitive
hypertension. Furthermore, our study clarified that the
decrease in taurine caused by an HS diet suppresses endog-
enous H2S production by downregulating renal CBS expres-
sion and activity. This process subsequently promotes the
activation of the RAAS and oxidative stress in renal tissue,
thereby leading to renal damage in Dahl rats (Figure 8).

Taurine can be produced by CDO oxidation and CSAD
decarboxylation in organisms with cysteine as the substrate
[8]. Taurine exerts a variety of biological effects, including
the inhibition of RAAS activity and oxidative stress, vasore-
laxation, and the facilitation of water and sodium metabo-
lism [9, 10, 44]. Taurine is closely related to the occurrence
of HS-induced hypertension. Taurine can lower blood pres-
sure, reduce the levels of vasoconstrictor active substances,
and upregulate vasodilator substance content in Wistar rats
with hypertension induced by abdominal aortic stenosis
and HS [45]; these results suggest that taurine inhibits the
occurrence of renal hypertension possibly through regulat-
ing the levels of vasoactive substances. Ideishi et al. later
found that exogenous taurine supplementation inhibited
the development of hypertension and protected against heart
damage associated with increased kallikrein in salt-sensitive
Dahl rats [46]. In the stroke-prone SHRs fed an HS diet, tau-
rine supplementation significantly reduced blood pressure
and alleviated ventricular hypertrophy [47]. Furthermore,
the administration of taurine inhibited LOX-1 expression
and exerted an antioxidant effect in the renal tissue of Dahl
rats [48]. These studies suggest that exogenous taurine
supplementation could prevent the development of
hypertension and might have a possible protective effect on
hypertension-related target organ damage. However, it is
currently unclear how sulfur-containing amino acid
metabolism-produced taurine is involved in the mechanism
underlying salt-sensitive hypertensive renal damage.

To address this gap, Dahl rats were herein administrated
with an HS diet as an animal model of hypertensive renal
injury. Salt-resistant SS-13BN rats were used as experimental
controls. First, the changes in endogenous taurine and its
key enzymes were detected. The results showed that the
blood pressure of Dahl rats continued to rise after HS diet
administration and increased dramatically at 6 weeks,
accompanied by impaired renal function and structure.
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Figure 6: Inhibition of cystathionine-β-synthase (CBS) activity or knockdown of CBS expression abolished the action of high-salt treatment
or taurine increment on the RAAS and oxidative stress in Dahl rat renal slices ex vivo. (a–d) H2S content (a) and renin (b), SOD1 (c), and
SOD2 (d) levels in the renal slices of Dahl rats incubated with medium containing normal salt (NS, 137mM), high salt (HS, 200mM), high
salt (200mM) plus taurine (10mM) (HS+Tau), or high salt (200mM) plus taurine (10mM) and HA (50 μM) (HS+Tau+HA). (e) The
original sequence of scramble-shRNA and target sequence of CBS-shRNA and lentivirus vector map. (f–j) H2S content (f) and protein
expressions of CBS (g), renin (h), SOD1 (i), and SOD2 (j) in the renal slices of Dahl rats transfected with scramble-shRNA or CBS-
shRNA lentivirus and incubated with medium containing NS (137mM), HS (200mM), or HS (200mM)+Tau (10mM). n = 8 for each
group. ∗P < 0:05 and ∗∗P < 0:01 vs. Dahl+NS; #P < 0:01 and ##P < 0:01 vs. Dahl+HS; &P < 0:05 and &&P < 0:01 vs. Dahl+HS+Tau.
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Meanwhile, blood pressure was stable, and renal function
and structure were normal in SS-13BN rats fed with an HS
diet. These results confirmed that the salt-sensitive hyper-
tensive renal injury model was successfully established. In
this model, we found that the endogenous taurine content

in the renal tissue was significantly reduced and the mRNA
and protein expressions of the taurine-producing enzymes,
CDO1 and CSAD, were downregulated. Meanwhile, the
level of cysteine, the substrate for taurine synthesis,
remained unchanged. The HS diet upregulated taurine
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Figure 7: Endogenous taurine reduction by high-salt (HS) diet in Dahl rats is associated with endothelial dysfunction. (a–d)
Immunofluorescence detection of protein expressions (green fluorescence) of CBS (a), renin (b), SOD1 (c), SOD2 (d), gp91phox (e),
p22phox (f), and p47phox (g) in rat aortic endothelial cells. Red fluorescence represents CD31, a marker for endothelial cells. Blue
fluorescence represents the nuclei. Scale bars: 40 μm.
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content and CDO1 and CSAD protein expression but down-
regulated cysteine levels in the renal tissue of SS-13BN rats.
These results indicate that endogenous taurine and its key
enzymes were significantly downregulated during salt-
sensitive hypertensive renal damage.

To further explore the significance of endogenous
taurine downregulation in renal injury, we supplemented
taurine to HS diet-fed Dahl rats from the perspective of
“gain-of-function.” Results showed that the taurine content
in the HS-administrated Dahl renal tissue was increased
after exogenous taurine supplementation, rat SBP was
reduced, and the renal functional and structural damage
were alleviated. These results suggest that downregulation
of the endogenous taurine pathway is an important part of
the pathogenesis of salt-sensitive hypertensive renal damage.

The mechanism by which the downregulation of endoge-
nous taurine leads to salt-sensitive hypertensive renal injury
is currently unclear. A previous study showed that the plasma
H2S level was increased after taurine supplementation in SHRs
[15]. The H2S donor NaHS increased renin protein expression
in As4.1 cells [49], and CSE overexpression promoted H2S
production and inhibited isoproterenol-induced renin release
[49]. The serum levels of ACE, AngI, and AngII were signifi-
cantly increased in L-NAME-induced hypertensive rats, while
exogenous taurine supplementation reduced them; these
results indicate that the RAAS might mediate the antihyper-
tensive effect of taurine [11]. Chiba et al. [48] found that tau-
rine inhibited LOX-1 expression to protect against salt-
sensitive hypertension, and the kidney is an important organ
for maintaining blood pressure. These results suggest that oxi-
dative stress might be involved in the mechanism by which
taurine regulates salt-sensitive hypertension. Our group previ-
ously found that H2S inhibited superoxide anion generation in

human umbilical vein endothelial cells exposed to high salt
[34], indicating that H2S could inhibit oxidative stress stimu-
lated by high salt in endothelial cells. It was also found that
H2S reduced renin, AngII, and aldosterone contents,
decreased the generation of free oxygen radicals, and
enhanced antioxidant enzyme activity and expression in the
renal tissue of HS diet-fed Dahl rats [24, 28]. Therefore, we
hypothesized that the decreased endogenous taurine might
reduce endogenous H2S production in the kidney to promote
renal RAAS activation and oxidative stress damage, thereby
leading to salt-sensitive hypertensive renal damage. Thus, we
conducted the following research to examine whether endog-
enous taurine downregulation contributed to renal damage
in salt-sensitive hypertension and its possible mechanisms.

This study suggested that an HS diet reduced renal taurine
levels and increased the renin, AngII, and aldosterone con-
tents and renin protein levels in Dahl rat renal tissue; mean-
while, exogenous taurine supplementation increases taurine
levels in the kidney significantly inhibiting RAAS activation.
However, the HS diet did not activate the RAAS in the renal
tissue of SS-13BN rats, which exhibited an increase in renal
taurine content. Furthermore, the HS diet promoted renal oxi-
dative stress, while an increase in taurine levels inhibited this
oxidative stress in Dahl rats. TheMDA, H2O2,

⋅OH, and GSSG
contents andMPO activity reflect the degree of oxidative stress
damage [50]; meanwhile, T-AOC and the CO, GSH, CAT,
GSH-PX, SOD1, and SOD2 contents represent antioxidant
capacity [51]. This study showed that supplementing HS
diet-fed Dahl rats with taurine significantly reduced the renal
MDA, H2O2,

·OH, GSSG, CO, and GSH contents and MPO
activity but enhanced renal T-AOC, CAT, GSH-PX, and
SOD activity. However, the HS diet could not induce oxidative
stress in SS-13BN renal tissue with increased taurine levels.
These results demonstrated that the downregulation of taurine
caused by the HS diet promoted renal RAAS activation and
oxidative stress in Dahl rats.

Interestingly, this study indicated that endogenous tau-
rine reduction inhibited the renal H2S-generating pathway
in salt-sensitive hypertensive Dahl rats. CBS, CSE, and
MPST, which catalyze endogenous H2S production, are
expressed in the kidney [18]. This study revealed that an
HS diet downregulated H2S levels, CBS expression and activ-
ity, MPST mRNA levels and activity, and CSE mRNA levels
in the renal tissue of Dahl rats, while taurine increment
restored the renal H2S-generating pathway. The renal
endogenous H2S pathway was not altered in the HS or HS
+Tau groups of SS-13BN rats.

To determine whether a decrease in the renal H2S path-
way could mediate the contribution of endogenous taurine
reduction to renal damage, Dahl rat renal slices were treated
with the CBS activity inhibitor HA in the ex vivo experi-
ments. The results showed that HA treatment could signifi-
cantly reduce renal H2S content, block the suppressive effect
of taurine on renin protein levels, and abolish the enhance-
ment effect of taurine on SOD1 and SOD2 contents in the
presence of high salt. These data implied that taurine reduc-
tion by high salt promoted the activation of the RAAS and
oxidative stress in Dahl renal tissue by inhibiting CBS
activity.

High-salt diet
Dahl

Renal damage

CDO1,CSAD

Taurine

CBS

H2S

OS RAAS 

Figure 8: A schematic diagram. Downregulation of the
endogenous taurine pathway is an important mechanism for renal
injury during salt-sensitive hypertension. High salt downregulated
endogenous taurine production to reduce renal cystathionine-β-
synthase (CBS) expression and activity, subsequently decreasing
renal H2S generation, facilitating renin-angiotensin-aldosterone
system (RAAS) activation and oxidative stress, and ultimately
leading to renal damage in salt-sensitive Dahl rats.
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Furthermore, Dahl rat kidneys were transfected with
CBS-shRNA by using renal puncture to inhibit CBS
expression. The kidneys were then isolated and cut into
slices for ex vivo experiments. Taurine inhibited renin pro-
tein expression and promoted SOD1 and SOD2 levels in
the scramble-shRNA-transfected Dahl rat kidneys incubated
with high salt, which was abolished in renal slices with CBS
knockdown. These results suggest that the endogenous
CBS/H2S pathway mediated the action of taurine on RAAS
activation and oxidative stress in Dahl rat renal slices
exposed to high salt.

The concentration of NaCl in cell buffers such as PBS is
137mM, and the control group in previous literature was
mostly incubated with 137mM NaCl [24, 34, 52]. There-
fore, the NS group in this study was incubated with
137mmol/L NaCl. Clinical studies have reported that
hypernatremia patients developed renal impairment when
the serum sodium concentration was close to 200mM
[53]. Many studies also used 200mM NaCl as a high salin-
ity stimulus [24, 34, 35, 54–56]. Moreover, our previous
studies showed that 200mM NaCl treatment could reduce
the level of H2S in endothelial cells and kidney tissues
[24, 34]. Therefore, the HS group in this study was treated
with 200mM NaCl. In a variety of isolated tissue and cell
experiments including isolated rat heart, canine kidney
cells, vascular smooth muscle cells, rat pancreatic islet cells,
retinal glial cells, and Müller cells, 10mM is the most com-
mon dose of taurine used to exert its effects [36, 57–64].
Our previous study has shown that 50μM HA could signif-
icantly inhibit H2S contents [37]; thus, a dose of 50μM HA
was used in this study.

Trachtman et al. [65] found that 1% taurine in drink-
ing water decreased blood pressure and reduced kidney
and heart damage in SHRs; furthermore, its antihyperten-
sive mechanism was independent of catecholamine, indi-
cating that taurine might reduce blood pressure in SHRs
by interacting with hormone systems involved in blood
pressure regulation. Adedara et al. [66] reported that oral
taurine (100 and 200mg/kg) could significantly reduce
blood pressure and ameliorate renal histological damage
in L-NAME-induced hypertensive rats. The mechanism
was related to the improvement of thyroid system func-
tion, an increase in nitric oxide levels, a decrease in mye-
loperoxidase activity, the enhancement of renal antioxidant
enzyme activity, and the inhibition of renal oxidative
stress. It was suggested that the evaluation of nitric oxide
and the RAAS in the future would help to further explain
the possible renal protective mechanism for taurine in L-
NAME-induced hypertensive rats. In the present study,
we revealed that endogenous taurine inhibited RAAS acti-
vation and oxidative stress through increasing the
CBS/H2S pathway in renal tissue, ultimately alleviating
renal injury and reducing blood pressure in salt-sensitive
hypertensive rats. Previous studies reported that the down-
regulation of the endogenous H2S pathway was also an
important factor in the pathogenesis of spontaneous
hypertension [23] and L-NAME-induced hypertension
[25]. These findings indicate that H2S pathway upregula-
tion might also participate in the renal protection mecha-

nism for taurine in these two models of hypertension;
however, this mechanism still requires further study.

Previous studies have reported that 2% taurine in drinking
water could significantly decrease blood pressure in L-NAME-
induced hypertensive rats [11] and high fructose-induced
hypertensive rats [67], upregulate CBS and CSE expression
in the aorta of SHRs [15], alleviate kidney damage in hyperuri-
cemia rats [68], and inhibit oxidative stress in the kidneys of
diabetic rats [69]. Therefore, a 2% taurine supplementation
scheme was chosen for this study. Previous studies have
reported that 1% taurine in drinking water had only slight
antihypertensive effects on Dahl rats fed with an HS (8%) diet
[48], while 3% taurine in drinking water prevented hyperten-
sion in Dahl rats fed with an HS (4%) diet [46]. These two tau-
rine supplementation schemes could reduce urinary protein
[46, 48] and have antioxidant effects [11, 43, 70], indicating
that they have renal protective effects.

Hypertensive chronic renal failure is a huge clinical bur-
den. Lowering blood pressure is an important and widely
used method to delay the progression of chronic kidney dis-
ease. Currently, there is almost no effective cure or preven-
tion strategy for chronic kidney disease. Due to the lack of
symptoms in the early stage of the disease, timely treatment
is very challenging. An interesting clinical trial has con-
firmed that the change in blood pressure was negatively cor-
related with plasma taurine levels in prehypertensive
patients treated with taurine [15]. Our present study
suggested that taurine levels in the kidney tissue of salt-
sensitive hypertensive rats were significantly reduced, which
is an important factor in the pathogenesis of kidney injury.
Therefore, taurine may be used as a new biomarker to pre-
dict the patient prognosis. Since taurine is an endogenous
semiessential amino acid, the side effects of taurine treat-
ment are expected to be small. As such, taurine supplemen-
tation may be a promising strategy for the treatment of
hypertension and chronic kidney disease.

5. Conclusions

In summary, this study demonstrates that the downregulation
of endogenous taurine in the renal tissue of Dahl rats is the
main mechanism for salt-sensitive hypertensive renal damage.
The decrease in endogenous taurine caused by an HS diet could
reduce renal H2S production via the inhibition of CBS activity
and the expression to promote RAAS activation and oxidative
stress damage in the kidney, thereby resulting in renal damage
in salt-sensitive Dahl rats. Our findings not only deepen the
knowledge of the mechanism underlying salt-sensitive hyper-
tensive renal injury but also provide new research ideas and
potential therapeutic targets for renal injury. In the future,
taurine-based drugs or foods will be expected to be developed
for use in the treatment of renal damage.
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Pulmonary hypertension (PH) is a severe and progressive cardiovascular disease. Its pathological mechanism is complex, and the
common pathological feature is pulmonary vascular remodeling. The efficacy of existing therapeutic agents is limited. Traditional
Chinese medicine (TCM) has its unique advantages in the prevention and treatment of complex diseases. In this study, the
approaches of network pharmacology combined with biological verification are employed to explore the role of Buyang huanwu
decoction (BYHWD) in the treatment of PH. The active ingredients in BYHWD were first screened based on the ADME
properties of the compounds. In turn, the mean of data mining was utilized to analyze the potential targets of BYHWD for the
treatment of PH. On this basis, a series of interaction networks were constructed for searching the core targets. The genes
including AKT1, MMP9, NOS3/eNOS, and EGFR were found to be possible key targets in BYHWD. The results of enrichment
analysis showed that the targets of BYHWD focused on smooth muscle cell proliferation, migration, and apoptosis, which are
classic biological processes involved in pulmonary vascular remodeling and are closely related to the PI3K-Akt-eNOS pathway.
The methods of biological experiments were adopted to verify the above results. The present study elucidated the mechanism of
BYHWD in the treatment of PH and provided new ideas for the clinical use of TCM in the treatment of PH.

1. Introduction

Pulmonary hypertension (PH) is a progressive vascular dis-
ease that affects the small pulmonary arteries and is charac-
terized by heightened proliferation and apoptosis resistance
of pulmonary arterial smooth muscle cells (PASMCs) [1].
Elevated pulmonary vascular resistance results in increased
pulmonary arterial pressure, right ventricular failure, and
ultimately death [2]. Current therapeutics for PH in clinic
mainly include endothelin receptor antagonists, prostacyclin
analogs, and phosphodiesterase-5 (PDE-5) inhibitors [3].
The aetiology of PH is complex, involving vasoconstriction/-
diastolic imbalance, gene mutation, in situ thrombosis,
inflammatory response, and oxidative stress [4]. However,
most drugs highlight the effect on one kind of cell, one cyto-
kine, or one gene, without considering the complex process
of PH [5].

Various kinds of complementary and/or alternative med-
icines have attracted growing interest in the long-term treat-
ment of complex diseases with approved curative therapeutic
effects. Relevant studies have shown that the traditional Chi-
nese medicine (TCM) and active natural products generate
attractive effects on PH treatment and rehabilitation. Max-
ingxiongting mixture, composed of four herbs, could attenu-
ate hypoxia-induced PH and improve right ventricular
hypertrophy by inhibiting the rho-kinase signaling pathway
[6]. The Qishen Yiqi formula may play a therapeutic role in
PH through the PI3K-Akt, MAPK, and HIF-1 signaling
pathways [7]. The Qiliqiangxin formula could inhibit PH-
induced right ventricular remodeling by reducing
mitochondrial-related apoptosis pathway and reversing
mitochondrial-related metabolic transition [8]. Therefore,
the TCM has its unique advantages in the treatment of com-
plex diseases such as PH because of its multicomponent,
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multitarget, and multipathway mechanism characteristics. It
is particularly important to explore the underlying mecha-
nisms of these TCM formulas that have been widely used
and are highly effective in the clinic for their promotion
and optimization. But just using traditional biological exper-
imental methods to explore the mechanism of TCM has its
limitation. Network pharmacology provides a new way to
solve this problem. By constructing the compounds-targets-
diseases network as well as the subsequent topological
parameter analysis, the key targets and signaling pathways
through which drugs exert their effects can be extracted from
the complex interaction relationships, providing new ideas
for investigating the multitarget drug treatment as well as
mechanism [9, 10].

Buyang huanwu decoction (BYHWD) is a well-known
traditional Chinese medicine formula. The BYHWD is com-
posed of seven kinds of Chinese medicine: Huangqi (Radix
Astragali seu Hedysari), Danggui (Radix Angelicae Sinensis),
Chishao (Radix Paeoniae Rubra), Chuanxiong (Rhizoma
Ligustici Chuanxiong), Taoren (Semen Persicae), Honghua
(Flos Carthami), and Dilong (Pheretima), and all of which
are recorded in the Chinese Pharmacopoeia. Clinical and
preclinical studies indicate the protective functions of
BYHWD on cardiocerebrovascular disease [11–13]. Despite
its clinical effectiveness, the mechanism of BYHWD on pul-
monary vascular diseases has not been fully investigated.

In the present study, network pharmacology approaches
were employed to investigate potential pharmacological
mechanisms of BYHWD as a therapy for PH. Targets of com-
pounds in BYHWD and PH-related genes were acquired from
public databases. Then, the protein-protein interaction (PPI)
was obtained to analyze the key targets, and Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment was performed to find the potential
mechanism of BYHWD against PH. In addition, in vivo exper-
iments were conducted to verify the key targets and pathway
predicted in the network. Figure 1 illustrates the workflow.

2. Materials and Methods

2.1. Screening the Components of BYHWD and Predicting
Targets of the Components. The components of seven herbs
were collected through the traditional Chinese medicine sys-
tems pharmacology platform (TCMSP, http://old.tcmsp-e
.com/tcmsp.php) and TCM Taiwan database (http://tcm
.cmu.edu.tw/zh-tw/) [14, 15]. Oral bioavailability (OB),
Caco-2 permeability, and drug like availability (DL) are
important pharmacokinetic parameters to evaluate the drug-
ability of compounds in the ADME process. The parameters
of active compounds for selection were set as follows: OB >
30%, DL > 0:18, and Caco‐2 > −0:4 [16]. Some compounds
were extremely high in content or were reported to have
strong pharmacological activities; then, they were included
in further evaluation, even if they did not completely meet
the above screening principles. Totally, we collected 93 com-
pounds in BYHWD. The detailed information about chemi-
cal constituents of each herb in BYHWD is showed in
Table S1. The obtained Mol2 type files of ingredients were
retrieved using the TCMSP database. Next, potential targets

were predicted by importing each Mol2 formatted file into
the Pharmmapper online tool (http://www.lilab-ecust.cn/
pharmmapper/) [17]. Based on the normalized fit score, the
top 10 highly matching targets of each were selected. In
addition, the SMILES structural information of compounds
was obtained through the PubChem database, and targets
with a match score greater than 0.5 for each compound
were retrieved in the SwissTargetPrediction database based
on the principle of structural similarity (http://www
.swisstargetprediction.ch/) [18].

2.2. Collecting the PH-Related Targets. With “pulmonary
hypertension” as the keyword, the genes associated with PH
were collected from the DisGeNET database (http://www
.disgenet.org) and the Comparative Toxicogenomics Data-
base (http://ctdbase.org/) [19]. Duplicate genes in the search
results were discarded. The UniProt database (http://www
.uniprot.org/) was used to acquire the standard gene symbol
with the organism selected as “Homo sapiens.” Finally, a total
of 901 genes associated with PH was obtained. The intersec-
tion of targets of active components and PH-related targets
was considered to be potential therapeutic targets of
BYHWD against PH. The details are described in Table S2.

2.3. Construction of the PPI Network. The STRING database
(https://www.string-db.org/) includes both direct physical
interactions and indirect functional correlations between
proteins. It contains not only experimental data, results from
PubMed abstracts, and other database data but also the
results predicted by bioinformatics methods [20]. Using this
platform, the interaction relationship network among poten-
tial targets of BYHWD was constructed. Network visualiza-
tion was performed using Cytoscape 3.8.2. Topological
parameters of these nodes such as the degree, betweenness
centrality, closeness centrality, and average shortest path
were analyzed by Network Analyzer in Cytoscape software.
Among them, the degree value, one of the most predominant
topological parameters in the network, was used to character-
ize the degree of nodes. The larger the value of the degree
parameter of a node, the more central the node was consid-
ered in the topological network.

2.4. Gene-Phenotype Correlation Analysis. The VarElect
online platform (https://varelect.genecards.org/), which is
an integral part of the GeneCards database, can analyze the
correlation of a large number of input genes with a certain
clinical phenotype [21]. The input genes were divided into
phenotype-directly related genes and phenotype-indirectly
related genes, and the score of correlation was obtained.
According to VarElect’s calculation method, the correlation
score in the result is derived from the frequency of a specific
phenotype in individual GeneCards. The higher the score,
the higher the correlation between the gene and a specific
phenotype [21]. In this study, this tool was used to analyze
the correlation between the potential targets of BYHWD
and the phenotype of “pulmonary hypertension.”

2.5. GO and KEGG Enrichment. The Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID,
https://david.ncifcrf.gov/home.jsp, ver. 6.8) was applied for
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GO and KEGG enrichment analysis [22]. The potential ther-
apeutic targets of BYHWD against PH were input into the
DAVID platform, and the species was set as “Homo sapiens.”
The biological processes (BP), molecular functions (MF), and
KEGG pathway enrichment analysis were carried out,
respectively. Only GO terms and KEGG pathways with P
values < 0.01 were included. Not only that, the potential ther-
apeutic targets of BYHWD against PH were entered into the
KEGG Mapper (https://www.genome.jp/kegg/mapper.html)
for further analysis of genes included in key pathways. Based
on these results, the top 20 terms with the smallest P value
and their parameters are uploaded to Omicshare (https://
www.omicshare.com/) online tools for further visual
analysis.

2.6. PH Animal Model and Drug Treatment. The adult male
Sprague-Dawley rats (180–220 g) were supplied by the Vital
River Laboratory Animal Center (Beijing, China). The ani-
mals were housed under a 12h light-dark cycle at the condi-
tion with a temperature at 21–25°C and the humidity of
55%–65%. The rats were allowed access to water and com-
mercial food. All the animal procedures were performed in
accordance with theGuide for the Care and Use of Laboratory
Animals (National Institutes of Health (NIH), USA). The
monocrotaline (MCT) was purchased from Sigma-Aldrich,
St. Louis, MO. The sildenafil was purchased from Yuanye
Bio-Technology Co., Ltd (Shanghai, China). The BYHWD
concentrated granules were obtained from Beijing Tcmages
Pharmaceutical Co., Ltd (Beijing, China). Rats in the MCT-

Buyang huanwu decoction

Compound collection and target prediction

Key targets extraction Pathway enrichment analysis

Monocrotaline

0 7 21

BYHWD, Saline or Sildenafil

Pulmonary hypertension

14

Histologic examination
Western blotting

Figure 1: A schematic diagram of the integrative strategy combining network pharmacology analysis and biological experiments for
investigation of the effect and mechanisms of BYHWD against PH.
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induced PH groups received a single subcutaneous injection
of MCT (50mg/kg) on day 1. The animals were further
treated with either saline (MCT group), BYHWD solution
(20 g/kg daily for 21 days, the BYHWD groups), or sildenafil
solution (20mg/kg daily for 21 days, the sildenafil groups, as
the positive drug group). The control group was treated with
saline but did not receive MCT injection.

2.7. Histologic Examination. By the experimental endpoint,
the rats were euthanized. The left lung was removed and
formalin-fixed and paraffin-embedded. Serial sections
(5μm) were routinely stained using Masson’s trichrome
staining. Digital images were obtained at 200x magnifica-
tion by microscopy (Olympus, Tokyo, Japan). The
medial wall thickness was measured as described previ-
ously [23].

2.8. Western Blot. To separate the protein of lungs, the left
lung samples were homogenized with whole lysis buffer (con-

taining 0.02mol/L Tris-HCl, 1% Triton X-100, 0.15mol/L
NaCl, 1mmol/L ethylenediamine tetraacetic acid, 1mmol/L
EGTA, 2.5mmol/L sodium pyrophosphate, 1mmol/L β-
glycerophosphate, and 1mmol/L sodium orthovanadate).
Western blot assays of PI3K, Akt, and eNOS were carried
out by standard protocols based on the previous study [24].
In brief, the supernatants were fractionated by 8% or 10%
SDS-PAGE and then electrotransferred onto a PVDF mem-
brane. The membranes were blocked with 5% BSA in Tris-
buffered saline plus 0.1% Tween-20 (TBST) for 1 h at 37°C.
Then, they were subjected to an immunoblotting assay using
primary antibodies to PI3K (Abcam, ab40755, 1 : 1000),
phospho-Akt (Abcam, ab81283, 1 : 1000), total-Akt (Abcam,
ab179463, 1 : 2000), and eNOS (CST, 32027, 1 : 1000) as
well as β-actin (Proteintech, 66009, 1 : 2000) as an internal
reference. After incubation with a properly titrated second
antibody, the immunoblot on the membrane was visible
after development with an enhanced chemiluminescence
(ECL) system.

SNRPA CASP7 CSNK2A1

BMP2 NR1H2 CANT1

MMP3

MMP7

MMP13

CDK2

ARG1

KYAT1

CDK5R1 ALOX15

POLB

FKBP1A

SPARC

PTPN1

ALK

Chuanxiong
Rhizoma

MOL000513MOL000492MOL000449MOL000358

CASP3

PTK2

MET

TGFBR2

DAPK1

FUT7

CA13

MMP9

XDH

CMA1

HSPA8

CA5B

MOL007012

MOL007008

MOL007005

MOL007004

ITGAL CDK5

MPO AURKB

F2

KIF11

PAH TNKS2

MMP12

HSD11B1

HSD17B1

PIK3CG

ADRA2C

MMP2

NUDT9

MAPKAPK2

MOL006999

MOL006996

MOL006994

MOL006992

MOL005043

MOL004355

MOL001925
MOL002714

MOL002776

MOL002883
Angelicae
Sinensis

Radix
MOL001924

MOL001921
MOL001918

MOL002721

MOL002719

MOL002717

MOL002712

Astragali
Radix

MOL002698
MOL002695

MOL002694
MOL002680MOL001771MOL001645MOL000953MOL000422

GRK6

MOL002706
MOL002707

MOL002710

RIDACYP51A1MAPK1PGR

EGFR

CTSB

HMGCR AXLALOX5

NPR3AKR1C4

NEK2

STS

SELP

PRKACA

CES1 PDPK1 MAPK14 PLK1 METAP2 PPIA

CAMK2BAKR1A1PARP1

ALOX12ANXA5

CLC

CA5A

CA3 CFB

PIK3R1 TOP2A CD38SYKAPPABCG2 CCNA2

MOL001443

MOL001956

MOL005384

MOL006812

MOL011782

MOL004492

MOL002208

MOL002202

MOL002157

MOL002151

MOL000098
MOL000006

MOL005448
MOL002687

MOL002442

Carthami
Flos

MOL001831

GSK3B AKR1C1 TOP1 AKR1C3 AVPR2 CA6

ADAM17 PRDX5

MYLK NEK6 ADRA2A

SAE1U MAOACA1AR

ALB TGFBR1

LCN2 PKN1

HCK

TNKS
MOL008457

MOL007022

Pheretima
MOL002140

MOL002135

MOL001494

MOL000360

MOL013129

DDX6RORAAURKA

NPC1L1

APOA2 ADORA3

AMY1C

CA4

ANGPLG

MOL007018

ABCB1

GSR

AKR1B10

BCAT2

GC

BCHE

AKR1C2NUAK1

IL2TYR RTN4R AHR CD81HSP90AA1
MOL000371

PDE4B

CYP17A1

AKT1

CA12

FAP

TREM1

PDE4D

CDK1

CYP19A1

NOS3

ICAM2

CA9

HSD17B11

NR1H3

AKR1B1GBA

CTSDMMP8

ESR1

PYGLGPR35

BACE1

NOX4CYP1B1

PTPRS

DRD4

FCAR PLA2G1B ABCC1

PNP PIM1

CA2

INSR

PPARD

APEX1

EPHB4

TTR

CA7

MOL001344
MOL001358MOL001351

MOL001323

MOL001371

MOL001328

MOL001339
MOL001340

MOL001342
MOL001343

Paeoniae
Radix
Rubra

MOL000417

MOL000438

MOL001320

MOL000442

MOL000493

MOL000409

MOL000392

PPARG
MOL000398

MOL000401

MOL000387

MOL000380

MOL000378

Persicae
Semen MOL000211

MOL000239

MOL000296

MOL000354

MAOB

MOL000033

ESR2SLC22A12MAPK10

THRBMAPT

ADORA1CDK6MPG

ESRRA

ACHE

ESRRG

ADORA2A

CHEK1 METAP1 CA14GSTP1

KDM4E

MAPK8

SRC

IGF1R

GLO1

ADRA2BCXCR1

FGFR1

MTAP

HSD17B2

FLT3

PLAU

F10

KDR

MOL002735

MOL002736

MOL002757

MOL002773

MOL005421

Figure 2: Global herbs-compounds-targets network in the BYHWD. Yellow nodes represent herb components in the formula, 93 red nodes
represent compound components in each herb, 200 blue nodes remark the targets of BYHWD from prediction and literature mining, and
edges represent interactions between them.
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2.9. Statistical Analysis. Data are expressed as the mean ±
SEM of at least three independent experiments and analyzed
by GraphPad Prism 7 (GraphPad Software, San Diego, CA,
USA). Statistical analysis was performed using one-way anal-
ysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test. A P value less than 0.05 was regarded as
significant.

3. Results

3.1. Screening of Active Ingredients and Targets of BYHWD.
According to the properties of compounds such as OB
and DL, 93 components were screened out from seven

herbs. Part of the compounds, such as ferulic acid
(MOL000360), chrysanthemaxanthin (MOL004492), and
stigmasterol (MOL000449), are present simultaneously in
multiple herbs. Based on structural similarity prediction
and reverse molecular docking, a total of 200 predicted tar-
gets of the compounds were collected (Figure 2). The above
results partly illustrate that there is a common effect for the
individual constituent components in the formula.

3.2. Interaction Analysis of Anti-PH-Related Ingredients and
Targets in BYHWD. Through further analysis, 65 targets
associated with PH among all targets of BYHWD were
obtained. Ingredients in BYHWD associated with these 65

LCN2
MET

MMP2 MMP9 MPO
NOS3

NOX4

NPR3

PARP1

PIK3CG

PLAU

PLG

PLK1

PPARD

PPARG

PTK2

SELP

SPARC

SRC

TGFBR1

TOP2A

ABCB1

ABCG2
ACHE

ADORA2AAHRAKTALOX10
ALOX5

ANG

ARG1

CA9

CASP3

CDK6

CTSD

CXCR1

CYP1B1

EGFR

EPHB4

F10

FGFR1

GSR

HSP90AA1

IGF1R

IL2

PPIA

TGFBR2
XDH

AKR1B1

ALB

AR

BMP2

CDK2

CMA1

CYP19A1

ESR2

F2
GBA

HMGCR

KDR

MAPK1

MAPK14

MAPK8

MMP3

PIM1

Figure 3: Specific compounds-targets network of ingredients against PH in the BYHWD. The purple nodes represent the potential
therapeutic targets of BYHWD against pH, among which the 20 nodes in dark purple were the core nodes in the network. The red square
nodes remark the compounds that are linked to the therapeutic targets, and the darker the red color, the higher its degree value in the network.
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targets were acquired. The compounds-targets network was
constructed by Cytoscape software. As shown in Figure 3,
the C-T network consists of 158 nodes (93 compounds and
65 PH-related targets) and 904 C-T interactions. In order
to find the main active compounds, the topological parame-
ters of the network were further analyzed. The results indi-
cated that the compounds with the highest degree
parameter in the network included quercetin, kaempferol,
luteolin, 6-hydroxykaempferol, quercetagetin, and baicalein.
These compounds may play a more important role in the
anti-PH effects of BYHWD.

3.3. Constructing PPI Networks and Analyzing Network
Topological Features. The degree is one of the important
topological parameters, which equals the number of links
connected to and also the number of neighbors of the node.
The value of the degree reflects the importance of the node
in the network. Using the STRING online tool, the PPI net-
work of BYHWD’s potential targets for the treatment of
PH was constructed. As shown in Figure 4, the targets with
higher degree values in the network included AKT1, ALB,
and MMP9. These key targets were more interconnected
with the other targets and were also involved in multiple sig-
naling pathways. So, these core targets may play a more crit-
ical role in the anti-PH effects of BYHWD.

3.4. Gene-Phenotype Correlation Analysis of the Targets of
BYHWD. PH is a kind of disease with complex pathogenesis.
A large number of genes are implicated in the development
and progression of PH. These genes vary in the level of signif-
icance of the role they are involved in. With the VarElect
online tool, potential targets to the PH phenotype correla-
tions were analyzed. Among the 65 analyzed genes, 46 were
directly associated with the disease phenotype and 19 were
indirectly associated (Figure 5). Among the genes directly
associated with PH, the 10 most strongly associated genes
were NOS3, ALOX5, SELP, NPR3, BMP2, ALB, NOX4,

TGFBR1, F2, and KDR (Table 1). Many of these genes also
coincide with the core genes in the PPI network.

3.5. Gene Ontology Analysis. The enrichment analysis of
potential targets of BYHWD in the treatment of PH was per-
formed using the DAVID platform to explore the BP andMF
in which these targets were involved. As shown in Figure 6
and Tables S3 and S4, potential therapeutic targets are
involved in many biological processes, including “negative
regulation of apoptotic process,” “positive regulation of cell
migration,” “angiogenesis,” “positive regulation of cell
promotion,” “positive regulation of protein kinase b
signaling,” “positive regulation of smooth muscle cell
promotion,” “response to hypoxia,” and “positive regulation
of phosphatidylinositol 3-kinase signaling.” The molecular
function terms involved in these targets included “ATP
binding,” “enzyme binding,” “protein tyrosine kinase
activity,” and “protein binding.” Obviously, many of the
biological processes enriched were closely related to the
mechanism of vascular remodeling in PH.

3.6. Pathway Enrichment Analysis. To further clarify the rela-
tionship between targets and the pathways, as described pre-
viously, the KEGG databases and the KEGG Mapper online
tool were used for pathway enrichment analysis. The top 20
pathways involving 65 targets were screened. The results
showed that the targets were mainly involved in the FoxO
signaling pathway, VEGF signaling pathway, PI3K-Akt sig-
naling pathway, TNF signaling pathway, and so on
(Figure 7 and Figure 8).

3.7. Experimental Validation. To further investigate the effect
of BYHWD on pulmonary vascular remodeling, a MCT-
induced PH model was constructed. The Masson trichrome
staining was used to observe the thickness of small pulmo-
nary vessels. Pulmonary vessels with a diameter less than
150μm were included to calculate vessel wall thickening.
The results showed that the thickness of pulmonary small
vessels was significantly increased after administration of
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MCT and was significantly decreased by both BYHWD
treatment and positive drug sildenafil treatment (Figure 9).
According to the above mechanistic analysis, the eNOS
and PI3K-Akt pathway may be the key targets of BYHWD
in the treatment of PH. The approach of the biological
experiment was taken to validate the obtained key targets
and pathways. The results of western blot showed that the
activation of the PI3K-Akt pathway was significantly
reduced and the expression level of eNOS was decreased in
MCT-treated rats. After administration with BYHWD, the
levels of the PI3K-Akt-eNOS pathway were significantly
upregulated (Figure 10).

4. Discussion

The prevalence of PH and the incapability of existing vasodi-
lation therapy in confronting the complex feature disorder
make the present treatment strategies controversial. TCM
formulas produce synergistic effects by potentially active
ingredients acting in a multitarget and multipathway biolog-
ical network, thereby interfering with the occurrence and
development of diseases and finally achieving therapeutic
effects. BYHWD has been widely used in the treatment of
many cardiovascular and cerebrovascular diseases. A recent
study reported that BYHWD could promote neurological
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recovery and after intracerebral hemorrhage by activating
VEGFR2 through the PI3K/Akt signaling pathway [11].
The active components of BYHWD have multitarget neuro-
protective effects on ischemic stroke, and its mechanism may
be closely related to the improvement of blood supply [25]. A
study based on a tag-based digital gene expression profiling
(DGE) system showed that the mechanism of ventricular
remodeling induced by myocardial infarction by BYHWD
treatment may be closely related to transforming growth fac-
tor beta receptor-1, junctophilin-2, and monocyte [26]. In
this study, network pharmacology-based approaches were
conducted to explore the underlying mechanism of BYHWD
in PH.

Firstly, we predicted the potential targets of BYHWD for
the treatment of PH combining potential active ingredients,
putative targets of compounds in BYHWD, and targets of
PH. Through constructing the herbs-compounds-targets
network as well as analyzing topological parameters, the
active compounds in BYHWD for the treatment of PH were
extracted, including quercetin, kaempferol, luteolin, 6-
hydroxykaempferol, quercetagetin, and baicalein. Many
studies have reported the anti-PH effects of these compounds
in vitro and in vivo. Studies demonstrate that quercetin can
inhibit pulmonary arterial endothelial cell transdifferentia-
tion into smooth muscle-like cells by regulating Akt and
ERK1/2 pathways and enhance the autophagy of PASMCs
induced by hypoxia through the FoxO1-SENS3-mTOR path-
way [27, 28]. Quercetin can also interfere with the IRE1α-
XBP1 pathway and TrkA/kt pathway, leading to reduced
PASMC migration and cell cycle arrest, which in turn ame-
liorates hypoxia-induced PH [29, 30]. Luteolin can inhibit
PDGF-induced proliferation and migration of PASMCs in a
dose-dependent manner via regulating the Hippo-YAP/PI3-
K/Akt signaling pathway [31]. The role of baicalein in the
treatment of PH is the focus of numerous investigators. Bai-
calein can delay the progression of pulmonary vascular
remodeling by inhibiting the NF-κB pathway and the cateni-
n/ET-1/ETR pathway [32, 33]. Baicalein also could attenuate
MCT-induced PH by inhibiting endothelial-to-mesenchymal
transition [34]. The above results suggest that numerous
active ingredients in BYHWD exert effects against pulmo-
nary vascular remodeling by regulating multiple signal trans-
duction pathways.

Furthermore, the PPI network and gene-disease pheno-
type correlation of potential therapeutic targets were analyzed
to find the core targets of BYHWD. AKT1, MMP9, NOS3/e-
NOS, and EGFR may play critical roles in the anti-PH effects
of BYHWD. Impaired availability of NO is a key underlying
feature in most forms of PH. NO is produced catalytically
from L-arginine by the PI3K-Akt-eNOS pathway and regu-
lates pulmonary vascular function and structure. The decrease
of eNOS expression and dysfunction will lead to the inhibition
of the NO signal in the lung and the disruption of pulmonary
vasoconstriction/relaxation balance [35]. Dacomitinib, an
EGFR inhibitor, can significantly inhibit vascular thickening,
collagen deposition, and right ventricular remodeling in PH
rats [36]. Many studies have shown that matrix metallopro-
teinases (MMP) play a key role in the disease state, especially
in extracellular matrix remodeling and vascular homeostasis
[37]. Increased expression of extracellular matrix proteins is
closely associated with MMP activation in pulmonary arteries
[38]. There are also close interactions between these targets.
Vascular remodeling progression involves cell migration
and invasion as well as protein degradation of the ECM in
which it participates. Upon activation of the PI3K/Akt path-
way, phosphorylated Akt can further activate MMP9, thereby
playing a role in cell migration and invasion [39]. Dacomiti-
nib could inhibit cell cycle progression, proliferation, and
migration and enhance cell autophagy in PASMCs induced
by hypoxia via the PI3K-Akt-mTOR signaling pathway [36].

The approaches of enrichment analysis were further
adopted to analyze the biological processes and signaling
pathways involved in potential targets of BYHWD. Multiple
canonical biological processes closely associated with PH,
such as “negative regulation of apoptotic process,” “positive
regulation of cell migration,” “angiogenesis,” “positive regu-
lation of smooth muscle cell proliferation,” and “positive reg-
ulation of phosphatidylinositol 3-kinase signaling,” were
discovered in the study. The KEGG enrichment results
showed that the signaling pathways that play therapeutic
roles by BYHWD may include “VEGF signaling pathway,”
“PI3K-Akt signaling pathway,” “TNF signaling pathway,”
and “FoxO signaling pathway.” VEGF is one of the strongest
activators of angiogenesis, which stimulates the migration
and proliferation of vascular endothelial cells, thereby pro-
moting angiogenesis. There is a close relationship between
the overexpression of VEGF and the pathological process of
PH. Under hypoxic conditions, VEGF is released under the
regulation of hypoxia-inducible factor (HIF-1), which in turn
causes pulmonary vascular inflammation [40]. Akt mediates
cell proliferation induced by various growth factors, which
have been widely demonstrated. As an upstream regulatory
pathway, Akt could be activated by several stimuli, including
VEGF and PDGF. VEGF-induced endothelial migration is
mediated through the Akt pathway. In terms of vascular
smooth muscle cell apoptosis, FoxOs could induce the
expression of the proapoptotic Bcl-2 family of proteins or
upregulated the expression of death receptor ligands such
as Fas ligand and TNFα. Akt can promote the phosphoryla-
tion of FoxO, which in turn inhibits the transcriptional func-
tion of FoxO, downregulates Bcl-2 levels, and regulates cell
apoptosis [41]. It can be seen that BYHWD could exert

Table 1: Top 10 targets directly associated with PH phenotype.

Gene symbol Description Score

NOS3 Nitric oxide synthase 3 21.08

ALOX5 Arachidonate 5-lipoxygenase 14.37

SELP Selectin P 14.25

NPR3 Natriuretic peptide receptor 3 13.96

BMP2 Bone morphogenetic protein 2 13.68

ALB Albumin 13.56

NOX4 NADPH oxidase 4 13.42

TGFBR1 Transforming growth factor beta receptor 1 13.32

F2 Coagulation factor II, thrombin 12.99

KDR Kinase insert domain receptor 12.33
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therapeutic effects on PH by acting on multiple targets and
multiple signaling pathways. While in the analysis of topo-
logical parameters of the PPI network, it was found that
Akt was in the central position in the target network. The
results of gene-phenotype correlation analysis suggest that
NOS3/eNOS may be one of the most critical genes in which
BYHWD functions. As can be seen in the GO enrichment
analysis results, the potential targets of BYHWD in the treat-
ment of PH were significantly enriched in “positive regula-
tion of protein kinase b signaling” and “positive regulation

of phosphatidylinositol 3-kinase signaling.” And in the
KEGG enrichment analysis results, the term “PI3K-Akt sig-
naling pathway” also appeared. As mentioned above, there
is also a tight connection between the PI3K-Akt-eNOS path-
way and other core potential targets, such as VEGF and
MMP2. Based on the above experimental results of core tar-
get analysis and enrichment analysis, combined with previ-
ous studies, we speculate that the PI3K-Akt-eNOS pathway
may be one of the crucial signaling pathways through which
BYHWD exerts therapeutic effects on PH.
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Figure 9: BYHWD prevents the development of small pulmonary artery hypertrophy in MCT-treated rats. (a) Representative images of the
lung sections for intrapulmonary arteries stained with Masson’s trichrome (original magnification ×200). (b) Medial wall thickness (%) of
intrapulmonary arteries was calculated and shown in the bar graph. The results were expressed as the mean ± SEM of three independent
experiments (n = 3). ###P < 0:001 vs. the control group; ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. the model group.
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Figure 10: Effects of BYHWD on the PI3K/Akt/eNOS pathway. Expression of PI3K and eNOS and phosphorylation of Akt were measured by
western blot analysis. Data are expressed as X-fold induction compared to normal control. The results were expressed as the mean ± SEM
(n = 3-4). #P < 0:05 and ###P < 0:001 vs. the control group; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the model group.
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On the basis of network pharmacology analysis, the
MCT-induced PH model was then constructed to prelimi-
narily explore the efficacy and verify the mechanism of
BYHWD in treating PH. Masson’s trichrome staining results
showed that the thickening of the pulmonary small vessel was
noticeable after rats were stimulated with MCT for 21 days.
BYHWD treatment can significantly inhibit the vascular
remodeling process, which illustrates that BYHWD could
ameliorate the PH development from the key pathological
mechanism. This is also consistent with the conclusion from
network pharmacology analysis that BYHWD may exert
effects against PH by regulating the proliferation, apoptosis,
and migration of vascular smooth muscles. Network phar-
macology results revealed that the PI3K-Akt-eNOS signaling
pathway may play a central role in the therapeutic effects of
BYHWD. Then, western blotting was designed to validate
the changes of the PI3K-Akt-eNOS pathway in lung tissues
of PH rats and the effects of BYHWD treatment. Results indi-
cated that BYHWD increased the expression and the phos-
phorylation of Akt. Collectively, BYHWD repressed
pulmonary arterial remodeling partially by modulating the
expression of the PI3K-Akt-eNOS pathway.

5. Conclusion

In conclusion, the present study demonstrated that BYHWD
can exert its effects on inhibiting pulmonary vascular remod-
eling through multitargets and multipathways by the
approach of network pharmacology as well as biological
experimental verification. The most prominent mechanism
may be related to the activation of the PI3K-Akt-eNOS
pathway.
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N6-Methyladenosine (m6A) plays important roles in regulating mRNA processing. Despite rapid progress in this field, little is
known about the role and mechanism of m6A modification in myocardial development and cardiomyocyte regeneration.
Existing studies have shown that the heart tissues of newborn mice have the capability of proliferation and regeneration, but its
mechanism, particularly its relation to m6A methylation, remains unknown. Methods. To systematically profile the mRNA m6A
modification pattern in the heart tissues of mice at different developmental stages, we jointly performed methylated RNA
immunoprecipitation sequencing (MeRIP-seq) and RNA sequencing (RNA-seq) of heart tissues of mice, respectively, aged 1 day
old, 7 days old, and 28 days old. Results. We identified the linkages and association between differentially expressed mRNA
transcripts and hyper or hypomethylated m6A peaks in C57BL/6J mice at different heart developmental stages. Results showed
that the amount of m6A peaks and the level of m6A modification were the lowest in the heart of mice at 1 day old. By contrast,
heart tissues from 7-day-old mice tended to possess the most m6A peaks and the highest global m6A level. However, the m6A
characteristics of myocardial tissue changed little after 7 days old as compared to that of 1 day old. Specifically, we found 1269
downmethylated genes of 1434 methylated genes in 7-day-old mouse heart tissues as compared to those in 1-day-old mice.
Hypermethylation of some specific genes may correlate with the heart’s strong proliferative and regenerative capability at the
first day after birth. In terms of m6A density, the tendency shifted from coding sequences (CDS) to 3′-untranslated regions (3′
UTR) and stop codon with the progression of heart development. In addition, some genes demonstrated remarkable changes
both in methylation and expression, like kiss1, plekha6, and megf6, which may play important roles in proliferation.
Furthermore, signaling pathways highly related to proliferation such as “Wnt signaling pathway,” “ECM-receptor interaction,”
and “cardiac chamber formation” were significantly enriched in 1-day-old methylated genes. Conclusions. Our results reveal a
pattern that different m6A modifications are distributed in C57BL/6J heart tissue at different developmental stages, which
provides new insights into a novel function of m6A methylation of mRNA in myocardial development and regeneration.
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1. Background

The adult human heart does not have sufficient ability to ren-
ovate the damaged cardiac cardiomyocytes (CMs), which is
the critical factor leading to the high mortality of cardiovas-
cular diseases [1]. Although many approaches are designed
to repopulate the damaged CMs, like transplanting various
sources of exogenous stem cells with differential potential
[2, 3], these therapies have various limitations in treating
myocardial infarction (MI) or heart failure efficaciously, such
as immune response [4] and epigenetic influence [5, 6].
Interestingly, extensive recent studies show that targeting
mechanisms that govern endogenous repair and proliferation
to cardiomyocytes may prove to be a valid therapy for heart
disease [7–9]. The adult mammalian heart has been tradi-
tionally regarded as an organ of terminal differentiation
capability. Recent studies, however, discovered that several
species, including neonatal mice, 1-day-old pigs, and adult
zebrafish, could stimulate a robust regenerative response
during cardiac injury [10, 11]. Unlike the adult zebrafish,
the CMs of neonatal mice possess the proliferative capability
and maintain the competence to renovate their damaged car-
diac muscle tissue during the first 7 days of life [11, 12]. Con-
vincing evidence shows that heart regeneration in neonatal
mice is achieved by cardiomyocyte proliferation and the car-
diac developmental program for self-renewal [12–14]. The
underlying mechanisms of neonatal cardiac proliferation
remain largely unclear, but the related research is of crucial
significance for discovering therapeutic targets for cardio-
myocyte regeneration and cardiac repair.

N6-Methyladenosine (m6A), the most common internal
modification of messenger RNA (mRNA) and noncoding
RNAs (ncRNA) in eukaryotes identified in the 1970s, is
dynamically regulated by a set of enzymes classified into
methyltransferases (“writers”), demethylases (“erasers”),
and m6A binding proteins (“readers”) [15]. Over the last
decade, several studies have characterized the m6A mRNA
landscape in multiple organisms, such as mammals [16],
yeast [17], and plants [18], and these studies have identified
the consensus sequence RRACH (in which R represents A
or G and H represents A, C, or U), which suggests the signif-
icance of m6A modification in multispecies conservatism.
Thus, imbalance in m6A modification may impact on vari-
ous diseases and biochemical progress, like regulating plant
embryonic development [19], immune cell homeostasis and
function [20], and cancer in various organs [21], and contrib-
ute to human disease heritability [22]. Transcriptome-wide
analyses have shown that m6A modified over one-third of
the mRNA in humans and mice [16]. The m6A possesses
1-3 modification sites in each particular mRNA that enrich
in near stop codons, 3′UTRs, and RRACH sequence of
mRNA. These studies also suggested that m6A modification
has a crucial effect on various cellular pathways and pro-
cesses, including developmental regulation, the cell cycle, fate
determination, and the heat-shock stress response by regulat-
ing the splicing, expression, stability, and translation effi-
ciency of mRNAs [23, 24].

Recently, the regulatory role of m6A in heart diseases has
been increasingly recognized [25]. In addition, the effects of

m6A modification on embryonic neural stem cells (NSCs)
have been demonstrated during early brain development in
newbornmice [26]. It follows that the function and correlation
of m6A modifications in biological physiology and disease
progression have become of great interest [25, 26]. Technical
advances in mammalian studies, such as transcriptome-wide
analysis, open up a novel method for revealing the distribu-
tion and function of this modification through the biotech-
nologies of RNA-seq, RIP-seq, and m6A-seq. To date,
however, study about the m6A modification of mRNAs in
mammals’ myocardial proliferation is rare. And researches
focusing on the development of therapies that may stimulate
myocardial regeneration by mining and interfering related
regulating molecules with different m6Amodification during
cardiac development are lacking.

The proliferative ability of mouse cardiomyocytes can
only be maintained for a short period after birth. The abil-
ity of DNA synthesis is an intuitive index to reflect prolif-
eration ability, and the activity of the enzymes needed for
DNA synthesis in mice decreases significantly to the level
of adult at about one week after birth [27, 28]. Current
researches indicated that the heart of mice aged up to 7
days old has the ability to proliferate and regenerate, while
hearts from 28-day-old mice could hardly proliferate and
regenerate which is similar to that seen in adult hearts
[12, 29]. So most researchers usually choose 1-day-old, 7-
day-old, and 28-day-old mice (hereafter referred to as P1,
P7, and P28) to study the phenomenon and mechanisms
of myocardial regeneration [30, 31]. We hypothesized that
m6A might play a significant role in regulating and affect-
ing the development and regeneration of rodent hearts.
Thus, in the present study, we conducted an m6A-specific
analysis and bioinformatics analysis in mRNAs of mouse
hearts at the three stages, including P1, P7, and P28, in
an effort to provide clinical and therapeutic insights and
reveal the role and mechanism of m6A in myocardial
development.

2. Materials and Methods

2.1. Animal Studies. The study protocol was reviewed and
approved by the animal care committees of both Southern
Medical University and Guangdong Medical University.
Male C57BL/6J mice were randomly assigned to three groups
according to different ages (P1, P7, and P28). Groups P1 and
P7 consisted of 12 animals, respectively, and group P28 con-
sisted of 3, providing 3 biological replicates to be analyzed.
Given that the heart sizes for animals in groups P1 and P7
were small, the samples from every 4 hearts were pooled for
analyses. All mice in each group were deep anesthetized with
ketamine (80mg/kg, IP.) + xylazine (10mg/kg, IP.) and were
executed by cervical dislocation. Subsequently, the cardiac
tissues were collected and frozen in liquid nitrogen at -80°C
for further RNA extraction. Animals were obtained from
the Animal Research Center of Southern Medical University.
The Guide for the Care and Use of Laboratory Animals and
Animal Welfare Act are followed to guide 3M’s animal
research program.
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2.2. Total RNA Preparation. RNA isolation was performed
with Trizol Reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.
The ratio of OD260/280 to OD260/230 of the product was
detected by NanoDrop (Thermo Fisher Scientific, Waltham,
MA, USA) as the sample purity index. And the degree of
RNA degradation was detected by agarose gel electrophoresis
and Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA). If the OD260/280 value was between 1.8 and 2.2, OD
260/230 ≥ 2:0, and RIN ≥ 7, the RNA purity and integrity
were qualified and marked as “Pass”.

2.3. RNA Purification and Fragmentation. The rRNA probe
with specific species (mouse) was incubated with total
RNA, and then, the captured rRNA probe was modified with
biotin (Thermo Fisher Scientific, Waltham, MA, USA). The
magnetic beads (Thermo Fisher Scientific, Waltham, MA,
USA) coated with streptavidin were combined with the
probe-rRNA complex to remove rRNA. After another purifi-
cation of AMPure XP magnetic beads (Beckman Coulter,
Brea, CA), the RNA without rRNA was extracted. The puri-
fied RNA was diluted in fragmentation buffer for elution,
fragmentation, and random primers; then, the product was
incubated at 94°C for thermal fracture and lysed into frag-
ments between 100 and 300 bp.

2.4. cDNA Library Construction and Sequencing. The frag-
mented RNA was divided into two parts. One part was added
with premixed m6A antibody immunomagnetic beads to
enrich the m6A methylated mRNA fragments. Then, the
enriched m6A antibody immunomagnetic beads and the
recovered m6A-containing mRNA fragment were used to
construct a conventional sequencing library according to
the transcriptome library construction process. The other
part was used as a control to construct a conventional tran-
scriptome sequencing library directly. These two sequenced
libraries, m6A-seq library and RNA-seq library, were
sequenced with high throughput, respectively.

2.5. Sequencing Data Analysis. Libraries were sequenced and
visualized on Illumina NovaSeq™ 6000 (Illumina, San Diego,
CA). First, the software Cutadapt and local Perl scripts
removed the low-quality, contaminated, and sequencer con-
nector sequences to obtain clean data [32]. Next, Fastp was
used to perform quality control on clean data. Then, the
reads were aligned to the referential genome using the default
parameters of HISAT2 [33] and peak calling analysis and
peak annotation were performed by ExomePeak and ChIP-
seeker [34]. After that, Homer (or MEME) was applied to
perform motif analysis on enriched sites and StringTie to
perform transcriptome analysis and gene quantification.
Finally, the R package “Edge R” was used for genetic differ-
ence analysis [35].

2.6. GO and KEGG Pathway Database Analysis. We used
Gene Ontology (GO; http://www.geneontology.org/) to per-
form functional enrichment and applied GO annotation to
describe the functions of the differentially methylated genes,
which were classified into three major categories: biological
process (BP), cellular component (CC), and molecular func-

tion (MF). In the meantime, Kyoto Encyclopedia of Genes
and Genomes (KEGG; http://www.kegg.jp/) analysis was
also conducted and the major terms of signal transduction
pathways and biochemical metabolic pathways were iden-
tified that participated for the DEGs. When the corrected
P value was less than 0.05, the GO terms and KEGG anal-
ysis were regarded as significantly enriched, as previously
described [36, 37].

2.7. Quantitative Real-Time PCR. Q-PCR was performed on
Roche LightCycler 480 system (Roche Applied Science, IN,
USA). Relative expressions of genes were compared by the
2-ΔΔCt method, and GAPDH served as the internal house-
keeping gene. The sequences of all the specific primers were
designed to span extron-intron to prevent the improper
amplification of mRNA. The primer sequences were as fol-
lows: IGF2BP1, 5′-GGCGACTCATTGGCAAGGAAGG-3′
(forward) and 5′-TGAGGTCCTGGAGCGATGAGATG-3′
(reverse); IGF2BP3, 5′-CATCTGTTTATTCCCGCCCTGT
CC-3′ (forward) and 5′-TCACCATCCGCACTTTAGCAT
CTG-3′ (reverse); ALKBH5, 5′-TTCTTCAGCGACTCGG
CACTTTG-3′ (forward) and 5′-CGGCAGAGAAAGCA
CAGGTTCC-3′ (reverse); Hist1h2ao, 5′-GCTCCGCAAGG
GCAACTACTC-3′ (forward) and 5′-CCCGCCAGCTC
CAGGATCTC-3′ (reverse); Tet2, 5′-CTGCTGTTTGGGT
CTGAAGGAAGG-3′ (forward) and 5′-GTTCTGCTGGTC
TCTGTGGGAATG-3′ (reverse); GATA4, 5′-CGAGATGG
GACGGGACACTACC-3′ (forward) and 5′-TGGCAGTT
GGCACAGGAGAGG-3′ (reverse); and MEGF6, 5′-TGCG
ACCCTGAGACTGGAACC-3′ (forward) and 5′-TTGGCA
CAAGCACACCTCATCTG-3′ (reverse).

2.8. Western Blot. Proteins were harvested and dissolved in
RIPA lysis buffer, and protein concentrations were detected
by enhanced Bicinchoninic Acid (BCA) protein assay kit
(Beyotime, China). And the equivalent amounts of protein
were separated by SDS-PAGE on 10% acrylamide gels at
60 v for 2.5 h and transferred to PVDF membranes under a
constant current of 340mA for 1.5 h. Quantitative analysis
was performed by ImageJ. The primary antibodies were anti-
ALKBH5 (ab195377, Abcam, MA, USA), anti-METTL3
(86132S, CST, MA, USA), anti-YTHDF1 (ab252346, Abcam,
MA, USA), anti-IGF2BP3 (ab179807, Abcam, MA, USA),
anti-FTO (31687S, CST, MA, USA), and anti-GAPDH
(ab8227, Abcam, MA, USA). The secondary antibodies were
goat polyclonal anti-Rabbit-IgG (14708S, CST, MA, USA).

2.9. Statistical Analysis. One-way ANOVA with Tukey’s post
hoc tests was carried out for comparison of multiple groups.
All experiments were performed at least three times indepen-
dently. Data are shown as mean ± S:D: A P value less than
0.05 was considered statistically significantly different.

3. Results

3.1. General Features of Cardiac m6A Methylation in Mouse
during Heart Development. In order to investigate the poten-
tial targets contributing to heart development in C57BL/6J
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mice, we performed m6A sequencing to compare the gene
methylation profile grouped by P1, P7, and P28. We mapped
up to 4961 methylation peaks in 3062 annotated genes of P1
heart tissues, 19389 peaks in 7404 annotated genes of P7, and
13201 peaks in 5712 annotated genes of P28, respectively (all
P < 0:05, Log2FC > 1). Then, we calculated their pairwise
intersection by using Venn diagram. Some redundancy data
would be merged in statistical mapping. For instance, suppose
group A was compared with group B and one peak in A may
overlap with two or more peaks in B, which was called redun-
dancy, so the number inside the parentheses in the overlap of
the Venn diagram is the total amount of intersections that
actually occurred, while the number outside the parentheses
indicates the amount of intersections after duplicates are
excluded. Of the 4961 methylation peaks in P1, only 13 reap-
peared in P7, and still fewer peaks (6 peaks) reappeared in
P28. However, up to 10137 methylation peaks overlapped
between P7 and P28 methylation peaks (Figures 1(a)–1(c)).
In general, we found that 10 specific methylation peaks simul-
taneously appeared among P1, P7, and P28 mouse heart tissue
(Figure 1(d)). There were noticeable differences in the number
ofm6A peaks in either P7 or P28 as compared to P1, while this
characteristic difference was inconspicuous between P7 and
P28; thus, we could presume that the m6A modification was
significantly altered in early heart development, but tended
to stabilize after day 7.

When using Circos software to analyze the distribution of
mRNA m6A peaks on the chromosomes, it was found that
the distribution and number of m6A peaks on each chromo-
some were diverse among P1, P7, and P28’ s mouse heart tis-
sue, with the diversity on chromosome 3 being the most
apparent (Figure 1(e)). The results revealed that the methyl-
ation level of whole genome was significantly upregulated
when cardiomyocytes developed to P7 and then dropped to

medium levels at P28. Furthermore, the autosomes in the
mouse heart of each age group were more profoundly meth-
ylated compared with the sex chromosomes. Interestingly,
the methylation degree of sex chromosome Y was barely
noticeable.

3.2. Cluster Analysis. The analysis of the methylation cluster
and heat map showed that the methylation differences could
obviously be distinguished from each group: there were
marked differences among the groups but there existed rela-
tive consistencies within the groups (Figure 1(f)). To sum up,
the peaks of methylation in the P1 heart tissues were the low-
est, while those in the P7 heart tissues were the highest and
reduced over time. By P28, the peaks of methylation were
reduced as compared to P7 but they remained high as com-
pared to P1. In total, 1610 of 1793 methylation peaks in P7
were detected as hypomethylation, and 543 hypermethyla-
tion peaks of 733 methylation peaks in P28 were identified
(Figures 1(g) and 1(h), all P < 0:05, Log2FE > 1). By compar-
ison, more hypomethylation peaks were seen in P7 heart tis-
sues. However, 1793 methylation peaks with significant
differences accounted for only approximately 8% of the
methylation peaks in P7. The rest of the peaks were unique
to P7, but not in P1. This interesting trend of methylation
over time suggests that specific methylation sites may have
an underlying network with the strong proliferative and
regenerative capability of the heart at the very first day after
birth, and subsequent studies are needed to investigate the
mechanism.

3.3. Motif Analysis. While mapping the m6A methylome
motif by scanning the peaks, we found that RRACH was a
conserved sequence motif for m6A-containing regions among
all the 3 groups, which is consistent with previous studies
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Figure 1: General features of m6A methylation in mouse heart development. (a) Venn diagram of m6A peaks in P7 and P1 heart tissues. (b)
Venn diagram of m6A peaks in P28 and P1 heart tissues. (c) Venn diagram of m6A peaks in P28 and P7 heart tissues. (d) Venn diagram of
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[11, 24]. GGACU (P = 1e − 93), AAAGU (P = 1e − 87), and
GUAAA (P = 1e − 63) were the most common and reliable
among the motifs in P1, P7, and P28 heart tissues, respec-
tively (Figures 2(a)–2(c)). We, thus, speculated that differ-
ence in motifs might be one of the factors that caused
m6A differences.

3.4. Analysis of Regions of mRNA Methylation in Different
Developmental Stages of Heart Tissues. The analysis of the
regions of mRNA methylation peaks showed that m6A was
distributed in all regions of the mRNA (Figures 2(d)–2(f)).

We observed that m6A was mostly distributed at the CDS
region and 3′UTR near the stop codon in each group, which
is suggestive of the direction of translational regulation, as
previously described [16, 38]. Furthermore, we found that
with the progression of heart development, the distribution
of m6A in 5′UTR (P1: 19.9%, P7: 16%, and P28: 13.9%),
CDS (P1: 52.9%, P7: 43.3%, and P28: 39.2%), and start codon
(P1: 7.3%, P7: 5.3%, and P28: 4.6%) decreased gradually, but
increased at 3′UTR (P1: 16.7%, P7: 32.9%, and P28: 39.6%).
Nevertheless, the stop codon remained the lowest distribution
in each group of heart tissues (P1: 3.2%, P7: 2.5%, and P28:
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Figure 2: The profiles of m6A peaks and the joint analysis of m6A-seq and RNA-seq. (a–c) Motif with maximum P value of m6a in the P1, P7,
and P28 heart tissues. (d–f) Pie chart of m6A peaks in different regions of P1, P7, and P28 heart tissues mRNA. (g) The m6A density
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2.6%) (all P < 0:05, Log2FC > 1:5). As shown in Figure 2(g),
the m6A density shifted to 3′UTR and stop codon regions
from P1 to P28. These findings are consistent with previous
research in Homo sapiens’ mRNA methylation characteristic
between neonate and adult [39], indicating that the m6A land-
scape of humans and mice was highly homologous.

3.5. Density Distribution of m6A Peaks across mRNA
Transcripts. In each of the three groups, most of the m6A-
modified mRNAs contained only one m6A peak, whereas a
small number of them contained two or more peaks
(Figure 2(h)), which was in accordance with previous studies
[38]. And this characteristic in the P7 heart tissues was par-
ticularly high (~50%, P < 0:05). Likewise, the quantities of
mRNAs with two or more m6A peaks were the largest in
day 7 heart tissues.

3.6. Effect of RNA m6A Modifications on Gene
Transcriptional Expression. We performed a joint analysis
of the gene transcriptome and methylation (all P < 0:05, Lo
g2FC > 1). The result demonstrated that there were more
upregulated methylated mRNAs in the P28 heart tissues than
in P1 and more downregulated methylated mRNAs in P7
than in P1 heart tissues (Figures 3(a) and 3(b)). Among the
450 P28 heart tissue genes that were upmethylated, 162
genes were upregulated and 50 genes were downregulated
as compared to P1. Among the 1269 genes that were down-
methylated in P7 heart tissues, a total of 246 genes were
upregulated and 194 genes were downregulated as compared
to P1. However, barely any methylation difference appeared in
DEGs between P7 and P28 (Figure 3(c)). The differences in the
transcription level of hyper- and hypomethylation peaks and
their corresponding genes are shown in Tables 1–4. Moreover,
we noticed that some genes that were highly expressed, respec-
tively, in both the P1 and the P7 heart tissues were rarely
expressed in the P28 heart tissues, such as plekaha6 and
megf6. Taken together, it may indicate that m6A-modified
genes tended to have a positive regulation of expression in
developing heart tissues, but further validation is required to
verify this hypothesis.

Furthermore, we performed a heat map by Z-score
analysis (P < 0:05) on the expression of various methylases
in different developmental stages of mouse hearts. The result
showed that there was no significant difference in the expres-
sion of “writers” at different developmental stages. By con-
trast, in “erasers,” the expression of ALKBH5 was more
abundant than that of FTO, the expression of ALKBH5
was higher at P1 than at P7 and P28, and IGF2BP3 was
the most highly differentially expressed “reader” protein
and it decreased gradually from P1 to P28. These findings
implied that “eraser” and “reader” seem to play a more
important regulatory role as compared to “writers” in the
development of mouse heart, especially when some methyl-
ases are highly expressed at P1. According to previous
reports, the mouse heart at P1 has the strongest proliferative
and regenerative capability [12], but whether these methyl-
ases highly expressed in P1 mouse heart tissues could regu-
late the proliferation and regeneration of mouse heart needs
further work to explore.

3.7. Bioinformatics Analysis of Functional Genomics. Given
that the 7th day of heart development is being considered a
watershed in myocardial regeneration and proliferation, we
divided the results into two parts for bioinformatics analysis
as follows.

3.7.1. P7 Compared to P1. For the GO terms of BP category,
genes with hypermethylated m6A sites were significantly
enriched in the “intracellular protein transmembrane trans-
port,” “negative regulation of cytosolic calcium ion concentra-
tion,” and “vesicle-mediated transmembrane transport,” while
hypomethylated genes were highly enriched in “glyceropho-
spholipid metabolic process” and “phospholipid biosynthetic
process.” For the CC part, genes with hypermethylated m6A
sites were mainly related to “Golgi stack” and “nuclear tran-
scriptional repressor complex,” while hypomethylated genes
were primarily enriched in “trans-Golgi network” and “extra-
cellular matrix.” As for the analysis of MF, it revealed that the
“transmembrane receptor protein tyrosine kinase activity,”
“ATP-dependent helicase activity,” and “ligand-gated cation
channel activity” were mostly enriched in genes with hyper-
methylated m6A sites, while the hypomethylated genes were
primarily enriched in “guanyl-nucleotide exchange factor
activity” and “active transmembrane transporter activity”
(Figures 4(a) and 4(b), all P < 0:05).

KEGG pathway analysis revealed that the most sig-
nificantly overrepresented pathways among upmethylated
transcripts were the “AMPK signaling pathway,” “longevity
regulation pathway,” and “insulin signaling pathway”
(Figure 4(e), P < 0:05), while the downmethylated mRNAs
were significantly enriched in “glycerophospholipid metabo-
lism,” “ECM-receptor interaction,” and “microRNAs in can-
cer” (Figure 4(f), P < 0:05).

3.7.2. P28 Compared to P1. The GO analysis of BP showed
that the genes with hypermethylated m6A sites were signifi-
cantly enriched in “regulation of protein exit from endoplas-
mic reticulum,” “macromolecule methylation,” and “protein
methylation,” while the hypomethylated genes were signifi-
cantly detected in “cell surface receptor signaling pathway
involved in cell-cell signaling,” “Wnt signaling pathway,”
and “cardiac chamber formation.” The CC part indicated that
the genes with hypermethylatedm6A sites weremainly related
to “intercellular canaliculus” and “integral component of
endoplasmic reticulum membrane,” and the hypomethylated
genes were mostly related to “lamellipodium” and “contractile
actin filament bundle.” The analysis of MF revealed that the
genes with hypermethylated m6A sites were mostly enriched
in the “active transmembrane transporter activity,” “transcrip-
tion factor activity,” and “direct ligand-regulated sequence-
specific DNA binding,” whereas the hypomethylated genes
were primarily related to “proximal promoter DNA-binding
transcription activator activity,” “RNA polymerase II-spe-
cific,” and “transmembrane receptor protein tyrosine kinase
activity” (Figures 4(c) and 4(d), all P < 0:05).

Pathway analysis revealed that upmethylated transcripts
were involved in “ABC transporter,” “cell motility,” and
“cell adhesion molecules” (Figure 4(g), P < 0:05), whereas
downregulated transcripts included “Wnt signaling pathway,”
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Figure 3: Joint analysis of gene transcriptome and methylation. (a) Different gene expressions combining with methylation level in P7 and P1
heart tissues. (b) Different gene expressions combining with methylation level in P28 and P1 heart tissues. (c) Different gene expressions
combining with methylation level in P28 and P7 heart tissues. (d) Heat map of a series of methylase expression (P < 0:05, −2 ≤ Z‐score ≤ 2).

8 Oxidative Medicine and Cellular Longevity



“gastric cancer,” and “alcoholism” mostly (Figure 4(h), P <
0:05).

To sum up, there were differences between the results of
these two parts. What mainly be methylated in the P7 heart
tissues were genes governing cell-to-cell transport and signal
transduction, while in the P28 heart tissues were genes more
related to the function of macromolecules such as organelle
formation. However, the overlaps that were identified in both
parts, such as the “ABC transporters” and “ECM-receptor
interaction pathway” of KEGG, most likely play significant
roles in myocardial development process.

3.8. Verification of Significant Genes and Proteins. On the
basis of the m6A methylation analysis results described
above, we further validated at the gene or protein levels of
the major m6Amethylases and genes with noteworthy differ-
ences both in methylation and expression using qPCR and
western blot analysis. The qPCR results showed significant
increases of GAT4and Tet2, but decreases of IGF2BP3and
MEGF6 (Figure 5(a)), which were in general in agreement
with the findings obtained using gene profiling. Similarly,
western blot results showed that the expression of “writer”

Table 1: Top ten upmethylation peaks and their corresponding genes (P7 vs. P1).

Chromosome TxStart TxEnd Gene name Fold change

4 88760543 88760643 Gm13283 ↑ 349.8

13 21810736 21810849 Gm19658 ↑ 38.3

16 17209752 17209927 Rimbp3 15.3

13 21810739 21810864 Hist1h2ao 13.9

3 96240117 96240167 Gm20632 9.1

3 96240098 96240173 H2ac19 8.5

17 47468660 47468760 AI661453 ↑ 7.9

7 83935631 83935681 Cemip ↓ 7.1

7 109752344 109752444 4930431P19Rik ↑ 6.9

7 131341694 131341794 2310057M21Rik 5.5

Top ten upmethylation peaks and their corresponding genes (P7 vs. P1). Fold change represents methylation peak’s degree. Arrow represents up or down
regulation of gene expression, Log2FC > 1:5, P < 0:05 (no arrow means no statistically significant change).

Table 2: Top ten downmethylation peaks and their corresponding
genes (P7 vs. P1).

Chromosome TxStart TxEnd Gene name Fold change

7 131391143 131391193 Pstk ↑ 81.6

2 53218067 53218117 Arl6ip6 60.7

X 71315056 71315181 Mtm1 ↓ 58.0

12 69963717 69963767 Atl1 27.7

2 122447916 122452011 Slc28a2 20.6

4 139962219 139962419 Klhdc7a ↑ 20.0

2 122452036 122452531 Slc28a2 19.70

2 23507969 23508019 Spopl 18.1

5 149186468 149186518 Uspl1 ↓ 17.4

17 84184705 84184805 Zfp36l2 15

Top ten downmethylation peaks and their corresponding genes (P7 vs. P1).
Fold change represents methylation peak’s degree. Arrow represents up or
down regulation of gene expression, Log2FC > 1:5, P < 0:05 (no arrow
means no statistically significant change).

Table 3: Top ten upmethylation peaks and their corresponding
gene (P28 vs. P1).

Chromosome TxStart TxEnd Gene name Fold change

2 86042835 86043035 Olfr1033 59.9

7 74359749 74359849 Slco3a1 ↑ 28.3

4 139962244 139962419 Klhdc7a ↑ 26.1

11 55179387 55180723 Slc36a2 24.5

19 10450168 10450218 Syt7 ↑ 21.8

8 83572497 83572547 Tecr ↓ 20.2

6 24570892 24571067 Asb15 ↓ 19.5

14 101442734 101442859 Tbc1d4 ↑ 19.4

12 91633008 91633133 Ston2 ↑ 19.3

8 83572397 83572472 Nr1d2 16.4

Top ten upmethylation peaks and their corresponding genes (P28 vs. P1).
Fold change represents methylation peak’s degree. Arrow represents up or
down regulation of gene expression, Log2FC > 1:5, P < 0:05 (no arrow
means no statistically significant change).

Table 4: Top ten downmethylation peaks and their corresponding
genes (P28 vs. P1).

Chromosome TxStart TxEnd Gene name Fold change

12 27342363 27342463 Sox11 ↓ 48.5

3 96240098 96240173 H2ac19 17.7

3 96240092 96240192 Gm20632 16.7

3 96268599 96268899 Gm20628 13.3

11 62648384 62648484 Lrrc75a 13.1

7 143460986 143461050 Cdkn1c ↓ 12.8

4 109666053 109666103 Cdkn2c 11.9

3 96268653 96268903 H3c13 ↓ 11.4

13 23533930 23534005 H2ac10 ↓ 11.1

13 23574380 23574680 H2ac7 ↓ 10.8

Top ten downmethylation peaks and their corresponding genes (P28 vs. P1).
Fold change represents methylation peak’s degree. Arrow represents up or
down regulation of gene expression, Log2FC > 1:5, P < 0:05 (no arrow
means no statistically significant change).
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Figure 4: Continued.
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METTL 3 was upregulated in the P7 heart tissues and then
dropped down in the P28 heart tissue, but still higher than
that in the P1 heart tissue, which was consistent with the dis-
tribution of m6A methylation sites on the chromosome
(Figures 5(b), 5(c), and 1(e)). The high expression of “eraser”
FTO may exert synergistic action on the hypomethylation in

P1. However, YTHDC1 and IGF2BP3, as the representative
of “YTH” and “IGF” family of “reader,” changed differently
over time from P1 to P28, with increased YTHDC1 and
decreased IGF2BP3 (Figures 5(b) and 5(c)), which may be
related to the regulation of different downstream target pro-
teins at different times.
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Figure 4: Gene Ontology and KEGG analysis of comparing C57B/L different day-old heart tissues. (a, b) Biological processes (BP), cell
component (CC), and molecular functions (MF) of hyper- and hypomethylated genes in P7 as compared to P1. (c, d) Biological processes
(BP), cell component (CC), and molecular functions (MF) of hyper- and hypomethylated genes in P28 as compared to P1. (e, f) KEGG
pathway analysis of hyper- and hypomethylated genes in P7 as compared to P1. (g, h) KEGG pathway analysis of hyper- and
hypomethylated genes in P28 as compared to P1.
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4. Discussion

m6A, a dynamic and reversible modification among different
species, is one of the most common and functional RNA
modifications [16–18, 40, 41]. More and more studies
showed that m6A RNA methylation plays a critical role in
regulating RNA metabolic processes, which was increasingly
found in mammalian failing hearts and hypoxic cardiomyo-
cytes [31, 42, 43]. In the current study, we reported the
m6A distribution and differences of mRNA in C57BL/6J
hearts over time during the early development stages by illus-
trating global m6A modification patterns and analyzing gene
expression, function, and related pathways.

We revealed that the pattern of m6A modification in the
neonatal mouse heart tissue was distinct from that of the
adult mice. Interestingly, in the P1 heart tissues, the amount
and level of global m6A peaks detected were the lowest. But
when compared with the P7 heart tissues in which it pos-
sessed the largest amount and highest level of m6A peaks, it
was found that most of the peaks in P1 were hypermethy-
lated. These specific and critical genes with aberrant hyper-
methylation against the globally low m6A modification
tendency in P1 may be the key why neonates possess the effi-
cient proliferative and regenerative capability. Thus, we pre-
sumed that some hypermethylated genes functioned at P1
and then misfunctioned after demethylation over time. By
analyzing different methylated transcripts and peaks, various
biological processes and pathways that control cardiomyo-
cyte proliferation, such as the Wnt signaling pathway [44],
were found to be significantly enriched, suggesting that there
exists a relationship between abnormal m6A modification
and cardiac tissue regeneration and proliferation. The global
change of m6A modification spectrum may be caused by the
abnormal expression of m6A key enzymes [40, 45]. Accord-
ing to the result of the RNA-seq, differences in the expression
levels of “writers,” “erasers,” and “readers” of m6A do exist in

the heart tissues frommice at different days during their early
life stage.

Previous studies have shown that the proliferation and
regeneration ability of heart tissue basically disappears
around the 7th day of development, and the cell cycle of car-
diomyocytes no longer exists, with only a very small prolifer-
ation rate remaining [12–14]. The underlying mechanism is
still unclear. It is the terminal differentiation and nonrenew-
ability of myocardial tissue in adulthood that prevent the
heart from proliferating and repairing itself after the heart
injuries, such as ischemia reperfusion injury (IRI) and MI
[10–14]. The response of the mammalian heart to MI and
the concomitant cell death is the substitution of fibroblasts,
extracellular matrix reticulum, and proliferating cells for
the damaged myocardium, thereby the scar-forming, called
ventricular remodeling [46, 47]. Extensive cell therapy stud-
ies have used embryonic stem cells (ESC) and induced plu-
ripotent stem cells (iPSC) as exogenous sources of new
cardiomyocytes for treatment [9, 48]. After being trans-
planted into the infarcted heart, they can play a beneficial role
in the repair of local and global cardiac regeneration function
[49]. However, before being used clinically, some potential
adverse effects need to be resolved, such as unstable pheno-
types [50], low efficient cardiomyocyte transformation rate
[51], tumorigenic potential [52], and arrhythmia and rejec-
tion [53]. Therefore, reactivation of the cell cycle of cardio-
myocytes and stimulation of their proliferation capacity
seem to be the most direct approach. Available data and
results provide various strategies to trigger this process and
generate new cardiomyocytes, such as the direct transdiffer-
entiation mediated by small molecules, transcription factors,
and ncRNAs. The modification of m6A has been found to be
extremely important for sperm development in existing stud-
ies [54]. When the “reader” protein is inactivated, the level of
m6A RNAmodification mediated by it decreases significantly,
leading to a significant imbalance in the posttranscriptional
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Figure 5: Verification of significant genes. (a) qPCR result of noteworthy methylases and genes in mouse heart tissues. (b, c) Western blot
showing the representative methylases in mouse heart tissues, quantitated by ImageJ. Values are the mean ± S:D: of n = 3 independent
experiments. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 001; ns: not significant.
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translation efficiency of related genes that regulate the fate
determination of spermatogonial stem cells and sperm forma-
tion. It has also been shown that “writer” METTL14 plays a
major role in endothelial cell inflammation induced by tumor
necrosis factor-α [55]. METTL14 induces endothelial cell
inflammation and atherosclerotic plaque by enhancing the
m6A modification of FOXO1 and promoting its expression.
Meanwhile, the latest studies have shown that m6A can regu-
late cardiomyocyte renewal [31] and the “eraser” ALKBH5
can regulate the proliferation of cardiomyocytes by demethy-
lating YTHDF1 [56]. The findings of these studies strongly
indicate that m6A is important for heart development and
can promote the proliferation and differentiation of stem cells
in heart disease. In our current study, in addition to explore
the regulatory role of m6A modification on gene expression
during heart development, a more important purpose is to
find a potential therapeutic target for IRI or MI. We thus
focused on analyzing and identifying the key genes related to
proliferation regulated by m6A modification by comparing
heart tissues at different day-ages during development with
the potential to stimulate them to arousing myocardium pro-
liferation after IRI and MI injury to achieve the therapeutic
purpose. Our results show that, from the peaks and clusters
of the three groups of samples, m6A modification tends to
be positively correlated with mRNA expression, consistent
with some previous observations [57, 58], but differed from
other studies [24, 59]. This discrepancy may be due to the dif-
ferences in animal tissue sources and sample collection, but it
still has significant implications. In addition, the specific role
of m6A modification in gene expression depends to a large
extent on the downstream function of the m6A “readers”
[60–62], which have been reported to affect multiple aspects
of target RNA metabolism by recognizing different m6A
regions, including RNA localization, splicing, transport, trans-
lation, and stability [63]. Knocking down or overexpressing
key methylases may be a good strategy for studying m6A
methylation-mediated cellular responses. Furthermore, the
m6A-seq and mRNA-seq data collectively show that there
are genes regulated by m6A in a positive or negative manner
(Tables 1–4, Log2FC > 1, P < 0:05). Besides the methylases,
we found that there were remarkable changes in Tet2,
GATA4, and MEGF6 in our sequencing results, which were
associated with proliferation in other tissues such as the lung
and colorectum as shown in other studies [64, 65]. We specu-
late that these genes with specific m6A modification may also
be capable of promoting myocardial proliferation and regen-
eration which deserve further study. By integrating the latest
nanotechnology, m6A modification may provide a new direc-
tion for treating heart diseases [66, 67].

5. Conclusions

In summary, our research reveals differences in m6A of
mRNA of C57BL/6J heart tissue at different developmental
stages and shows the distribution and possible function of
m6A through statistical analysis and thorough bioinformat-
ics analysis. Our studies have provided a fundamental contri-
bution for further researches aimed at identifying novel
therapeutic strategy for heart IRI and MI. However, addi-

tional studies are necessary not only to understand the
underlying mechanism of m6A in the myocardial regenera-
tion but also for the therapeutic implication for cardiovascu-
lar problems.
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Mitochondrial dynamics plays an important role in maintaining normal endothelial cell function and in the pathogenesis of
cardiovascular disease. It is not identified whether high-mobility group box 1 (HMGB1), a representative damage-associated
molecular pattern (DAMP) molecule, could influence mitochondrial dynamics in endothelial cells. The objective of this study is
to clarify the effect of HMGB1 on mitochondrial dynamics in endothelial cells and the underlying mechanism. EA.hy926 human
endothelial cells were incubated with recombinant HMGB1 (rHMGB1); mitochondrial morphology was observed with a
confocal microscope and transmission electron microscope (TEM). The expression of dynamin-related protein 1 (Drp1),
Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), Optic atrophy 1 (Opa1), phosphatase and tensin homolog- (PTEN-) induced kinase 1
(PINK1), NOD-like receptor 3 (NLRP3), caspase 1, cleaved caspase 1, 20S proteasome subunit beta 5 (PSMB5), and
antioxidative master nuclear factor E2-related factor 2 (NRF2) and the concentration of interleukin 1β (IL-1β) were determined.
Specific inhibitors C29, TAK-242, FPS-ZM1, AMD3100, and epoxomicin were used to block toll-like receptor 2 (TLR2), toll-like
receptor 4 (TLR4), receptor for advanced glycation end products (RAGE), C-X-C-chemokine receptor 4 (CXCR4), and PSMB5,
respectively. siRNAs were used to silence the expression of NRF2. rHMGB1 promoted mitochondrial fusion in endothelial cells,
while no significant proinflammatory effects were found. The expression of mitochondrial fission protein Drp1 and
phosphorylated subtypes p-Drp1-S616 and p-Drp1-S637 were all downregulated; no significant expression changes of PINK1
and Mfn1, Mfn2, and Opa1 were found. Inhibition of CXCR4 but not TLR4, RAGE, or TLR2 reversed rHMGB1-induced Drp1
downregulation and mitochondrial fusion. Interestingly, inhibition of TLR4 with TAK-242 promoted Drp1 downregulation and
mitochondrial fusion. rHMGB1 increased the expression of NRF2 and PSMB5; inhibition of PSMB5 but not silencing NRF2
abolished rHMGB1-induced Drp1 downregulation and mitochondrial fusion. These results indicate that rHMGB1 promotes
NRF2 independent mitochondrial fusion via CXCR4/PSMB5 pathway-mediated Drp1 proteolysis. rHMGB1 may influence
mitochondrial and endothelial function through this effect on mitochondrial dynamics.

1. Introduction

Vascular endothelium, building the inner layer of capillaries
and blood vessels, is the largest organ in the body [1]. As a
highly active metabolic and endocrine organ [2], the endo-
thelium can produce a variety of different bioactive molecules
and plays a crucial role in the regulation of hemostasis, blood

flow, maintenance of vascular architecture, control of throm-
bosis and thrombolysis, mediation of platelet and leukocyte
interaction with the vessel wall, and the regulation of vascular
tone and growth of blood vessels [3, 4].

Endothelial dysfunction plays an important role in
the pathogenesis of many cardiovascular diseases(CVDs),
including atherosclerosis [5], hypertension [6], pulmonary
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hypertension [7], stroke [8], heart failure [9], and diabetic
vascular complications [10]. In fact, one of the earliest detect-
able changes in the development of atherosclerosis is endo-
thelial cell activation and dysfunction at lesion-prone areas
of the arterial vasculature [11]. Endothelial dysfunction is
characterized by imbalanced vasodilation and vasoconstric-
tion, elevated reactive oxygen species (ROS), deficiency of
nitric oxide (NO) bioavailability, disruption of endothelial
barrier permeability [12], and a transformation to proinflam-
matory phenotype. Proinflammatorily activated endothe-
lium secretes a variety of chemokines, such as intercellular
cell adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), interleukin 1β (IL-1β), interleukin
8 (IL-8), monocyte chemotactic protein 1 (MCP-1), and
granulocyte-monocyte stimulating factor (GM-CSF), pro-
moting monocyte/macrophage transendothelial migration,
proliferation of vascular smooth muscle cells (VSMCs), ath-
erosclerotic lesion formation, progression, and rupture [13].

High-mobility group box 1 (HMGB1), also known as
high-mobility group protein 1 (HMG-1) and amphoterin, is
a highly conserved nonhistone nuclear protein involved in
transcription regulation, DNA replication and repair, and
nucleosome assembly [14] and is passively released by
necrotic tissues or actively secreted by stressed cells. Extracel-
lular HMGB1 acts as a typical damage-associated molecular
pattern (DAMP) molecule or alarmin, to promote a variety
of cellular responses including inflammation by binding to
different receptors, such as toll-like receptors 2 and 4
(TLR2 and TLR4), receptor for advanced glycation end prod-
ucts (RAGE), and C-X-C-chemokine receptor 4 (CXCR4)
[15, 16]. Though a research hotspot, the role of HMGB1 in
CVDs is very intriguing; both harmful and beneficial effects
were reported [14]. As a distinct proinflammatory cytokine,
HMGB1 contributed to the pathogenesis of myocardial
ischemia-reperfusion injury [17], heart failure [18], and dia-
betes [19]; however, a series of beneficial effects of HMGB1 in
CVDs were also found, such as boosting myocardial regener-
ation and repair after infarction [20, 21] and protecting
against ischemia-reperfusion injury [22]. As for the endothe-
lium, the contradictory effects of HMGB1 were also found;
some reported that HMGB1 induced endothelial dysfunction
and inflammation [23, 24], inhibited endothelial cell migra-
tion [25], and enhanced LDL transcytosis in endothelial cells
to promote the pathogenesis of atherosclerosis [26], while
others reported that HMGB1 promoted angiogenesis in
endothelial cells [27]. Recently, Zhou et al. [28] have
reported that endothelial-specific deletion of HMGB1 in
mice increased reactive oxygen species (ROS) production
and blood pressure and retarded endothelium-dependent
relaxation (EDR) and ischemia recovery, demonstrating
the crucial role of HMGB1 in maintaining healthy endo-
thelial function.

Mitochondrion is not a static organelle but can dynami-
cally reconstruct its shape by continuous fusion and fission
to adapt to the change of homeostasis of cells; this dynamic
changing process is called mitochondrial dynamics [29].
Balanced mitochondrial fission-fusion dynamics plays an
essential role in mitochondrial quality control, cellular
metabolism, homeostasis, and stress responses [30]. Mito-

chondrial dynamics is delicately orchestrated by several fis-
sion and fusion mediators; the former includes Mitofusin 1
(Mfn1), Mitofusin 2 (Mfn2), and Optic atrophy 1 (Opa1)
[31]; the latter mainly consists of dynamin-related protein 1
(Drp1) and its several adaptors, such as mitochondrial fission
1 protein (Fis1) and mitochondrial dynamics proteins of 49
and 51 kDa (MiD49 and MiD51) [32]. Additionally, the
phosphatase and tensin homolog- (PTEN-) induced kinase
1 (PINK1), though primarily a modulator of mitophagy, also
plays an important role in regulating mitochondrial dynam-
ics [33]. Disruption of mitochondrial dynamics is associated
with a range of human diseases including atherosclerotic
cardiovascular disease (ASCVD) [34], heart failure [35],
myocardial ischemia-reperfusion (IR) injury [36], and
inflammatory diseases [37]. Studies have reported that
altered mitochondrial dynamics resulted in endothelial dys-
function [38, 39].

However, whether the aforementioned typical DAMP
molecule HMGB1 can influence mitochondrial dynamics in
endothelial cells is not clear. In light of the important role
of mitochondrial dynamics in maintaining normal mito-
chondrial and cellular function and in the pathogenesis of
CVDs and inflammatory diseases, it is worthful to clarify
the impact of HMGB1 on mitochondrial dynamics in
endothelial cells. In this study, we detected the influence of
recombinant HMGB1 on mitochondrial dynamics and the
underlying mechanism in EA.hy926 endothelial cells.

2. Materials and Methods

2.1. Cell Culture. Human endothelial EA.hy926 cells (Cat#
3131C0001000200039; Shanghai cell bank of Chinese Acad-
emy of Sciences) were cultured in high-glucose DMEM
(REF11965-092, Gibco) with 10% FBS (REF10099-141,
Gibco) at 37°C under a humidified 95% air and 5% CO2
atmosphere. EA.hy926 endothelial cells were transferred
and seeded in 6-well plates at a density of 1:5 × 105/well;
when cells grew to 80% confluence, human recombinant
HMGB1 (rHMGB1, Cat# H4652; Sigma) with different final
concentrations (0μg/ml, 0.1μg/ml, 0.5μg/ml, and 1μg/ml)
was added to incubate for 24 hours. For mechanism explora-
tion, cells were preconditioned with specific antagonists for 1
hour prior to incubation with rHMGB1 (1μg/ml) for 24
hours, respectively. The preconditioned agents were listed
as TLR4-specific antagonist TAK-242 (1μM, Cat# HY-
11109; MCE), TLR2-specific antagonist C29 (10μM, Cat#
HY-100461; MCE), RAGE-specific antagonist FPS-ZM1
(1μM, Cat# HY-19370; MCE), CXCR4-specific antagonist
AMD3100 (5μM, Cat# HY-50912; MCE), and proteasome-
selective inhibitor epoxomicin (10μM, Cat# HY-13821;
MCE).

2.2. Cell Transfection. Cells were seeded into 6-well plates
(1 × 105 cells/well) to ensure 30-50% confluence in the next
day and then transfected with NRF2 siRNAs or vehicles as
negative control, respectively. The sequences of NRF2 siRNA
duplexes and vehicles were listed in Table S1. Cells were
transfected with a matching siRNA-Mate (Cat# G04002;
Gene Pharma) for 48 hours to determine the efficiency by
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western blot before the following experiments. All the data
were quantified independently by two observers that were
blinded to the study design.

2.3. Western Blot. Cell lysate samples were prepared from
cells in RIPA solution (Cat# FD009; Fude) supplemented
with protease inhibitor (Cat# FD1001; Fude) and protein
phosphatase inhibitor (Cat# FD1002; Fude). Denatured cell
lysates were resolved by SDS-PAGE and transferred onto a
polyvinylidene fluoride (PVDF) filter membrane. After
transfer, membranes were blocked in 5% (wt/vol) nonfat
dry milk diluted in TBST. Membranes were incubated with
primary antibodies against Mfn1 (1 : 1000, Cat# 14739;
CST), Mfn2 (1 : 1000, Cat# 11925; CST), Drp1 (1 : 1000,
Cat# 5391; CST), p-Drp1-S616 (1 : 500, Cat# 3455; CST), p-
Drp1-S637 (1 : 500, Cat# 4867; CST), Opa1 (1 : 1000, Cat#
ab157457; Abcam), PINK1 (1 : 1000, Cat# 6946; CST),
NRF2 (1 : 1000, Cat# ab62352; Abcam), NLRP3 (1 : 1000,
Cat# ab210491; Abcam), caspase 1 (1 : 1000, Cat# ab207802;
Abcam), cleaved caspase 1 (P20) (1 : 1000, Cat# 4199; CST),
PSMB5 (1 : 1000, Cat# abs115883; Absin), GAPDH
(1 : 3000, Cat# FD0063; Fude), β-actin (1 : 1000, Cat#
FD0060; Fude), and β-Tubulin (1 : 1000, Cat# A01030;
Abbkine) overnight at 4°C and subsequently incubated with
horseradish peroxidase- (HRP-) conjugated secondary anti-
bodies which were detected by enhanced chemiluminescence
(Cat# FD802; Fude). Immunoblots were analyzed using
ImageJ 5.0 software (NIH; MD).

2.4. Immunofluorescent Staining. Cells seeded on 12-well
plates were fixed with 4% paraformaldehyde (30 minutes),
permeabilized with 0.5% Triton X-100 for 5 minutes, and
then blocked with 1% BSA in 0.1% PBS-Tween 20 for 1 hour.
The cells were then incubated overnight at 4°C with primary
antibodies against CD31 (1 : 300, Cat# ab9498, Abcam) or
vWF (1 : 500, Cat# ab154193, Abcam), followed by incuba-
tion with secondary antibody Donkey anti-Mouse IgG-
Alexa Fluor 488 (1 : 1000, Cat# abs20014, Absin) for CD31
or Donkey anti-Rabbit IgG-Alexa Fluor 594 (1 : 1000, Cat#
abs20021, Absin) for vWF. Nuclear DNA was labelled with
Hoechst (4μg/ml, Cat# BL801A, Biosharp). Images were
investigated under an inverted fluorescence microscope
(Ix71, Olympus; Tokyo).

2.5. Quantitative RT-PCR Analysis. Total RNA was reversely
transcribed with a cDNA Synthesis kit (Cat# RR037A;
Takara Bio), and quantitative PCR (qPCR) was performed
to quantify mRNA abundance using a SYBR Green PCR Pre-
mix (Cat# RR420A; Takara Bio) on an Applied Biosystem
cycler. Data were analyzed using the ΔΔCt method and
GAPDH as internal control. Primers used in this study were
listed in Table S2.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Interleu-
kin 1β (IL-1β) concentrations of the supernatant in cell
culture were measured with ELISA kits according to the
manufacturer’s recommendation (Cat# DLB50; R&D).

2.7. Transmission Electron Microscopy (TEM). Cells were
fixed in 2.5% glutaraldehyde and then postfixed in 1%

osmium tetroxide, dehydrated in ethanol of gradient concen-
trations, and embedded in Sparr resin for electron micros-
copy. Sections were double-stained with uranyl acetate and
alkaline lead citrate and then examined with a transmission
electron microscope (TECNAI 10, Philips; Amsterdam).
Ten cells of sections in every group (magnification ×5900)
were randomly included to count the mitochondrial num-
bers of cells and get the average. For comparison of average
mitochondrial areas, at least 30 mitochondria of 10 cells for
every group were calculated and then analyzed using ImageJ
5.0 software (NIH; MD).

2.8. Fluorescence Tracing. Cells plated on glass-bottomed
dishes (35 mm) were incubated with MitoTracker Green
FM (20μM, Cat# 40742ES50; Yeasen Biotech) in DMEM
with 10% FBS for 20 minutes at 37°C. Fluorescence stained
cells were analyzed using confocal laser microscopy with a
63x objective (SP8, Leica; Wetzlar).

2.9. Statistical Analysis. Data were shown as the mean ±
standard deviation ðSDÞ. SPSS version 17.0 was used for sta-
tistical analyses. To compare continuous response variables
between two groups, unpaired two-tailed Student’s t-test
was used for normally distributed variables that passed the
equal variance test, and a Mann-Whitney U test was per-
formed for variables not passing either normality or equal
variance test. P < 0:05 was considered statistically significant.

3. Results

3.1. Exogenous rHMGB1 Incubation Altered Mitochondrial
Morphology in EA.hy926 Cells. EA.hy926 cells are a human
vascular endothelial cell line presenting typical characteris-
tics of human primary endothelial cells. To characterize
EA.hy926 endothelial cells, we first detected endothelial-
specific markers CD31 (cluster of differentiation 31) and
vWF (vonWillebrand factor) with immunofluorescent stain-
ing. As expected, both CD31 and vWF were strongly positive
in EA.hy926 cells (Figures S1(a) and S1(b)), demonstrating
the endothelial characteristics of EA.hy926 cells.

To investigate the role of HMGB1 in mitochondrial mor-
phology, EA.hy926 cells were incubated with rHMGB1 to
investigate the number and morphology of cytosol mito-
chondrion by TEM and fluorescent tracing, respectively.
Compared to the control group, the average numbers of
mitochondrion in cytoplasm under TEM were significantly
decreased in a dose-dependent manner as incubating with
rHMGB1 for 24 hours (Figures 1(a) and 1(b)). In contrast,
the average sizes of mitochondrion under TEM were signifi-
cantly increased in cells incubated with rHMGB1 in compar-
ison to the control group (Figures 1(a) and 1(c)). Meanwhile,
profoundly tubulated mitochondria were found under a con-
focal microscope in rHMGB1-treated cells (Figure 1(d)).
Taken together, the results suggested that rHMGB1 might
trigger mitochondrial fusion in EA.hy926 cells.

3.2. Exogenous rHMGB1 Incubation Influenced the Expressions
of Mitochondrial Dynamics-Associated Proteins. To clarify
the potential mechanism of mitochondrial fusion induced
by rHMGB1, the expressions of profusion (Mfn1, Mfn2,
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Figure 1: rHMGB1 incubation promoted mitochondrial fusion in EA.hy926 endothelial cells. (a) The representative TEM images of
mitochondria of EA.hy926 endothelial cells treated with different concentrations (control, 0.1 μg/ml, 0.5 μg/ml, and 1 μg/ml) of rHMGB1.
The magnification is 5900. Scale bar: 1μm. (b) The mitochondrial number changes under TEM in EA.hy926 endothelial cells treated with
different concentrations (control, 0.1 μg/ml, 0.5 μg/ml, and 1μg/ml) of rHMGB1. (c) The average mitochondrial area (μm2) under TEM of
EA.hy926 endothelial cells treated with different concentrations (control, 0.1 μg/ml, 0.5μg/ml, and 1μg/ml) of rHMGB1. For comparison
of average mitochondrial area, at least 30 mitochondria of 10 cells per group were calculated; for comparison of mitochondrial number, at
least 10 cells per group were counted. (d) EA.hy926 endothelial cells were stained with mitochondria-specific fluorescent dye MitoTracker
Green FM and imaged under a Leica SP8 confocal microscope. The magnification is 630. Scale bar (original): 50μm; scale bar (zoom):
10μm. TEM: transmission electron microscopy. ∗P < 0:05 versus control group; ∗∗P < 0:01 versus control group; ∗∗∗P < 0:001 versus
control group; ∗∗∗∗P < 0:0001 versus control group.
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and Opa1), profission (Drp1), and mitophagy (PINK1)-
associated proteins were determined in EA.hy926 cells,
respectively. As a result, there was no significant difference
of Mfn1, Mfn2, Opa1, and PINK1 protein expressions
between the cells incubated with either rHMGB1 or
negative control (Figures 2(a)–2(h)). However, rHMGB1
incubation significantly downregulated the Drp1 protein
expression in cells with a dose-dependent manner compared
to the negative control (P < 0:05, Figures 3(a) and 3(b)). Fur-
thermore, the two phosphorylated subtypes, p-Drp1-S616
and p-Drp1-S637, were also explored. Consistently, compared
to the negative control, rHMGB1 incubation for 24 hours at
the doses of 0.5μg/ml and 1μg/ml significantly downregulated
p-Drp1-S616 and p-Drp1-S637 expressions in EA.hy926 cells
(P < 0:05, Figures 3(c)–3(f)).

Protein expression may be also determined at the gene
transcriptional level. To clarify whether rHMGB1 reduces
the expression of Drp1 gene at the transcription level, RT-
qPCR was performed. As a result, we found that different
concentrations (0.1μg/ml, 0.5μg/m, and 1μg/ml) of
rHMGB1 incubation for 24 hours had no effect on the
mRNA expression level of Drp1 gene in endothelial cells
(Figure 3(g)), indicating that rHMGB1 downregulating the
expression of Drp1 protein was not at the transcription level,
but at the posttranslational level.

3.3. Inhibition of CXCR4 but Not TLR2, TLR4, or RAGE
Abolished rHMGB1-Induced Drp1 Downregulation and
Mitochondrial Fusion. HMGB1 acts as a pleiotropic cytokine
that plays its biological role through a variety of transmem-
brane receptors, including TLR2, TLR4, RAGE, and CXCR4.
Specific antagonists C29 (for TLR2), TAK-242 (for TLR4),
FPS-ZM1 (for RAGE), and AMD3100 (for CXCR4) were
preconditioned with cells prior to exogenous rHMGB1
incubation. Cellular Drp1 expressions were significantly
downregulated by rHMGB1 incubation, which were not
affected by preconditioning with either C29 or FPS-ZM1
(Figures 4(a), 4(c), 4(e), and 4(g)). Interestingly, precondi-
tioning with TAK-242 significantly reduced cellular Drp1
expression whether exogenous rHMGB1 incubation or
not (Figures 4(b) and 4(f)). In contrast, preconditioning
with AMD3100 significantly reversed the downregulation
of Drp1 expression induced by rHMGB1 incubation
(Figures 4(d) and 4(h)).

Consistently, preconditioning with C29, TAK-242, or
FPS-ZM1 all could not reverse rHMGB1-triggered mito-
chondrial fusion in endothelial cells, but pretreatment with
AMD3100 (also plerixafor octahydrochloride) abolished
rHMGB1-triggered mitochondrial fusion (Figures 4(i)–
4(l)). Accordingly, TAK-242 preconditioning induced
mitochondrial fusion (Figures 4(i)–4(l)), which was in line
with the downregulation of Drp1 expression (Figures 4(b)
and 4(f)).

Generally, the activation of receptors TLR2, TLR4, or
RAGE triggers cellular inflammation. To further demon-
strate whether rHMGB1 has no activating effect of TLR2,
TLR4, or RAGE or exerts its biological role independent of
TLR2, TLR4, or RAGE, we detected the inflammatory pheno-
type changes of EA.hy926 cells treated with rHMGB1. Cellu-

lar NLRP3, caspase 1, and cleaved caspase 1 expressions were
detected by western blot, whereas IL-1β concentration was
determined in the culture supernatant by ELISA, respec-
tively. Compared to the negative control, neither the expres-
sions of NLRP3, caspase 1, and cleaved caspase 1 nor IL-1β
concentration was altered by rHMGB1 incubation in EA.hy926
cells (Figures S2(a)-S2(c)), indicating that rHMGB1 had no
significant proinflammatory effect on EA.hy926 endothelial
cells, further supporting the notion that the rHMGB1 we
used had no activating effect on receptor TLR2, TLR4, or
RAGE.

Taken together, these results suggested that rHMGB1-
induced mitochondrial fusion might be mediated by the
CXCR4 pathway in EA.hy926 cells.

3.4. Inhibition of PSMB5 Reversed rHMGB1-Induced
Decrease of Drp1 Protein Level and Mitochondrial Fusion.
Since the discrepancy of mRNA and protein expression of
Drp1 was found in EA.hy926 cells incubated with rHMGB1,
20S proteasome complex subunit β-5 (PSMB5), one of the
core components of 20S proteasome critical for Drp1 protein
degradation, was further determined. As expected, exoge-
nous rHMGB1 incubation significantly increased PSMB5
expression in EA.hy926 cells with a dose-dependent manner
(Figures 5(a) and 5(b)). Furthermore, preconditioning with
epoxomicin (5μM, PSMB5 specific inhibitor) for 1 hour
reversed the downregulation of Drp1 expression induced by
exogenous rHMGB1 (Figures 5(c) and 5(d)). Expectedly, pre-
conditioning with epoxomicin abolished rHMGB1-induced
mitochondrial fusion in EA.hy926 cells as observed by a con-
focal microscope (Figure 5(e)) and TEM (Figures 5(f)–5(h)).
Taken together, these results indicated that rHMGB1 might
trigger mitochondrial fusion in endothelial cells through
PSMB5-dependent Drp1 proteolysis.

3.5. rHMGB1-Induced Drp1 Decrease and Mitochondrial
Fusion Are NRF2 Independent. Nuclear factor erythroid 2-
related factor 2 (NRF2) is the master antioxidant transcrip-
tion factor regulating the expression of antioxidant proteins
to protect against oxidative damage. It is reported that the
NRF2 stress response pathway promotes mitochondrial
fusion through degradation of the mitochondrial fission
protein Drp1 [40]. In our study, we found that rHMGB1
treatment upregulated the expression of NRF2 through the
CXCR4 signaling pathway in EA.hy926 cells (Figures 6(a)
and 6(d)). This suggested that the activation of NRF2 may
be involved in the rHMGB1-induced Drp1 degradation
and mitochondrial fusion. We then further silenced the
expression of NRF2 with specific siRNAs (Figures 6(b)
and 6(e)) to define whether inhibition of NRF2 could
block rHMGB1-induced Drp1 decrease and mitochondrial
fusion. Unexpectedly, we found that silencing NRF2
expression had no effect on both Drp1 expression level
and mitochondrial dynamics (Figures 6(c), 6(f), and 6(i))
and rHMGB1-induced decrease of Drp1 and mitochon-
drial fusion (Figures 6(g)–6(i)), indicating that rHMGB1-
induced Drp1 decrease and mitochondrial fusion was
NRF2 independent.
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Figure 2: Continued.
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4. Discussion

HMGB1 is a multifacet protein exerting functions both
inside and outside of cells, involved in a large variety of dif-
ferent biological processes such as inflammation, migration,
invasion, proliferation, differentiation, and tissue regenera-
tion. As a distinct proinflammatory mediator, extracellular
HMGB1 may cause tissue injury and organ dysfunction in
the pathogenesis of many different diseases. However, many
studies have reported that HMGB1 plays an important role
in tissue repair and regeneration. Meanwhile, the protective
role of HMGB1 in cardiovascular pathology was also found.
Limana et al. first reported that exogenous HMGB1 protein
inducedmyocardial regeneration after infarction via enhanced
cardiac C-kit+ cell proliferation and differentiation [20]. Zhou
et al. recently have reported that HMGB1 protected the heart
against ischemia-reperfusion injury via PI3K/Akt pathway-
mediated upregulation of VEGF expression [22]. Indeed, the
protection effect of HMGB1 against IR injury is not restricted
in the heart, but systematically, similar protective effects were
also found in IR injury of the cerebrum [41], liver [42], and
kidney [43].

As aforementioned, emerging roles of HMGB1 in endo-
thelial cells were reported; on the one hand, HMGB1 could
induce endothelial dysfunction and inflammation [23, 24],
inhibit endothelial cell migration [25], and enhance LDL
transcytosis in endothelial cells [26]; on the other hand,
HMGB1 promotes angiogenesis in endothelial cells [27]
and plays a crucial role in maintaining healthy endothelial
function [28].

As a protein of pleiotropic activity, HMGB1 exerts its
biological activities depending on different redox forms.
Structurally, HMGB1 is composed of three domains: two
positively charged proximal DNA-binding domains (A box
and B box) and a negatively charged carboxyl terminus. Its

molecule contains three cysteine residues critical for its bio-
logical activity: two vicinal cysteines in box A (C23 and
C45) and a single one in box B (C106). The fully reduced
HMGB1 is characterized by all the cysteines in the thiol state
and exerts chemotactic activity; the partial oxidated form
leads to the formation of an intramolecular disulfide bond
between the C23 and C45 and defines the disulphide-
HMGB1 acting as a proinflammatory cytokine; the further
oxidation of all cysteines to sulfonates characterizes the sulfo-
nyl HMGB1 that has neither chemokine- nor cytokine-like
activity [44].

Mitochondria are highly dynamic organelles that con-
stantly undergo fission and fusion. As aforementioned,
disruption of mitochondrial dynamics undermines their
function and causes a variety of human diseases, including
CVDs, neurodegenerative diseases, diabetes, cancer, and
inflammatory diseases [34]. The role of mitochondrial
dynamics in the pathogenesis of CVDs has aroused extensive
attention. Changes in mitochondrial dynamics have been
implicated in endothelial dysfunction, vascular smooth cell
proliferation, cardiac development and differentiation, car-
diomyocyte hypertrophy, myocardial IR injury, cardiopro-
tection, and heart failure [45].

However, as an important cytokine, the effect of HMGB1
on mitochondrial dynamics remains unclear. In consideration
of the important role of both HMGB1 and mitochondria
dynamics in the pathogenesis of CVDs, this is undoubtedly a
topic worthy of researching. As one of the major cell types of
the cardiovascular system, endothelial dysfunction is involved
inmany CVDs, such as coronary artery disease [46], hyperten-
sion [47], aneurysm [48], and heart failure [9]. So, in this
study, we targeted endothelial cells to explore the influence
of HMGB1 on mitochondrial dynamics.

In our study, recombinant HMGB1 from Sigma-Aldrich
(Cat# H4652) was used, which is expressed in E. coli as
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Figure 2: rHMGB1 had no significant effect on the protein expression of PINK1, Mfn1, Mfn2, and Opa1. (a–d) Representative
immunoblotting bands of PINK1, Mfn1, Mfn2, and Opa1 and the matching internal standard GAPDH. (e–h) The densitometric analysis
of relative PINK1, Mfn1, Mfn2, and Opa1 expression referenced to respective matching GAPDH. GAPDH: glyceraldehyde-3-phosphate
dehydrogenase. Data were expressed as the mean ± SD.
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Figure 3: Continued.
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a N-terminal histidine-tagged protein. We found that
rHMGB1 treatment induced downregulation of mitochon-
drial fission protein Drp1 and mitochondrial fusion, indicat-
ing as an increase of tubular mitochondria under a confocal
microscope, an increase of average mitochondrial area and
a decrease of the mitochondrial number under TEM. The
expression levels of mitochondrial fusion proteins Mfn1,
Mfn2, and Opa1 were not changed significantly, indicating
that rHMGB1-induced mitochondrial fusion is caused by a
decrease of Drp1. Another mitochondrial dynamics mediator
PINK1 expression was also unchanged in endothelial cells
treated with rHMGB1.

As for the mechanism of rHMGB1-induced downregula-
tion of Drp1 and mitochondrial fusion, we firstly aimed at
the membrane receptors for HMGB1. Extracellular HMGB1
exerts its pleiotropic biological activities by interacting with a
variety of different cell surface receptors. To date, more than
10 different HMGB1 receptors have been identified and
described, the most studied are focusing on RAGE, TLR2,
TLR4, and CXCR4 [49, 50]. The former three receptors have
a role of proinflammation [51, 52], while the latter as a che-
mokine receptor plays an important role in tissue regenera-
tion and cell proliferation [53]. We found that blocking
TLR2, TLR4, and RAGE receptors in EA.hy926 cells could
not prevent the mitochondrial profusion effects of rHMGB1.
However, pretreatment with AMD3100, the CXCR4 receptor
antagonist, could completely abrogate the decrease of Drp1
protein expression and mitochondrial fusion triggered by

rHMGB1, indicating that rHMGB1 promotes mitochondrial
fusion through the CXCR4 receptor signaling pathway in
endothelial cells. Since CXCR4 is a well-defined chemokine
receptor, the rHMGB1 used in our study plays a role of che-
mokine. As aforementioned, fully reduced HMGB1 charac-
terized by all the 3 cysteines in the thiol state exerts
chemotactic activity; it is rational to believe that the majority
of the rHMGB1 we used were in a fully reduced state. This is
also supported by the fact that intracellular HMGB1 is largely
in the reduced state due to the strongly negative (reducing)
redox potential in cytosol and nucleus [54]. Meanwhile, no
proinflammatory effect of rHMGB1 on endothelial cells was
found in our study, further demonstrating that the rHMGB1
used was not in a disulphide-HMGB1 state, for the proin-
flammatory role of HMGB1 relying on oxidation of C23
and C45 within its molecule [55].

Our RT-PCR results showed no significant reduction of
the mRNA expression level of Drp1 gene was found in
EA.hy926 endothelial cells treated with rHMGB1. We specu-
lated that rHMGB1 induced downregulation of Drp1 protein
at the posttranscriptional level. PSMB5 is one of the core
components of 20S proteasome, the conserved degradation
machinery that is essential for maintaining cellular homeo-
stasis [56, 57]. We found that the PSMB5 protein expression
level was also upregulated in cells treated with rHMGB1, and
inhibition of PSMB5 activity with epoxomicin (BU-4061T)
abolished the induced downregulation of Drp1 and mito-
chondrial fusion, indicating that rHMGB1 downregulated
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Figure 3: Incubation with rHMGB1 reduced the protein expression of Drp1. (a) Representative immunoblotting bands of Drp1 and the
matching internal standard GAPDH. (b) The densitometric analysis of relative Drp1 expression referenced to GAPDH. (c) Representative
immunoblotting bands of p-Drp1-S616 and the matching internal standard GAPDH. (d) The densitometric analysis of relative
p-Drp1-S616 expression referenced to GAPDH. (e) Representative immunoblotting bands of p-Drp1-S637 and the matching internal
standard GAPDH. (f) The densitometric analysis of relative p-Drp1-S637 expression referenced to GAPDH. (g) rHMGB1 had no
significant effect on the expression of Drp1 mRNA expression. The amount of target mRNAs was normalized to respective internal
standard GAPDH mRNA; relative fold was calculated based on the ratio of the normalized values of the cells treated with rHMGB1 to
that of controls (2-ΔΔCt). GAPDH: glyceraldehyde-3-phosphate dehydrogenase. Data were expressed as the mean ± SD; ∗P < 0:05 versus
control group and ∗∗P < 0:01 versus control group.
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the expression of Drp1 by 20S proteasome-dependent
degradation.

Several studies have reported that the Keap1-NRF2 anti-
oxidation system plays an important role in mediating Drp1
turnover and mitochondrial dynamics. Sabouny et al. first
identified that NRF2-modulated increase of proteasome
activity promoted the degradation of Drp1 and mitochon-
drial hyperfusion [40]. Yang et al. has reported that metfor-
min alleviated lead-induced mitochondrial fragmentation
dependent on NRF2 activation [58], further supporting the
role of NRF2 in promoting mitochondrial fusion. In fact,
we did find that treatment with rHMGB1 upregulated the
NRF2 protein level in EA.hy926 endothelial cells signifi-
cantly. In consideration of the reported role of NRF2 in the
turnover of Drp1, we silenced the expression of NRF2 suc-
cessfully. Quite unexpectedly, silencing NRF2 had no signif-
icant effect on rHMGB1-induced reduction of Drp1 protein
and mitochondrial fusion, indicating that the increase of
NRF2 was not directly involved in rHMGB1-induced down-
regulation of Drp1 and mitochondrial fusion. Contradictory
to previous reports, our results were supported by O’Mealey
et al. Their study identified that sulforaphane was a NRF2-
independent inhibitor of mitochondrial fission [59]. They
found that sulforaphane, a potent activator of NRF2 signal-
ing, induced a robust mitochondrial fusion in human retinal
pigment epithelial (RPE-1) cells, but the expression of NRF2

was dispensable for sulforaphane-induced mitochondrial
fusion. Because knockdown of NRF2 failed to counter this
phenotypical change, while NRF2 stabilizing did not induce
mitochondrial fusion [59]. This is in line with our results that
rHMGB1-induced reduction of Drp1 protein and mitochon-
drial fusion was independent of NRF2 (Figure 7).

Generally, modest mitochondrial fusion is believed to be
beneficial to maintaining a normal mitochondrial and cellu-
lar function, whereas mitochondrial fission is detrimental,
though excessive mitochondrial fusion may be harmful. For
example, many studies have indicated that heart failure and
myocardial infarction are related to excessive mitochondrial
fission and insufficient mitochondrial fusion [35, 60], while
inhibition of Drp1 to promote mitochondrial fusion protects
against myocardial ischemia-reperfusion [61, 62]. On the
other hand, mitochondrial fission-fusion emerged as a key
regulator of cell proliferation and differentiation. Mitochon-
drial fusion may promote cell proliferation, while mitochon-
drial fission may inhibit cell proliferation and promote cell
cycle exiting to allow entry into differentiation [63, 64]. In
the present study, we found that rHMGB1 caused Drp1 deg-
radation and mitochondrial fusion through CXCR4, exerting
a role of chemokine. As an important chemokine receptor,
the activation of CXCR4 resulted in cell proliferation and tis-
sue regeneration [53]. So, it is reasonable to conclude that
rHMGB1-induced CXCR4-dependent mitochondrial fusion
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(l)

Figure 4: Blocking CXCR4 reversed rHMGB1-induced downregulation of Drp1 and mitochondrial fusion. (a–d) Representative
immunoblotting bands of Drp1 of cells pretreated with C29, TAK-242, FPS-ZM1, and AMD3100 and the matching internal standard
GAPDH. (e–h) The densitometric analysis of relative Drp1 expression of cells pretreated with C29, TAK-242, FPS-ZM1, and AMD3100
referenced to respective matching GAPDH. (i) The representative TEM images of mitochondrial morphology of cells preexposed to
TAK-242, AMD3100, and subsequent rHMGB1. (j) The average mitochondrial area (μm2) changes under TEM of cells preexposed to
TAK-242, AMD3100, and subsequent rHMGB1. (k) The mitochondrial number changes under TEM in cells preexposed to TAK-242,
AMD3100, and subsequent rHMGB1. (l) Mitochondrial morphology of cells preexposed to C29, TAK-242, FPS-ZM1, AMD3100, and
subsequent rHMGB1. Cells were subjected to fluorescent staining with MitoTracker Green FM and observed by a Leica SP8 confocal
laser scanning microscope. Scale bar: 10 μm. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; TEM: transmission electron
microscopy. Data were expressed as the mean ± SD. For comparison of the average mitochondrial area, at least 30 mitochondria of 10
cells per group were calculated; for comparison of mitochondrial number, at least 10 cells per group were counted. ∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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Figure 5: Continued.
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Figure 5: Inhibition of PSMB5 abolished rHMGB1-induced decrease in Drp1 protein and mitochondrial fusion. (a) Representative
immunoblotting bands of PSMB5 of cells treated with different concentrations of rHMGB1 and the matching internal standard β-Tubulin.
(b) The densitometric analysis of relative PSMB5 expression of cells treated with different concentrations of rHMGB1 referenced to matching
β-Tubulin. (c) Representative immunoblotting bands of Drp1 of cells preexposed to epoxomicin (10μM) followed by rHMGB1 (1μg/ml) and
the matching internal standard GAPDH. (d) The densitometric analysis of relative Drp1 expression of cells preexposed to epoxomicin
followed by rHMGB1 referenced to matching GAPDH. (e) Mitochondrial morphology of cells exposed to epoxomicin (10μM) and
subsequent rHMGB1 (1μg/ml). Cells were subjected to fluorescent staining with MitoTracker Green FM and observed by a Leica SP8
confocal laser scanning microscope. The magnification is 630. Scale bar: 10μm. (f) TEM images of mitochondria of EA.hy926 endothelial
cells exposed to epoxomicin (10μM) and subsequent rHMGB1 (1μg/ml). The magnification is 5900. Scale bar: 1μm. (g) The average
mitochondrial area (μm2) under TEM changes of EA.hy926 endothelial cells treated with rHMGB1, epoxomicin, or both, compared with the
control group. (h) The mitochondrial number changes under TEM in EA.hy926 endothelial cells treated with rHMGB1, epoxomicin, or both,
compared with the control group. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; TEM: transmission electron microscopy. Data were
expressed as the mean ± SD. For comparison of the average mitochondrial area, at least 30 mitochondria of 10 cells per group were calculated;
for comparison of mitochondrial number, at least 10 cells per group were counted. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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Figure 6: rHMGB1 induced downregulation of Drp1 and mitochondrial fusion was NRF2 independent. (a) Immunoblotting result showed
that rHMGB1 upregulated the expression of NRF2, and CXCR4 antagonist AMD3100 abolished this effect. (b) Immunoblotting result
demonstrated that NRF2 was successfully silenced with specific siRNAs (1# siRNA, 2# siRNA, and 3# siRNA). (c) Immunoblotting result
showed that silencing the expression of NRF2 had no significant effect on the expression of Drp1. (d, e) The densitometric analysis of
relative NRF2 expression of cells treated with rHMGB1, AMD3100, or siRNAs referenced to matching GAPDH. (f) The densitometric
analysis of relative Drp1 expression of cells treated with siRNAs referenced to matching GAPDH. (g) Immunoblotting result showed that
silencing the expression of NRF2 had no significant effect on reversing rHMGB1-induced downregulation of Drp1. (h) The densitometric
analysis of relative Drp1 expression of cells treated with siRNAs and/or rHMGB1 referenced to matching GAPDH. (i) Confocal result
showed that silencing the expression of NRF2 had no significant effect on mitochondrial dynamics or on reversing rHMGB1-induced
mitochondrial fusion in EA.hy926 cells. Cells were subjected to fluorescent staining with MitoTracker Green FM and observed by a Leica
SP8 confocal laser scanning microscope. Scale bar: 10 μm. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NC: negative control.
Data were expressed as the mean ± SD; ∗P < 0:05, ∗∗P < 0:01.
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serves as a key checkpoint in its role of promoting tissue
repair and regeneration. Considering the beneficial role of
appropriated mitochondrial fusion, our study provided new
clues for the mechanism of HMGB1-mediated cytoprotec-
tion role.

5. Conclusion

HMGB1 promotes mitochondrial hyperfusion through
CXCR4/PSMB5-mediated Drp1 protein degradation in
EA.hy926 endothelial cells in a manner of NRF2 indepen-
dent, without apparent effect on the inflammatory pheno-
type. In the light of the important role of balanced
mitochondrial dynamics in maintaining normal cellular bio-
logical function, our study sheds new light on the mechanism
of HMGB1-mediated cytoprotective role.
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antibody, followed by Alexa Fluor 488 labeled secondary
antibody, then counterstained with Hoechst. Clear green
fluorescence (mostly located on cytomembrane) indicated
the high expression of CD31 in EA.hy926 cells. (b) Cells were
incubated with vWF primary antibody, followed by Alexa
Fluor 594 labeled secondary antibody, then counterstained
with Hoechst. Clear red fluorescence indicated the high
expression of vWF in EA.hy926 cells. The magnification is
400. Scale bar: 50μm. CD31: cluster of differentiation 31;
vWF: von Willebrand factor. Figure S2: No significant
inflammatory phenotype change was found in EA.hy926 cells
treated with rHMGB1. (a) Immunoblotting showed that
rHMGB1 had no significant influence on the expression of
NLRP3. (b) Immunoblotting showed that rHMGB1 did not
increase the expression level of caspase 1 and cleaved caspase
1. (c) ELISA showed that no significant increase of IL-1β
concentration was found in the culture supernatant of
EA.hy926 cells treated with different concentrations of
rHMGB1. Data were expressed as the mean ± SD. GAPDH:
glyceraldehyde-3-phosphate dehydrogenase.
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Objective. Coronary artery bypass grafting (CABG) represents the significant source of increased oxidative stress (OS). We aimed to
follow the OS status parameters (i.e., ischemia-modified albumin (IMA), malondialdehyde (MDA), superoxide anion, prooxidant-
antioxidant balance (PAB), total oxidant status (TOS), total antioxidant status (TAS), and superoxide-dismutase (SOD)) change
through the predefined study times in two different surgical procedures, i.e., cardiopulmonary bypass (CPB) and off-pump
coronary artery bypass grafting (OPCAB). Additionally, we aimed to investigate those OS status parameters in specific study
times according to SYNTAX score (SS), an established angiographic score for evaluating the extensity and severity of coronary
artery disease. Patients and Methods. A total of 107 patients that were planned to undergo CABG were included (i.e., 47 patients
in OPCAB and 60 patients in CPB group). Blood samples were taken at 6 time intervals: before surgery (t1), immediately after
intervention (t2), 6 h (t3), 24 h (t4), 48 h (t5), and 96 h after termination of the operation (t6). Results. IMA levels were higher in
CPB than that in OPCAB baseline and rose in CPB group in t2 point. TOS decreased in both study groups, compared to
baseline values, but without statistical significance. Superoxide anion and PAB significantly increased in t3-t6 study times, in
both groups. MDA significantly increased only in CPB group in t5 and t6 interval. MDA was significantly higher in CPB group
compared to OPCAB in t6 study point. CPB patients had significantly lower TAS compared to OPCAB patients at the
beginning and in t2 and t3 study points. They also had significantly lower SOD activities compared to OPCAB, baseline, and in
several study points. Moreover, TAS, SOD, and TAS/TOS ratio were significantly lower, whereas PAB and TOS/TAS were
significantly higher in patients with high SS compared to corresponding groups. SOD activity, IMA, and TAS level were the best
predictors of high SS. Conclusion. CPB patients were in more severe ischemia baseline than OPCAB group and IMA rose in
CPB patients immediately after the surgery end, but not later. Also, the antioxidant status was significantly lower, whereas the
prooxidant status was significantly higher in patients with high SS compared to corresponding groups. SOD activity, IMA, and
TAS level were the best predictors of CAD (as determined with SS), showing that SOD and IMA had very good discriminatory
capability towards higher SS status.
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1. Introduction

It is well known that cardiovascular disease is the leading
cause of increased morbidity and mortality worldwide. One
of the key surgical procedures that patients with coronary
artery disease (CAD) are often subjected to is coronary artery
bypass grafting (CABG). However, the cardiopulmonary
bypass (CPB) pump increases systemic oxidative stress
(OS) and often leads to postoperative complications [1, 2].
This is related to ischemia and harmful effects of extracorpo-
real circulation (ECC) which induce free radical generation
production. Additionally, OS becomes more pronounced
during reperfusion followed by the end of the cardioplegic
arrest [1–3].

Therefore, attempts have been made to avoid the CPB
deleterious effects and ischemia-reperfusion injury and to
reduce the postoperative complications [4] questioning if
off-pump coronary artery bypass grafting (OPCAB) on the
beating heart may lead to diminishing the OS [5] and reduce
the rate of morbidity and mortality compared with conven-
tional on-pump CABG (i.e., CPB) [6, 7]. However, these data
are inconclusive since other studies report the opposite
results [8, 9].

Indeed, we have previously shown that patients who
underwent CPB exhibited increased OS (i.e., higher levels of
lipid hydroperoxides and advanced oxidation protein prod-
ucts), as compared with patients that underwent OPCAB
during the postoperative period [10].

The pathophysiological trait of the relationship between
OS and CABG has not been clearly elucidated. Namely, pre-
vious studies have evaluated different prooxidant and antiox-
idant parameters and different study intervals before and
after the surgical procedures [1, 10–13], but discordant
results were shown.

In an attempt to overcome the knowledge gap between
CABG procedure and the changes in redox homeostasis sys-
tem, we aimed to explore a wide spectrum of OS parameters
through the predefined study times caused by the two differ-
ent surgical procedures, i.e., CPB or OPCAB, which might
add contribution to make a proper choice of adequate surgi-
cal technique.

In addition, to obtain deeper insight into the relation-
ship between vessel wall lesion complexity and redox status,
we evaluated OS status parameters in specific study times
according to SYNTAX (synergy between percutaneous coro-
nary intervention with taxus and cardiac surgery) score (SS),
an established angiographic score for evaluation the extensity
and severity of CAD [14].

2. Patients and Methods

2.1. Patients. The current prospective cohort study was con-
ducted at the Medical Military Academy, Belgrade (Depart-
ment for Cardiac Surgery), in cooperation with the Faculty
of Pharmacy, University of Belgrade (Department for Medi-
cal Biochemistry). After approval of the Institutional Ethics
Committee (number: 29/II-27), each patient before inclusion
in the study provided the written informed consent. Detailed
methodology was described elsewhere [10]. In brief, a total of

107 patients were consecutively recruited for CABG. The
indications for surgery and patients with stable angina pec-
toris were selected according to guidelines for CABG Surgery
(American College Of Cardiology/American Heart Associa-
tion Task Force on Practice Guidelines).

The two groups of patients were formed. A total of 47
patients were included in the group where examinees under-
went CABG on the beating-heart without using CPB (i.e.,
off-pump coronary artery bypass grafting-OPCAB), whereas
a total of 60 patients encompassed the group undergoing
CABG using CPB on the potassium arrested heart (i.e., on-
pump coronary artery bypass grafting-CPB).

Patients with metabolic diseases (other than diabetes
mellitus), recent myocardial infarction or perioperative myo-
cardial infarction, unstable angina pectoris, heart failure,
mediastinal bleeding, massive postoperative and previous
stroke or transient ischemic attack, reoperation, chronic
renal failure, malignant or autoimmune diseases, acute infec-
tions, and use of immunosuppressive drugs and dietary sup-
plements were excluded from this study.

Preoperatively, the SS [14] was calculated for each
patient. SS is widely used for prediction events following
percutaneous coronary intervention. In line with this, all
patients were divided into low (i.e., SS < 22), moderate (i.e.,
SS between 22 and 30) and high SS subgroup (i.e., SS > 30).

Clinical SYNTAX score (CSS) was also calculated [15].
This score includes age, ejection fraction, and creatinine
clearance and should better predict the complexity of
patients status than SS alone, which is rather anatomical
measure of lesion complexity. By adding CSS calculation,
we got better evidence about overall functionality of CAD
patients, i.e., some critical functions, like renal function,
affected by the main disease.

Two-dimensional transthoracic echocardiography using
biplane modified Simpson method was applied as the most
commonly used diagnostic procedure to assess left ventricu-
lar ejection fraction (LVEF) clinically.

The EuroSCORE II [16] was developed to predict in-
hospital mortality after cardiac surgery and includes the
following risk factors: dyspnea, angina, extracardiac arterio-
pathy, poor mobility, previous cardiac surgery, renal dys-
function, active endocarditis, critical preoperative state, LV
function or LVEF, urgency of procedure, and recent myocar-
dial infarction.

2.2. Anesthesia. A standardized anesthetic technique was
applied to all patients which was induced by (1mg/kg) sufen-
tanyl (0.5–1μg/kg) and etomidate (0.1–0.2mg/kg). General
anesthesia was maintained with sufentanyl (0.5–1μg/kg/h)
and sevoflurane (0.6–1.0%).

2.3. Surgical Procedure. A procedure of midline sternotomy
and harvesting of left internal mammary artery as a pedicle
and saphenous vein grafts was performed and was followed
by full exposure of the coronary artery branches for
revascularization.

2.3.1. CPB Group. A procedure of ascending aortic cannula-
tion and two-stage venous cannulation in the right atrium
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was instituted for CABG using a CPB pump. A low-prime
oxygenator with an incorporated cardiotomy reservoir (Sorin
Inspire 8, Sorin Group, Mirandola, Italy) and a roller pump
(Stockert-S5, Sorin Group, Munich, Germany) were used
for CPB circuit.

The perfusion pressure between 50 and 80mmHg and
the nonpulsatile pump flow at 2.2-2.4 L/min/m2 were main-
tained during CPB. The protection of miocardium was
maintained with 4°C homemade cold potassium cardiople-
gia. All distal anastomoses of the bypass grafts were done
on the arrested heart.

2.3.2. OPCAB Group. The Octopus® IV Tissue Stabilizer and
Starfish™ 2 Heart Positioner (Medtronic, Inc., Minneapolis,
MN, USA) was used for the maintenance of mechanical
stability of the coronary arteriotomy area.

Soft plastic intraluminally coronary flow-shunt (Medtro-
nic, Clearview®, Medtronic, Inc., Minneapolis, MN, USA)
was used for myocardial protection. It was always passed into
the coronary arteriotomy to prevent the ischemia of myocar-
dium during placement of distal anastomosis. All of the
anastomoses were done on the beating heart.

2.4. Sample Collection and Analyses. The venipuncture was
performed at 6 time intervals: before surgery (t1), immedi-
ately after intervention (t2), 6 h (t3), 24 h (t4), 48 h (t5), and
96 h after termination of the operation (t6).

This procedure was the same for OPCAB and CPB group.
The central venous line from the jugular internal vein was

used for such purpose. The K2EDTA sample tubes (for
plasma) and serum sample tubes were provided. The serum
samples were left to clot for 30 minutes and then sera were
obtained by centrifugation 3000 rpm for 15 minutes and kept
at −80°C, until analysis. The plasma samples were provided
after centrifugation of samples in K2EDTA tubes 3000 rpm
at room temperature for 15 minutes and kept at −80°C, until
analysis.

2.5. Measurement of Oxidative Stress (OS) Status Parameters.
All OS status parameters were determined on an ILAB 650
analyzer (Instrumentation Laboratory, Milan, Italy).

Superoxide anion was measured in plasma following the
method of Auclair and Voisin [17], as a rate of nitroblue
tetrazolium (NBT) reduction for determination of the rate
of superoxide anion generation.

Levels of prooxidant-antioxidant balance (PAB) were
determined in serum by the method of Alamdari et al. [18]
using 3,3′, 5,5′-tetramethylbenzidine as a chromo gen.

Malondialdehyde (MDA) levels were measured in serum
as a thiobarbituric acid reactive substance [19].

Superoxide-dismutase (SOD) activity was determined in
plasma according to method of Misra and Fridovich [20]
depending on the capability of the SOD to inhibit autooxida-
tion of adrenalin in alkaline medium.

Ischemia-modified albumin (IMA) was measured in
serum by method of Bar-Or et al. [21], and values are
reported as absorption units (ABSU).

Total antioxidant status (TAS) and total oxidant status
(TOS) were determined in serum with o-dianisidine [22]
and an ABTS as a chromogen [23], respectively.

Oxidative stress index (OSI) was calculated as pre-
viously described: OSI ðarbitrary unitÞ = TOS ðμmolH2O2
equivalent/LÞ/TAS ðμmol Trolox equivalent/LÞ × 100 [24].

2.6. Statistical Analysis. A SPSS statistical package (version
18.0 for Windows, SPSS, Chicago, IL, USA) was used for sta-
tistical analysis. The sample size for each group (OPCAB and
CAB) was calculated by GPower software, and chosen α level
and power were 0.05 and 0.80, respectively. We approxi-
mated partial eta squared to be small (0.05), so the effect size
f was 0.15. In addition, we approximated correlation among
repeated measures and nonsphericity correction to be 0.6
and 1, respectively. The calculated sample size was 40 for
each group. We increased that number by 15%, considering
that nonparametric tests will be used to compare some
parameters. The data are presented as mean ± standard
deviation (SD), median (interquartile range), or counts and
percentages (%). For repeated measured ANOVA, sphericity
was tested using Mauchly’s test, and Levene’s test was used
for ANOVA homogeneity of variance checking. ANOVA
repeated measures as the nonparametric Friedman test,
followed by the Wilcoxon signed-rank test, Kruskal-Wallis
nonparametric analysis of variance, followed with the
Mann-Whitney U test were used for testing the differences
between groups. A chi-square test was used for testing the
differences between categorical data. A Spearman’s correla-
tion analysis with correlation coefficient (ρ) was applied to
examine the relationships between variables. For estimation
of clinical and general factors that could influence SS value
a logistic regression model of integrated parameters (t1-t6
study times) was applied. We used logistic regression analysis
to determine the predicted probabilities of each model
formed from redox parameters measured in different time
points for further receiver-operating characteristic (ROC)
analysis. Accuracy of each logistic model was calculated for
discrimination high from low SS patients. In all analyses, a
p value <0.05 was regarded to be statistically significant.

3. Results

Regarding SYNTAX Score subgroups, patients did not differ
by age, body weight, body mass index (BMI), LVEF, and
EuroSCORE-Logistic index. They did not also differ in
glucose, creatinine, total proteins, eGFR and hematologic
parameters ((white blood cell count (WBC), red blood cell
count (RBC), hemoglobin (Hgb), and platelet count (PLT)),
therapy usage, and percentage of smokers. Patients with
higher SS values had significantly higher extracorporal circu-
lation time (ECC) and aortic cross clamp time (ACC), so as
the average bypass number (Table 1).

The several main characteristics of CPB procedure such
as aortic cross clamp time (ACC) and extracorporal circula-
tion time (ECC) are significantly higher in patients with
higher SS, which implies the more complicated artery lesion
condition in patients subjected to this procedure. We have
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also calculated CSS. With SS increase, we have also found sig-
nificant CSS increase (Table 1).

The OS status parameters change through the predefined
study times according to implemented surgical technique
(i.e., CPB or OPCAB) are presented in Figure 1.

TOS decreased in both study groups, compared to
baseline values, but this decrease did not reach statistical sig-
nificance. TOS values were higher in OPCAB compared to
CPB group in several study points.

Superoxide anion showed significant increase in t3-t6
study times, in CPB, so as in OPCAB group, with comparable
values in both study groups, and the highest values at t6 study
point. Similar way of increase has also seen for PAB parame-
ter. MDA significantly increased only in CPB group in t5 and
t6 interval. MDA was significantly higher in CPB group com-
pared to OPCAB in t6 study point.

CPB patients had significantly lower TAS compared to
OPCAB patients at the beginning and also in t2 and t3
study points. In CPB, we noticed the initial decrease in
TAS values, then sharp increase and decrease till the end
of the study period. In OPCAB, we found initial increase

in TAS and from the t3 (24 h after the surgery end), signifi-
cant decrease compared to baseline value. CPB patients had
significantly lower SOD activities compared to OPCAB,
baseline, and in several study points, when SOD increased
in OPCAB patients.

CPB patients had higher IMA baseline than OPCAB
group. Initially, IMA rose in CPB, in t2 point, and after that
we could not report any significant change in this parameter
till the study end.

Parameters in specific study times, which showed signif-
icant difference according to SS level (i.e., low, intermediate,
and high SS subgroups) are presented at the Table 2.

It is clear that TAS level is significantly lower in patients
with high SS level, baseline so as in the first two study times
(till 24 h). Also, SOD decrease along with SS increase was
obvious, so as TAS/TOS ratio, which is also representative
of antioxidative potential. Unexpectedly, TOS was also lower
in high SS group of patients. PAB was significantly higher in
patients with high SS compared to low and moderate groups.
OSI index (TOS/TAS ratio) was also higher in high SS group
than in low and moderate groups.

Table 1: General clinical and surgery related parameters according to SYNTAX Score tertile values.

Parameter Low SS < 22 (15:6 ± 4:8) Moderate SS 22-32 (27:1 ± 3:2) High SS > 32 (38:6 ± 6:1) P

n 34 39 33 /

Age (years) 63:2 ± 9:6 62:2 ± 9:4 67 ± 9:1 ns

Body weight (kg) 81:1 ± 12:7 81:1 ± 10:2 84:4 ± 14:5 ns

BMI (kg/m2) 27:7 ± 3:1 27:6 ± 3:4 28:8 ± 4:4 ns

sGlucose (mmol/L) 6:40 ± 2:02 6:34 ± 2:12 6:77 ± 2:55 ns

sCreatinine (μmol/L) 85:1 ± 25:8 95:0 ± 58:1 89:5 ± 27:7 ns

sTotal proteins (g/L) 71:2 ± 5:1 71:0 ± 5:4 70:8 ± 4:8 ns

eGFR (mL/min/1.73m2) 83:6 ± 21:4 83:0 ± 26:1 79:1 ± 20:1 ns

WBC (×109/L) 7:0 ± 1:8 6:9 ± 1:6 7:1 ± 1:8 ns

RBC (×1012/L) 4:6 ± 0:5 4:6 ± 0:5 4:6 ± 0:6 ns

Hgb (g/L) 134 ± 14 136 ± 14 135 ± 12 ns

PLT (×109/L) 230 ± 60 233 ± 52 220 ± 69 ns

LVEF (%) 52:0 ± 8:7 50:0 ± 9:9 47:6 ± 10:9 ns

EuroSCORE-logistic 5 (3-8.25) 5 (3-7) 7 (5-10) ns

Clinical SS 19.1 (13.3-29.1) 33.6 (26.6-43.8)aaa 50.4 (43.8-81.2)aaa,bbb <0.001
ECC (min) 0 (0-0) 72 (0-87)aa 81 (72.8-114.5)aaa,bb <0.001
ACC (min) 0 (0-0) 29 (0.0-49)aa 44 (36-56)aaa,bb <0.001
Bypass number 2:06 ± 0:49 2:33 ± 0:54 2:59 ± 0:64a <0.05
β-Blockers, n (%) 30 (88.2%) 38 (97.4%) 33 (100.0%) 0.055

ACE inhibitors, n (%) 27 (79.4%) 37 (94.9%) 29 (87.9%) ns

Calcium-antagonists, n (%) 11 (32.4%) 13 (33.3%) 12 (36.4%) ns

Nitrates, n (%) 29 (85.3%) 34 (87.2%) 32 (97.0%) ns

Statins, n (%) 22 (64.7%) 30 (76.9%) 24 (72.7%) ns

Oral antidiabetics, n (%) 8 (23.5%) 5 (12.8%) 8 (24.2%) ns

Diuretics, n (%) 10 (29.4%) 9 (23.1%) 16 (48.5%) ns

Smokers, n (%) 23 (67.6%) 30 (76.9%) 22 (66.7%) ns

BMI: body mass index; LVEF: left ventricular ejection fraction; ECC: extracorporal circulation time; ACC: aortic cross clamp time; P: ANOVA or Kruskall-
Wallis nonparametric analysis of variance; Tuckey-Snedecor post hoc test. a,aa,aaa: P < 0:05, 0.01, 0.001 vs. low SS group; bbP < 0:01 vs. moderate SS group.
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Figure 1: Dynamics of oxidative stress parameters’ changes in CABG, precisely two surgery types, i.e., CPB and OPCAB before surgery
and after the procedure in defined study points. (a) Total oxidative status (sTOS), (b) superoxide anion (pO2

.–), (c) prooxidative-
antioxidative balance (sPAB), (d) malondyaldehide (sMDA), (e) total antioxidative status (sTAS), and (f) superoxide-dismutase (pSOD).
∗, ∗∗, ∗∗∗P < 0:05; 0.01; 0.001 OPCAB vs. the same time point in CPB group. a, aa, aaaP < 0:05; 0.01; 0.001 in CPB group (t2-t5) vs.
baseline. b, bb, bbbP < 0:05; 0.01; 0.001 in OPCAB group (t2-t5) vs. baseline. s: serum; p: plasma.

Table 2: Oxidative stress status parameters according to SYNTAX Score tertile values in different study times depending on significant
change through SS subgroups.

Parameter Low SS < 22 (15:6 ± 4:8) Moderate SS 22-32 (27:1 ± 3:2) High SS > 32 (38:6 ± 6:1) P

sTAS t1 (μmol/L) 497 (331-564) 393 (157-689) 247 (113-370)aa <0.05
sTAS t2 (μmol/L) 476 (261-653) 238 (206-575) 166 (2.00-290)aaa,bb <0.01
sTAS t3 (μmol/L) 568 (438-638) 617 (434-727) 357 (220-526)aa,bb <0.01
sTOS t3 (μmol/L) 26.4 (20.5-32.7) 18.3 (15.6-22.9)a 15.1 (12.5-23.0)aa,b <0.05
sTOS t4 (μmol/L) 20.8 (17.4-24.9) 17.7 (14.3-20.5) 16.7 (10.8-22.6)a <0.05
pSOD t5 (U/L) 144 (120-156) 121 (60-135)a 111 (76-122)aa <0.05
sPAB t5 (U/L) 125 (115-145) 118 (107-136) 145 (125-179)a,b <0.05
TAS/TOS t2 20.3 (9.5-28.0) 14.0 (7.8-30.6) 7.3 (0.1-13.7)aa,bb <0.05
OSI index t2 0.05 (0.04-0.11) 0.07 (0.03-0.13) 0.14 (0.07-7.87)aa,bb <0.01
P: Kruskall-Wallis test, a,aa,aaaP < 0:05; 0.01; 0.001, respectively, vs. low SS group (<22 points), Mann-Whitney U test; b,bb,P < 0:05; 0.01, respectively, vs.
moderate SS (22-32 points), Mann-Whitney U test; s: serum; p: plasma.
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Correlation analysis of OS status parameters and SS value
showed that TAS and TOS parameters had significant nega-
tive correlation with SS level for the most study point times.

SOD also showed significant inverse correlation with SS
level. PAB 48h after the surgery showed positive correlation
with SS level. Both results are expected having in mind OS
parameters nature (Table 3).

Correlation in subgroups according to SS level showed
the following: significant negative correlation between IMA
and SS in Low SS group, positive TAS correlation in moder-
ate SS group and negative correlation in high SS group, and
positive MDA correlation with SS level in high SS group
(Table 4).

ROC analysis was performed to find the most significant
predictors of SS level (low vs. high SS subgroups). Using
logistic regression analysis for integrated OS status parameter
models generation, the best SS level predictors were SOD
activity, IMA, and TAS level (Figure 2).

Logistic regression analysis showed that SOD and IMA
had very good discriminatory capability (AUC = 0:840 and
AUC = 0:813, respectively) [25].

Out of 107 CABG patients included in the current study,
a total of 3 postoperative complications were noted in the
OPCAB group, and 12 in the CPB group and the most
prominent ones were leg wound infection, pleural effusion,
pulmonary thromboembolism, and shallow sternal wound
infection.

4. Discussion

To our knowledge, this is the first study that examined the
broad spectrum of OS biomarkers in patients undergoing
CABG in relation to different surgery modalities. Several
important findings of the current study need to be acknowl-
edged. According to the main aim of this project, we have
followed OS status parameters (i.e., IMA, MDA, superoxide
anion, PAB, TOS, TAS, and SOD) change through the prede-
fined study times to obtain deeper knowledge into the redox
homeostasis before and after CABG intervention. We have
also analyzed the difference in OS generation caused by the
two different surgical procedures, i.e., CPB or OPCAB and
found that CPB patients were in more severe ischemia (as
measured with IMA) baseline than OPCAB group. Further-
more, IMA rose in CPB patients immediately after the
surgery end and after that no significant change in this
parameter was observed.

Following the change of OS status parameters before and
after the surgical intervention in CPB and OPCAB group, we
have observed the decrease (but without statistical signifi-
cance) in TOS in both study groups, compared to the levels
before the operation. We have shown that TOS levels, as a
measure of peroxide generation [23], were lower in CPB
compared to OPCAB group in several study points. It seems
that dynamics of this parameter change was not compatible
with our study times. Precisely, peroxides generation is prob-
ably the fast process, and this kind of reactive species are sub-
jected to rapid decomposition, during the surgical procedure,
i.e., the times which we did not include in this study.

After the initial decrease, superoxide anion showed sig-
nificant increase in other study times in both, OPCAB and
CPB group, exhibiting the highest levels at the end of the
observed period. Similar way of increase was also seen for
PAB. MDA significantly increased only in CPB group
towards the end of the observed period. MDA is a marker
of late peroxidation phase [19], and we have shown that it
was significantly higher in CPB group compared to OPCAB
in 96th h after the surgery completion.

CPB patients had significantly lower TAS levels com-
pared to OPCAB patients at the beginning and also 6 h after
intervention. CPB patients had significantly lower SOD
activities compared to OPCAB, baseline, and in several study
points, when SOD increased in OPCAB patients. SOD
dynamics was interesting and could be analyzed with the
changes of other oxidative status factors, primarily with
superoxide anion dynamics, which is a substrate for SOD
enzymatic activity [20].

Luyten et al. [26] found an increase in SOD activity,
which returned to the baseline values 24h after the surgical

Table 3: Spearman’s nonparametric correlation between SYNTAX
Score value and OS status parameters.

OSS parameter SYNTAX score

sTAS, μmol/L t1 -0.318∗

sTAS, μmol/L t2 -0.417∗∗∗

sTAS, μmol/L t3 -0.249∗

sTAS, μmol/L t6 -0.259∗

sTOS, μmol/L t1 -0.259∗

sTOS, μmol/L t3 -0.418∗∗

sTOS, μmol/L t4 -0.331∗∗

sTOS, μmol/L t5 -0.298∗

sTOS, μmol/L t6 -0.247∗

pSOD, U/L t3 -0.310∗

pSOD, U/L t5 -0.368∗∗

sPAB, U/L t5 0.256∗

Data were shown with (ρ)-Spearman’s correlation coefficient. ∗ ,∗∗P < 0:05,
0.01, respectively, are only for the significant correlation between SS and
OS status parameters in different study times; s: serum; p: plasma.

Table 4: Spearman’s nonparametric correlation in SYNTAX Score
subgroups (SS < 22, SS 22-32, SS > 32).

Parameter, study time Low SS < 22 Moderate SS
(22-32)

High SS > 32

sIMA, ABSU t4 -0.460∗ / /

sIMA, ABSU t5 -0.455∗ / /

sTAS, μmol/L t3 / 0.474∗ /

sTAS, μmol/L t4 / / -0.526∗

sMDA, μmol/L t1 / / 0.551∗

Data were shown with (ρ)-Spearman’s correlation coefficient. ∗P < 0:05 for
the significant correlation between SS and OS status parameters in SS level
subgroups. s: serum.
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procedure. At the same time in the mentioned study, the
authors reported huge increase of the total antioxidant
capacity of 60%. In our current study, antioxidants (enzy-
matic and nonenzymatic) showed also initial increase and
then decrease till the study end (96 h).

In our previous study, we have recorded higher levels of
lipid hydroperoxides and advanced oxidation protein prod-
ucts in the CPB, as compared with OPCAB group during
the postoperative period, showing that OS was higher in the
CPB group which could be attributed to more harmful condi-
tions of the CPB patients or their diminished ability to
respond to the OS threat [10].

By measuring IMA, we aimed to follow up changes in
ischemic condition in CAD patients. Initially, IMA has
increased after the surgery in our group of patients, but ear-
lier in CPB compared to OPCAB patients (Figure 3). Kanko
et al. [13] also found significantly increased IMA values in a
group of CPB patients. Taking into account that IMA is a
marker of the early myocardial ischemia, we assumed that
IMA measurement is worthwhile in cardiovascular bypass
surgery settings. Thus, IMA measurement could contribute
to the earlier treatment and better follow-up of the CABG
patients. According to Bar-Or et al. [21], a value of 0.400
ABSU represents the cut-off point which delineates ischemic
condition. It was obvious that our patients’ values were far
above 0.400 ABSU in the whole course of the observed
period, suggesting that examined CAD patients were in
chronic ischemia state, which was more pronounced in
CPB compared to OPCAB patients. Ischemia may lead to
increased production of reactive oxygen species and conse-
quent modification of albumin. These processes result in an
increased IMA formation, which was shown to be a reliable

marker in detection of the early stages of ischemia, before
the occurrence of necrosis [13].

In order to get better insight into the relationship
between vessel wall lesion complexity and redox status, we
have divided study patients at low, moderate, and high SS
subgroups and compared OS status parameters in specific
study times. Namely, it was previously shown that patients
with SS above 22 (boundary between low and moderate
atherosclerotic lesion) according to the results of Syntax
score study [14] should be subjected exclusively to CABG
surgery in order to avoid adverse cardiovascular events and
need for revascularization. The several main characteristics
of CPB procedure, such as aortic cross clamp time (ACC)
and extracorporal circulation time (ECC), were significantly
higher in patients with higher SS, which implies the more
complicated artery lesion condition in patients subjected to
this procedure. With SS increase, we have also found signifi-
cant CSS increase, which suggests general worsening of
patients’ systemic condition as a consequence of advanced
atherosclerosis (Table 1).

Additionally, we revealed that the antioxidative potential
(i.e., TAS, SOD, and TAS/TOS ratio) was significantly lower,
whereas parameters that show OS balance (i.e., PAB and OSI
index) were significantly higher in patients with high SS com-
pared to low and intermediate SS group. Unexpectedly, TOS
was also lower in high SS group of patients, and this finding
should be subjected to further analysis.

Thereafter, ROC analysis was performed to find the most
significant predictors of SS level (low vs. high SS subgroups).
Using logistic regression analysis for OS status parameter
generation, the best SS level predictors were SOD activity,
IMA, and TAS level. SOD and IMA showed very good dis-
criminatory capability towards higher SS status.

Antioxidant capacity has previously been recorded as
a predictive marker in determining postoperative compli-
cations [12].

The CPB technique is a main reason for ischemia-
reperfusion which causes the release of superoxide anion,
primarily by the xanthine oxidase (XO) system [27].
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Figure 2: ROC analysis of different OSS parameters as SYNTAX
Score value predictors. AUC (SE): area under the curve (standard
error); 95th CI (confidence interval); P: significance. Logistic
regression models of integrated parameters (t1-t6 study times) are
presented.
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Figure 3: Ischemia-modified albumin (sIMA) concentration in
CABG subjects and according the two surgery types (CPB and
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P < 0:05; 0.01 OPCAB vs. the same time point in CPB group;
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Products of purine bases (hypoxanthine and xanthine)
accumulate in ischemic tissues, and XO was suggested to be
a key source of reactive oxygen species (ROS) during ische-
mia/reperfusion. With the onset of ischemic state, the accu-
mulation of hypoxanthine produced via the catabolism of
ATP, and a consequent conversion of xanthine dehydroge-
nase (XDH) to XO occurs, which is the key source of ROS
[28]. Along with the reperfusion process, it is assumed that
oxygen and accumulated hypoxanthine react with XO
leading to increased production of superoxide anion [27].

In addition, treatments with allopurinol and SOD were
shown to be efficient in attenuating the response of vascular
permeability induced by ischemia/reperfusion process, thus
suggesting that XO-derived superoxide, a substrate for SOD
enzymatic activity [20], was involved in the endothelial dys-
function [27].

Despite the fact that we have included a wide spectrum of
parameters of redox homeostasis in this study, we should
mention its several drawbacks. The limitation of the current
study lies in the fact that it included a relatively small number
of patients, and all measurements of oxidative stress param-
eters were performed once. However, this is the standard
procedure for determination of oxidative stress parameters
because all methods are validated, the calibration was per-
formed, and the reliability of results and the quality control
are maintained by measuring normal and abnormal control
material before analyses.

We were also limited for determination of lipid metabo-
lism parameters which may affect the results of the study
[29, 30]. Moreover, we were not able to exclude type 2 diabe-
tes, smoking, and medications other than immunosuppres-
sive drugs and dietary supplements, which all might affect
the results of the study. In addition, a control group of
healthy subjects could have been useful to compare the base-
line oxidative stress status parameters with the study group.
Also, this is a single-center study. Therefore, new multicenter
studies with larger sample size and with control group
included would be of benefit to better evaluate the role of oxi-
dative stress in the mentioned pathology and to validate our
results.

5. Conclusion

The results of the current study revealed that patients with
high SS exhibited pronounced redox imbalance reflected by
increased prooxidant species, while reduced antioxidant ele-
ments compared to patients with low and intermediate SS.
Additionally, two redox status opposite features, both with
protein nature, i.e., one important enzymatic antioxidant
(SOD) and the other product of oxidative stress burden
(IMA), could predict CAD severity and complexity, deter-
mined as SS values. This study adds information about more
severe ischemic condition of CPB patient baseline compared
with OPCAB group, and also, we got insight into severe
ischemia development in the CPB patients after the surgery.
Importantly, this ischemia did not persist in subsequent
study points, which is encouraging having in mind worse
condition of these patients compared to OPCAB ones.

Taking all these into account, further investigation of
redox status parameters would be of great importance in
different cardiac surgery modalities which might enable to
reduce the deleterious effects of these procedures, by inclu-
sion of some preoperative and/or postoperative antioxidants
as supportive therapy.
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Long-chain ω-3 polyunsaturated fatty acids (PUFAs) are known to induce cardiometabolic benefits, but the metabolic pathways of
their biosynthesis ensuring sufficient bioavailability require further investigation. Here, we show that a pharmacological decrease in
overall fatty acid utilization promotes an increase in the levels of PUFAs and attenuates cardiometabolic disturbances in a Zucker
rat metabolic syndrome model. Metabolome analysis showed that inhibition of fatty acid utilization by methyl-GBB increased the
concentration of PUFAs but not the total fatty acid levels in plasma. Insulin sensitivity was improved, and the plasma insulin
concentration was decreased. Overall, pharmacological modulation of fatty acid handling preserved cardiac glucose and
pyruvate oxidation, protected mitochondrial functionality by decreasing long-chain acylcarnitine levels, and decreased
myocardial infarct size twofold. Our work shows that partial pharmacological inhibition of fatty acid oxidation is a novel
approach to selectively increase the levels of PUFAs and modulate lipid handling to prevent cardiometabolic disturbances.

1. Introduction

The combination of interrelated metabolic risk factors such
as obesity, dysglycaemia, dyslipidaemia, and insulin resis-
tance creates the basis of metabolic syndrome [1, 2] and pro-
motes the development of cardiovascular diseases and type 2
diabetes mellitus. Metabolic syndrome, when compared to
obesity, is related to a higher incidence of major coronary
events, including fatal and nonfatal myocardial infarctions
[3] and is also associated with increased 20-year mortality
in patients [4]. While obesity can be effectively treated by life-
style and dietary adjustments [5] and/or bariatric surgery [6],
a much broader strategy including drug therapy is required
to tackle metabolic syndrome [2]. To ensure better transla-
tion of novel cardiometabolic therapies to the clinical setting,
multiple cardiovascular risk factors and comorbidities should
be taken into account when evaluating compounds in a pre-
clinical setting [7–9].

Multiple studies have found an association between the
consumption of fish containing omega-3 polyunsaturated
fatty acids (PUFAs) and improved cardiovascular outcomes
[10]. In contrast, a recent meta-analysis of 23 randomized,
double-blind, placebo-controlled trials in cardiovascular
patients did not show a protective effect of an additional
intake of eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) on total mortality and cardiovascular mortality,
particularly in the presence of statins [11]. Of interest for
the treatment of complications of metabolic syndrome could
be finding in a rat model that treatment with ω-3 PUFAs
decreases the severity of postresuscitation myocardial dys-
function, lipid peroxidation, and systemic inflammation in
the early phase of recovery following cardiac arrest [12].
Likewise, transgenic fat-1 mice with constantly elevated
levels of endogenous ω-3 PUFAs have preserved cardiac con-
tractile function and less inflammation and oxidative stress
when challenged with LPS than wild type animals [13]. In
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insulin-resistant states, an increased reliance of cardiomyo-
cytes on the oxidation of free fatty acids is present and asso-
ciated with both a lower yield of ATP per oxygen molecule
and likely decreased energetic efficiency [14]. It should be
noted that complete oxidation of PUFAs is more than 2 times
faster than the oxidation of saturated fatty acids [15]. Thus,
one can assume that dietary PUFAs are less likely to accumu-
late to reach the levels/ratios required to induce beneficial
effects. In turn, as PUFAs are the preferred substrate [16]
for mitochondrial fatty acid metabolism, inhibition of over-
all fatty acid oxidation could lead to a comparably higher
increase in the levels of PUFAs but not saturated fatty
acids. Interestingly, plasma lipid parameters are normal-
ized, and the levels of several short- to medium-chain acyl-
carnitines are significantly decreased by up to 30% after
treatment with PUFAs [17]. Altogether, we hypothesized
that long-term pharmacological inhibition of carnitine pal-
mitoyltransferase I- (CPT I-) dependent mitochondrial
fatty acid metabolism increases the levels of PUFAs and
could induce anti-infarction activity in a Zucker rat meta-
bolic syndrome model.

The aim of the present study was to test whether treat-
ment with the carnitine/acylcarnitine-lowering compound
methyl-GBB (4-[ethyl(dimethyl)ammonio]butanoate) can
decrease overall fatty acid oxidation, thus increasing PUFA
availability; and could these alterations in lipid metabolism
reduce ischaemia-reperfusion (I/R)-induced cardiac damage
in Zucker rats with metabolic syndrome? Zucker rats were
used as a representative preclinical model of continuous
nutritional overload, physical inactivity, and abdominal obe-
sity, which over time lead to the development of metabolic
syndrome [18, 19].

2. Materials and Methods

2.1. Animals and Treatment. Zucker fa/fa male rats (n = 36)
and age-matched (5-7-week-old, ~140 g at the time of pur-
chase) Zucker lean male rats (n = 18) were obtained from
Charles River, and 18 C57BL/6JOlaHsd inbred mice (4-6
weeks old, ~18 g at the time of purchase) were obtained from
Envigo. Animals were housed for one week prior to treat-
ment under standard conditions (21-23°C, 12-h light/dark
cycle, relative humidity 45-65%) with unlimited access to
food R70 diet from Lantmännen and water. The experimen-
tal procedures were performed in accordance with the guide-
lines of the European Community and local laws and policies
(Directive 2010/63/EU), and all of the procedures were
approved by the Food and Veterinary Service, Riga, Latvia.
All experiments were performed in a blinded manner. Stud-
ies involving animals are reported in accordance with the
ARRIVE guidelines [20, 21].

By limiting the availability of long-chain acylcarnitines
(LCAC), methyl-GBB (5–20mg/kg) significantly decreases
infarct size (IS) ex vivo by approximately 50% in normogly-
caemic animals [22, 23]. In the present study, a dose of
10mg/kg was chosen based on previous data regarding
methyl-GBB cardiac tissue levels, the effects on carnitine/
acylcarnitine levels, cardioprotection in normoglycaemic
animals, and data from models with impaired energy metab-

olism. Although ex vivo methyl-GBB, even at a dose of
5mg/kg, induces a maximal decrease in IS [23], in pre-
vious studies using high-fat diet-fed ApoE-/- knockout
mice, methyl-GBB at a dose of 10mg/kg was required
to significantly decrease atherosclerotic lesions and dysli-
pidaemia [24], two major factors contributing to meta-
bolic syndrome.

Data from previous experiments where I/R damage was
determined in methyl-GBB-treated animals were subjected
to statistical power analysis, and calculations indicated that
n = 10 for the infarction study would produce significant
results with power > 0:9. Animals were randomly separated
into two experimental groups and given daily oral doses of
water (Zucker fa/fa control group, n = 10) or 10mg/kg
methyl-GBB (Zucker fa/fa methyl-GBB group, n = 10) for
12 weeks (18 weeks old at the time of infarction study).
Zucker lean rats (n = 10) were used as a nonhyperlipidaemic
control. To assess mitochondrial levels of acylcarnitines,
changes in glucose utilization, molecular pathway upregula-
tion, and mitochondrial functionality, additional experi-
ments were performed in animals treated as described
above. Animals were separated randomly into two experi-
mental groups and given daily oral doses of water (Zucker
fa/fa control group, n = 8) or 10mg/kg methyl-GBB (Zucker
fa/fa methyl-GBB group, n = 8). Zucker lean rats (n = 8)
were used as a nonhyperlipidaemic control. Additional
experiments to determine plasma EPA, DHA, and free fatty
acid (FFA) concentrations were performed in normoglycae-
mic C57BL/6 mice. Mice were separated randomly into two
experimental groups and given daily oral doses of water
(mouse control group, n = 9) or 5mg/kg methyl-GBB
(mouse methyl-GBB group, n = 9) for 4 weeks. For all
experiments, nonfasting or postovernight-fasting blood
samples were collected from tail veins; samples were centri-
fuged, and the plasma was stored at -80°C for future
analysis.

2.2. Isolated Rat Heart Infarction Study. The infarction was
performed according to the Langendorff technique as
described previously [25, 26], with some modifications.
Animals were anaesthetized with sodium pentobarbital
(70mg/kg), and after the loss of nociceptive reflexes, hearts
were immediately excised, thus, sacrificing animals. Hearts
were retrogradely perfused with Krebs-Henseleit (KH) buffer
solution supplemented with 10mM glucose (Fresenius Kabi),
0.3mM sodium palmitate (TCI Europe) bound to 0.5%
bovine serum albumin (BSA) (Europa Bioproducts Ltd.),
2mM lactate (Fischer Scientific), 0.2mM pyruvate (Acros
Organics), and 3ng/ml insulin aspart (Novo Nordisk) at a
constant perfusion pressure of 70mmHg. After an adapta-
tion period of 20min, the left anterior descending coronary
artery (LAD) was subsequently occluded for 30min followed
by 120min of reperfusion. IS was determined as described
previously [26]. Heart functional parameters, coronary flow,
left ventricle developed pressure (LVDP), heart rate, and car-
diac workload were registered using the PowerLab system
from ADInstruments. Briefly, at the end of reperfusion, the
LAD was reoccluded, and the heart was perfused with 0.1%
methylene blue dissolved in KH buffer solution to delineate
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risk and no-risk areas. Afterwards, the ventricles of the heart
were transversely cut into 2mm thick slices and photo-
graphed. Computerized planimetric analysis of the stained
left-ventricle slice photographs was performed using Image-
Pro Plus v6.3 software to determine the area at risk (AR)
and the area of necrosis (AN), and each area was expressed
as a percentage of the slice area. The obtained values were
then used to calculate the IS as a percentage of the risk area,
based on the formula IS = AN/AR × 100%.

2.3. Determination of Glucose Oxidation in Isolated Hearts.
The rate of radiolabelled glucose oxidation was measured in
additional sets of rat hearts according to a method previously
described [22, 23] with the following modifications. Glucose
oxidation measurement was performed according to the
Langendorff perfusion technique. The hearts were perfused
retrogradely (constant perfusion pressure, 70mmHg) with
KH buffer solution supplemented with 10mM glucose,
0.3mM sodium palmitate bound to 0.5% bovine serum albu-
min (BSA), 2mM lactate, 0.2mM pyruvate, and 3 ng/ml
insulin. After a 10min adaptation time, the perfusate was
switched to the oxygenated radiolabelled KH buffer solution,
and perfusion was continued for 10min at a constant pressure.
The glucose oxidation rate was determined by measuring the
14CO2 released from the metabolism of [U-14C]glucose (spe-
cific activity, 300mCi/mmol).

2.4. Mitochondrial Energy Metabolism. The mitochondrial
energy metabolism was determined in the permeabilized car-
diac fibres prepared as described previously [25, 27] with
some modifications. The bundles of fibres were perme-
abilized using 50μg/ml saponin (Acros Organics) and
0.5mg/ml collagenase (Sigma-Aldrich) at 4°C in 1ml of
buffer A (20mM imidazole, 20mM taurine (all Acros
Organics), 0.5mM dithiothreitol (Tocris Bioscience),
7.1mM MgCl2 (Penta Chemicals), 50mM MES, 5mM
ATP, 15mM phosphocreatine, 2.6mM CaK2EGTA, and
7.4mM K2EGTA (all Sigma-Aldrich), pH7.0 at 0°C). After
a 15min incubation, the fibres were washed for 15min in
2ml of buffer B (20mM imidazole, 0.5mM dithiothreitol,
20mM taurine, 1.6mM MgCl2, 100mM MES, 3mM
KH2PO4 (Enola Ltd), 2.9mM CaK2EGTA, 7mM K2EGTA,
pH7.1 at 37°C).

High-resolution fluorespirometry was performed using
Oxygraph-2 k (O2k; OROBOROS INSTRUMENTS). All
experiments were performed at 37°C in MiR05 medium
(110mM sucrose (Enola Ltd.), 60mMK-lactobionate
(Sigma-Aldrich), 0.5mM EGTA (Sigma-Aldrich), 3mM
MgCl2, 20mM taurine, 10mM KH2PO4, 20mM HEPES
(Acros Organics), pH7.1 at 30°C, and 0.1% essential fatty
acid free BSA). The medium was reoxygenated when the oxy-
gen concentration dropped to 80μM. Palmitoyl-CoA
(10μM) (Larodan AB), carnitine (500μM for Zucker lean
rats and Zucker fa/fa control rats and 20μM for methyl-
GBB-treated rats), and malate (0.5mM) (Acros Organics)
were used to measure CPT I-linked fatty acid oxidation
(FAO) dependent on the LEAK state. ADP (Sigma-Aldrich)
was added to a concentration of 5mM to determine oxidative
phosphorylation-dependent respiration (OXPHOS state).

The FA oxidation-dependent OXPHOS coupling efficiency
was calculated as follows:

1 – Resp:rate LEAK state
Resp:rate OXPHOS state : ð1Þ

Then, pyruvate (5mM) was added to determine the pyru-
vate and FA metabolism interaction. The pyruvate-
dependent flux control factor was calculated as

1 − Resp:rate before the addition of pyruvate PCoAOXPHOSð Þ
Resp:rate after the addition of pyruvate PCoA + pyruvate OXPHOSð Þ :

ð2Þ

2.5. Determination of Reactive Oxygen Species (ROS)
Production. H2O2 flux (ROS flux) in cardiac fibres was mea-
sured simultaneously with respirometry using an O2k-
Fluorometer and the H2O2-sensitive probe Ampliflu™ Red
(AmR) (Sigma-Aldrich) as described previously [27, 28] with
some modifications. First, 10μM AmR, 1U/ml horseradish
peroxidase (HRP), and 5U/ml superoxide dismutase (SOD)
(all Sigma-Aldrich) were added to the chamber, and H2O2
detection was performed based on the conversion of AmR
to fluorescent resorufin. Calibrations were performed by
adding 0.1μM H2O2 stepwise. The H2O2 flux was corrected
to take into account the background (AmR slope before sam-
ple addition). The respiration protocol was similar to that
described above, with the exception that after the assessment
of FAO and pyruvate-linked respiration, succinate (10mM,
complex II (CII) substrate) (Sigma-Aldrich) was then added
to reconstitute convergent FAO-CI-II-linked respiration.
Then, an inhibitor of adenine nucleotide translocator, car-
boxyatractyloside (Catr) (Sigma-Aldrich), was added to
determine the LEAKCatr respiration. Titration with an
uncoupler, carbonyl cyanide m-chlorophenyl hydrazine
(0.5μM steps to maximum oxygen consumption) (Sigma-
Aldrich), was performed to determine the H2O2 production
rate at the electron transfer system capacity state.

2.6. mRNA Isolation and qPCR Analysis. Total RNA from the
heart tissues was isolated using TRI reagent (Sigma-Aldrich),
and first-strand cDNA synthesis was carried out using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems™) following the manufacturer’s instructions. qPCR
analysis of gene expression was performed by mixing SYBR®
Green Master Mix (Applied Biosystems™) with synthesized
cDNA and forward and reverse primers specific for carnitine
palmitoyltransferase IA (CPT IA) and IB (CPT IB), long-
chain fatty acid CoA synthetase (ACSL), pyruvate dehydro-
genase lipoamide kinase isozyme 4 (PDK4), acyl-CoA
oxidase 1 (ACOX), and valosin-containing protein (VCP)
and running the reactions on a Bio-Molecular Systems MIC
qPCR Cycler according to manufacturer’s protocol using fol-
lowing conditions: 95°C for 10 minutes, (95°C for 15 seconds,
60°C for 60 seconds) (60 cycles), 95°C for 60 seconds,
followed by melt curve analysis 72-95°C, 0.3°C/sec to ensure
amplicon specificity. The relative expression levels for each
gene were calculated with the ΔΔCt method and normalized

3Oxidative Medicine and Cellular Longevity



to the expression of VCP. The primer sequences used for the
qPCR analysis are available upon request.

2.7. Western Blot Analysis of Tissue Lysates.Heart muscle tis-
sues were homogenized with an Omni Bead Ruptor 24
homogenizer (Omni International) at a ratio of 1 : 10 (w/v)
at 4°C in a buffer containing 100mM Tris-HCl (Acros
Organics), pH7.4, 10mM EDTA (Sigma-Aldrich), 5mM
MgCl2, 1mM glycerol 3-phosphate, 1mM NaF (all from
Fluka), 500μM Na3VO4 (Sigma-Aldrich), 1mM DTT
(Tocris Bioscience), phosphatase inhibitor cocktail I 1 : 100
(Alfa Aesar), protease inhibitors (10μM leupeptin, 1μM
pepstatin (both from Tocris Bioscience), 1μM aprotinin,
and 100μM AEBSF (both from Sigma-Aldrich)). Total pro-
tein was detected using the Lowry method. SDS-PAGE and
Western blotting were performed as described previously
with some modifications [29]. Briefly, 20μg of total protein
was loaded into Bolt™ 4-12% Bis-Tris Plus Gels (Thermo Sci-
entific). After transfer, the polyvinylidene fluoride mem-
branes (Thermo Scientific) were blocked with 5% BSA
(Sigma-Aldrich) in Tris-buffered saline (TBS) for 1 h at room
temperature and then incubated overnight at 4°C with pri-
mary antibodies. After washing with TBS, the blots were
incubated for 1 h at room temperature with secondary
peroxidase-coupled goat anti-rabbit IgG (lot: 26, #7074 Cell
Signaling Technology) and then washed again with TBS.
The blots were developed using chemiluminescence reagents
(Millipore) and an Azure c400 Imaging System. TheWestern
blot images were analysed using AzureSpot2.0 software. The
phosphorylation levels of Akt at Ser473 on the membranes
were detected with a phospho-Akt Ser473 (lot: 23, #4060 Cell
Signaling Technology) antibody, and the obtained data were
normalized to the total Akt level (lot: 20, #4691 Cell Signaling
Technology).

2.8. Determination of Biochemical Measures. The plasma
insulin concentrations were determined using a Sensitive
Rat Insulin RIA Kit. Blood glucose was measured using a
MediSense Optium glucometer from Abbott Diabetes Care.
The concentration of FFAs was determined using a kit from
Wako in plasma, and lactate was determined using a kit from
Roche Diagnostics. Triglycerides, total cholesterol, aspartate
aminotransferase (ASAT), and alanine aminotransferase
(ALAT) in plasma were determined using kits from Instru-
mentation Laboratory. HOMA-IR was calculated according
to the formula

fasting insulin μU/Lð Þ x fasting glucose
22:5 : ð3Þ

2.9. Measurement of Carnitine, Methyl-GBB, Acylcarnitines,
and Poly-Unsaturated Fatty Acids by UPLC/MS/MS and
Metabolomics. The determination of carnitine and methyl-
GBB in heart tissues and plasma samples was performed by
ultraperformance liquid chromatography-tandem mass
spectrometry (UPLC/MS/MS) using the positive ion electro-
spray mode [23]. Mitochondria samples were prepared as
previously described [30], and acylcarnitines were analysed
by the UPLC MS/MS method [29]. PUFAs were measured

as follows: 200μl of acetonitrile–methanol mixture (3 : 1, v/
v) were added to 40μl of plasma samples or calibration sam-
ple solution. The samples were thoroughly mixed and centri-
fuged for 10min at 10000 rpm, and the supernatants were
subjected to UPLC/MS/MS analysis. The analysis was per-
formed on Acquity UPLC system coupled with Xevo TQ-S
microtriple-quadrupole mass spectrometer (Waters Corp.).
The separation of analytes was carried out on an Acquity
UPLC BEH C18 column (2:1 × 50mm, 1.7μm, Waters
Corp.) operated at 30°C under a gradient elution from 40 to
98% acetonitrile in 0.1% FA. Flow rate was 0.4ml/min, and
injection volume was 1μl. The mass spectrometer was oper-
ated using an electrospray ionization source in negative ion
mode. The multiple reaction monitoring (MRM) mode was
employed for quantitative determination of target com-
pounds. The main ionization settings were optimized as fol-
lows: capillary voltage of 2.0 kV; source and desolvation
temperatures of 140 and 600°C, respectively; desolvation
gas (nitrogen) flow of 800 L/h. Cone voltage (V) and collision
energy (eV) values were specified for each compound: 20 and
15 for EPA; 20 and 12 for DHA, respectively. Quantitative
analysis was performed under MRM mode by calculating
the peak areas. Precursor to product ion transitions m/z
301.29→ 203.31 and 301.29→ 257.45 for EPA and m/z
327.30→ 229.35 and 327.30→ 283.35 for DHA were moni-
tored. Data acquisition and processing were performed using
the MassLynx V4.1 and QuanLynx V4.1 software (Waters
Corp.). The samples were kept at 10°C in the autosampler.
The calibrators were run in triplicate and the samples in
duplicate. Concentrations of EPA, DHA, and FFAs (C12-
C20) were measured in mice plasma samples by Biocrates
Life Sciences AG (Innsbruck, Austria) as a part of their
metabolomics analysis service by using Biocrates MxP
Quant 500 Kit.

2.10. Statistical Analysis. The data are presented as the
mean ± S:E:M: (standard error of the mean). Based on a
normality test (D’Agostino & Pearson omnibus normality
test (Shapiro-Wilk normality test if N = 7 or lower)) of the
data, statistically significant differences in the mean values
were evaluated using one-way ANOVA or the Kruskal-
Wallis test. If ANOVA indicated P < 0:05, Tukey’s test was
performed, and the differences were considered significant
when P < 0:05. If the Kruskal-Wallis test indicated P < 0:05
, Dunn’s multiple comparison test was performed, and the
differences were considered significant when P < 0:05. The
data were analysed using GraphPad Prism statistical soft-
ware (GraphPad Inc., USA). For IS determination, 1 heart
could not be analysed in the methyl-GBB-treated rat group,
and 3 hearts could not be analysed in the Zucker lean rat
group due to isolated heart perfusion system tubing failure.
To determine functional heart parameters, LCAC levels,
and metabolic patterns, an additional experiment was per-
formed; 1 sample could not be analysed in the Zucker fa/fa
rat control group, as the animal died suddenly of natural
causes, and the data represent the mean values of N = 7 for
this group. The data and statistical analyses comply with
the recommendations for experimental design and analysis
in pharmacology [31].
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2.11. Materials.Methyl-GBB (a phosphate salt) was obtained
from JSC Grindeks (Riga, Latvia). An insulin RIA kit was
purchased from Millipore (USA) and [U-14C]glucose was
purchased from Biotrend Chemikalien GmbH (Germany).

3. Results

3.1. Plasma Concentrations of EPA, DHA, and Lipid Species.
First, data on EPA and DHA plasma concentrations were
obtained from normoglycaemic mice treated with methyl-
GBB for 4 weeks at a dose of 5mg/kg. EPA and DHA plasma
concentrations in methyl-GBB-treated mice were signifi-
cantly increased 3.4- and 1.9-fold in plasma from fasted mice,
respectively, and 2.5- and 2.3-fold in plasma from fed mice,
respectively (Supplementary Figure 1). Moreover, the
concentration of FFAs (sum of C12-C20) was 1.3-fold
increased only in fasted mouse plasma after treatment with
methyl-GBB (Supplementary Figure 2). Next, in Zucker
rats, plasma concentrations of EPA and DHA were
measured after 12 weeks of treatment with methyl-GBB at a
dose of 10mg/kg. No significant difference was observed
between EPA levels in the Zucker lean and Zucker fa/fa rat
control groups, although there was a tendency for higher
EPA concentrations in the Zucker fa/fa control group.
Methyl-GBB treatment resulted in a significant 6.3- and
2.3-fold increase in the plasma EPA concentration
compared to the Zucker lean rat and Zucker fa/fa rat
control groups (Figure 1(a)). DHA levels were similar in
the Zucker lean and Zucker fa/fa control groups. Treatment
with methyl-GBB increased the DHA concentration 2.1-
fold, but the effect was not statistically significant
(Figure 1(b)). The carnitine levels in the Zucker lean and
Zucker fa/fa rat hearts were similar, while in the methyl-
GBB-treated rat hearts, the carnitine level was significantly
decreased by 95% (Figure 1(c)). The LCAC content was
determined in isolated cardiac mitochondria. Interestingly,
the LCAC content in isolated cardiac mitochondria after
I/R was 52% lower in the Zucker fa/fa control rat group
than in the Zucker lean rat group; however, this effect was
not statistically significant. Treatment with methyl-GBB
significantly decreased the heart mitochondrial content of
LCAC 25-fold compared to the Zucker fa/fa control group
(Figure 1(d)).

In the fed state, the concentration of FFAs in plasma was
significantly higher in the Zucker fa/fa control and methyl-
GBB-treated Zucker fa/fa rats than in the Zucker lean rats
(Figure 1(e)). Similarly, the concentrations of triglycerides
and total cholesterol in plasma were significantly higher in
the fed Zucker fa/fa control and methyl-GBB-treated Zucker
fa/fa rats than in the Zucker lean rats (Table 1). Methyl-GBB
treatment had no significant effect on the ASAT and ALAT
levels when compared to the Zucker fa/fa rat control group.
While methyl-GBB treatment significantly increased the
PUFA content by up to 2.3-fold (Figures 1(a) and 1(b)), only
a nonsignificant tendency to increase the total FFA concen-
tration by 30% in the methyl-GBB-treated group was
observed when compared to the Zucker fa/fa control group
(Figure 1(e)). Zucker fa/fa rats gained significantly more
weight than Zucker lean rats, and methyl-GBB had no effect

on weight gain or on the organ-to-body weight ratio. Overall,
while treatment with methyl-GBB significantly increased
plasma concentrations of PUFAs, it had no effect on other
lipid species.

3.2. Isolated Rat Heart Infarction and Haemodynamic
Parameters and Mitochondrial Function after Ischaemic
Damage. A heart infarction study was performed after 12
weeks of treatment with methyl-GBB at a dose of 10mg/kg.
Treatment with methyl-GBB significantly decreased the
myocardial IS by 51% (Figure 2(b)) compared to the Zucker
fa/fa rat control group. The IS in the methyl-GBB-treated
group was also significantly lower (46%) than that of the
Zucker lean rat group. There was no statistically significant
difference between the area at risk (AR) values in the Zucker
fa/fa rat control group and in the methyl-GBB-treated
Zucker fa/fa groups. The AR value in the Zucker fa/fa control
group was significantly larger by 36% than that in the Zucker
lean rat group (Figure 2(a)). As in previous studies in healthy
animals, methyl-GBB treatment had no significant effect on
normoxic heart functional parameters in Zucker fa/fa rats
when compared to the Zucker fa/fa control group
(Figures 2(c)–2(g)). Coronary flow during LAD occlusion
was decreased by 40% in the Zucker lean rat group and by
43% and 45% in the Zucker fa/fa control and methyl-GBB-
treated groups, respectively (Figure 2(c)). During reperfu-
sion, recovery of coronary flow was significantly better in
the methyl-GBB-treated group than in the Zucker fa/fa con-
trol group. During reperfusion, LVDP (Figure 2(d)) was sig-
nificantly higher in methyl-GBB-treated rat hearts than in
Zucker lean and Zucker fa/fa rat hearts, and a tendency to
preserve cardiac workload (Figure 2(g)) was observed in
methyl-GBB-treated Zucker rat hearts. Methyl-GBB treat-
ment had no effect on heart rate when compared to the
Zucker fa/fa control group (Figure 2(e)). Heart contractility
at the end of reperfusion was significantly higher by 67 and
64% in the methyl-GBB-treated group than in the Zucker
lean rat and Zucker fa/fa control groups, respectively
(Figure 2(f)).

To evaluate the effects of methyl-GBB treatment onmito-
chondrial functionality after ischaemic damage, perme-
abilized cardiac fibres were compared from both nonrisk
(NR) and AR regions of the heart. In the presence of carnitine
concentrations that mimic the tissue carnitine content,
methyl-GBB decreased the CPT I-dependent OXPHOS cou-
pling efficiency with palmitoyl-coenzyme A (PCoA) in nor-
moxic cardiac fibres and after reperfusion, indicating an
overall decrease in FAO (Figure 2(h)). Interestingly, in the
Zucker fa/fa control group after reperfusion, no increase in
the PCoA-dependent OXPHOS coupling efficiency was
observed when risk and normoxic nonrisk areas were com-
pared. In contrast, fatty acid metabolism during reperfusion
was increased by 34% in cardiac fibres from AR regions from
methyl-GBB-treated rat hearts compared to normoxic NR
areas from these hearts. In addition, methyl-GBB significantly
increased pyruvate metabolism in both normoxic and reper-
fused tissues (Figure 2(h)). I/R tended to increase mitochon-
drial reactive oxygen species (ROS) production in the
OXPHOS state and significantly increased ROS production

5Oxidative Medicine and Cellular Longevity



in the LEAKCatr state compared to normoxic conditions.
Methyl-GBB treatment prevented an increase in ROS produc-
tion, particularly in the LEAKCatr state (Figure 2(i)). Together,
treatment withmethyl-GBB optimizes energymetabolism and
preserves mitochondrial functionality.

3.3. Insulin Sensitivity and Energy Metabolism Regulation.
The glucose concentration was similar in fed Zucker lean
and Zucker fa/fa rat blood (Figure 3(a)). In the fasted state,
the blood glucose concentration in Zucker fa/fa rats was sig-
nificantly higher (26%) than that of fasted Zucker lean rats

(Figure 3(a)). In addition, insulin concentrations were signif-
icantly 22- and 13-fold higher in Zucker fa/fa rat plasma than
in Zucker lean rats in the fasted and fed states, respectively.
Treatment with methyl-GBB significantly decreased plasma
insulin concentrations by 42% and 40% in the fasted and
fed states, respectively (Figure 3(b)). The homeostasis model
assessment of insulin resistance (HOMA-IR) value for
healthy Zucker lean rats was 1.38, while it was 30.5-fold
higher in the Zucker fa/fa control group. Treatment with
methyl-GBB significantly decreased the HOMA-IR value in
Zucker fa/fa rats by 1.8-fold compared to the Zucker fa/fa
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Figure 1: The effect of methyl-GBB administration on plasma EPA (a) and DHA (b) concentrations, cardiac tissue carnitine content (c),
mitochondrial LCAC content (d), and plasma free fatty acid concentration (e) after 12 weeks of treatment. Each value was calculated as
the mean ± S:E:M: of 7 rats for (a) and (b), 6 rats for (c) and (e), and 8(7) rats for (d). ∗Significantly different from the Zucker fa/fa
control group; #significantly different from the Zucker lean rat group (ANOVA followed by Tukey’s test; P < 0:05).
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control group (Figure 3(c)). The lactate plasma concentra-
tion was determined in the fed state and was significantly
higher (2.5-fold) in the Zucker fa/fa rat control group than
in the Zucker lean rats; however, treatment with methyl-
GBB significantly decreased the plasma lactate level by 48%,
indicating more complete glucose metabolism (Figure 3(d)).

Because methyl-GBB treatment was found to improve
insulin sensitivity in Zucker fa/fa rats, the glucose oxidation
rate was measured in isolated perfused normoxic rat hearts.
Glucose utilization was significantly impaired in Zucker fa/fa
control rat hearts, with a 2.7-fold decrease compared to that
in Zucker lean rat hearts. Treatment with methyl-GBB
increased glucose utilization close to the level observed in
the Zucker lean rat group (Figure 3(e)). Mitochondrial fatty
acid and pyruvate metabolism were evaluated in cardiac
fibres from nonischaemic areas of the heart. Methyl-GBB
treatment significantly decreased the CPT I-dependent oxi-
dative phosphorylation- (OXPHOS-) coupled mitochondrial
metabolism of long-chain PCoA by 40% compared to that of
the Zucker fa/fa control group (Figure 3(f)). In addition,
OXPHOS-coupled pyruvate metabolism was significantly
facilitated in methyl-GBB-treated Zucker rats compared to
Zucker lean rats (Figure 3(f)).

Wemeasured the protein phosphorylation levels of phos-
phorylated Akt (P-Akt) and standardized them to the total
Akt level. The P-Akt level was significantly lower in the
Zucker fa/fa control group than in the Zucker lean group.
The P-Akt level in methyl-GBB-treated rat hearts was close
to that in Zucker lean rat hearts (Figure 3(g)). The effects of
methyl-GBB on the expression of PPARα/PGC1α target
genes related to fatty acid and glucose metabolism were
determined in cardiac tissues. Treatment with methyl-GBB
significantly increased the expression of CPT IB, ACOX,
and ACSL up to 1.9-fold when compared to both Zucker lean
and Zucker fa/fa control rats (Figure 3(h)). Moreover, the
expression of the PDK4 gene was significantly upregulated
2.5-fold in methyl-GBB-treated rat hearts, indicating activa-
tion of the PPARα/PGC1α pathway (Figure 3(h)). Together,
treatment with methyl-GBB improves insulin sensing,
decreases fatty acid levels, and, in turn, increases glucose
metabolism.

4. Discussion

The present study shows that the cardioprotective drug
methyl-GBB can decrease I/R damage, diminish energy
metabolism dysfunction in mitochondria, and reduce
glucose-lactate metabolism disturbances in Zucker rats with
metabolic syndrome. The data for the first time show that a
significant decrease in fatty acid oxidation in mitochondria
by methyl-GBB treatment results in increased plasma avail-
ability of PUFAs. Moreover, an increase in PUFA availability
was also observed in normoglycaemic mice treated with
methyl-GBB, indicating that a pharmacological decrease in
fatty acid metabolism is a viable option to further increase
PUFA availability.

Treatment with methyl-GBB increases plasma concen-
trations of PUFAs, particularly that of EPA, and decreases
the levels of acylcarnitines. Previous studies have shown that
long-term treatment with PUFAs provides cardioprotection
in rats in vivo [32]. While CD36-mediated transport is piv-
otal for FA oxidation to support myocardial contractile func-
tion [33], lipotoxicity, in turn, is a well-known paradigm
based on cardiac imbalance between reduced utilization of
FAs and noninterrupted FA delivery [34]. Thus, ongoing
CPT I-dependent metabolism of FAs and subsequent accu-
mulation of saturated LCAC is known to impair mitochon-
drial functionality, which further damages the myocardium
after I/R [35, 36]. In a recent study, we demonstrated that
the accumulation of LCAC in mitochondria during ischae-
mia inhibits ATP synthesis, enhances ROS production, and
induces I/R damage [30]. Here, we show that pharmacologi-
cally limited fatty acid oxidation in methyl-GBB-treated
Zucker fa/fa rats decreases the LCAC content in cardiac
mitochondria and elevates PUFA levels. These changes are
accompanied by the prevention of I/R-induced increases in
ROS production. As a result, a marked 51% decrease in IS
is achieved even in obese Zucker rats with metabolic syn-
drome and severely impaired energy metabolism.

LCAC accumulation induces insulin resistance by inhi-
biting the Akt-mediated signalling pathway [29]. Recently,
we showed that methyl-GBB, by decreasing LCAC tissue
levels, improves insulin sensitivity and glucose tolerance test

Table 1: The effects of methyl-GBB administration on triglyceride, total cholesterol, ASAT and ALAT concentrations in fed rat plasma, and
weight gain after 12 weeks of treatment.

Zucker lean
Zucker fa/fa

Control Methyl-GBB 10mg/kg

Triglycerides, mM 0:18 ± 0:02 1:55 ± 0:23# 1:56 ± 0:52#

Total cholesterol, mg/100ml 48 ± 4 108 ± 3# 113 ± 7#

ASAT, U/l 47:6 ± 1:5 48:7 ± 3:5 45:9 ± 1:3
ALAT, U/l 23:5 ± 1:7 39:8 ± 3:0# 38:7 ± 2:1#

Body weight gain, g +241 ± 10 +414 ± 10# +390 ± 14#

Heart to body weight, mg/g 3:70 ± 0:23 2:97 ± 0:09# 2:97 ± 0:10#

Liver to body weight, mg/g 34:4 ± 0:6 36:4 ± 1:1 35:4 ± 0:7
Kidney to body weight, mg/g 5:82 ± 0:07 4:61 ± 0:08 4:47 ± 0:08
Each value was calculated as themean ± S:E:M: of 6 rats for triglyceride and total cholesterol concentrations, 8 rats for ASAT and ALAT levels, and 10 rats for
body weight gain. #Significantly different from the Zucker lean group (ANOVA followed by Tukey’s test; P < 0:05).
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8 Oxidative Medicine and Cellular Longevity



responses [37]. Moreover, the levels of PUFAs have a strong
positive correlation with insulin sensitivity [38], and
improvement in insulin sensitivity after treatment with
EPA was shown to result in functional improvements in glu-
cose and fatty acid uptake and cardiomyocyte shortening
[39]. In the present study, Akt phosphorylation was pre-
served, insulin sensitivity was significantly improved, and
glucose and pyruvate metabolism was facilitated. Akt phos-
phorylation is another parameter that could be increased
not only due to the decrease in LCAC availability but also
due to the increase in PUFA availability [40]. Overall, phar-
macological limitation of fatty acid oxidation improves insu-
lin sensitivity in Zucker rats.

In insulin-resistant tissues, the accumulation of lipids
and their metabolites inhibits the metabolism of pyruvate
[41, 42]; this leads to a situation where glycolysis is not
coupled to oxidative phosphorylation. As a result, the lactate
concentration in plasma is increased to the level typical of the
lactate threshold induced by excessive physical activities. In
this state, pyruvate oxidation in the mitochondria is signifi-
cantly decreased, followed by the formation of lactate and
elevated lactate plasma concentrations [37, 43–45]. In mor-
bidly obese Zucker rats, the lactate plasma concentration is
increased almost 3-fold, while methyl-GBB treatment signif-
icantly improves pyruvate metabolism in mitochondria and
decreases the lactate concentration almost to the control
level. Recently, we confirmed that the effects related to insu-
lin sensitization and the facilitation of pyruvate and lactate
oxidation depend mostly on a decrease in the LCAC content
in muscles [29, 41], while the current study for the first time
confirms that these effects also apply to cardiac tissues from

animals with metabolic syndrome. Overall, facilitation of glu-
cose metabolism by the activation of pyruvate metabolism in
mitochondria could also be partially responsible for the anti-
infarction effect of methyl-GBB.

Current findings further indicate that treatment with
methyl-GBB prevents an I/R-induced increase in mitochon-
drial ROS production under conditions of limited oxidative
phosphorylation. Since it has been shown that the accumula-
tion of LCAC in ischaemic cardiac mitochondria promotes
ROS production due to the inhibition of oxidative phosphor-
ylation [30, 46], the observed prevention of oxidative stress in
ischaemic hearts by methyl-GBB treatment is more likely
associated with the prevention of LCAC accumulation dur-
ing ischaemia. Moreover, activation of mitochondrial respi-
ration and FA oxidation decreases lipotoxicity [47], and it
has been suggested that stimulation of fatty acid oxidation
during reperfusion could be beneficial against I/R-induced
oxidative stress [48]. Treatment with methyl-GBB increases
mitochondrial fatty acid oxidation after ischaemia, thus
ensuring effective utilization of accumulated fatty acid inter-
mediates and subsequent reduction of oxidative stress. Over-
all, these results indicate that a pharmacological decrease in
the LCAC content in cardiac mitochondria attenuates ROS
production under conditions of limited oxidative phosphor-
ylation after I/R and protects against myocardial damage.

Previously, it was shown that methyl-GBB limits I/R
damage in animals with intact glucose metabolism [22, 23],
while the present findings extend the cardioprotective effect
to conditions with markedly impaired cardiac glucose metab-
olism, such as metabolic syndrome. The current results
provide additional proof that the cardioprotective effect of
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and 8(7) hearts for (c–g), and 6 hearts for (h) and (i). ∗Significantly different from the Zucker fa/fa control group; #significantly different from
the Zucker lean rat group (Kruskal-Wallis test followed by Dunn’s multiple comparison test; P < 0:05 for (a), ANOVA followed by Tukey’s
test; P < 0:05 for (b), two-way ANOVA followed by Tukey’s test; P < 0:05 for (c–g)). $Significantly different from the respective Zucker fa/fa
control (NR or R) group. &Significantly different from the respective normoxic (NR) group (ANOVA followed by Tukey’s test; P < 0:05).

9Oxidative Medicine and Cellular Longevity



0

2

4

6

8

G
lu

co
se

, m
M

# #

Fasted FedFasted FedFasted Fed
Zuckerlean

Zuckerfa/fa
Control Methyl-GBB

(a)

Fasted FedFasted FedFasted Fed
0

5

10

15

20

25

In
su

lin
, n

g/
m

l

Zuckerlean
Zuckerfa/fa

Control Methyl-GBB

#
,#

#

,#
⁎

⁎

(b)

0

20

40

60

H
O

M
A

-I
R,

 A
U

#

# ,

Zucker lean Control Methyl-GBB

Zuckerfa/fa

⁎

(c)

0

1

2

3

4

5

6

Fe
d 

sta
te

 la
ct

at
e i

n 
pl

as
m

a, 
m

M

#

Zucker lean Control Methyl-GBB

Zuckerfa/fa

⁎

(d)

0

20

40

60

80

100

G
lu

co
se

 o
xi

da
tio

n,
 n

m
ol

/m
in

#

Zucker lean Control Methyl-GBB

Zuckerfa/fa

(e)

Leak
PCoA

OXPHOS
PCoA

OXPHOS
PCoA+pyruvate

0

100

200

300

Re
sp

. r
at

e, 
pm

ol
 O

2/
(s
⁎

m
g w

.w
.)

#,

#

⁎

(f)

pAktSer473

Akt

Zucker lean Control Methyl-GBB
0.0

0.4

0.8

1.2

1.6

pA
kt

 S
er

 4
73

 re
la

tiv
e

ph
os

ph
or

yl
at

io
n 

ag
ai

ns
t A

kt
 (P

an
)

Zuckerfa/fa

#

(g)

PDK4 CPT1A CPT1B ACOX ACSL
0

1

2

3

4

Re
la

tiv
 ee

xp
re

ss
io

n 
vs

. V
CP

,#

,#
,#

,#

Zucker lean
Zuckerfa/fa
Zuckerfa/fa+methyl-GBB

⁎

⁎

⁎

⁎

(h)

Figure 3: The effects of methyl-GBB administration on blood glucose (a), insulin (b), HOMA-IR (c), plasma lactate (d) concentrations,
glucose oxidation in isolated Langendorff-perfused rat hearts (e), and pyruvate and CPT I-dependent fatty acid metabolism in cardiac
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methyl-GBB is related to changes in fatty acid handling.
Thus, EPA and DHA each can protect the heart against myo-
cardial infarction damage [40], and treatment with methyl-
GBB increases the availability of the aforementioned PUFAs.
In addition, earlier observations by Harmancey and col-
leagues [49] indicate that the improved utilization of long-
chain fatty acids during reperfusion leads to better recovery
in insulin-resistant hearts. While treatment with methyl-
GBB decreases CPT I-dependent long-chain fatty acid
conversion to LCAC and overall fatty acid metabolism, a sig-
nificant increase in fatty acid mitochondrial utilization in
areas at risk compared to that in normoxic areas from the
same heart was observed in methyl-GBB-treated hearts after
reperfusion but not in control Zucker fa/fa rat hearts.
Changes in the fatty acid metabolism pattern are accompa-
nied by improved cardiac functionality in methyl-GBB-
treated Langendorff-perfused isolated Zucker fa/fa rat hearts
during reperfusion. This effect was not observed before in
normoglycaemic animals [22, 23]. Significant increases in
the expression of several PPARα/PGC1α target genes
involved in fatty acid oxidation might at least partially be
the result of increased PUFA levels [50, 51] and could be
responsible for increased fatty acid oxidation recovery in
reperfused tissues.

5. Conclusions

The current study highlights the potential benefits of phar-
macologically increasing PUFAs and decreasing LCAC levels
by methyl-GBB to improve insulin sensitivity and mitochon-
drial functionality as well as the cardioprotective effect of
methyl-GBB in treating metabolic syndrome. Presented here
is a strategy to accumulate PUFAs and to facilitate overall
fatty acid metabolism during reperfusion to decrease LCAC
availability. This leads to the protection of the myocardium
against damage induced by ischaemia under complex meta-
bolic conditions and raises expectations for the successful
translation of such a strategy to clinical settings.
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Abdominal aortic aneurysms (AAAs) have posed a great threat to human life, and the necessity of its monitoring and treatment is
decided by symptomatology and/or the aneurysm size. Accumulating evidence suggests that circular RNAs (circRNAs) contribute a
part to the pathogenesis of AAAs. circRNAs are novel single-stranded RNAs with a closed loop structure and high stability, having
become the candidate biomarkers for numerous kinds of human disorders. Besides, circRNAs act as molecular “sponge” in
organisms, capable of regulating the transcription level. Here, we characterize that the molecular mechanisms underlying the
role of circRNAs in AAA development were further elucidated. In the present work, studies on the biosynthesis, bibliometrics,
and mechanisms of action of circRNAs were aims comprehensively reviewed, the role of circRNAs in the AAA pathogenic
mechanism was illustrated, and their potential in diagnosing AAAs was examined. Moreover, the current evidence about the
effects of circRNAs on AAA development through modulating endothelial cells (ECs), macrophages, and vascular smooth
muscle cells (VSMCs) was summarized. Through thorough investigation, the molecular mechanisms underlying the role of
circRNAs in AAA development were further elucidated. The results demonstrated that circRNAs had the application potential
in the diagnosis and prevention of AAAs in clinical practice. The study of circRNA regulatory pathways would be of great
assistance to the etiologic research of AAAs.

1. Introduction

Abdominal aortic aneurysms (AAAs) frequently induce car-
diovascular death among the elderly male population within
various European and Asian countries [1–3]. AAAs are fea-
tured by permanent expansion and weakening of a localized
abdominal aorta [4–6]. There are symptomatic, asymptom-
atic, and ruptured AAAs clinically [7]. As estimated by a
UK study, 1.5% of its population has an AAA greater than
30mm in size [8]. Besides, a USA multicenter aneurysm
screening study has suggested that 4.6% of its population

aged 65-74 suffers from an AAA [9]. In Sweden, the inci-
dence of the AAA among male population aged above 65 is
reported to be 1.8% [10]. Because of the lack of effective sur-
gical methods and unpredictability of the disease, continuous
enlargement of the aortic wall will lead to the wall rupture
and serious bleeding, resulting in a death rate as high as
80% [11]. A majority of AAA cases are progressive and
asymptomatic, which are usually discovered accidentally by
the diagnostic imaging of other diseases. The survival of
AAA patients after diagnosis has improved, but its morbidity
and mortality rates show an ascending trend [3]. Generally,
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the AAA-related mortality cannot be affected by AAA
screening, but may be lowered by other factors like smoking
less [12].

Conventionally, AAAs are mostly treated with elective
retroperitoneal or open transperitoneal surgery [13], but
now, the endovascular repair (EVAR) is recommended as a
better alternative to open surgerical repair [14–16]. Cur-
rently, no curative treatment is available for restricting
AAA development and preventing AAA rupture [17], and
the only strategy is to continuously monitor the aneurysm
size before surgery [18].

The pathogenic mechanism of AAAs is complicated and
involves multiple factors. Previous studies suggest that AAAs
are associated with the weakened defective adventitial/medial
arterial layers, like fibroblasts and smooth muscle cells
(SMCs) [19–22]. Recently, research on human tissue and ani-
mal models indicates that the AAA occurrence arises from
the dynamic vascular remodelling [23, 24]. Additionally,
the critical pathological features of AAAs are oxidative stress
(OS), vascular inflammation, aortic wall thinning due to the
loss of vascular smooth muscle cells (VSMCs), and aortic
extracellular matrix (ECM) decomposition [22, 24].

Due to strong gene expression regulation effects, epige-
netic alterations, such as histone modification, DNA methyl-
ation, and noncoding RNA (ncRNA) modification [25–27],
have been increasingly acknowledged as an importance con-
tributor to AAA development. It has been proven that epige-
netic modifications take place in the early embryogenesis and
primordial cell development processes, but it is of great sig-
nificance to explore the effects of these alterations in “later
life.” In such, “later life” epigenetic modifications caused by
the dietary intervention were analyzed [28]. Generally,
ncRNAs can be divided into small ncRNAs and long ncRNAs
(lncRNAs) according to the arbitrary threshold size of 200
nucleotides (nt). Among small ncRNAs, microRNAs (miR-
NAs) with a length of about 22 nt have been extensively
investigated. By contrast, there is less studies on the functions
of lncRNAs with a length of over 200nt. Although ncRNAs
have been demonstrated to regulate the interactions and
activities of fibroblasts, vascular inflammatory cells, endothe-
lial cells (ECs), and SMCs, the key factors resulting in AAA
occurrence remain unidentified. According to a new eukary-
otic gene expression feature discovered in 2012, circRNAs are
ubiquitously expressed in genes previously considered to
express linear ncRNAs or messenger RNAs (mRNAs) only.
circRNAs are RNA molecules with a circular and covalently
closed structure, which usually consist of exon sequences
and can be spliced at the typical splice sites.

In particular, many articles have demonstrated the
important roles of ncRNAs in cardiovascular diseases
(CVDs), such as aortic dissection and AAAs. Meanwhile, cir-
cRNAs are also considered to exhibit certain effects on some
CVDs, but their expression levels and roles in AAAs still
remain unclarified.

In the present work, the roles of circRNAs in the occur-
rence and development of AAAs were illustrated, and their
significance in treating AAAs was discussed. In addition,
the regulation effect of circRNAs and their corresponding
target genes on AAAs and the underlying mechanisms were

also investigated. The ncRNAs that were previously recog-
nized to be involved in several processes leading in AAAs
were highlighted. The in-depth investigation on such cir-
cRNAs will shed lights on the prevention and treatment of
AAAs, and these circRNAs may be used as candidate prog-
nostic biomarkers and therapeutic targets for the prediction
of the AAA incidence and the evaluation of patient
prognosis.

2. Genetic Causes of AAA Pathogenesis

2.1. Mendelian Causes. AMendelian factor that causes AAAs
often refers to single-gene mutations [29]. Marfan syndrome
can also induce AAAs, which is often accompanied by a fam-
ily history. Marfan syndrome arises mainly from FBN1 gene
mutation [30], accounting for an autosomal dominant
genetic disorder. The TGFβR1, TGFβR2, and TGFβR3 gene
mutations promote the production of matrix metalloprotein-
ases (MMPs) and eventually lead to medial degradation [31].
Other syndromes can provoke the occurrence of aortic root
aneurysms. In addition, some diseases derived from single-
gene mutations affect ECM components of the aortic wall.
The Ehlers Danlos syndrome, for instance, originates from
COL3A1 gene mutation [32]. AAAs may be detected in cases
who develop autosomal recessive disorders, such as pseudox-
anthoma elasticum and homocystinuria, which stem from
ABCC6 and CBS gene mutations, respectively [29].

2.2. Non-Mendelian Causes. There are various non-
Mendelian factors leading to AAAs, including the ECM,
endothelial cell (EC) specification, SMCs differentiation,
inflammation, and cell adhesion.

2.2.1. ECM. The ECM is a complex network of macromolec-
ular substances that supports and connects tissue as well as
mediates tissue generation and cell physiological activities.
The proteins of the Matrix Metalloproteinases (MMP) family
can regulate the ECM turnover, which is related to the forma-
tion of genes that encode MMP and ECM components in
AAAs. Besides, upregulated MMP-2 and MMP-9 levels can
be detected within human AAA tissue [33, 34]. Moreover,
the single-nucleotide polymorphisms (SNPs) rs3025058 in
MMP-3 and rs2252070 in MMP-13 are suggested to lead to
a higher AAA risk [35]. Inhibiting the ablation of MMP-3
can promote aneurysm formation. Additionally, the G allele
of rs2252070 also contributes to a higher AAA risk [36].

2.2.2. SMC Differentiation. AAAs are related to rs1795061
localized at around 40 kb upstream of the SMYD2 transcrip-
tion start site [37]. SMYD proteins belong to the lysine meth-
yltransferases, and they play a vital part in the regulation of
cardiac and skeletal morphogenesis [38]. According to a
recent report, SMYD2 is possibly associated with the patho-
genic mechanism of AAAs [39]. Importantly, Toghill et al.
evaluated DNA methylation within VSMCs collected from
AAA patients using targeted bisulphite next-generation
sequencing (NGS) for the first time. They found evident
DNA hypomethylation within the promoter region of
SYMD2 gene among AAA cases and a close association
between the average methylation degree of CpGs and gene
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expression levels [40]. Typically, methylation of the SMYD2
promoter region may be related to AAA development, rather
than its progression [40].

2.2.3. EC Specification. In the study of Jones et al., the SNP
rs2836411, an AAA risk variation localized at 21q22.2 in
the intrinsic region of ERG gene, was detected [37]. ERG
can encode one transcription factor (TF) existing in ECs
and hematopoietic cells (HPCs) under normal conditions.
ERG plays a part in the vascular development mediated by
the vascular endothelial growth factor (VEGF)/mitogen-acti-
vated protein kinase (MAPK) and also regulates new vessel
formation [41]. The minor (T) allele of rs2836411 correlates
with a greater risk of AAAs in several populations [42].

2.2.4. Inflammation. CD4+T cells are found to accumulate on
the aneurysm wall, and AAA-related SNPs are detected in
some human genes encoding such critical inflammatory com-
ponents. AAA patients show an increased circulating IL-6
level. IL-6 is secreted by the aneurysm, and its expression level
is related to the aneurysm surface area. Angiotensin II can
affect AAAs by acting on the IL-6 signaling pathway in mice.

3. Epigenetic Regulation of AAAs

Epigenetic modifications are induced by developmental or
environmental factors. They do not change the genetic code
but can regulate the tissue- or context-specific expression of
information encoded in DNA [43, 44]. Traditional views
hold that epigenetic markers are stable, which may be trans-
mitted to progeny, and control the steady differentiation of
different types of cells with significantly diverse gene expres-
sion profiles [45]. On the whole, epigenetic alterations are
divided into 3 major types: (1) DNAmethylation, (2) histone
modifications, and (3) ncRNAs. Of them, ncRNAs will not
bring about heritable alterations, but they are usually deemed
as epigenetic mechanisms due to their vital regulating func-
tions in the genome nonprotein-coding regions. A small
number of studies have revealed the important role of the
above-mentioned three categories of epigenetic modifica-
tions in AAA occurrence [25–27, 40, 46, 47].

3.1. DNAMethylation in AAAs.DNAmethylation, one of the
potent epigenetic mechanisms, is crucial in preserving the
DNA structure, deactivating the X chromosome and main-
taining chromosome stability. Besides, DNA methylation
also modulates components (retrotransposons and transpo-
sons) and regulates gene levels [48]. It is claimed that some
key processes contributing to AAA occurrence may be
affected by DNA methylation. Generally speaking, DNA
methylation is catalyzed by the DNA methyltransferases
(DNMTs), including DNMT1 (maintenance enzymes) and
DNMT3 (de novo enzymes). Researchers are focusing on
DNA methylation in T lymphocyte, and the analysis of dif-
ferent types of vascular cells, such as ECs, SMCs, and adven-
titial cells, may provide more targets specific to aneurysms
[47]. Increasing evidence suggests that T cell dysfunction,
especially the reduced suppression of CD4+ CD25+ regula-
tory T cells, induces AAA occurrence [46]. Apart from
DNA hypomethylation, DNA hypermethylation in certain

gene promoter regions also contributes to AAA occurrence.
This opinion is addressed in a recent article, which evaluates
the global methylation level in AAA patient-derived periph-
eral blood mononuclear cells (PBMCs) and compares it with
that in PBMCs from normal subjects [40]. The study con-
ducted by Skorvanova et al. revealed no association of
AAA development with DNA methylation of gelatinases
and their tissue inhibitors (e.g., MMP2, TIMP2, TIMP1,
and MMP9) [49].

3.2. Histone Acetylation in AAAs. Gene activation and inacti-
vation depend on specific signatures of histone modifications
in critical enhancer or promoter gene regions. Such modifica-
tions are harbored in histone deacetylases, histone acetylases,
together with methyltransferases [50]. The findings of our
work show that the abnormal epigenetic modifications in
AAAs are the changed expression of lysine [K] histone acetyl-
transferases (KATs) and related histone acetylation. The above
results shed novel lights on the pathogenic mechanism of
AAAs [26]. As suggested in another study, the levels of some
histone deacetylases (HDACs) in AAA mice and ApoE-
/-AAAmice infused with Angiotensin (Ang) II are higher than
those in normal controls [51]. As a class III HDAC, Sirtuin 1
(SIRT1) is also studied for its role in AAA occurrence and
the mechanisms underlying vascular inflammation and aging.
The result suggests that SIRT1 in VSMCs provides a new ther-
apeutic target for preventing AAA occurrence [52].

3.3. ncRNAs in AAAs. It has been established that over 97% of
the genome can encode the noncoding transcripts, most of
which can be processed into short ncRNAs (such as miR-
NAs) and lncRNAs. There are various factors leading to
AAAs, and the pathology and pathogenic mechanisms of
AAAs at the molecular level remain largely unclear. There-
fore, it will become a novel research direction to investigate
the AAA etiology at the epigenetic level. Studies have shown
that ncRNAs take part in the AAA genesis. Many ncRNAs
are differentially expressed in AAA patients and regulate
gene expression at transcriptional and posttranscriptional
levels. The regulatory pathways of some ncRNAs have also
been confirmed, which is conducive to the study of other
molecular mechanisms [27, 53–56].

3.3.1. miRNAs in AAAs. MiRNAs are short (21-23-nt-long)
RNA molecules existing in eukaryotes, capable of regulating
the expression of other genes [57]. They are ncRNAs and
control posttranscriptional expression by specifically binding
with mRNAs [58]. In general, negative regulation is mainly
achieved by the degradation of mRNAs or inhibition of
mRNAs expression. MiRNAs can be regulated by a variety
of approaches. A miRNA may possess several target genes,
while several miRNAs may modulate the same target gene.
MiRNAs adjust target gene expression of one or more genes
through forming complicated regulatory networks [59, 60].
MiRNAs are closely associated with the AAA pathogenic
mechanism [61]. In AAA patients, miRNAs affect the patho-
genesis of AAAs by forming networks to regulate the ECM
turnover, MMP family, different inflammatory components,
and vascular smooth muscle development [62–65].

3Oxidative Medicine and Cellular Longevity



The most typical type of miRNAs is miRNA-29 family
members, which promote the AAA formation by regulating
fibrosis and the ECM. miRNA-29 inhibits the expression of
several ECM proteins and antiapoptotic factors in SMCs,
thereby boosting the aneurysm generation [66, 67]. Studies
have confirmed that AAAs with overexpressed miRNA-29b
are more prone to rupture. Reducing the miRNA-29b levels
can lower the probability of AAA rupture. Upregulation of
miRNA-21 can be detected in AAA patients and mouse
models. Overexpressed miRNA-21 can downregulate the
phosphatase and tensin homolog (PTEN) levels, thereby
inhibiting the viability of SMCs and maintaining vessel wall
stability in mouse models with elastin degradation-induced
aneurysms [68]. Moreover, Wang et al. have observed that
the anti-miRNA-21 drug-eluting stent successfully prevents
in-stent myointimal hyperplasia in a humanized rat model,
further highlighting the complex roles of miRNA-21 in vari-
ous vascular pathologies [69]. Furthermore, a decline in
miRNA-33 leads to attenuated p38 and JNK (c-Jun N-
terminal kinase) signals as a result of increased ABCA1
expression, the inhibition effect of CaCl2 and Ang II-
induced aneurysm formation in mice [70]. In conclusion,
the expression level of miRNAs is tightly bound to the
AAA development. Therefore, it is of great significance to
study the pathogenesis of AAAs.

3.3.2. lncRNAs in AAAs. lncRNAs are a type of ncRNAs lon-
ger than 200 nt without the protein encoding function, and
they are involved in regulating numerous processes [71]. In
recent years, many research groups have been devoted to
the study of lncRNAs and their pathological function [72].
However, a lot of efforts and in-depth exploration are still
required in this field. lncRNAs serve as a gene domain and
TF scaffold, guiding the transcription complex of activators
and inhibitors to the regulatory region to regulate transcrip-
tion [73, 74]. One lncRNA associated with the AAA is H19.
The H19 level in AAA samples is higher than that in normal
controls, and inhibiting the expression of H19 arrests the
growth of AAAs [53]. H19 seems to affect the pathogenesis
of AAAs through inflammation [55]. Another study has
shown that PVT1, an lncRNA, is upregulated in AAA
patients. Overexpression of PVT1 promotes apoptosis of
VSMCs and degradation of the ECM [75], and PVT1 knock-
out in vitro notably reduces the incidence of AAAs. It further
confirms that PVT1 promotes the formation of AAAs.
lncRNAs can also affect AAAs via acting on the development
and differentiation of SMCs. The representative example is
lnc-Ang362, which enhances the proliferation of VSMCs
[76]. Moreover, relevant studies have proven that SMILR
can regulate the migration and proliferation of VSMCs, and
SMILR knockout restrains the proliferation of SMCs [77],
indicating that lncRNAs also play an important part in
AAA occurrence and progression. Decreased plasma levels
of SMILR have been observed in TAA cases [78].

3.3.3. circRNAs in AAAs. Like lncRNAs, circRNA transcripts
have been a recent addition to the functionally relevant
ncRNAs in our genomic landscape. They have long been dis-
regarded since their discovery in the 1990s due in part to a

limitation in their detection method, but the emerging novel
bioinformatics and deep RNA sequencing approaches pro-
vide the foundation for circRNA research [79]. Recent stud-
ies suggest that there are many endogenous circRNAs in
mammalian cells, and some of them show high abundances
and evolutionary conservation. circRNAs initially have been
shown to mediate miRNA functions (e.g., via sponging)
and control important events in transcription (e.g., RNA
folding and endonuclease protection) [80]. At present, cir-
cRNAs are proven to be stable, endogenous and functional
ncRNAs abundant in mammalian cells [81]. They may be
generated through directly ligating the 3′ and 5′ ends of lin-
ear RNAs by means of back-splicing [82]. The downstream
5′ splice site (donor) will bind to the upstream 3′ site (accep-
tor) or serve as the intermediate during RNA processing
(Figure 1). Not every circRNA possesses many miRNA bind-
ing sites, so it remains controversial whether miRNAs are
suppressed by circRNAs.

3.3.4. Bibliometrics of ncRNAs in AAAs. Firstly, we explored
the relationship between publication volume and time in
Figure 2(a), the abscissa is the time series, and the ordinate
is publication volume. The purple dot represents the annual
publication volume for publication of circRNAs, correspond-
ing to the right ordinate axis. Meanwhile, the red block rep-
resents the annual publication volume of “ncRNAs and
AAAs,” corresponding to the left ordinate axis. Moreover,
green triangle represents the annual publication volume of
“circRNAs and AAAs” and also corresponds to left ordinate
axis. From 2009 to 2020, the number of papers published
on “ncRNAs and AAAs” has increased year by year. There
are large quantities of papers on circRNAs, up to more than
2000 papers, but few about the relationship between “cir-
cRNAs and AAAs,” but they are generally close. The past
few years have witnessed an ascending trend (Figure 2(a)).

Then, we also explored the relationship between publica-
tion volume and time for ncRNA in Figure 2(b). The cyan dot
represents the annual publication volume of circRNAs corre-
sponding to the right ordinate axis, the blue block represents
the annual publication volume of miRNAs corresponding to
the left ordinate axis, and the orange triangle represents the
annual publication volume of lncRNAs corresponding to left
ordinate axis. From 2000 to 2020, there are great many
papers published on ncRNAs (circRNAs, lncRNAs, and miR-
NAs) annually, and the total number is still climbing. The
miRNA publications account for the largest part of the total
number of published papers, up to more than 15000 publica-
tions, while circRNA publications take up the smallest share
(Figure 2(b)). The above data imply that the relationship
between “circRNAs and AAAs” may become a research hot-
spot and the international research direction in the future.

Keyword analysis is relatively essential to the research of
the entire paper. It can help us to figure out the research
direction. Figure 3(a) is the tag view of keywords, which
reflects the timing of keywords and the relationship network
diagram of cluster analysis. The size of the dot indicates the
frequency of occurrence, and the colour of the dot represents
the cluster and the time of occurrence. The curve describes
the interrelationship. The disease formation, target, and
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regulation mode can be roughly acquired through cluster
analysis. It can be seen from the time sequence that lncRNAs,
AAAs, and circRNAs are newly emerging keywords in recent
years. Figure 3(b) is a timeline view of analyzing keywords
from 1996 to 2020.

The classification method is to name the index terms in
the search keywords. We can get ten clusters with an order
from #0 to #10. The smaller the number # is, the more key-
words the cluster contains. Each cluster is composed of mul-
tiple closely related words. The largest cluster is “aortic
aneurysm” (#0), followed by “abdominal aortic aneurysm
formation” (#1). A module clustering value (Q value) greater
than >3 generally means a significant clustering structure. In
the figure, modularityQ = 0:684. Figure 4(a) is a network dia-
gram obtained based on the number of papers published and
cooperative relationships in each country, showing the inter-
connection between countries. The heat map in Figure 4(b)
presents the number of national papers published on the
world map.

4. Verified circRNAs in AAAs

Data on circRNAs in aneurysms are scarce, but abnormal
expression of circRNAs in aneurysms has been observed in
emerging studies. However, the functional role(s) of these

circRNAs in AAA development in animal models and their
therapeutic potential are yet to be elucidated.

4.1. circRNA Microarray Profiling of Human AAAs. Zhou
et al. from China observed differential expression of cir-
cRNAs in AAA samples and controls, so they subsequently
conducted high-throughput sequencing to determine the cir-
cRNA expression patterns in four pairs of aortic samples,
including four consecutive AAA cases undergoing open sur-
gery and four brain-dead heart-beating organ samples [83].
Finally, a total of 411 differentially expressed circRNAs were
detected in AAA samples, including 145 upregulated cir-
cRNAs and 266 downregulated circRNAs. Six abnormally
expressed circRNAs, namely, hsa_circ_0070382 (AFF1), hsa_
circ_0060063 (UQCC1), hsa_circ_0028198 (ANAPC7), hsa_
circ_0027446 (HMGA2), hsa_circ_0002168 (TMEM189),
and hsa_circ_0005360 (LDLR), were then screened out for
RT-PCR analysis. Among the six circRNAs, 2 were upregu-
lated, and 4 were downregulated. According to a population-
based genome-wide association study, LDLR is the parental
gene of hsa_circ_0005360, and its variant is related to AAAs
[84]. Additionally, LDLR-deficient mice infused with Ang II
infusion are extensively used as AAA animal models [85–
87]. Given the alternative transcription of hsa_circ_0005360
in the LDLR exons, hsa_circ_0005360 possibly plays a vital
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Figure 1: Formation and mechanism of RNA in cells. The formation process and mode of action of circRNAs and mRNAs in cells.
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part in the pathogenic mechanism of AAAs. In the mean-
time, the interaction networks of circRNAs/miRNAs were
also predicted by computational analysis (Table 1).

As indicated in the interaction networks of circRNAs/-
miRNAs, hsa_circ_0002168 and hsa_circ_0005360 contain
one binding site for miR-15a and miR-181b, respectively. It
is evident that overexpressed miR-181b in AAA patients
downregulates elastin and the MMP-3 tissue inhibitor,
thereby promoting AAA development [88]. As for miR-
15a, it negatively regulates CDKN2B expression and thereby
promotes VSMC apoptosis, possibly resulting in AAA path-

ogenesis [89]. Nonetheless, the hsa_circ_0002168/miR-15a
and hsa_circ_0005360/miR-181b axes should be further val-
idated in AAAs by more studies (Figure 5).

4.2. circRNA Microarray Profiling of Mouse AAAs Induced by
Ang II. Wang et al. collected two samples from each of the
AAA and control groups and analyzed the circRNA expres-
sion profiles. The AAA samples of C57BL/6J male mice were
treated with Ang II and 3,4-benzopyrene (BAP), and the cir-
cRNA expression in these AAA samples was compared with
that in the control group [90]. The qRT-PCR results showed
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Figure 2: Statistics of AAA and ncRNA papers published. (a) The relationship between “circRNA, ncRNA, and abdominal aortic aneurysm”
and “published volume and year of publication” (b) The relationship between the number of “circRNA, miRNA, mRNA” and “the year of
publication”.
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that 271 circRNAs showed upregulation while 142 circRNAs
were downregulated (Table 1). After predicting the related
regulatory pathway, the authors mapped the downregulated
mRNAs into 7 pathways, including apoptosis. It should be
noted that apoptosis is well-received as a critical biological
process of VSMCs in AAAs, and VSMC apoptosis can also

be detected in AAAs induced by Bap/Ang II. In line with
the above results, Wang et al. examined the competitive
endogenous RNA (ceRNA) mechanism related to certain
apoptotic circRNAs. For instance, two miRNAs (mmu-let-
7a-2-3p and mmu-miR-199a-3p) of differentially expressed
mmu_circRNA_001265 and their response elements were

2015.5 2016.0 2016.5 2017.0 2017.5

(a)

(b)

Figure 3: Bibliometric analysis of keywords. Keyword cluster analysis, visual analysis based on the year when the keyword appears, so as to
make (a) network drawing and (b) timeline graph production.
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predicted. Another study suggests that lncRNA H19 causes
aneurysms partially through endogenously competing with
let-7a miRNA for inducing transcription of the target gene
(IL-6) [55].

4.3. Examples of Several circRNA-Guided Signaling
Pathways in AAAs

4.3.1. circRNA CCDC66. To prove the role of circRNA
CCDC66 in the pathogenesis of AAAs and identify its corre-
sponding pathway, Yang et al. carried out a study and found
that circCCDC66 played a role in the proliferation of VSMCs
[91]. Through further investigation, they discovered that
circCCDC66 promoted the expression of CCDC66, and
CCDC66 suppression had the same effect as circCCDC66
deletion on the development and apoptosis of VSMCs. More-
over, the RNA pull-down test results suggested that the con-
tent of circCCDC66 and CCDC66 was the highest in the
miR-342-3p group, indicating that circCCDC66 influenced
CCDC66 through miR-342-3p. Taken together, it is con-
cluded that overexpression of CCDC66 causes AAAs
through the circCCDC66/miR-342-3p/CCDC66 pathway
(Figure 5).

4.3.2. circRNA CBFB. Findings of this study reveal that miR-
28-5p, circCBFB, GRIA4, and LYPD3 are involved in AAAs.
circCBFB serves as the miR-28-5p sponge, capable of regulat-
ing the proliferation and apoptosis of VSMCs in a LYPD3/-
GRIA4-dependent manner [92]. With regard to the
relationship between circCBFB and AAAs, it is established
previously that the expression of miR-28-5p increases in
AAAs. As reported by Yue et al., miR-28-5p promotes VSMC
apoptosis and suppresses their proliferation, thereby contrib-
uting to AAA occurrence [92]. Moreover, bioinformatic

analysis verifies LYPD3 and GRIA4 as the potential miR-
28-5p target genes. The mechanical experiments of this study
suggest that miR-28-5p targets GRIA4 and LYPD3 and
restrains their expression in VSMCs. Additionally, functional
analysis proves that GRIA4 and LYPD3 deficiency promotes
the apoptosis of VSMCs. More innovative strategies are
required to identify the role of the circCBFB molecule in
AAAs. Based on the above analysis, it can be concluded that
circCBFB induces cell apoptosis and AAA formation through
the circCBFB/miR-28-5p/GRIA4/LYPD3 pathway (Figure 5).

4.3.3. circRNA CDR1. There are over 70 miR-7 binding sites
in the cerebellar degeneration-related protein 1 antisense
RNA (CDR1as), and these sites regulate the effect of CDR1as
on the target gene expression [93]. According to recent
research, the expression levels of CDR1as and CKAP4 (the
estimated miR-7 target) are lower in AAA cases than those
in normal controls [94]. Zhao et al. suggested that the
CDR1as/miR-7/CKAP4 axis plays a role in VSMCs of AAA
cases and that CDR1as upregulation may curb the expression
of miR-7. What is more, CDR1as upregulation enhances the
CKAP4 level, promotes VSMC proliferation, and suppresses
VSMC apoptosis, thereby resulting in VSMC remodeling
along with AAA progression. Such novel mechanism offers
insights into AAA treatment approaches (Figure 5).

4.3.4. Hsa_circ_000595. Through screening circRNAs in tis-
sue specimens from AAA patients, Zheng et al. observed
increased expression of hsa-circ-000595 in diseased speci-
mens [95]. A similar pattern was found in hypoxic aortic
SMCs, and the knockdown of hsa-circ-000595 reduced
SMC apoptosis. Besides, they also found that miR-19a might
serve as a potential downstream target of hsa-circ-000595.
Hsa-circ-000595 on the chromosome 14 can modulate the

Endothelial cells (ECs) 
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Figure 5: Several circRNA mediated signaling pathways in AAA. In human and mouse abdominal aortic aneurysms, the plan view of the
abdominal aorta and several circRNA mediated signal pathways.
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miR-19a activity and acts on AAAs through suppressing cell
apoptosis [95].

5. Potential circRNAs in AAAs

At present, the pathogenic mechanism of AAAs is mainly
explored through studying aortic tissue from AAA patients
undergoing open surgery. Several subtypes of vascular cells
(including SMCs, ECs, and adventitial cells) are involved in
AAA genesis [20] (Figure 6).

Disordered ECs may induce adventitia and media
inflammation [96]. The chronic inflammatory reaction
induced by T cells [97] triggers MMP- and macrophage-
mediated proteolytic remodeling, finally weakening the
ECM structure. Such process is related to elastic fiber loss,
collagen fiber structural alterations, and new vessel formation
(angiogenesis). Generally speaking, inflammation is a vital
contributor to aneurysm occurrence and development. Infil-
trating leukocytes and macrophages are the main proteinase
sources. The transformation of VSMCs from the contractile/-
differentiated phenotype to the synthetic/dedifferentiated
phenotype correlates with AAA occurrence [98]. VSMCs
constitute the principal part of the aortic wall. They prolifer-
ate and dedifferentiate to trigger different signaling cascades,
which in turn stimulate proliferation, dedifferentiation, apo-
ptosis, and migration of VSMCs.

However, these physiological characteristics facilitate the
formation of vulnerable atherosclerotic plaques in the aneu-
rysmal wall, which illustrates that AS is a vital risk factor
for AAAs [99]. Age, smoking, and the genetic background
are common and the most potent factors leading to these
two disorders [100]. Therefore, these processes are at least

partly regulated by circRNAs. We aim to speculate the poten-
tial relationship of circRNAs with ECs and SMCs in AAAs.

5.1. circRNAs and ECs in AAAs. Numerous pathophysiolog-
ical stimuli can result in EC disorders in AAAs, including
hypoxia [101], advanced glycation end products (AGEs)
[102], reactive oxygen species (ROS) [103], oxidized low-
density lipoproteins (ox-LDLs) [104], and proinflammatory
cytokines [105] (Table 2).

A study has revealed the potential role of hypoxia-
mediated new vessel formation in the pathogenic mechanism
of AAAs [106]. Dang et al. examined the expression patterns
of circRNAs in hypoxia-stressed human umbilical vein endo-
thelial cells (HUVECs) and detected the notable upregulation
of hsa_circ_0010729. They also found that hsa_circ_0010729
deletion inhibited cell migration and proliferation, but pro-
moted cell apoptosis through targeting the miR-186/HIF-1α
axis [107]. Recent evidence suggests that the hypoxia-
induced circAFF1 can lead to disordered vascular ECs
through triggering SAV1/YAP1. From the mechanical per-
spective, the circAFF1/miR-516b/SAV1/YAP1 axis partially
contributes to vascular endothelium dysfunction, and it
may be used as an indicator of hypoxia injury-induced vascu-
lar diseases [108]. Furthermore, significantly upregulated
cZNF609 was observed by Liu et al. in HUVECs exposed to
hypoxia and HG environments. As claimed by some
researchers, the silencing of cZNF609 prevents EC apoptosis
but stimulates tube formation and migration of ECs, demon-
strating that cZNF609 can promote the apoptosis of stress-
challenged ECs. Mechanically, cZNF609 acts as a ceRNA,
which upregulates the expression of myocyte enhancer factor
2A (MEF2A) through separating and suppressing miR-615-
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Figure 6: Potential ncRNA in a variety of cells in AAA tissue. Examples of several ncRNAs that may lead to the formation of AAA in
macrophages, smooth muscle cells, and endothelial cells include circRNAs, miRNAs, and mRNAs.
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5p [109]. According to the above research results, circRNAs
regulate EC phenotypes in the hypoxic environment.

High glucose (HG) affects the formation and develop-
ment of AAAs [110, 111] through enhancing ROS generation
[112] and AGE synthesis. In HG-stimulated EC models, cir-
cRNAs regulate the phenotypes of ECs. circBPTF is under
tight regulation within the HG-challenged HUVECs, and
circBPTF deletion prevents the HG-mediated OS and inflam-
matory injuries through regulating the miR-384/LIN28B axis
[113]. In addition, the expression of hsa_circ_0068087 also
increases within the HG-challenged HUVECs, and hsa_
circ_0068087 deletion attenuates the inflammation and
angiogenic disorder in HG-challenged HUVECs through
pathways like pyrin domain-containing protein 3 (NLRP3)
inflammasome, LRR, and toll-like receptor 4 (TLR4)/NF-
κB/NOD as the miR-197 sponge [114]. Previous evidence
demonstrates that the expression of hsa_circ_0054633
increases in HG-challenged HUVECs. Downregulating the
hsa_circ_0054633 expression blocks HUVEC proliferation,
angiogenesis, and migration, but boosts HUVEC apoptosis
via the heme oxygenase-1 (HO-1) and miRNA-218/round-
about-1 (ROBO1) axes [115]. In addition, the HG-induced cir-
cHIPK3 downregulation enables miR-124 to accumulate in
human aortic endothelial cells (HAECs) and HUVECs. From
the mechanical perspective, circHIPK3 silencing enhances the
HG-mediated apoptosis via the miR-124/sphingosine kinase
1 (SphK1)/signal transducer and activator of transcription 3
(STAT3) axis [116].

OxLDLs affect the O2•- concentration in several ways.
Increasing the O2•- concentration causes the NOS to depho-
sphorize to produce O2•- [117, 118], inhibits dismutase
activities, and curbs O2•- reduction to H2O2. OxLDLs pro-
mote inflammatory cell infiltration into the aortic wall
through enhancing the activities of MMP2 [119], chemo-
kines, and adhesion particles [120]. Research has found
circ_0003204 is mostly located in the cytoplasm of HAECs,
and its expression increases in ox-LDL-challenged HAECs.
Overexpressed circ_0003204 restrains the proliferation, tube
formation, and migration of ox-LDL-challenged HAECs.
Mechanically, circ_0003204 acts as the miR-370 sponge,
which increases the protein levels of transforming growth
factor (TGF) βR2 and the corresponding downstream
phosph-SMAD3 [121]. A recent study focusing on circ_
0003204 underlines the vital role of hsa_circ_0003204 in
HUVEC proliferation and new vessel formation. Besides,
hsa_circ_0003204 deletion evidently downregulates the
expression of E-cadherin and upregulates the expression of
vimentin and N-cadherin in oxLDL-challenged HUVECs
[122]. Wang et al. have noticed that circ_0124644 alleviates
the endothelial injuries in ox-LDL-challenged HUVECs
through the miR-149-5p/PAPP-A axis [123]. It is also shown
that circ_0003645 deletion mitigates the apoptosis and
inflammation in oxLDL-challenged ECs [124].

5.2. circRNAs and SMCs in AAAs. VSMC phenotypic trans-
formation within AAAs is ascribed to pathophysiological

Table 2: CircRNAs causing EC disorder in AAAs.

circRNA Cell type Inducing factor Expression Pathway Function Ref

circ_0003204 HAEC ox-LDL Up
miR-370-3p/TGFβR2/

phosph-SMAD3
Inhibited viability, migration,

proliferation, and tube formation
121

circ_0124644 HUVECs ox-LDL Up miR-149-5p/PAPP-A Inhibited apoptosis 123

circ_0003645 HUVECs ox-LDL Up NF-κB
Promoted inflammatory response
and promoted the production

of adhesion molecules
124

hsa_circ_
0003575

HUVECs ox-LDL Down —
Promoted apoptosis, inhibited
proliferation and angiogenesis

116

circ_0003204 HUVECs ox-LDL Down —
Inhibited the proliferation,
migration, and invasion,
promoted apoptosis

122

circHIPK3 HUVECs+HAECs HG Down miR-124S/phK1 and STAT3 Inhibited apoptosis 116

circ-0054633 HUVECs HG Up
miR-218/roundabout1 Promoted proliferation and

migration, inhibited apoptosis
115

miR-218/heme oxygenase-1

hsa_circ_
0068087

HUVECs HG Up
mi-197/TLR4/
NF-κB/NLRP3

Promoted inflammation
and dysfunction

114

circBPTF HUVEC HG Up miR-384/LIN28B
Promoted apoptosis,

the release of proinflammatory
cytokines and oxidative stress

113

hsa_circ_
0010729

HUVECs Hypoxic Up miR-186/HIF-1α
Promoted proliferation and

migration; inhibited apoptosis
107

circAFF1
HUV-EC-C
and HBEC-5i

Hypoxic Up miR-516b/SAV1/YAP1
Inhibited the proliferation,

tube formation, and migration
of vascular endothelial cells

108

circ-ZNF609 HUVECs Hypoxic+HG Up miR-615-5p/MEF2A
Promoted apoptosis, inhibited
migration and tube formation

109
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incentives as diverse as ox-LDLs, Ang II, proinflammatory
factors, and hyperglycemia (Table 3).

The circ_0010283 level in ox LDL-challenged VSMCs is
remarkably higher than that in control VSMCs. The circ_
0010283 target is miR-370-3p, which targets HMGB1. As a
result, circ_0010283 modulates the level of HMGB1 through
miR-370-3p [125]. The high serum expression of circ_
0010283 in AS cases and human VSMCs treated with ox-
LDLs is confirmed by Feng et al., who report that circ_
0010283 modulates the PAPPA level through regulating
miR-133a-3p [126]. Similarly, the abnormal expression of
circCHFR is also detected in ox-LDL-treated VSMCs. In
addition, the circCHFR/miR-370/FOXO1/Cyclin D1 axis is
found to play a key role in SMCs, which increases our knowl-
edge of circRNAs in SMCs [127]. As revealed by a study,
circCHFR is upregulated in serum of atherosclerosis patients
and ox-LDL-stimulated VSMCs. circCHFR controls cell
growth, migration, and inflammation via regulating the
expression of Wnt3 as a ceRNA of miR-214 in ox-LDL-
treated VSMCs [128]. In the study of Yu et al., increased
circ_0029589 levels and decreased miR-424-5p levels in ox-
LDL-challenged VSMCs demonstrate that circ_0029589 reg-
ulates VSMC proliferation and migration possibly via miR-
424-5p/IGF2 [129]. Correspondingly, circ_0029589 deletion

suppresses the proliferation, invasion, and migration of ox-
LDL-challenged VSMCs through modulating STIM1 and
miR-214-3p [130].

Ang II has been suggested to enhance VSMC prolifera-
tion in the process of vascular remodeling and play a vital
part in AAA formation. According to circRNA microarray
analysis, mmu-circRNA-42742 is conspicuously downregu-
lated in Ang II-treated mouse aortic smooth muscle cells
(MASMCs). The parental gene of mmu-circRNA-42742 is
NRG-1, which modulates vascular remodeling via the ErbB
signal transduction pathway. Besides, the circNRG-1/miR-
193b-5p/NRG-1 axis can be potentially used as the Ang II
target for inhibiting VSMC apoptosis and facilitating vascu-
lar remodeling [131].

The analysis of circRNA expression in the HG-induced
VSMCs shows that circWDR77 is upregulated. The pre-
dicted results are miR-124 and fibroblast growth factor 2
(FGF-2), whose interaction is verified by the RNA pull-
down experiment and luciferase reporter gene assay. More
importantly, Wang et al. found that exosomes from HG-
induced HUVECs caused VSMC senescence via the cir-
cRNA-0077930/miR622/Kras ceRNA axis, while exosomes
with circRNA-0077930 depletion had no implications for
VSMC senescence [132].

Table 3: CircRNAs causing VSMC disorder in AAAs.

circRNA Cell type
Inducing
factor

Expression Pathway Function Ref

circ_
0010283

VSMCs ox-LDL Up miR-370-3p/HMGB1
Promoted VSMC viability and
migration, and proliferating cell

nuclear antigen
125

HVSMCs ox-LDL Up miR-133a-3p/PAPPA
Promoted VSMC proliferation,

migration and invasion
126

circCHFR
VSMCs ox-LDL Up

miR-370/FOXO1/Cyclin
D1

Promoted proliferation and migration
ability of VSMCs

127

VSMCs ox-LDL Up
miR-214-3p/Wnt3/

β-catenin
Promoted cell growth, migration,

and inflammation
128

circ_
0029589

VSMCs ox-LDL Up miR-424-5p/IGF2
Promoted proliferation, migration,

and invasion
129

VSMCs ox-LDL Up miR-214-3p and STIM1
Promoted proliferation, migration,

and invasion
130

circNRG-1 MASMCs Ang II Down miR-193b-5p/NRG-1 Promoted apoptosis 131

circWDR77 VSMCs HG Up miR-124/FGF-2 Promoted migration and proliferation

circ_
0077930

HUVEC-
Exos>VSMCs

HG — miR-622-Kras Induce cellular senescence in VSMCs 132

circ_
0044073

HUVEC
LPS

Down miR-107/JAK/STAT
Promoted the proliferation and

invasion 133
HUVSMCs Up

circ-Sirt1 VSMCs TNF-α Down miR-132/212/SIRT1 Inhibited inflammation 134

circDHCR24 HA-VSMC PDGF-BB Up miR-149-5p/MMP9
Promoted proliferation, migration,

and phenotypic switch
135

circ-SATB2 Proliferative VSMCs N/A Up miR-939/STM1
Promoted migration, proliferation;

inhibited apoptosis
136

circ-RUSC2 Proliferative VSMCs N/A Up miR-661/SYK
Promoted migration, proliferation;

inhibited apoptosis
137

circACTA2 HASMCs N/A Up
NRG-1/circACTA2/

miR-548f-5p
Promoted contraction
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Furthermore, Zheng et al. noticed the upregulation of
hsa_circ_000595 in the hypoxia-induced human aortic
smooth muscle cells (HASMCs). They concluded that hsa_
circ_000595 silencing acted as the miR-19a sponge to sup-
press cell apoptosis [95].

AAAs are a type of chronic inflammatory disorders, so the
in vitro AS model can be constructed by inflammatory stimu-
lation. circRNA-0044073 is upregulated in the LPS-treated
human umbilical vein smooth muscle cells (HUVSMCs) but
downregulated in LPS-treated HUVECs. Further exploration
indicates that circRNA-0044073 overexpression evidently
promotes HUVSMC and HUVEC proliferation and inva-
sion through the miR-107/Janus kinase (JAK)/STAT signal
transduction pathway [133]. As demonstrated by Kong
et al., the circ-Sirt1 expression level is distinctly downreg-
ulated in TNF-α-treated VSMCs, and circ-Sirt1 overexpres-
sion impedes the NF-κB p65 nuclear translocation and
lowers the levels of adhesion molecules and proinflammatory
cytokines (particularly VCAM-1, MCP-1, and ICAM-1)
[134]. Moreover, they have also discovered that circ-Sirt1
prevents the transcription and acetylation of NF-κB p65
induced by TNF-α through reversing the inhibition effect of
miR-132/212 on SIRT1. The study results of Kong et al. sug-
gest that circ-Sirt1 may mitigate the NF-κB p65-induced
inflammation via direct and indirect approaches. After treat-
ing the human aortic vascular smooth muscle cells (HA-
VSMCs) with PDGF-BB, Peng et al. found that circDHCR24
deletion served as the miR-149-5p sponge and diminished
the cell proliferation [135].

Additionally, the levels of circ_RUSC2 and circ_SATB2
decrease within the proliferating VSMCs. It is disclosed by
Mao et al. that circ-SATB2 promotes STIM1, which can be
explained by the role of miR-939 in proliferative VSMCs.
Mechanically, circ-SATB2 overexpression inhibits the
expression of contractile VSMC marker SM22a, while
miR-939 promotes its expression, indicating an association
between circ-SATB2 and VSMC phenotypic differentiation
[136]. circ_RUSC2 is reported to enhance the prolifera-
tion, migration, and phenotypic regulation of VSMCs,
but suppress their apoptosis through the miR-661/spleen-
associated tyrosine kinase (SYK) signal transduction path-
way [137].

5.3. circRNAs and Macrophages in AAAs. CircRNAs are
proven to be essential for the modulation of macrophages.
Studies have shown that in LPS-induced macrophages
Raw264.7, circ_1639 promotes the proinflammatory
response in Raw264.7 cells. The study of Lu et al. demon-
strates that circ_1639 expression is tremendously upregu-
lated in LPS-treated Raw264.7 cells. The level of p-P65
increases in circ_1639 mock-transfected cells, but declines
in cells transfected with circ_1639 inhibitor plasmid. There-
fore, circ_1639 regulates inflammatory response through
the NF-κB signaling pathway. When Raw264.7 cells are trans-
fected with the circ_1639 mimic, the level of miR-122 gene is
significantly reduced, while the expression of its target gene
TNFRSF13C increases. Hence, it can be concluded that in
Raw264.7 cells, circ_1639 affects the inflammatory response
through the miR-122/TNFRSF13C regulatory axis [138].

In Raw264.7 macrophages stimulated by the calcitonin
gene-related peptide (CGRP), increased expression of
mmu_circRNA_007893 and decreased expression of miR-
485-5p are detected. The coimmunoprecipitation reaction
further confirms the interaction among mmu_circRNA_
007893, miR-485-5p, and IL-6. In Raw264.7 cells, the
mmu_circRNA_007893/miR-485-5p/IL-6 regulatory path-
way regulates the inflammatory response by controlling the
expression of the cytokine IL-6 and ultimately affects the cell
function [139].

The above results indicate that the function of macro-
phages can be affected by the expression level of the circRNA
regulatory axis, such as the proinflammatory cytokines (e.g.,
TNF-α and IL-6) and anti-inflammatory cytokines. There is
a lot of evidence that circRNAs play a vital role in macro-
phages, and it will assist with further research on the diseases
caused by macrophages and circRNAs.

5.4. circRNAs in Aortic Dissection Tissue and
Intracranial Aneurysms

5.4.1. circRNAs in Aortic Dissection Tissue. In a previous
study, a targeted circRNA array was applied to exploring dif-
ferentially expressed circRNAs in tissue specimens from tho-
racic aortic dissection (TAA) patients undergoing surgery
[140]. As observed from the qRT-PCR assays, the expression
levels of hsa_circRNA_102771, hsa_circRNA_002271, hsa_
circRNA_101238, hsa_circRNA_104349, hsa_circRNA_
104634, COL6A3, and COL1A1 increase, while the expres-
sion of hsa_circRNA_005525, hsa_circRNA_102683, hsa_
circRNA_103458, and FLNA is downregulated. Meanwhile,
circRNA_101238 is found to not only be deregulated with
the disease but also potentially affect miR-320a expression
and MMP9 levels. Moreover, the expression of both hsa_cir-
cRNA_104634 interacting with hsa-miR-145-3p and hsa_
circRNA_104349 interacting with hsa-miR-26a-3p is upreg-
ulated, which promotes the apoptosis or phenotypic transfor-
mation of SMCs [141]. According to another study, hsa_
circRNA_104033 and hsa_circRNA_102683 can suppress
hsa-miR-195-3p and hsa-miR-29b-1-5p levels, respectively,
thereby aggravating aortic wall apoptosis and ECM degrada-
tion and promoting collagen remodeling [142]. Thus, those
differentially expressed circRNAs discovered possibly con-
tribute to TAD occurrence through several biological pro-
cesses [140].

Through carrying out RNA-Seq on the affected ascend-
ing aortic samples from patients with acute Stanford type A
aortic dissection (AAAD), Tian et al. have identified 506
evidently differentially expressed circRNAs [143]. Besides,
the levels of ten circRNAs with the most significant differ-
ential expression are either increased or decreased by 2-5
folds. Specifically, circUBA2, circARHGAP26, circIQGAP1,
circCHSY1, circMED13, circMBNL1, circMYH10, and cir-
cRAB7A are upregulated, while circFAM120B and cir-
cCEP70 are downregulated. Moreover, the analysis results
of the circRNA-miRNA-mRNA network disclose the regula-
tory effect of circMARK3 on the expression of Fgr, which is a
kind of tyrosine-protein kinase. The findings of Tian et al.
demonstrate the clinical significance of the circMARK3-
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miR-1273-Fgr interaction and that the combined use of cir-
cRNAs and additional biomarkers can improve the diagnos-
tic accuracy.

5.4.2. circRNAs in Peripheral Blood of Intracranial
Aneurysms. One recent effort identifies the hsa_circ_
0021001 in peripheral blood of patients with intracranial
aneurysms, but its potential contribution to aneurysmal
expansion is not expounded [144]. Hsa_circ_0021001 has
an area under the receiver operating characteristic ROC
curve (AUC) of 0.87, demonstrating its effectiveness in IA
diagnosis.

In a study, the circRNA sequencing on IA patients recog-
nizes two novel circRNAs in the peripheral blood samples
from IA cases, and their expression in peripheral blood of
normal subjects are also analyzed. The results suggest that
hsa_circ_0008433 and hsa_circ_0072309 are new and critical
circRNAs associated with IAs. This study may provide novel
prognostic biomarkers and therapeutic targets for IAs [145].

5.4.3. Hsa_circRNA_0020397 in Intracranial Aneurysm
Tissue.Wang et al. acquired arterial wall tissue samples from
the aneurysm site in 12 cases and discovered that circRNA_
0020397 was downregulated in IAs. The decreased cir-
cRNA_0020397 expression possibly suppressed the prolifer-
ation of VSMCs through upregulating miR-138 levels and
downregulating KDR levels [146].

6. Summary and Perspectives

AAAs are one of the major causes leading to cardiovascular
death among the senile male population, and their etiology
is complex, including apoptosis of SMCs and inflammatory
reaction. It is of urgent need to develop new pharmacological
approaches or gene therapy strategies for delaying aneurysm
development or lowering the risk of acute rupture. Over the
last few decades, ncRNAs are increasingly identified as criti-
cal regulators for AAA occurrence and development. Hence,
it is necessary to identify abnormally expressed ncRNAs and
validate them in relevant human AAA tissue and animal
models, so as to better explore the pathophysiological mech-
anisms related to AAA genesis and development.

Different from traditional linear RNAs, circRNAs are a
novel class of RNAs with a closed loop structure that can be
detected in the eukaryotic genome. Besides, they show higher
stability and greater resistance to RNase degradation, so they
are widely used as biomarkers. However, there is no evidence
that peripheral blood circRNAs are effective biomarkers for
the diagnosis of AAAs, and further investigation is required
to confirm the relationship between circulating circRNAs
and AAAs.

It is reported that circRNAs function as the molecular
“sponge,” capable of regulating transcription and posttran-
scriptional gene expression by binding to and blocking
microRNA regulatory factors. The regulatory pathway of cir-
cRNAs is circRNA-miRNA-mRNA. A circRNA specifically
binds to an miRNA and inhibits its expression, thereby regu-
lating the expression level of the template RNA.

In this paper, the relationship between circRNAs and
AAAs is briefly described. It is proved that several circRNAs
affect the formation of AAAs by regulating the proliferation
and apoptosis of VSMCs. Meanwhile, the changes of aneu-
rysmal wall cells (e.g., immune cells and ECs) in the AAA
development process can be well analyzed based on the cir-
cRNAs extracted from these cells. When the differential
expression of these circRNAs is verified, the molecular mech-
anisms of circRNAs in regulating AAA occurrence are inves-
tigated both in vitro and in vivo. Meanwhile, the mechanism
of action is further elaborated.

Because of the above-mentioned characteristics, cir-
cRNAs have been listed as a biomarker and therapeutic target
for AAAs. The expression and regulation of circRNAs will
directly affect the development of AAAs.

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

All authors read and approved the final manuscript.

Acknowledgments

We thank professional editors at STS (Changsha Shiyu
Translation Service Co., Ltd.) for editing the English text of
a draft of the manuscript. This work was supported by the
Fundamental Research Funds for the Central Universities
(grant number: DUT19RC(3)076), the National Natural Sci-
ence Foundation of China (grant number: 81600370), and
the China Postdoctoral Science Foundation (grant number:
2018M640270) for Yanshuo Han. This work was supported
by the National Natural Science Foundation of China (grant:
81970402) for Jian Zhang.

References

[1] W. S. Aronow, “Peripheral arterial disease and abdominal
aortic aneurysm in elderly people,” Minerva Medica,
vol. 102, no. 6, pp. 483–500, 2011.

[2] US Preventive Services Task Force, D. K. Owens, K. W.
Davidson et al., “Screening for abdominal aortic aneurysm:
US Preventive Services Task Force recommendation state-
ment,” JAMA, vol. 322, no. 22, pp. 2211–2218, 2019.

[3] J. S. Lindholt, “Abdominal aortic aneurysms,” Danish Medi-
cal Bulletin, vol. 57, no. 12, p. B4219, 2010.

[4] F. A. Hellenthal, W. A. Buurman, W. K. Wodzig, and G. W.
Schurink, “Biomarkers of AAA progression. Part 1: extracel-
lular matrix degeneration,” Nature Reviews. Cardiology,
vol. 6, no. 7, pp. 464–474, 2009.

[5] F. A. Hellenthal, W. A. Buurman, W. K. Wodzig, and G. W.
Schurink, “Biomarkers of abdominal aortic aneurysm

16 Oxidative Medicine and Cellular Longevity



progression. Part 2: inflammation,” Nature Reviews. Cardiol-
ogy, vol. 6, no. 8, pp. 543–552, 2009.

[6] R. W. Thompson, P. J. Geraghty, and J. K. Lee, “Abdominal
aortic aneurysms: basic mechanisms and clinical implica-
tions,” Current Problems in Surgery, vol. 39, no. 2, pp. 110–
230, 2002.

[7] F. L. Moll, J. T. Powell, G. Fraedrich et al., “Management of
abdominal aortic aneurysms clinical practice guidelines of
the European society for vascular surgery,” European Journal
of Vascular and Endovascular Surgery, vol. 41, Suppl 1,
pp. S1–S58, 2011.

[8] A. Conway, A. H. Malkawi, R. J. Hinchliffe et al., “First-year
results of a national abdominal aortic aneurysm screening
programme in a single centre,” The British Journal of Surgery,
vol. 99, no. 1, pp. 73–77, 2012.

[9] H. A. Ashton, M. J. Buxton, N. E. Day et al., “The Multicentre
Aneurysm Screening Study (MASS) into the effect of abdom-
inal aortic aneurysm screening on mortality in men: a rando-
mised controlled trial,” Lancet, vol. 360, no. 9345, pp. 1531–
1539, 2002.

[10] M. Zarrouk, J. Holst, M. Malina et al., “The importance of
socioeconomic factors for compliance and outcome at
screening for abdominal aortic aneurysm in 65-year-old
men,” Journal of Vascular Surgery, vol. 58, no. 1, pp. 50–55,
2013.

[11] M. Gawenda and J. Brunkwall, “Ruptured abdominal aortic
aneurysm: the state of play,” Deutsches Ärzteblatt Interna-
tional, vol. 109, no. 43, pp. 727–732, 2012.

[12] M. Johansson, P. H. Zahl, V. Siersma, K. J. Jørgensen,
B. Marklund, and J. Brodersen, “Benefits and harms of
screening men for abdominal aortic aneurysm in Sweden: a
registry-based cohort study,” Lancet, vol. 391, no. 10138,
pp. 2441–2447, 2018.

[13] H. H. Eckstein, T. Bruckner, P. Heider et al., “The relation-
ship between volume and outcome following elective open
repair of abdominal aortic aneurysms (AAA) in 131 German
hospitals,” European Journal of Vascular and Endovascular
Surgery, vol. 34, no. 3, pp. 260–266, 2007.

[14] R. M. Greenhalgh and E. V. The, “Comparison of endovascu-
lar aneurysm repair with open repair in patients with abdom-
inal aortic aneurysm (EVAR trial 1), 30-day operative
mortality results: randomised controlled trial,” Lancet,
vol. 364, no. 9437, pp. 843–848, 2004.

[15] Y. Han, S. Zhang, J. Zhang, C. Ji, and H. H. Eckstein, “Out-
comes of endovascular abdominal aortic aneurysm repair in
octogenarians: meta-analysis and systematic review,” Euro-
pean Journal of Vascular and Endovascular Surgery, vol. 54,
no. 4, pp. 454–463, 2017.

[16] M. Trenner, B. Haller, M. Storck, B. Reutersberg, M. A. Kall-
mayer, and H. H. Eckstein, “Trends in patient safety of intact
abdominal aortic aneurysm repair: German registry data on
36,594 procedures,” European Journal of Vascular and Endo-
vascular Surgery, vol. 53, no. 5, pp. 641–647, 2017.

[17] J. Golledge, “Abdominal aortic aneurysm: update on patho-
genesis and medical treatments,” Nature Reviews. Cardiology,
vol. 16, no. 4, pp. 225–242, 2019.

[18] Y. D. Wang, Z. J. Liu, J. Ren, and M. X. Xiang, “Pharmacolog-
ical therapy of abdominal aortic aneurysm: an update,” Cur-
rent Vascular Pharmacology, vol. 16, no. 2, pp. 114–124, 2018.

[19] A. Giraud, L. Zeboudj, M. Vandestienne et al., “Gingival
fibroblasts protect against experimental abdominal aortic

aneurysm development and rupture through tissue inhibitor
of metalloproteinase-1 production,” Cardiovascular
Research, vol. 113, no. 11, pp. 1364–1375, 2017.

[20] K. Riches, E. Clark, R. J. Helliwell et al., “Progressive develop-
ment of aberrant smoothmuscle cell phenotype in abdominal
aortic aneurysm disease,” Journal of Vascular Research,
vol. 55, no. 1, pp. 35–46, 2018.

[21] H. Lu, J. Sun, W. Liang et al., “Cyclodextrin prevents abdom-
inal aortic aneurysm via activation of vascular smooth muscle
cell TFEB,” Circulation, vol. 142, no. 5, pp. 483–498, 2020.

[22] N. Bogunovic, J. P. Meekel, D. Micha, J. D. Blankensteijn,
P. L. Hordijk, and K. K. Yeung, “Impaired smooth muscle cell
contractility as a novel concept of abdominal aortic aneurysm
pathophysiology,” Scientific Reports, vol. 9, no. 1, p. 6837,
2019.

[23] G. M. Longo, S. J. Buda, N. Fiotta et al., “MMP-12 has a role
in abdominal aortic aneurysms in mice,” Surgery, vol. 137,
no. 4, pp. 457–462, 2005.

[24] W. W. Lu, L. X. Jia, X. Q. Ni et al., “Intermedin1-53 attenu-
ates abdominal aortic aneurysm by inhibiting oxidative
stress,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 36, no. 11, pp. 2176–2190, 2016.

[25] E. J. Ryer, K. E. Ronning, R. Erdman et al., “The potential role
of DNA methylation in abdominal aortic aneurysms,” Inter-
national Journal of Molecular Sciences, vol. 16, no. 5,
pp. 11259–11275, 2015.

[26] Y. Han, F. Tanios, C. Reeps et al., “Histone acetylation and
histone acetyltransferases show significant alterations in
human abdominal aortic aneurysm,” Clinical Epigenetics,
vol. 8, no. 1, p. 3, 2016.

[27] L. Maegdefessel, J. M. Spin, U. Raaz et al., “miR-24 limits aor-
tic vascular inflammation and murine abdominal aneurysm
development,” Nature Communications, vol. 5, no. 1,
p. 5214, 2014.

[28] K. S. Bishop and L. R. Ferguson, “The interaction between
epigenetics, nutrition and the development of cancer,” Nutri-
ents, vol. 7, no. 2, pp. 922–947, 2015.

[29] A. O. Caglayan and M. Dundar, “Inherited diseases and syn-
dromes leading to aortic aneurysms and dissections,” Euro-
pean Journal of Cardio-Thoracic Surgery, vol. 35, no. 6,
pp. 931–940, 2009.

[30] L. Y. Sakai, D. R. Keene, M. Renard, and J. De Backer, “FBN1:
the disease-causing gene for Marfan syndrome and other
genetic disorders,” Gene, vol. 591, no. 1, pp. 279–291, 2016.

[31] K. Benke, B. Agg, B. Szilveszter et al., “The role of transform-
ing growth factor-beta in Marfan syndrome,” Cardiology
journal, vol. 20, no. 3, pp. 227–234, 2013.

[32] M. Frank, J. Albuisson, B. Ranque et al., “The type of variants
at the COL3A1 gene associates with the phenotype and sever-
ity of vascular Ehlers-Danlos syndrome,” European Journal of
Human Genetics, vol. 23, no. 12, pp. 1657–1664, 2015.

[33] T. Freestone, R. J. Turner, A. Coady, D. J. Higman, R. M.
Greenhalgh, and J. T. Powell, “Inflammation and matrix
metalloproteinases in the enlarging abdominal aortic aneu-
rysm,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 15, no. 8, pp. 1145–1151, 1995.

[34] V. Davis, R. Persidskaia, L. Baca-Regen et al., “Matrix
metalloproteinase-2 production and its binding to the matrix
are increased in abdominal aortic aneurysms,” Arteriosclero-
sis, Thrombosis, and Vascular Biology, vol. 18, no. 10,
pp. 1625–1633, 1998.

17Oxidative Medicine and Cellular Longevity



[35] C. Saracini, P. Bolli, E. Sticchi et al., “Polymorphisms of genes
involved in extracellular matrix remodeling and abdominal
aortic aneurysm,” Journal of Vascular Surgery, vol. 55, no. 1,
pp. 171–179, 2012, e2.

[36] G. Makrygiannis, E. Mourmoura, K. Spanos et al., “Risk fac-
tor assessment in a Greek cohort of patients with large
abdominal aortic aneurysms,” Angiology, vol. 70, no. 1,
pp. 35–40, 2019.

[37] G. T. Jones, G. Tromp, H. Kuivaniemi et al., “Meta-analysis of
genome-wide association studies for abdominal aortic aneu-
rysm identifies four new disease-specific risk loci,” Circula-
tion Research, vol. 120, no. 2, pp. 341–353, 2017.

[38] M. Abu-Farha, S. Lanouette, F. Elisma et al., “Proteomic anal-
yses of the SMYD family interactomes identify HSP90 as a
novel target for SMYD2,” Journal of Molecular Cell Biology,
vol. 3, no. 5, pp. 301–308, 2011.

[39] W. Tang, A. Saratzis, J. Pattee et al., “Replication of newly
identified genetic associations between abdominal aortic
aneurysm and SMYD2, LINC00540, PCIF1/MMP9/ZNF335,
and ERG,” European Journal of Vascular and Endovascular
Surgery, vol. 59, no. 1, pp. 92–97, 2020.

[40] B. J. Toghill, A. Saratzis, P. J. Freeman, N. Sylvius, and M. J.
Bown, “SMYD2 promoter DNA methylation is associated
with abdominal aortic aneurysm (AAA) and SMYD2 expres-
sion in vascular smooth muscle cells,” Clinical Epigenetics,
vol. 10, p. 29, 2018.

[41] J. D. Wythe, L. T. Dang, W. P. Devine et al., “ETS factors reg-
ulate Vegf-dependent arterial specification,” Developmental
Cell, vol. 26, no. 1, pp. 45–58, 2013.

[42] J. Marsman, G. Gimenez, R. C. Day, J. A. Horsfield, and G. T.
Jones, “A non-coding genetic variant associated with abdom-
inal aortic aneurysm alters erg gene regulation,” Human
Molecular Genetics, vol. 29, no. 4, pp. 554–565, 2020.

[43] A. Brunet and S. L. Berger, “Epigenetics of aging and aging-
related disease,” The Journals of Gerontology. Series A, Biolog-
ical Sciences and Medical Sciences, vol. 69, Suppl 1, pp. S17–
S20, 2014.

[44] P. van der Harst, L. J. de Windt, and J. C. Chambers, “Trans-
lational perspective on epigenetics in cardiovascular disease,”
Journal of the American College of Cardiology, vol. 70, no. 5,
pp. 590–606, 2017.

[45] G. Natoli, “Maintaining cell identity through global control of
genomic organization,” Immunity, vol. 33, no. 1, pp. 12–24,
2010.

[46] Q. Xia, J. Zhang, Y. Han et al., “Epigenetic regulation of reg-
ulatory T cells in patients with abdominal aortic aneurysm,”
FEBS Open Bio, vol. 9, no. 6, pp. 1137–1143, 2019.

[47] H. Jiang, Q. Xia, S. Xin et al., “Abnormal epigenetic modifica-
tions in peripheral T cells from patients with abdominal aortic
aneurysm are correlated with disease development,” Journal of
Vascular Research, vol. 52, no. 6, pp. 404–413, 2016.

[48] L. D. Moore, T. Le, and G. Fan, “DNA methylation and its
basic function,” Neuropsychopharmacology, vol. 38, no. 1,
pp. 23–38, 2013.

[49] M. Skorvanova, T. Matakova, M. Skerenova et al., “Methyla-
tion of MMP2, TIMP2, MMP9 and TIMP1 in abdominal aor-
tic aneurysm,” Bratislavské Lekárske Listy, vol. 121, no. 10,
pp. 717–721, 2020.

[50] T. F.Whayne, “Epigenetics in the development, modification,
and prevention of cardiovascular disease,” Molecular Biology
Reports, vol. 42, no. 4, pp. 765–776, 2015.

[51] M. Galán, S. Varona, M. Orriols et al., “Induction of histone
deacetylases (HDACs) in human abdominal aortic aneurysm:
therapeutic potential of HDAC inhibitors,” Disease Models &
Mechanisms, vol. 9, no. 5, pp. 541–552, 2016.

[52] H. Z. Chen, F. Wang, P. Gao et al., “Age-associated sirtuin 1
reduction in vascular smooth muscle links vascular senes-
cence and inflammation to abdominal aortic aneurysm,” Cir-
culation Research, vol. 119, no. 10, pp. 1076–1088, 2016.

[53] D. Y. Li, A. Busch, H. Jin et al., “H19 induces abdominal aor-
tic aneurysm development and progression,” Circulation,
vol. 138, no. 15, pp. 1551–1568, 2018.

[54] X. He, S. Wang, M. Li et al., “Long noncoding RNA GAS5
induces abdominal aortic aneurysm formation by promoting
smooth muscle apoptosis,” Theranostics, vol. 9, no. 19,
pp. 5558–5576, 2019.

[55] Y. Sun, L. Zhong, X. He et al., “LncRNA H19 promotes vas-
cular inflammation and abdominal aortic aneurysm forma-
tion by functioning as a competing endogenous RNA,”
Journal of Molecular and Cellular Cardiology, vol. 131,
pp. 66–81, 2019.

[56] S. Kumar, R. A. Boon, L. Maegdefessel, S. Dimmeler, and
H. Jo, “Role of noncoding RNAs in the pathogenesis of
abdominal aortic aneurysm,” Circulation Research, vol. 124,
no. 4, pp. 619–630, 2019.

[57] D. P. Bartel, “MicroRNAs: target recognition and regulatory
functions,” Cell, vol. 136, no. 2, pp. 215–233, 2009.

[58] K. Saliminejad, H. R. Khorram Khorshid, S. Soleymani
Fard, and S. H. Ghaffari, “An overview of microRNAs:
biology, functions, therapeutics, and analysis methods,”
Journal of Cellular Physiology, vol. 234, no. 5, pp. 5451–
5465, 2019.

[59] T. X. Lu and M. E. Rothenberg, “MicroRNA,” The Journal of
Allergy and Clinical Immunology, vol. 141, no. 4, pp. 1202–
1207, 2018.

[60] C. Schulte, M. Karakas, and T. Zeller, “MicroRNAs in cardio-
vascular disease - clinical application,” Clinical Chemistry
and Laboratory Medicine, vol. 55, no. 5, pp. 687–704, 2017.

[61] R. A. Boon and S. Dimmeler, “MicroRNAs and aneurysm
formation,” Trends in Cardiovascular Medicine, vol. 21,
no. 6, pp. 172–177, 2011.

[62] A. Liu, Y. Liu, B. Li, M. Yang, Y. Liu, and J. Su, “Role of miR-
223-3p in pulmonary arterial hypertension via targeting
ITGB3 in the ECM pathway,” Cell Proliferation, vol. 52,
no. 2, article e12550, 2019.

[63] L. Shi, C. Yu, X. Tian et al., “Effect of microRNA-133a-
3p/matrix metalloproteinase-9 axis on the growth of athero-
sclerotic vascular smooth muscle cells,” Experimental and
Therapeutic Medicine, vol. 18, no. 6, pp. 4356–4362, 2019.

[64] T. Nakao, T. Horie, O. Baba et al., “Genetic ablation of
microRNA-33 attenuates inflammation and abdominal aor-
tic aneurysm formation via several anti-inflammatory path-
ways,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 37, no. 11, pp. 2161–2170, 2017.

[65] Y. Sun, Y. U. Xiao, H. Sun et al., “miR-27a regulates vascular
remodeling by targeting endothelial cells' apoptosis and inter-
action with vascular smoothmuscle cells in aortic dissection,”
Theranostics, vol. 9, no. 25, pp. 7961–7975, 2019.

[66] L. Maegdefessel, J. Azuma, R. Toh et al., “Inhibition of
microRNA-29b reduces murine abdominal aortic aneurysm
development,” The Journal of Clinical Investigation,
vol. 122, no. 2, pp. 497–506, 2012.

18 Oxidative Medicine and Cellular Longevity



[67] D. R. Merk, J. T. Chin, B. A. Dake et al., “miR-29b participates
in early aneurysm development in Marfan syndrome,” Circu-
lation Research, vol. 110, no. 2, pp. 312–324, 2012.

[68] L. Maegdefessel, J. Azuma, R. Toh et al., “MicroRNA-21
blocks abdominal aortic aneurysm development and
nicotine-augmented expansion,” Science translational medi-
cine, vol. 4, no. 122, article 122ra22, 2012.

[69] D. Wang, T. Deuse, M. Stubbendorff et al., “Local microRNA
modulation using a novel anti-miR-21-eluting stent effec-
tively prevents experimental in-stent restenosis,” Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 35, no. 9,
pp. 1945–1953, 2015.

[70] L. Zhao, J. Huang, Y. Zhu et al., “miR-33-5p knockdown
attenuates abdominal aortic aneurysm progression via pro-
moting target adenosine triphosphate-binding cassette trans-
porter A1 expression and activating the PI3K/Akt signaling
pathway,” Perfusion, vol. 35, no. 1, pp. 57–65, 2020.

[71] R. A. Boon, N. Jaé, L. Holdt, and S. Dimmeler, “Long noncod-
ing RNAs: from clinical genetics to therapeutic targets?,”
Journal of the American College of Cardiology, vol. 67,
no. 10, pp. 1214–1226, 2016.

[72] N. Romero-Barrios, M. F. Legascue, M. Benhamed, F. Ariel,
andM. Crespi, “Splicing regulation by long noncoding RNAs,”
Nucleic Acids Research, vol. 46, no. 5, pp. 2169–2184, 2018.

[73] G. St Laurent, C. Wahlestedt, and P. Kapranov, “The land-
scape of long noncoding RNA classification,” Trends in
Genetics, vol. 31, no. 5, pp. 239–251, 2015.

[74] L. Ma, V. B. Bajic, and Z. Zhang, “On the classification of long
non-coding RNAs,” RNA Biology, vol. 10, no. 6, pp. 925–933,
2013.

[75] Z. Zhang, G. Zou, X. Chen et al., “Knockdown of lncRNA
PVT1 inhibits vascular smooth muscle cell apoptosis and
extracellular matrix disruption in a murine abdominal aortic
aneurysmmodel,”Molecules and Cells, vol. 42, no. 3, pp. 218–
227, 2019.

[76] A. Leung, C. Trac, W. Jin et al., “Novel long noncoding RNAs
are regulated by angiotensin II in vascular smooth muscle
cells,” Circulation Research, vol. 113, no. 3, pp. 266–278, 2013.

[77] A. D. Mahmoud, M. D. Ballantyne, V. Miscianinov et al.,
“The human-specific and smooth muscle cell-enriched
LncRNA SMILR promotes proliferation by regulating mitotic
CENPF mRNA and drives cell-cycle progression which can
be targeted to limit vascular remodeling,” Circulation
Research, vol. 125, no. 5, pp. 535–551, 2019.

[78] V. Patamsytė, G. Žukovas, D. Gečys et al., “Long noncoding
RNAs CARMN, LUCAT1, SMILR, and MALAT1 in thoracic
aortic aneurysm: validation of biomarkers in clinical sam-
ples,”Disease Markers, vol. 2020, Article ID 8521899, 6 pages,
2020.

[79] W. R. Jeck and N. E. Sharpless, “Detecting and characterizing
circular RNAs,” Nature Biotechnology, vol. 32, no. 5, pp. 453–
461, 2014.

[80] T. B. Hansen, T. I. Jensen, B. H. Clausen et al., “Natural RNA
circles function as efficient microRNA sponges,” Nature,
vol. 495, no. 7441, pp. 384–388, 2013.

[81] L. L. Chen, “The biogenesis and emerging roles of circular
RNAs,” Nature Reviews. Molecular Cell Biology, vol. 17,
no. 4, pp. 205–211, 2016.

[82] W. L. Tan, B. T. Lim, C. G. Anene-Nzelu et al., “A landscape
of circular RNA expression in the human heart,” Cardiovas-
cular Research, vol. 113, no. 3, pp. 298–309, 2017.

[83] M. Zhou, Z. Shi, L. Cai et al., “Circular RNA expression pro-
file and its potential regulative role in human abdominal aor-
tic aneurysm,” BMC Cardiovascular Disorders, vol. 20, no. 1,
p. 70, 2020.

[84] D. T. Bradley, A. E. Hughes, S. A. Badger et al., “A variant in
LDLR is associated with abdominal aortic aneurysm,” Circula-
tion. Cardiovascular Genetics, vol. 6, no. 5, pp. 498–504, 2013.

[85] D. Harris, Y. Liang, C. Chen, S. Li, O. Patel, and Z. Qin, “Bone
marrow from blotchy mice is dispensable to regulate blood
copper and aortic pathologies but required for inflammatory
mediator production in LDLR-deficient mice during chronic
angiotensin II infusion,” Annals of Vascular Surgery, vol. 29,
no. 2, pp. 328–340, 2015.

[86] H. Qing, K. L. Jones, E. B. Heywood, H. Lu, A. Daugherty,
and D. Bruemmer, “Deletion of the NR4A nuclear receptor
NOR1 in hematopoietic stem cells reduces inflammation
but not abdominal aortic aneurysm formation,” BMC Car-
diovascular Disorders, vol. 17, no. 1, p. 271, 2017.

[87] Y. Alsiraj, S. E. Thatcher, R. Charnigo et al., “Female mice
with an XY sex chromosome complement develop severe
angiotensin II-induced abdominal aortic aneurysms,” Circu-
lation, vol. 135, no. 4, pp. 379–391, 2017.

[88] K. Di Gregoli, N. N. Mohamad Anuar, R. Bianco et al.,
“MicroRNA-181b controls atherosclerosis and aneurysms
through regulation of TIMP-3 and elastin,” Circulation
Research, vol. 120, no. 1, pp. 49–65, 2017.

[89] P. Gao, J. Si, B. Yang, and J. Yu, “Upregulation of microRNA-
15a contributes to pathogenesis of abdominal aortic aneu-
rysm (AAA) by modulating the expression of cyclin-
dependent kinase inhibitor 2B (CDKN2B),” Medical Science
Monitor, vol. 23, pp. 881–888, 2017.

[90] J. Wang, H. Sun, Y. Zhou et al., “Circular RNA microarray
expression profile in 3,4-benzopyrene/angiotensin II-
induced abdominal aortic aneurysm in mice,” Journal of Cel-
lular Biochemistry, vol. 120, no. 6, pp. 10484–10494, 2019.

[91] R. Yang, Z. Wang, G. Meng, and L. Hua, “Circular RNA
CCDC66 facilitates abdominal aortic aneurysm through the
overexpression of CCDC66,” Cell Biochemistry and Function,
vol. 38, no. 7, pp. 830–838, 2020.

[92] J. Yue, T. Zhu, J. Yang et al., “CircCBFB-mediated miR-28-5p
facilitates abdominal aortic aneurysm via LYPD3 and
GRIA4,” Life Sciences, vol. 253, p. 117533, 2020.

[93] S. Memczak, M. Jens, A. Elefsinioti et al., “Circular RNAs are
a large class of animal RNAs with regulatory potency,”
Nature, vol. 495, no. 7441, pp. 333–338, 2013.

[94] F. Zhao, T. Chen, and N. Jiang, “CDR1as/miR-7/CKAP4 axis
contributes to the pathogenesis of abdominal aortic aneu-
rysm by regulating the proliferation and apoptosis of primary
vascular smooth muscle cells,” Experimental and Therapeutic
Medicine, vol. 19, no. 6, pp. 3760–3766, 2020.

[95] C. Zheng, H. Niu, M. Li et al., “Cyclic RNA hsa-circ-000595
regulates apoptosis of aortic smooth muscle cells,”Molecular
Medicine Reports, vol. 12, no. 5, pp. 6656–6662, 2015.

[96] J. Zhou, Y. S. Li, and S. Chien, “Shear stress-initiated signal-
ing and its regulation of endothelial function,” Arteriosclero-
sis, Thrombosis, and Vascular Biology, vol. 34, no. 10,
pp. 2191–2198, 2014.

[97] I. Hinterseher, R. Erdman, L. A. Donoso et al., “Role of com-
plement cascade in abdominal aortic aneurysms,” Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 31, no. 7,
pp. 1653–1660, 2011.

19Oxidative Medicine and Cellular Longevity



[98] M. R. Alexander and G. K. Owens, “Epigenetic control of
smooth muscle cell differentiation and phenotypic switching
in vascular development and disease,” Annual Review of
Physiology, vol. 74, pp. 13–40, 2012.

[99] A. Palazzuoli, M. Gallotta, G. Guerrieri et al., “Prevalence of
risk factors, coronary and systemic atherosclerosis in abdom-
inal aortic aneurysm: comparison with high cardiovascular
risk population,” Vascular Health and Risk Management,
vol. 4, no. 4, pp. 877–883, 2008.

[100] B. J. Toghill, A. Saratzis, and M. J. Bown, “Abdominal aortic
aneurysm–an independent disease to atherosclerosis?,” Car-
diovascular Pathology, vol. 27, pp. 71–75, 2017.

[101] S. H. Tsai, P. H. Huang, Y. J. Hsu et al., “Inhibition of hypoxia
inducible factor-1alpha attenuates abdominal aortic aneu-
rysm progression through the down-regulation of matrix
metalloproteinases,” Scientific Reports, vol. 6, p. 28612, 2016.

[102] W. Hauzer, W. Witkiewicz, and J. Gnus, “Calprotectin and
receptor for advanced glycation end products as a potential
biomarker in abdominal aortic aneurysm,” Journal of Clinical
Medicine, vol. 9, no. 4, 2020.

[103] T. I. Emeto, J. V. Moxon, M. Au, and J. Golledge, “Oxidative
stress and abdominal aortic aneurysm: potential treatment
targets,” Clinical Science (London, England), vol. 130, no. 5,
pp. 301–315, 2016.

[104] Ł. Gutowski, K. Gutowska, M. Pioruńska-Stolzmann,
P. Formanowicz, and D. Formanowicz, “Systems approach
to study associations between OxLDL and abdominal aortic
aneurysms,” International Journal of Molecular Sciences,
vol. 20, no. 16, 2019.

[105] R. Batra, M. K. Suh, J. S. Carson et al., “IL-1beta (interleukin-
1beta) and TNF-alpha (tumor necrosis factor-alpha) impact
abdominal aortic aneurysm formation by differential effects
on macrophage polarization,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 38, no. 2, pp. 457–463, 2018.

[106] T. Blassova, Z. Tonar, P. Tomasek et al., “Inflammatory cell
infiltrates, hypoxia, vascularization, pentraxin 3 and osteo-
protegerin in abdominal aortic aneurysms - a quantitative
histological study,” PLoS One, vol. 14, no. 11, article
e0224818, 2019.

[107] R. Y. Dang, F. L. Liu, and Y. Li, “Circular RNA hsa_circ_
0010729 regulates vascular endothelial cell proliferation and
apoptosis by targeting the miR-186/HIF-1alpha axis,” Bio-
chemical and Biophysical Research Communications,
vol. 490, no. 2, pp. 104–110, 2017.

[108] H. G. Wang, H. Yan, C. Wang et al., “circAFF1 aggravates
vascular endothelial cell dysfunction mediated by miR-
516b/SAV1/YAP1 axis,” Frontiers in Physiology, vol. 11,
p. 899, 2020.

[109] C. Liu, M. D. Yao, C. P. Li et al., “Silencing of circular RNA-
ZNF609 ameliorates vascular endothelial dysfunction,” Ther-
anostics, vol. 7, no. 11, pp. 2863–2877, 2017.

[110] F. Zhang, K. C. Kent, Y. Z. Dai Yamanouchi et al., “Anti-
receptor for advanced glycation end products therapies as
novel treatment for abdominal aortic aneurysm,” Annals of
Surgery, vol. 250, no. 3, pp. 416–423, 2009.

[111] K. Prasad, “AGE-RAGE stress play a role in aortic aneurysm:
a comprehensive review and novel potential therapeutic tar-
get,” Reviews in Cardiovascular Medicine, vol. 20, no. 4,
pp. 201–208, 2019.

[112] J. Sun, Y. Pu, P. Wang et al., “TRPV1-mediated UCP2 upreg-
ulation ameliorates hyperglycemia-induced endothelial dys-

function,” Cardiovascular Diabetology, vol. 12, no. 1, p. 69,
2013.

[113] W. Zhang and Y. Sui, “CircBPTF knockdown ameliorates
high glucose-induced inflammatory injuries and oxidative
stress by targeting the miR-384/LIN28B axis in human
umbilical vein endothelial cells,” Molecular and Cellular Bio-
chemistry, vol. 471, no. 1-2, pp. 101–111, 2020.

[114] J. Cheng, Q. Liu, N. Hu et al., “Downregulation of hsa_circ_
0068087 ameliorates TLR4/NF-κB/NLRP3 inflammasome-
mediated inflammation and endothelial cell dysfunction in
high glucose conditioned by sponging miR-197,” Gene,
vol. 709, pp. 1–7, 2019.

[115] L. Pan, W. Lian, X. Zhang et al., “Human circular
RNA‑0054633 regulates high glucose‑induced vascular endo-
thelial cell dysfunction through the microRNA‑218/round-
about 1 and microRNA‑218/heme oxygenase‑1 axes,”
International Journal of Molecular Medicine, vol. 42, no. 1,
pp. 597–606, 2018.

[116] Y. Cao, G. Yuan, Y. Zhang, and R. Lu, “High glucose-induced
circHIPK3 downregulation mediates endothelial cell injury,”
Biochemical and Biophysical Research Communications,
vol. 507, no. 1-4, pp. 362–368, 2018.

[117] J. R. Hickok, D. Vasudevan, K. Jablonski, and D. D. Thomas,
“Oxygen dependence of nitric oxide-mediated signaling,”
Redox Biology, vol. 1, pp. 203–209, 2013.

[118] U. Simonsen, R. Rodriguez-Rodriguez, T. Dalsgaard, N. H.
Buus, and E. Stankevicius, “Novel approaches to improving
endothelium-dependent nitric oxide-mediated vasodilata-
tion,” Pharmacological Reports, vol. 61, no. 1, pp. 105–115,
2009.

[119] H. X. Li, F. J. Kong, S. Z. Bai et al., “Involvement of calcium-
sensing receptor in oxLDL-induced MMP-2 production in
vascular smooth muscle cells via PI3K/Akt pathway,” Molec-
ular and Cellular Biochemistry, vol. 362, no. 1-2, pp. 115–122,
2012.

[120] F. Chang, S. Flavahan, and N. A. Flavahan, “Superoxide inhi-
bition restores endothelium-dependent dilatation in aging
arteries by enhancing impaired adherens junctions,” Ameri-
can Journal of Physiology. Heart and Circulatory Physiology,
vol. 314, no. 4, pp. H805–H811, 2018.

[121] S. Zhang, G. Song, J. Yuan et al., “Circular RNA circ_0003204
inhibits proliferation, migration and tube formation of endo-
thelial cell in atherosclerosis via miR-370-3p/TGFbetaR2/-
phosph-SMAD3 axis,” Journal of Biomedical Science,
vol. 27, no. 1, p. 11, 2020.

[122] H. Liu, X. Ma, Z. Mao, M. Shen, J. Zhu, and F. Chen, “Circu-
lar RNA has_circ_0003204 inhibits oxLDL-induced vascular
endothelial cell proliferation and angiogenesis,” Cellular Sig-
nalling, vol. 70, p. 109595, 2020.

[123] G. Wang, Y. Li, Z. Liu et al., “Circular RNA circ_0124644
exacerbates the ox-LDL-induced endothelial injury in human
vascular endothelial cells through regulating PAPP-A by act-
ing as a sponge of miR-149-5p,” Molecular and Cellular Bio-
chemistry, vol. 471, no. 1-2, pp. 51–61, 2020.

[124] M. Qin, W. Wang, H. Zhou, X. Wang, F. Wang, and
H. Wang, “Circular RNA circ_0003645 silencing alleviates
inflammation and apoptosis via the NF-kappaB pathway in
endothelial cells induced by oxLDL,” Gene, vol. 755,
p. 144900, 2020.

[125] P. Ding, Y. Ding, Y. Tian, and X. Lei, “Circular RNA circ_
0010283 regulates the viability and migration of oxidized
low‑density lipoprotein‑induced vascular smooth muscle

20 Oxidative Medicine and Cellular Longevity



cells via an miR‑370‑3p/HMGB1 axis in atherosclerosis,”
International Journal of Molecular Medicine, vol. 46, no. 4,
pp. 1399–1408, 2020.

[126] Z. Feng, Y. Zhu, J. Zhang, W. Yang, Z. Chen, and B. Li, “Hsa-
circ_0010283 regulates oxidized low-density lipoprotein-
induced proliferation and migration of vascular smooth mus-
cle cells by targeting the miR-133a-3p/pregnancy-associated
plasma protein A axis,” Circulation Journal, vol. 84, no. 12,
pp. 2259–2269, 2020.

[127] L. Yang, F. Yang, H. Zhao, M. Wang, and Y. Zhang, “Circular
RNA circCHFR facilitates the proliferation and migration of
vascular smooth muscle via miR-370/FOXO1/Cyclin D1
pathway,” Molecular Therapy-Nucleic Acids, vol. 16,
pp. 434–441, 2019.

[128] J. B. Zhuang, T. Li, X. M. Hu et al., “Circ_CHFR expedites cell
growth, migration and inflammation in ox-LDL-treated
human vascular smooth muscle cells via the miR-214-
3p/Wnt3/beta-catenin pathway,” European Review for Medi-
cal and Pharmacological Sciences, vol. 24, no. 6, pp. 3282–
3292, 2020.

[129] H. Yu, L. Zhao, Y. Zhao, J. Fei, andW. Zhang, “Circular RNA
circ_0029589 regulates proliferation, migration, invasion,
and apoptosis in ox-LDL-stimulated VSMCs by regulating
miR-424-5p/IGF2 axis,” Vascular Pharmacology, vol. 135,
p. 106782, 2020.

[130] Z. Huang, P. Li, L. Wu et al., “Hsa_circ_0029589 knockdown
inhibits the proliferation, migration and invasion of vascular
smooth muscle cells via regulating miR-214-3p and STIM1,”
Life Sciences, vol. 259, p. 118251, 2020.

[131] Y. Sun, S. Zhang, M. Yue, Y. Li, J. Bi, and H. Liu, “Angiotensin
II inhibits apoptosis of mouse aortic smooth muscle cells
through regulating the circNRG-1/miR-193b-5p/NRG-1
axis,” Cell Death & Disease, vol. 10, no. 5, p. 362, 2019.

[132] S. Wang, J. Zhan, X. Lin, Y. Wang, Y. Wang, and Y. Liu, “Cir-
cRNA-0077930 from hyperglycaemia-stimulated vascular
endothelial cell exosomes regulates senescence in vascular
smooth muscle cells,” Cell Biochemistry and Function,
vol. 38, no. 8, pp. 1056–1068, 2020.

[133] L. Shen, Y. Hu, J. Lou et al., “CircRNA‑0044073 is upregu-
lated in atherosclerosis and increases the proliferation and
invasion of cells by targeting miR‑107,” Molecular Medicine
Reports, vol. 19, no. 5, pp. 3923–3932, 2019.

[134] P. Kong, Y. Yu, L. Wang et al., “circ-Sirt1 controls NF-
kappaB activation via sequence-specific interaction and
enhancement of SIRT1 expression by binding to miR-
132/212 in vascular smooth muscle cells,” Nucleic Acids
Research, vol. 47, no. 7, pp. 3580–3593, 2019.

[135] W. Peng, T. Li, S. Pi, L. Huang, and Y. Liu, “Suppression of
circular RNA circDHCR24 alleviates aortic smooth muscle
cell proliferation and migration by targeting miR-149-
5p/MMP9 axis,” Biochemical and Biophysical Research Com-
munications, vol. 529, no. 3, pp. 753–759, 2020.

[136] Y. Y. Mao, J. Q. Wang, X. X. Guo, Y. Bi, and C. X. Wang,
“Circ-SATB2 upregulates STIM1 expression and regulates
vascular smooth muscle cell proliferation and differentiation
through miR-939,” Biochemical and Biophysical Research
Communications, vol. 505, no. 1, pp. 119–125, 2018.

[137] J. Sun, Z. Zhang, and S. Yang, “Circ_RUSC2 upregulates the
expression of miR-661 target gene SYK and regulates the
function of vascular smooth muscle cells,” Biochemistry and
Cell Biology, vol. 97, no. 6, pp. 709–714, 2019.

[138] X. Lu, Y. Liu, W. Xuan et al., “Circ_1639 induces cells inflam-
mation responses by sponging miR-122 and regulating
TNFRSF13C expression in alcoholic liver disease,” Toxicology
Letters, vol. 314, pp. 89–97, 2019.

[139] T. Deng, L. Yang, Z. Zheng et al., “Calcitonin generelated
peptide induces IL6 expression in RAW264.7 macrophages
mediated by mmu_circRNA_007893,” Molecular Medicine
Reports, vol. 16, no. 6, pp. 9367–9374, 2017.

[140] M. Zou, C. Huang, X. Li et al., “Circular RNA expression pro-
file and potential function of hsa_circRNA_101238 in human
thoracic aortic dissection,” Oncotarget, vol. 8, no. 47,
pp. 81825–81837, 2017.

[141] N. J. Leeper, A. Raiesdana, Y. Kojima et al., “MicroRNA-26a
is a novel regulator of vascular smooth muscle cell function,”
Journal of Cellular Physiology, vol. 226, no. 4, pp. 1035–1043,
2011.

[142] L. M. Holdt, A. Stahringer, K. Sass et al., “Circular non-
coding RNA ANRIL modulates ribosomal RNA maturation
and atherosclerosis in humans,” Nature Communications,
vol. 7, p. 12429, 2016.

[143] C. Tian, X. Tang, X. Zhu et al., “Expression profiles of cir-
cRNAs and the potential diagnostic value of serum circ-
MARK3 in human acute Stanford type A aortic dissection,”
PLoS One, vol. 14, no. 6, article e0219013, 2019.

[144] L. Teng, Y. U. Chen, H. Chen et al., “Circular RNA hsa_circ_
0021001 in peripheral blood: a potential novel biomarker in
the screening of intracranial aneurysm,” Oncotarget, vol. 8,
no. 63, pp. 107125–107133, 2017.

[145] Q. Huang, Q. Y. Huang, Y. Sun, and S. Y. Wu, “High-
throughput data reveals novel circular RNAs via competitive
endogenous RNA networks associated with human intracra-
nial aneurysms,” Medical Science Monitor, vol. 25, pp. 4819–
4830, 2019.

[146] Y. Wang, Y. Wang, Y. Li et al., “Decreased expression of circ_
0020397 in intracranial aneurysms may be contributing to
decreased vascular smooth muscle cell proliferation via
increased expression of miR-138 and subsequent decreased
KDR expression,” Cell Adhesion & Migration, vol. 13, no. 1,
pp. 220–228, 2019.

21Oxidative Medicine and Cellular Longevity



Research Article
Resveratrol Prevents Right Ventricle Dysfunction, Calcium
Mishandling, and Energetic Failure via SIRT3 Stimulation in
Pulmonary Arterial Hypertension

Judith Bernal-Ramírez ,1 Christian Silva-Platas ,1 Carlos Jerjes-Sánchez ,1,2

Martín R. Ramos-González ,1 Eduardo Vázquez-Garza ,1 Héctor Chapoy-Villanueva ,1

Alicia Ramírez-Rivera,3 Ángel Zarain-Herzberg ,4 Noemi García ,1,2,5

and Gerardo García-Rivas 1,2,5

1Tecnológico de Monterrey, Escuela de Medicina y Ciencias de la Salud, Cátedra de Cardiología. N. L, Monterrey, Mexico
2Tecnológico de Monterrey, Centro de Investigación Biomédica, Hospital Zambrano Hellion, San Pedro Garza García, Mexico
3Unidad de Investigación Clínica en Medicina, Monterrey, Mexico
4Facultad de Medicina, Universidad Nacional Autónoma de México, Departamento de Bioquímica, Ciudad de México, Mexico
5Tecnológico de Monterrey, Centro de Medicina Funcional, Hospital Zambrano Hellion, San Pedro Garza García, Mexico

Correspondence should be addressed to Gerardo García-Rivas; gdejesus@itesm.mx

Received 5 March 2021; Revised 20 May 2021; Accepted 25 May 2021; Published 21 June 2021

Academic Editor: Gaetano Santulli

Copyright © 2021 Judith Bernal-Ramírez et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Pulmonary arterial hypertension (PAH) is characterized by pulmonary vessel remodeling; however, its severity and impact on
survival depend on right ventricular (RV) failure. Resveratrol (RES), a polyphenol found in red wine, exhibits cardioprotective
effects on RV dysfunction in PAH. However, most literature has focused on RES protective effect on lung vasculature; recent
finding indicates that RES has a cardioprotective effect independent of pulmonary arterial pressure on RV dysfunction, although
the underlying mechanism in RV has not been determined. Therefore, this study is aimed at evaluating sirtuin-3 (SIRT3)
modulation by RES in RV using a monocrotaline- (MC-) induced PAH rat model. Myocyte function was evaluated by confocal
microscopy as cell contractility, calcium signaling, and mitochondrial membrane potential (ΔΨm); cell energetics was assessed
by high-resolution respirometry, and western blot and immunoprecipitation evaluated posttranslational modifications. PAH
significantly affects mitochondrial function in RV; PAH is prone to mitochondrial permeability transition pore (mPTP)
opening, thus decreasing the mitochondrial membrane potential. The compromised cellular energetics affects cardiomyocyte
function by decreasing sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) activity and delaying myofilament unbinding,
disrupting cell relaxation. RES partially protects mitochondrial integrity by deacetylating cyclophilin-D, a critical component of
the mPTP, increasing SIRT3 expression and activity and preventing mPTP opening. The preserved energetic capability rescues
cell relaxation by maintaining SERCA activity. Avoiding Ca2+ transient and cell contractility mismatch by preserving
mitochondrial function describes, for the first time, impairment in excitation-contraction-energetics coupling in RV failure.
These results highlight the importance of mitochondrial energetics and mPTP in PAH.

1. Introduction

Pulmonary arterial hypertension (PAH) is a complex disease
resulted from the interplay of several biological and environ-
mental processes leading to pulmonary vasculature remodel-
ing, therefore pulmonary hypertension [1]. Consequently,

the low-pressure, thin-walled, crescent-shaped RV has to
overcome structural changes to accomplish its function and
pump against such an increased afterload [2]. Therefore,
RV hypertrophy is a necessary adaptation to preserve RV-
pulmonary arterial coupling by decreasing RV wall tension
and increasing RV cardiomyocyte force-generating capacity
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[2]. Consequently, in early stages, it emerges as an adaptative
remodeling, while at end stage of the disease, it becomes a
maladaptive remodeling [2]. Despite the publication of 41
randomized clinical trials in the past 25 years and the regula-
tory approval of multiple drugs delivered by four administra-
tion routes [3], there is no drug focused on improving RV
performance and/or reducing inflammation [4]. Despite
currently available therapies PAH patients remain significant
morbidity and mortality [1]. A polyphenol from the stil-
bene family, 3,5,4′-trihydroxystilbene resveratrol (RES), has
drawn researchers’ attention by its cardioprotective activity
in other cardiovascular diseases [5]. Although RES acts as a
pleiotropic agent in several conditions, it has an intrinsic
antioxidant capacity, as well as an ability to regulate mem-
brane receptors, kinases, and other enzymes [6–8]. In PAH
models, RES improves lung functioning through its antipro-
liferative [9], antioxidant [10], and anti-inflammatory prop-
erties [11]. More precisely, RES activates sirtuins, a relevant
group of deacetylases that participate in the regulation of
numerous cellular processes [12]. In the heart, sirtuin activa-
tion has been linked to the prevention of hypertrophy [13]
and energetic dysfunction [14, 15].

Previously, we found the prevention of RV hypertrophy
and cardiac fibrosis by RES in PAH, accompanied by a
decrease in the RV acetylation profile [16]. However, the
connection between these two mechanisms remains unclear.
Progression to RV failure has been linked to mitochondrial
dysfunction [17, 18], as PAH generates a disruption in the
mitochondrial structure [17], decreasing its oxidative capa-
bility [19] and diminishing ATP production [17, 20]. The
compromised cardiac energetics impairs RV contractility by
reducing creatine kinase expression [21], a key component
in transferring energy to myofilaments. Thus, protecting
mitochondrial function with cyclosporine A (CsA), which
blocks mPTP opening by interacting with cyclophilin D
(CypD), prevents mitochondrial disruption in PAH and
preserves RV function [22]. CypD hyperacetylation is an
essential trigger of mPTP opening [23], and its contribution
to mitochondrial dysfunction and heart failure has been
established in animal models [24] and humans [15]. Notably,
CypD acetylation is regulated by SIRT3 [23, 24], a sirtuin
stimulated by RES [12], which is associated with the loss-
of-function polymorphism found in PAH patients [25].

The search for additional therapeutic options for more
effective PAH management has led to the development and
approval of new drugs [26]; however, the available treatments
focus on exclusively in managing pulmonary alterations [27].
Gaining a basic understanding of RV alterations through
dysfunction, RV failure, and mechanisms that delay these
changes may be helpful in developing new therapeutic strat-
egies to improve PAH prognosis. Therefore, the aim of this
study is to evaluate the extent of SIRT3 activation in the car-
dioprotection conferred by RES in the RV of a MC-induced
PAH model.

2. Materials and Methods

2.1. Reagents. All reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA), unless otherwise stated.

2.2. Murine Model of Pulmonary Arterial Hypertension. PAH
was induced in male Sprague–Dawley rats (Bioinvert, Edo. de
México, MX) weighing >300 g by a single MC (PHL8925)
dose (60mg/kg, subcutaneous) diluted in dimethylsulfoxide
(DMSO, 472301), as previously reported [16]. The control
group was treated with equivalent volume of DMSO. Ani-
mals were kept at 25°C with 12 h light/dark cycle. Water
and food were given ad libitum. A group of MC-injected ani-
mals was treated with RES dissolved in water (20mg/kg/day,
intra gastric) during day 1 to 42 after MC injection (PAH-
RES) [16]. The other groups were given equivalent volume
of water (intragastric). All animals were observed for
general appearance and respiratory symptomatology. A
group of control animals treated with RES during 42 days
(20mg/kg/day, intragastric) was evaluated.

2.3. Histologic Preparations. As reported previously [16],
after injection of sodium heparin (1000U/kg), animals were
anesthetized with 5% sevoflurane and the heart and lungs
were removed to be fixed in 4% (wt/vol) paraformaldehyde
in PBS at room temperature for more than 2 hours. After-
wards, tissues were embedded in paraffin and stained with
hematoxylin/eosin (H&E) and Masson’s trichrome. An
Imager Z1 Zeiss microscope with an AxioCam HRm was
used, and images were processed with the AxioVision soft-
ware. Micrograph from the whole Masson’s trichrome
stained slides was taken at 2.5x; then, the image was decom-
posed in more than 7 fields at 5x. Fibrotic index was assessed
by quantification of blue and red pixels, using ImageJ (http://
imagej.nih.gov/ij/, NIH, Bethesda, MD, USA); a blue%/red%
ratio was made. Two blinded analysts performed the analysis,
and three different fields were analyzed. H&E micrograph
from the papillary muscles was used to quantify cardiomyo-
cyte area at 10x. An object carrier with a capacity for 7 slides
was used to analyze all slides with their respective batches.
Arterioles with smooth muscular medial layer proliferation
were quantified in seven random fields of lung H&E micro-
graph, to analyze its diameter, and the occlusion vessel of
100μm was selected. Occlusion was obtained by averaging
more than seven measurements of the medial layer thickness.

2.4. Cardiomyocyte Isolation. Ventricular myocytes were iso-
lated modifying a previous report [28]. Briefly after, animals
were heparinized (1000U/kg, intraperitoneal) and anesthe-
tized with sevoflurane (1.5%-3%/1 L/min, inhaled). Hearts
were excised and mounted on a Langendorff apparatus to
be perfused with Tyrode solution (Ty) (mM: 128 NaCl, 0.4
NaH2PO4, 6 glucose, 5.4 KCl, 0.5 MgCl-6H2O, 5 creatinine,
5 taurine and 25 HEPES, pH7.4) at 37°C for 5min and
digested by collagenase type II (0.1% in Ty) (Worthington
Biochemical, Lakewood, NJ). Subsequently, RV was dissected
and cells were mechanically disaggregated. Cardiomyocytes
were rinsed with 0.1% albumin in Ty solution at increasing
Ca2+ concentrations (0.25, 0.5, and 1mM). All the confocal
measurements were acquired using a Leica TCS SP5 confocal
microscope equipped with a D-apochromatic 63X, 1.2 NA,
oil objective (Leica Microsystems, Wetzlar, Germany). Only
rod-shaped cells with visible striations were selected for the
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study. All records were analyzed using ImageJ (http://imagej
.nih.gov/ij/, NIH, Bethesda, MD, USA).

2.5. Cell Shortening and Ca2+ Handling in Intact
Cardiomyocytes. Cell shortening was evaluated in 0.5Hz
paced Ca2+ transient records, where the scanned line was
longer than the cell length, following a previous report [29].
Briefly, a rectangular region comprising both cellular edges
was selected and a threshold was set to distinguish the intra-
cellular from the extracellular space, converting the image
into binary. The cell border of the resulting binary image
was compared to the border on the original record to ensure
a close fit. Cell shortening parameters evaluated were time to
peak shortening from fully cell rest length and time to 50% of
relaxation frommaximal shortening. ImageJ software (http://
imagej.nih.gov/ij/, NIH, Bethesda, MD, USA) was used to
process images. Intracellular Ca2+ signaling was measured
as previously reported [28, 30]. Recently isolated cardiomyo-
cytes were incubated with 10μM Fluo-4 AM (F14201, Life
Technologies, USA) (in Ty, 1mM Ca2+) for 45min at 25°C.
Later, cells were washed with fluorophore-free solution,
plated on laminin- (L2020) covered glass coverslips, and
mounted in a superfusion chamber. Line scan images were
recorded by the cell longitudinal axis (400Hz, 1μm section
thickness) by confocal microscopy under 0.5Hz field stimu-
lation (MYP100 MyoPacer Field Stimulator; Ion-Optix,
Milton, MA, USA). Fluorophore excitation was 488nm,
and emission window was 500-600 nm. β-Adrenergic stimu-
lation was assessed after 10min of 100 nM isoproterenol
(16504) (ISO in Ty, 1mM Ca2+) perfusion at 1Hz stimula-
tion. Fluorescence data is shown as ΔF/F0, where F0 is the
average fluorescence intensity before field stimulation. To
evaluate spark characteristics in freshly isolated myocytes,
the longitudinal cell axis with 100nm pixel size records was
taken at 1Hz pace. Analysis was performed using ImageJ
software (http://imagej.nih.gov/ij/, NIH, Bethesda, MD,
USA) with the SparkMaster plugin [31].

2.6. Mitochondrial Membrane Potential in Intact
Cardiomyocytes. Freshly isolated cardiomyocyte cells were
incubated with 300nM tetramethylrhodamine ethyl ester
perchlorate (TMRE) (T669, Thermo Fisher Scientific, USA)
for 30min at 25°C (in Ty, 1mM Ca2+) [32]. After washing
with a fluorophore-free and Ca2+-free solution, 2D images
(1024 × 1024 pixels, 400Hz, 1μm section thickness) were
taken using 543nm excitation and 555-700 nm emission
window. Results were normalized to the CTRL group as a
percentage. The degree of mitochondrion polarization was
then expressed as TMRE intensity per cell. As a negative con-
trol, cells were perfused with 0.8μM cyanide m-chlorophenyl
hydrazone (CCCP) (C2759) during 10min (data not shown).

2.7. Mitochondrial Isolation. Heart mitochondrial fractions
were obtained according to the method described previously
[33]. Briefly, the heart was isolated and placed in an ice-cold
buffer (SHE), containing (mM) the following: 250 sucrose, 10
HEPES and 1 EGTA, and pH7.3. After, only RV tissue was
digested for 10min using 0.12mg of protease in cold SHE
buffer and centrifuged at 800 x g. The homogenates were

centrifuged at 10000 x g for 10min, and then the resulting
pellet was suspended in SH buffer containing (mM) the
following: 250 sucrose, 10 HEPES, pH7.3, and free EGTA.
Isolated mitochondria were suspended (0.6mg/ml) in respi-
ration buffer containing (in mM) the following: 125 KCl,
3 KH2PO4, 10 HEPES, and pH7.3.

2.8. Mitochondrial Function from RV in the PAH Model. For
the respiratory studies, 0.1mg/ml mitochondria in respi-
ratory medium (140mM K+-gluconate, 5mM KH2PO4,
2μg/ml rotenone, 10mM succinate, 10mM HEPES pH
7.2) was evaluated during the respiratory states of no-
phosphorylation (state 4), phosphorylation (state 3, ADP
added), and maximal respiratory activity (uncoupled with
FCCP). Oxygen consumption was recorded using high-
resolution respirometry (Oroboros Instrument, Innsbruck,
Austria) [32].

2.9. Ca2+ Retention Capacity (CRC).mPTP opening sensitiv-
ity was evaluated in isolated mitochondrial by CRC. Mito-
chondria were incubated in a medium containing 0.3μM
Calcium Green-5N (C3739, Life Technologies, Carlsbad,
CA, US), 10mM succinate plus rotenone (10μg/ml), 200
μMADP, and 0.25μg Oligomycin A. After 5-minute incuba-
tion, 10μM of Ca2+ pulses was added every 3min and fluo-
rescence was recorded at 488nm excitation and 500-600nm
emission. After enough Ca2+ loading, a massive release of
mitochondrial Ca2+ indicates mPTP opening. The amount
of CaCl2 necessary to trigger this enormous Ca2+ release
was used as an indicator of the susceptibility to mPTP open-
ing due to Ca2+ overload [32].

2.10. Protein Extraction. 50mg heart tissue was macerated
using a Polytron PT1200 E (Kinematica AG, Switzerland)
with 500μl of buffer SHE added with 1mM phenylmethyl-
sulfonyl fluoride (PMSF, P7626) and 1mM dithiothreitol
(DTT, D0632). Afterwards, the homogenate was centrifuged
at 2000 rpm during 10min at 4°C. Protein was quantified in
the supernatant by the Lowry method using bovine serum
albumin as standard.

2.11. Western Blot. Protein were resolved on SDS-PAGE gel
and transferred onto a PVDF membrane, which was incu-
bated with primary antibody. The membrane was washed
three times for 10min with PBS-0.5% Tween 20 and
subsequently probed with an HPR-conjugated secondary
for 2 hours at 25°C. After washing three times with PBS-
0.5% Tween 20 for 10min, the blots were developed with
SuperSignal West Dura Extended Duration Substrate
(TG268239, Thermo Fisher Scientific, Waltham, MA, US)
and quantified by using a BioSpectrum 415 Image Acquisi-
tion System (UVP, Upland, CA, USA). Protein acetylation
used 30μg of isolated mitochondria in a 15% SDS-PAGE
gel;to SIRT3 expression, 15μg of isolated mitochondria was
used in a 12% SDS-PAGE gel; electrophoresis and transfer
conditions were 105V, 25°C, 2.5 h, and 300mA, 4°C, 2 h,
respectively, to both. SERCA2, phospholamban (PLB), and
D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were quantified in the same blot. 40μg of tissue homogenate
was loaded in 12% SDS-PAGE gel. Electrophoresis and
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transfer conditions were 85V, 25°C, 2 h, and 350mA, 25°C,
1.5 h, respectively. Primary antibodies used were as follows:
anti-Acetylated-Lysine (9441S, Cell Signaling, Danvers,
MA, US) (1 : 1000); anti-SIRT3 (D22A3, Cell Signaling,
Danvers, MA, US) (1 : 2000); anti-SERCA (sc-8094, Santa
Cruz Biotechnology, MA, US) (1 : 10000); and anti-PLB (sc-
21923, Santa Cruz Biotechnology, MA, US) (1 : 1000). Anti-
COX4 (4D11-B3-E8, Cell Signaling, Danvers, MA, US)
(1 : 2000) [25] and anti-GAPDH (sc-25778, Santa Cruz
Biotechnology, MA, US) (1 : 10000) antibodies were used
as a loading control.

2.12. Real-Time Polymerase Chain Reaction (PCR) Analysis.
Total RNA from right ventricles was extracted using TRIzol
Reagent (15596026, Invitrogen, Carlsbad, CA, USA). Sample
purity was confirmed measuring a 260/280 nm absorbance
ratio using a Take3 multivolume plate in a Synergy HT
microplate reader (BioTek Instruments, Winooski, USA).
SensiFAST cDNA Synthesis Kit (BIO-65053, Bioline,
London, UK) was used to reverse-transcribe cDNA from
1μg of total RNA. qPCR reaction was performed using
the SensiFAST SYBR Lo-ROX Kit (BIO-94020, Bioline,
London, UK) in a Quant-Studio 3 RT PCR System (Thermo
Fisher Scientific, Waltham, TX, USA). Data was analyzed by
2−ΔΔCt method to estimate mRNA expression from each
gene [15, 34]. T4 Oligo (Mexico) synthesized primers. Primer
sequences are detailed in Supplementary Table 1.

2.13. Oxidative Stress Markers. Free thiol groups were evalu-
ated in 200μg of isolated mitochondria incubated with 5,5-
dithio-bis-(2-nitrobenzoic acid) (DNTB, 300μM) (D8130),
during 10min at 25°C in darkness. After 10min centrifu-
gation at 10000 rpm, the supernatant was measured at
412nm. Protein carbonyl content was assessed in homoge-
nized tissue following assay kit (ab126287, Abcam, UK)
instructions. Membrane lipid peroxidation was analyzed by
measuring the generation of thiobarbituric acid-reactive
substances (TBARS) as previously reported [35]. DNA oxi-
dation was analyzed by ELISA assay according to the kit
manufacturer’s instructions (ab101245, Abcam, UK). The
concentration of 8-hydroxy-20-deoxyguanosine (8-OHdG)
was measured using a standard curve and expressed in nano-
grams per micrograms of DNA [36]. Enzyme activities were
evaluated in a homogenized heart tissue. Catalase activity
was measured by O2 production assessed by an electrode type
Clark [36]. Briefly, 50μg protein was added to phosphate
buffer (KH2PO4 50mM, pH7.8), and the addition of 5mM
H2O2 (quantified at 240nm with an extinction coefficient of
43:6M−1 × cm−1) started the reaction. Data were expressed
as units per milligram of protein (U/mg). Aconitase activity
was measured by monitoring cis-aconitate synthesis from cit-
rate at 30°C on 240 nm. 150μg protein was added to 1ml of
medium (100mM KH2PO4, 0.01% Triton X-100, 0.6mM
MnCl2, 0.2mM NADP, and 1mM citrate, pH7.2). Enzyme
activity is expressed as nmol × min−1 × mg−1, using cis-aconi-
tate extinction coefficient (E240 nm = 3:6mM−1 × cm−1).
Superoxide dismutase activity was measured as previously
reported [36]. Briefly, 50μg protein was added to phosphate
buffer (50mM KH2PO4, 1mM EDTA, 10mM xanthine,

50μM nitro-blue tetrazolium chloride (NBT), 1U catalase,
1.5U Xantina oxidase, pH7.8). Oxidation of NBT by
superoxide anion was measured at 560 nm. To measure
Mn-SOD, 3mM KCN was added. One activity unit was
defined as 50% oxidation of NBT. Results were expressed
as units per milligram of protein (U/mg).

2.14. Immunoprecipitation. As described before [15], isolated
mitochondria from right ventricles (1mg) were solubilized in
buffer containing (in mM) the following: 150 NaCl, 1 EGTA,
Igepal 1%, 20 Tris-HCl, pH7.2, and protease inhibitor
cocktail (Roche). Afterwards, they were clarified of endoge-
nous IgG and incubated with 2μg of mouse anti-CypD
(ab110324, Abcam, UK), or the isotype IgG as control, 1 hour
at 4°C in a rotator. The immunoprecipitation complexes were
captured by adding 50% activated slurry of Protein G Sepha-
rose beads (GE) to the solubilized protein and incubated
overnight at 4°C in a rotator. Beads were centrifuged and
washed thrice. Complexes were eluted in SDS-loading buffer
prior to electrophoretic separation and subsequent western
blot analysis.

2.15. Statistics. Data is presented as themean ± SEM. Statisti-
cal analysis and graphs were performed using GraphPad
Prism software (V.5.01; La Jolla, CA, USA). Data were ana-
lyzed by one-way ANOVA or two-tailed Student’s t-test;to
compare the groups, Dunn’s post hoc test was performed
when appropriate. Statistical significance was set at p < 0:05.

2.16. Study Approval. All procedures performed in animals
were supervised and approved by the Internal Committee
for Care and Handling of Laboratory Animals of the School
of Medicine of the Tecnológico de Monterrey (Protocols
no. 2017-006 and 2019-019) and were performed following
the Mexican National Laboratory Animal Health Guidelines
(NOM 062-ZOO 1999).

3. Results

3.1. RES Preserves Right Ventricular Function with a Limited
Effect on Lung Vasculature. The PAH model requires 28–42
days to develop phenotypic changes in the lungs and heart
[37]. Previously, it has been shown that heart alterations
caused by MC target the RV and RES treatment improve
RV function with a limited protective effect on pulmonary
architecture [16]. In addition, rats treated only with RES
showed no differences compared to the control animals
(without MC) for lung morphological parameters such aves-
sel lumen diameter, number of muscular arteries, luminal
occlusion, and RV histological characteristics (Supplemental
Figure 1).

3.2. RES Prevents Contractility Alterations and Improves Ca2+

Handling. RV myocyte function was evaluated by character-
izing cell contraction and Ca2+ dynamics to assess alterations
in excitation-contraction coupling (ECC). Cell shortening
was less efficient in the PAH group since time to peak short-
ening (Figure 1(b)) and half relaxation (Figure 1(c)) were
82% and 41% slower, respectively. RES treatment accelerated
the time to peak shortening by 22% in PAH (Figure 1(b)) and
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maintained the CTRL group time to half relaxation
(Figure 1(c)), indicating that RES treatment improved cell
relaxation in PAH.

Since intracellular Ca2+ dynamics orchestrates cell con-
tractility, transient parameters were characterized. Transient
amplitude (Figure 1(e)) did not change between groups.
However, in transient decay, the PAH group showed a 1.2-
fold slower T50% than CTRL, while RES reduced this effect
by 26% (Figure 1(f)); however, no significant differences were
shown in the SERCA2/PLB ratio between the PAH and PAH
+RES groups (Figure 1(g)), indicating that the improved
T50% might have been due to increased SERCA activity rather
than changes in its expression. Gene expression of other Ca2+

extrusion mechanisms, Na/Ca2+ exchanger (NCX) and mito-
chondria calcium uniplex (MCU), did not change between
groups (NCX: CTRL = 1 ± 0:11, PAH = 1:03 ± 0:15, PAH+
RES = 0:86 ± 0:12; MCU: CTRL = 0:88 ± 0:13, PAH = 0:88
± 0:13, PAH+RES = 0:96 ± 0:15 mRNA/HPRT).

Ca2+ spark frequency (Figure 1(i)) and amplitude
(Figure 1(j)) were measured as an indicative of RyR activity.
No changes were observed between PAH and CTRL groups;
thus, RyR activity was not affected. However, the PAH-RES
group had a higher spark amplitude than the PAH group
(PAH:0:96 ± 0:06ΔF/F0, RES+PAH:1:3 ± 0:09ΔF/F0, p <
0:05), suggesting a higher SR Ca2+ content.

RV myocytes were challenged after isoprenaline (ISO,
100nM) perfusion to induce the β-adrenergic response
(β-AR), a highly energy-dependent state (Supplemental.
Fig. 2). All groups were capable to increase Ca2+ transient
amplitude and to reduce T50%. However, cell contraction
failed to comply in the PAH group, while RES-treated PAH
prevented this Ca2+ transient and cell contractility mismatch.

3.3. RES Prevents Cellular Energetics Failure. Since β-AR
emphasizes the disruption of excitation-contraction-

energetic coupling (ECEC) in PAH, mitochondrial function
was evaluated in isolated myocytes and mitochondria from
the RV tissue. PAH compromises ATP production by alter-
ing mitochondrial functioning, as ΔΨm decreased by 47%
in PAH myocytes (p < 0:001), while in RES-treated PAH,
the control level was sustained (95:4 ± 11:6%) (Figure 2(b)).
RV mitochondria from the PAH group also showed a 26%
reduction in respiratory activity during state 3 of respiration
(Figure 2(c)) with no change in basal respiratory activity in
state 4 (Figure 2(d)), thus decreasing respiratory control ratio
(CTRL: 2:1 ± 0:19; PAH: 1:5 ± 0:15) (Figure 2(e)). In the
PAH-RES group, mitochondria maintained the respiratory
control ratio (2 ± 0:04) (Figure 2(e)) by preserving the phos-
phorylation response (CTRL: 36:93 ± 3:24nmol O2/min∙mg;
PAH+RES: 33:89 ± 0:69nmol O2/min∙mg) (Figure 2(c)).
Isolated mitochondria from the PAH group also showed
increased mPTP, demonstrated by an 81% decrease in Ca2+

retention capacity (CRC), while RES treatment produced a
2.5-fold decrease in mitochondrial fragility in the PAH-RES
group (Figure 2(f)). The enhanced permeability was a
consequence of mPTP opening since the effect is inhibited
by CsA, a potent inhibitor of the mPTP (mean ± SEM:
CTRL = 216:7 ± 33:33 nmol Ca2+/mg, PAH = 186:1 ± 45:24
nmol Ca2+/mg, PAH+RES = 186:7 ± 54:52 nmol Ca2+/mg;
p = 0:3831; n: 7, 6, and 5 mitochondrial preparations,
respectively).

The involvement of oxidative stress in mitochondria
permeability transitioning was also evaluated. As shown in
Figure 3(b), there was an increase in membrane peroxidation
concomitant with 48% decrease in aconitase activity in the
PAH group indicating an increased oxidant environment
within the mitochondria. However, other antioxidant
enzymes and oxidation in protein or DNA did not change
in the PAH group (Figure 3). RES treatment maintained
the same level of aconitase activity as CTRL (97%;
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Figure 1: Characterization of cell contraction and Ca2+ dynamics in isolated RV myocytes. (a) Representative profile of cellular shortening.
Average of time to peak shortening (b) (CTRL: n = 20 cells; PAH: n = 21 cells; PAH+RES: n = 45) and time to 50% relaxation (c) (CTRL:
n = 18 cells; PAH: n = 17 cells; PAH+RES: n = 16). (d) Representative florescence profile of Ca2+ transient. Pooled data from Ca2+

transient amplitude (e) and T50% (f) (CTRL: n = 16 cells; PAH: n = 53 cells; PAH+RES: n = 69 cells). (g) Representative images and
pooled data of western blot to the SERCA2/PLB ratio; GAPDH was used as a loading control (n = 4). (h) Representative line scan images
of treated groups; surface plots from selected sparks (doted square) are above; shown below are line profiles from 2 μm regions of the
selected spark (black marks in line scan images). Pooled data of Ca2+ spark frequency (i) and amplitude (j) (CTRL: n = 46 cells, 3
animals; PAH: n = 55 cells, 3 animals; PAH+RES: n = 71 cells, 5 animals). CTRL (solid black line), pulmonary arterial hypertension
(PAH, dotted line), and PAH treated with resveratrol (PAH+RES, solid gray line). CTRL: control; PAH: pulmonary arterial
hypertension; PAH+RES: PAH treated with resveratrol. All data are presented as the mean ± SEM. ∗p < 0:05 vs. CTRL; ap < 0:05 vs.
PAH, calculated by 1-way ANOVA; cp < 0:05 vs. CTRL, calculated by a 2-tailed t-test.
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Figure 3(e)) and increased mitochondrial superoxide dismut-
ase (SOD) by 36% compared to the PAH group (Figure 3(g)),
which is a direct target of SIRT3.

3.4. RES Decreases the Acetylation of CypD. To evaluate the
extent of sirtuin activation by RES, the mitochondrial protein
acetylation profile, SIRT3 expression, and acetylation of
CypD were assessed. In Figure 4(a), the protein acetylation
profiles of isolated mitochondria show a 59% increase in
acetylated proteins in the PAH group, including a threefold

increase in CypD acetylation (Figure 4(c)). Protein acetyla-
tion was decreased by 13% in the PAH-RES group
(p = 0:5303 vs. PAH); however, SIRT3 was 96% overex-
pressed (Figure 4(b)). Importantly, CypD was a critical com-
ponent of mitochondria permeability transitioning, as shown
by the significant decrease of 51% (p = 0:0581, vs. PAH) in
acetylation in the PAH-RES group (Figure 4(c)), indicating
the importance of SIRT3 in reducing mitochondrial perme-
ability transitioning. There were no significant between-
group differences in SIRT1 gene expression (CTRL = 0:89 ±
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Figure 2: Characterization of mitochondrial function from RV. Representative images (a) and pooled data (b) from ΔΨm in isolated RV
myocytes (CTRL: n = 66 cells and 3 animals; PAH: n = 59 cells and 3 animals; PAH+RES: n = 25 cells and 2 animals). Mitochondrial
respiratory states (c, d) and respiratory control ratio (e) of isolated mitochondria preparations (CTRL: n = 6, PAH: n = 5, PAH+RES: n = 6).
(f) CRC from isolated mitochondria, in left image each arrow represents a 10 nmol CaCl2 bolus (CTRL: n = 8, PAH: n = 5, PAH+RES: n = 4;
ap < 0:05 vs. PAH, calculated by a 2-tailed t-test). CTRL: control; PAH: pulmonary arterial hypertension; PAH+RES: PAH treated with
resveratrol. All data are presented as the mean ± SEM. ∗p < 0:05 vs. CTRL; ap < 0:05 vs. PAH, calculated by 1-way ANOVA.
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0:08; PAH = 0:96 ± 0:12; PAH+RES = 0:82 ± 0:09mRNA/
HPRT), while SIRT5 decreased in both the PAH and PAH+
RES groups (CTRL = 0:92 ± 0:11; PAH = 0:43 ± 0:08; PAH+
RES = 0:45 ± 0:071mRNA/HPRT).

4. Discussion

The cardiovascular protective actions of RES in PAH have
been reported in RV function [16, 38]; however, the mecha-
nisms involved have not been fully described. According to
our results, PAH causes an energetic dysfunction in the RV
myocyte by promoting the opening of the mPTP due to
CypD hyperacetylation. The decreased energy supply

impairs the highly energy-demanding processes involved in
myocyte functions, such as cellular relaxation, by hampering
SERCA activity and delaying myofibrils’ unbinding. Treating
this model with RES stimulates and overexpresses SIRT3,
which prevents mPTP opening by acting directly on CypD
deacetylation. Preserving cellular energetics also preserves
myocyte contraction and relaxation.

4.1. RES Improves Cell Relaxation and SERCA Activity.
Intracellular Ca2+ oscillations orchestrate cell contraction-
relaxation cycle during Ca2+ transient, since cytosolic
Ca2+ interacts with troponin C allowing actin-myosin
interaction.
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Figure 3: Oxidative stress markers in RV. Pooled data from free thiol groups in isolated mitochondria (a). Average of protein carbonylation
(b), TBARS (c), and 8-OHdG/total DNA ratio in RV tissue (d). Enzymatic activity of aconitase (e), catalase (f), manganese superoxide
dismutase (Mn-SOD) (g), and copper-zinc superoxide dismutase (CuZn-SOD) (h). Control (CTRL: n = 4-7); pulmonary arterial
hypertension (PAH, n = 5-9); PAH treated with resveratrol (PAH+RES, n = 6-7). All data are presented as the mean ± SEM. ∗p < 0:05 vs.
CTRL; ap < 0:05 vs. PAH, calculated by 1-way ANOVA.
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RV myocyte functioning was evaluated using confocal
microscopy by assessing intracellular Ca2+ signaling and cell
shortening. Characterization of the cellular contraction-
relaxation cycle showed that PAH has a negative impact on
the overall contraction-relaxation dynamic. Regardless, no
alterations in SR Ca2+ release synchronicity during Ca2+

transient; it takes longer to accomplish maximal shortening.
Treating PAH with RES decreased time to maximal short-
ening possibly by increased myofilament Ca2+ sensitivity
[39, 40]; however, it does not fully normalize this param-
eter. Interestingly, relaxation dynamics showed the most
significant changes. PAH considerably prolongs cell relaxa-
tion, while PAH under RES treatment keeps the relaxation
rate similar to the CTRL group, a finding that has not been
previously reported.

Accordingly, major alteration in intracellular Ca2+ tran-
sient caused by PAH was a decreased SERCA activity caused
by a decreased SERCA/PLB ratio. However, both increased
[41] and decreased [42] SERCA activities have been reported,
as well as no change in SERCA and PLB expression [41].
Although RES treatment did not change the SERCA/PLB

ratio, it did increase intracellular Ca2+ removal, thus SERCA
activity.

This behavior was replicated after stimulating the β-AR,
a highly energy-demanding condition [43, 44]. PAH showed
the highest transient amplitude but the lowest cell shorten-
ing, while RES preserved the proportionality of Ca2+ released
and cell contraction.

This effect might be related to a mismatch in the ECEC
since it has been documented that creatine kinase (CK)
expression is diminished in failing RV caused by PAH due
to a decreased ATP supply [21, 45, 46]. Failing to meet the
energetic demand, myofilament cross-bridge cycling is inhib-
ited in finding shorter sarcomere lengths [21], compromising
myocyte function. In this regard, the preservation of ATP
production by RES preserves CK activity and an efficient
ATP supply to SERCA, displaying improved cell contraction
and relaxation.

Additionally, PAH did not modify Ca2+ spark frequency,
indicating intact RyR activity [47], unlike previous reports
[41, 42]. RES treatment also showed no changes in spark
frequency and amplitude.
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Figure 4: Protein acetylation and SIRT3 expression in RV. Representative image and pooled data of western blot to acetylated lysine (Ac-Lys)
profile from isolated mitochondria (a) (CTRL: n = 5, PAH: n = 4, PAH+RES: n = 6). ∗p < 0:05 vs. CTRL unpaired 2-tailed t-test.
(b) Representative images and pooled data of western blot from isolated mitochondria against SIRT3; cytochrome c oxidase
subunit 4 (COX-4) was used as a loading control (CTRL: n = 6, PAH: n = 3, PAH+RES: n = 4). (c) Immunoprecipitation (IP) of
cyclophilin D (CypD) followed by immunoblot analysis against Ac-Lys; acetylation signal was normalized to total CypD (CTRL: n = 3,
PAH: n = 3, PAH+RES: n = 3). Control (CTRL); pulmonary arterial hypertension (PAH); PAH treated with resveratrol (PAH+RES). All
data are presented as the mean ± SEM. ∗p < 0:05 vs. CTRL, ap < 0:05 vs. PAH, calculated by 1-way ANOVA.
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4.2. RES Preserves Mitochondrial Functioning and Integrity.
Since major alterations caused by PAH reside among highly
energy-dependent mechanisms, cell excitation and contrac-
tion must be tightly linked to the energy supply to ensure
the proper functioning of the myocyte as a whole in an
ECEC process. Since mitochondrial dysfunction has been
identified as one of the mechanisms underlying heart fail-
ure [18, 19, 22, 46], mitochondrial activity was evaluated
in this model. In isolated myocytes, PAH compromises
ATP production by decreasing ΔΨm; the electrochemical
force needed for ATP production, decreasing the oxidative
phosphorylation rate (state 3). Decreased phosphorylation
response have been reported in RV by PAH [48–50].
The cardioprotective effects of RES on mitochondria have
been described in several models [51–53]. Similarly, RES
treatment preserved ΔΨm and respiratory chain activity
in PAH. Even though the results obtained by mitochon-
drial respiration and fragility are evident when stimulating
complex II, these same aspects have yet to be evaluated
under NADH-dependent respiration.

Mitochondrial function preservation by RES in PAH
could be related to decrease mitochondrial fragility. The loss
of mitochondrial integrity by mPTP formation has been
described as a main contributor to ventricular dysfunction
in the right and left ventricles [22, 54, 55]. Most importantly,
preventing mPTP opening using CsA has been shown to
reduce RV dysfunction in PAH [22]. Mitochondrial Ca2+

overload in PAH, complemented by an increased oxidative
environment within the mitochondria, makes them more
prone to permeability transition [54, 56]; however, unlike
other reports [57], no critical signs of proteins being modified
by oxidative stress were observed, indicating that the antiox-
idant system is capable of managing oxidative stress caused
by PAH in this model.

Although evident impairment in ΔΨm was found in this
study, outright evidence from reduced cellular bioenergetics
in this PAH model would directly measure ATP levels and
evaluate the phosphocreatine system. However, it is well
established that the ATP phosphorylation is particularly
sensitive to decreases of mitochondrial membrane potential;
for every 14mV decrease in proton-motive force (equivalent
to ΔΨm), the ATP/ADP ratio decreases by 10-fold [58]. Also,
the mitochondrial membrane potential has been described as
a crucial factor to generate rotational torque by the F0 nano-
motor [59, 60]. Thus, a decrease in this electrochemical force
may impede ATP production. In this regard, the integrity of
ΔΨm in PAH+RES RV myocytes suggests a capable, ener-
getic system to sustain the cardiac ECC.

4.3. RES Promotes the Deacetylation of CypD by SIRT3
Overexpression. One of the mechanisms through which RES
bestows its protective effects is the activation of deacetylases.
In pulmonary arterial smooth muscle cells (PASMC), the
protective effect of RES has been linked to expression and
activity modulation of the cytosolic deacetylase SIRT1
[61, 62]. Similarly, an increase in acetylated proteins was
found in PAH RV myocytes [16, 38], and the cardiac pro-
tection of RES through SIRT1 activation has been reported
in different conditions [38, 63–65]. Since PAH’s effect is

on mitochondrial function and activity, the expression of
SIRT3 and mitochondrial acetylome were evaluated to
determine the extent of its involvement.

The mitochondrial deacetylase SIRT3, which regulates
mitochondrial function [66–69], is modulated by RES [12],
and the rs11246020 polymorphism, associated with a ~30%
loss of function, has been found to be overrepresented in
patients with idiopathic PAH [25]. PAH showed an increase
in the protein acetylation profile from mitochondria, similar
to reports in PASMC [25]. RES treatment increased SIRT3
expression almost 3.5-fold; however, the acetylation profile
did not decrease significantly from PAH levels. Regardless
of this discrepancy, an important direct target of SIRT3,
cyclophilin D (CypD), decreased by almost half its hyperace-
tylation, diminishing the mitochondria’s proneness to mPTP
opening [15, 23], thus preserving the cellular energetic state
(Figure 5).

Furthermore, SIRT3 activity has been linked to the
prevention of myocardial dysfunction. Treatment with
honokiol, a potent SIRT3 activator, prevents and reverses
ventricular hypertrophy [70] and preserves mitochondrial
integrity and energetic capability [70, 71]. The mecha-
nisms involved still need to be elucidated; however, it
has been found that SIRT3 prevents mitochondrial Ca2+

overload by regulating mitochondrial Ca2+ uptake, regulat-
ing the expression of mitochondrial Ca2+ uniporter and its
main regulator MICU1. These data are relevant because it
was established that MCU and the MICU1 promoter are
regulated by SIRT3-dependent histone acetylation [72].
However, no change in MCU gene expression was found
in this model.

While SIRT3 activity has been identified as being
involved in cardiovascular protection [73–77], it is not the
only mechanism through which RES acts as a cardioprotec-
tive agent. Other sirtuins and enzymes, such as SIRT1,
SIRT5, and AMPK [5, 6, 78], contribute to modulating the
activation or repression of a wide range of cellular compo-
nents [5, 6, 78]. Furthermore, PAH pathogenesis is not
caused by a single modification; according to the widely
accepted “multiple-hit” hypothesis: inflammation, genetic
determinants, and environmental factors are needed to
develop the disease [79, 80].

Another important mechanism involved in modulating
mitochondrial functioning that we did not explore thor-
oughly in this study is mitochondrial dynamics. The deacety-
lation of OPA1 by SIRT3 has been described as a regulator of
mitochondrial dynamics and plays a role in maintaining a
competent mitochondrial population in the heart when it is
under pathological stress [81]. While previous reports did
not find changes in the gene expression of proteins involved
in mitochondrial dynamics and biogenesis in PAH [82], it
has been reported that RES promotes mitochondrial fission
[83]. This phenomenon is needed to preserve mitochondrial
function [84] and may be involved in ΔΨm preservation by
RES in this model. However, the implications of mitochon-
drial dynamics in the progression of RV failure still need to
be addressed; this phenomenon could be an interesting area
of research in the future to elucidate new therapeutic targets
in PAH.
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Although we found a strong relationship between preser-
vation of mitochondrial function and CypD acetylation via
SIRT3, loss and gain of function experiments can assess its
definitive role in this model. The availability of deficient-
SIRT3 mice faces the challenge of PHA model development,
since it has been reported that mouse PAH models may not
develop pulmonary hypertension, RV hypertrophy, and RV
failure regardless pulmonary artery remodeling; besides,
some of the models show spontaneous reverse of pulmonary
hypertension once the inductor is not present [85, 86].

4.4. Clinical Implications. This study suggests that mitochon-
drial protection and cellular energetic preservation could be
possible therapeutic targets to improve the PAH phenotype.
The currently approved PAH medications decrease vascular
remodeling by restoring the balance between vasoactive and
vasodilator mediators [87]. However, researchers have begun
to focus on mitochondrial disorders to develop new strate-
gies. Molecules that prevent and reverse mitochondrial bio-
energetic abnormalities in PASMC are being explored due
to their ability to promote apoptosis, thus decreasing pulmo-
nary vascular remodeling [88–91] and, in RV fibroblasts,
reducing cardiac fibrosis in PAH [92]. Unfortunately, cardi-
oprotective effects on RV muscle cells have not been
explored. Although RES’ usefulness in treating cardiovascu-
lar diseases has been observed as an overall beneficial effect
in diverse clinical trials, further research is needed to ensure
sustained effectiveness in patients since its major disadvan-
tage is its poor bioavailability [93]. No published studies have
evaluated RES use in PAH patients. Finally, ECEC disruption
is a phenomenon found in the right and left heart failure.
Describing the underlying mechanism and identifying shared

targets may be useful to recognize therapeutic strategies that
can help to improve heart failure prognosis and care.

5. Conclusions

The present work assessed the alterations in RV myocytes
caused by PAH and RES’ protection. For the first time, we
showed that the development of PAH causes a mismatch in
the ECEC: compromised mitochondrial functioning and
altered ATP synthesis resulted in deficient cell relaxation
and disrupted cell contraction. RES protects mitochondria
integrity by decreasing CypD hyperacetylation and increas-
ing SIRT3 expression and activity, preventing mPTP
opening, and preserving the ΔΨm. Maintaining cellular ener-
getics preserves ECEC, ensuring the proper functioning of
the myocyte as a whole. Understanding the mechanisms
involved in the protection that RES confers on the RV in
PAH could facilitate the development of new adjuvant thera-
pies that improve the daily lives of PAH patients.
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Supplemental Table 1: qPCR primer sequences hypoxanthine
phosphoribosyltransferase 1 (HPRT), Na+/Ca2+ exchanger
(NCX), sirtuin 1 (Sirt1), sirtuin 5 (Sirt5), and mitochondria
calcium uniplex (MCU). HPRT was used as a housekeeping
gene. Supplementary Figure 1: heart and lung structural
comparison between control animals and RES-treated con-
trol animals. Pooled data of muscularized arteries (A), lumi-
nal diameter (B), and occlusion (C) in the lung tissue (H&E,
10x). Bar graph depicting the myocyte area (D) in RV. Data
was normalized to CTRL mean values. All data are presented
as themean ± SEM. ∗p < 0:05 vs. CTRL calculated by a t-test
followed by the Mann–Whitney test. Supplementary Figure
2: characterization of RV myocytes Ca2+ transient in isolated
RV myocytes. (A) Representative line scan images of Ca2+

transient before (baseline) and after β-adrenergic stimulation
with 100nM isoproterenol (ISO). Pooled data of Ca2+

transient amplitude (B), time to 50% decay (T50%, C), and
time to peak (D) (CTRL:n = 115:48cells and 4 animals;
PAH:n = 51:36cells and 3-4 animals; PAH+RES:n = 68:37
cells and 4 animals; baseline and ISO, respectively). (E) Per-
centage of maximal shortening before and after β-adrenergic
stimulation (CTRL:n = 40:8cells and 1-4 animals; PAH:n =
26:35cells and 3-4 animals; PAH+RES:n = 54:36cells and 4
animals; baseline and ISO, respectively). Records were taken
under 1Hz pace. CTRL: control; PAH: pulmonary arterial
hypertension; PAH+RES: PAH treated with resveratrol. All
data are presented as the mean ± SEM, unless otherwise
stated. ∗p < 0:05 vs. respective CTRL, ap < 0:05 vs. respective
PAH, and bp < 0:05 vs. respective basal, calculated by 1-way
ANOVA. (Supplementary Materials)
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Activation of Ca2+/calmodulin-dependent protein kinase (CaMKII) has been proved to play a vital role in cardiovascular diseases.
Receptor-interaction protein kinase 3- (RIPK3-) mediated necroptosis has crucially participated in cardiac dysfunction. The study
is aimed at investigating the effect as well as the mechanism of CaMKII activation and necroptosis on diabetic cardiomyopathy
(DCM). Wild-type (WT) and the RIPK3 gene knockout (RIPK3-/-) mice were intraperitoneally injected with 60mg/kg/d
streptozotocin (STZ) for 5 consecutive days. After 12w of feeding, 100 μL recombinant adenovirus solution carrying inhibitor 1
of protein phosphatase 1 (I1PP1) gene was injected into the caudal vein of mice. Echocardiography, myocardial injury, CaMKII
activity, necroptosis, RIPK1 expression, mixed lineage kinase domain-like protein (MLKL) phosphorylation, and mitochondrial
ultrastructure were measured. The results showed that cardiac dysfunction, CaMKII activation, and necroptosis were aggravated
in streptozotocin- (STZ-) stimulated mice, as well as in (Lepr) KO/KO (db/db) mice. RIPK3 deficiency alleviated cardiac
dysfunction, CaMKII activation, and necroptosis in DCM. Furthermore, I1PP1 overexpression reversed cardiac dysfunction,
myocardial injury and necroptosis augment, and CaMKII activity enhancement in WT mice with DCM but not in RIPK3-/-

mice with DCM. The present study demonstrated that CaMKII activation and necroptosis augment in DCM via a RIPK3-
dependent manner, which may provide therapeutic strategies for DCM.

1. Introduction

Diabetes mellitus (DM) is an independent risk factor of dia-
betic cardiomyopathy (DCM), in the deficiency of coronary
artery diseases, hypertension, and other cardiovascular risk
factors. DCM is characterized by a series of structural and
functional abnormalities, including myocardial stiffness,
contractility impairment, myocardial fibrosis, and hypertro-
phy [1, 2]. Special attention must be paid to DCM due to
its concealed onset, rapid evolution but poor treatment effi-
cacy. Possible pathophysiological factors of DCM involve
hyperglycemia, hyperlipidemia, insulin resistance, oxidative
stress, endoplasmic reticulum stress, cardiomyocyte death,
and mitochondrial dysfunction [3, 4]. However, the exact
mechanism is still obscure. Investigation to find out potential

preventative and therapeutic strategies is an urgent problem
to be solved.

Recent advances have revealed a new necrotic type of
regulated cell death, necroptosis, which is morphologically
distinct from apoptosis and necrosis [5]. Necroptosis is char-
acterized by cell enlargement, organelle swelling, and plasma
membrane rupture, followed by cell disintegration and intra-
cellular component release without obvious changes in
nuclear chromatin [6]. Receptor-interaction protein kinase
3 (RIPK3) plays the core role in the necroptotic signaling
pathway. RIPK3, along with receptor-interacting protein 1
(RIP1) and mixed lineage kinase domain-like protein
(MLKL), executes necroptosis [7, 8]. Besides, Zhang et al.
identified Ca2+/calmodulin-dependent protein kinase (CaM-
KII) as a novel substrate of RIPK3 mediating ischemia- and

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 6617816, 19 pages
https://doi.org/10.1155/2021/6617816

https://orcid.org/0000-0001-6733-4820
https://orcid.org/0000-0002-7198-9288
https://orcid.org/0000-0003-0558-7253
https://orcid.org/0000-0001-5268-3809
https://orcid.org/0000-0002-8523-6543
https://orcid.org/0000-0003-4410-9879
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6617816


oxidative stress-induced myocardial necroptosis [9]. Emerg-
ing evidences have corroborated the vital role of necroptosis
in cardiovascular diseases. However, contribution of necrop-
tosis in DCM remains insufficient.

CaMKII is a serine/threonine kinase which has various
functions including regulation of key proteins involved in
Ca2+ handling, intercellular coupling, cell death, inflamma-
tion, and mitochondrial function [10–13]. CaMKII can be
activated by binding to calcium-bound calmodulin (Ca2+/-
CaM), autophosphorylation, oxidation, S-nitrosylation, and
O-GlcNAcylation [14–16]. Activation of CaMKII mediates
physiological or pathological responses and remodeling
under cardiac stresses. It has been well established that CaM-
KII plays a prominent role in myocardial hypertrophy, pres-
sure overload-induced cardiac hypertrophy and fibrosis,
ischemia/reperfusion (I/R) injury, heart failure (HF), post-
myocardial infarction (MI) remodeling, and ventricular
arrhythmias [15, 17–21]. Recently, some studies have
revealed the potential contribution of CaMKII in DCM
[10]. Therefore, identification of the mechanism of CaMKII
is beneficial to aid in providing a novel pharmacologic target
for DCM.

CaMKII has four isoforms: α, β, γ, and δ, among which
CaMKIIδ is prominent in the heart. CaMKIIδ expresses
three variants CaMKIIδA, CaMKIIδB, and CaMKIIδC after
alternative splicing of its exon 14, 15, or 16 by splicing fac-
tors. Alternative splicing of CaMKIIδ is strictly regulated.
Once it is disordered, the expression of three variants imbal-
ances to lead to cardiomyocyte dysfunction and ultimately
heart diseases [22].

Protein phosphatase 1 (PP1) is a serine/threonine phos-
phatase mainly present in the heart and plays a vital role in
regulating the phosphorylation of splicing factors to eventu-
ally mediate CaMKIIδ alternative splicing [14]. PP1 also reg-
ulates CaMKII dephosphorylation. It has been shown that
PP1 expression was elevated in the heart of heart failure
patients [23]. However, the clinical application value of PP1
has not been found. Inhibitor 1 of protein phosphatase 1
(I1PP1) binds to PP1 and subsequently inhibits its activity.
I1PP1 transgenic mice demonstrated minor hypertrophy
after transverse aortic constriction (TAC). Our previous
studies have demonstrated that CaMKII regulation by
I1PP1 alleviates necroptosis in high glucose-induced cardio-
myocyte injury [24].

In thepresent study,we investigated the roleofnecroptosis
in the development of DCM and the molecular mechanism
underlying necroptosis.Wealso try to demonstrate the contri-
bution of I1PP1 on the regulation of CaMKIIδ alternative
splicing and CaMKII activity to ameliorate necroptosis in the
myocardium of streptozotocin- (STZ-) induced wild-type
and RIPK3-/- diabetic mice and db/db mice.

2. Materials and Methods

2.1. Animals. Male 8-week C57BL/6 mice (wild type, WT)
were provided by the Experimental Animal Center of
Nantong University (Nantong, China). RIPK3 knockout
(RIPK3-/-) mice with C57BL/6 background were donated

by the Institute of Molecular Medicine, Peking University
(Beijing, China).

Male 12-week (Lepr) KO/KO mice (db/db) and (Lepr)
WT/WT mice purchased from GemPharmatech Limited
Company (Nanjing, China) were fed in separate cages. All
the procedures were in accordance with both the recommen-
dations of the Guidelines for the Care and Use of Laboratory
Animals published by the National Institutes of Health and
the Instructional Animal Care and Use Committee of Nan-
tong University (approval no. NTU-20161225).

2.2. Establishment of Mouse Diabetic Models. After adaptive
feeding for a week, mice were injected with 60mg/kg/d STZ
(Sigma, USA), dissolved in 0.1mol/L citrate buffer for 5
consecutive days after a 12-hour overnight fast [25]. Mice
in the control group were injected with the same amount
of citrate buffer. Mice with fasting blood glucose (FBG)
level above 16.7mmol/L were considered as the diabetic
mice. Mice were randomly divided into different groups:
WT group (WT), WT mice with DCM group (WT-
DCM), RIPK3 KO group (RIPK3-/-), and RIPK3 KO mice
with DCM group (RIPK3-/--DCM).

2.3. Measurement of the Glycosylated Hemoglobin (HbA1c).
12 weeks after STZ injection, blood samples were collected
and heparinized. The level of HbA1c was measured using
the Glycosylated Hemoglobin A1c Assay Kit according to
the manufacturer’s instructions (Jiancheng Bioengineering
Institute, Nanjing, China).

2.4. Measurement of Triglyceride (TG). Blood samples were
obtained and centrifuged at 1000 g for 10min. The superna-
tant was collected, and serum TG content was measured with
the Triglyceride Assay Kit (Jiancheng Bioengineering Insti-
tute, Nanjing, China). Absorbance was recorded at the wave-
length of 510nm.

2.5. Echocardiography. 12 weeks after STZ injection, the mice
were anesthetized with 1.5% isoflurane and examined by 2-D
guided M-mode echocardiography (Visual Sonic Vevo 2100,
Toronto, ON, Canada) to assess cardiac configuration and
function. Ejection fraction (EF) was calculated with the per-
centage of the difference between end-diastolic volume
(EDV) and end-systolic volume (ESV) to EDV, whereas frac-
tional shortening (FS) was calculated with the percentage of
the difference between end-diastolic diameter (EDD) and
end-systolic diameter (ESD) to EDD. In addition, the ratio
of early (E) to late (A) diastolic velocity ratio (E/A) was calcu-
lated. All indexes were obtained from three consecutive beats.

2.6. I1PP1 Adenovirus Injection. Recombinant adenovirus
solution carrying I1PP1 gene (100μL) was injected into the
caudal vein of mice as previously mentioned. Mice in the
control group were injected with recombinant adenovirus
solution carrying GFP gene (100μL) from the caudal vein.
The efficiency and effect of I1PP1 adenovirus injection were
assessed by western blot for further study.

2.7. Hematoxylin-Eosin (HE) Staining. The left ventricles
were fixed with 4% paraformaldehyde overnight, embedded

2 Oxidative Medicine and Cellular Longevity



in paraffin, and then cut into sections at 5μm thickness. The
sections were stained with hematoxylin and eosin succes-
sively and dehydrated with ethanol. Then, sections were
observed and photographed under an optical microscope.

2.8. Observation of Myocardial Ultrastructure. Hearts were
cut into pieces of 1mm3 and fixed with 4% glutaraldehyde
for 2h at 4°C and 1% osmium tetroxide for 2h at room tem-
perature successively. The samples were dehydrated, infil-
trated, embedded with Epon812, and cut into ultrathin
sections of 60-80nm and then stained with uranyl acetate
and lead citrate. Myocardial ultrastructure was examined with
a transmission electron microscope (TEM) (HT7700, HITA-
CHI, Japan), and the number of mitochondria was counted.

2.9. Cardiac Troponin I (cTnI) Measurement. 12 weeks after
STZ injection, the myocardium was cut up, homogenated,
and centrifuged at 2000 rpm for 20min. The supernatants
were collected and incubated with mouse Cardiac Troponin I
ELISA Kit (Jiancheng Bioengineering Institute, Nanjing,
China). Absorbance was recorded at the wavelength of 450nm.

2.10. TdT-Mediated dUTP Nick End Labeling (TUNEL)
Staining. The left ventricles were fixed with 4% paraformal-
dehyde overnight, embedded in paraffin, and then cut into
sections at 5μm thickness. After staining with TUNEL
(Beyotime, Shanghai, China) at 37°C for 60min, the sections
were rinsed 3 times with PBS and then observed and photo-
graphed under an optical microscope and quantified using
Image J analysis software.

2.11. Real-Time Polymerase Chain Reaction. The total RNA
of the myocardium was extracted from the myocardium
using a Trizol separation reagent. The cDNA was then synthe-
sized by the Prime Script™ RTMaster Mix Kit (Takara, Kyoto,
Japan) before quantitative real-time PCRwere performed using
the SYBR Green Fast qPCR mix (Takara) with the ABI Ste-
pOne PCR System (ABI, Carlsbad, CA, USA). All primers used
were the following: atrial natriuretic peptide- (ANP-) F 5′
-GAGAAGATGCCGGTAGAAGA-3′, ANP-R 5′-AAGCAC
TGCCGTCTCTCAGA-3′; brain natriuretic peptide (BNP-F),
5′-CTGCTGGAGCTGATAAGAGA-3′, BNP-R 5′-TGCC
CAAAGCAGCTTGAGAT-3′; CaMKIIδA-F 5′-CGAGAA
ATTTTTCAGCAGCC-3′, CaMKIIδA-R 5′-ACAGTAGTT
TGGGGCTCCAG-3′; CaMKIIδB-F 5′-CGAGAAATTTT
TCAGCAGCC-3′, CaMKIIδB-R 5′-GCTCTCAGTTGACT
CCATCATC-3′; CaMKIIδC-F 5′-CGAGAAATTTTTCAGC
AGCC-3, CaMKIIδC-R 5′-CTCAGTTGACTCCTTTACC
CC-3′; 18S-F 5′-AGTCCCTGCCCTTTGTACACA-3′, 18S-
R 5′-CGATCCGAGGGCCTCACTA-3′. Experimental cycle
threshold values were normalized to 18S, a housekeeping
gene, and relative mRNA expression was calculated versus
a control sample.

2.12. Western Blot. The same amount of protein sample
extraction from the myocardium was separated with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF)
membrane (Millipore, Massachusetts, USA). The membrane

was blocked with 5% skim milk dissolved in TBST for 1 h at
room temperature and then incubated with primary at 4°C
overnight. The primary antibodies used were listed as fol-
lows: anti-I1PP1 (1 : 1000) and anti-PP1 (1 : 1000) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); anti-ox-
CaMKII (1 : 1000) (Millipore, Kenilworth, NJ, USA); anti-
CaMKII (1 : 1000) (Abcam, Cambridge, UK); anti-caspase
3, anti-cleaved caspase 3, anti-MLKL, anti-p-MLKL, and
anti-RIPK1 (1 : 1000, Cell Signaling Technology, Danvers,
MA, USA); anti-p-CaMKII (1 : 1000, Thermo Fisher Scien-
tific, Rockford, IL, USA); anti-GAPDH (1 : 5000, Sigma-
Aldrich, St. Louis, MO, USA). Horseradish peroxidase-
(HRP-) conjugated secondary antibodies were incubated for
1.5 h at room temperature. Protein bands were visualized
with enhanced chemiluminescence (ECL) (Thermo Fisher
Scientific Inc., Rockford, IL, USA). The target protein expres-
sion level was normalized to the level of GAPDH.

2.13. Statistical Analysis. All data were presented as standard
error of the mean (S.E.M.). Statistical analysis was performed
by the unpaired Student t test on comparisons between two
groups and by the one-way ANOVA test and followed by
the Bonferroni post hoc test on comparisons among multiple
groups. P < 0:05 was considered statistically significant.

3. Results

3.1. Cardiac Dysfunction, CaMKIIδ Activity, and Necroptosis
Are Augmented in DCM. FPG, HbA1c, serum TG, and myo-
cardial hypertrophic gene expression were increased signifi-
cantly in mice with DCM, which suggested that STZ
injection produced diabetes mellitus (Figure S1). Mice with
FBG more than 16.7mmol/L were confirmed as diabetic
mice and used for further experiments. Compared to the
mice in the control group, mice with DCM suffered
diastolic and systolic dysfunctions, elucidated by decreased
EF, FS, and E/A (Figures 1(a)–1(c)). It suggested that DCM
was successfully established in the present study. HE
staining displayed hypertrophy, distortion, and irregular
arrangement of myocardial cells in the hearts of mice with
DCM (Figure 1(d)). The cTnI level was detected to evaluate
myocardial injury. The cTnI level was significantly higher
in the DCM group than that in the control group
(Figure 1(e)). Disorder of CaMKIIδ alternative splicing is
prone to promote cardiomyocyte dysfunction and
ultimately heart diseases [24, 26]. Since no specific
antibodies of CaMKIIδ variants were available, CaMKIIδA,
CaMKIIδB, and CaMKIIδC mRNA expressions were
measured by quantitative real-time PCR. There was a
significant decrease of CaMKIIδA and CaMKIIδB but an
increase of CaMKIIδC in diabetic mice, indicating disorder
of CaMKIIδ alternative splicing in mice with DCM
(Figure 1(f)). Moreover, oxidation and phosphorylation of
CaMKII also increased in the DCM group (Figures 1(g)
and 1(h)). Various studies have confirmed that RIPK3 was
involved in necroptosis. Our study verified that RIPK3 was
significantly increased in the hearts of DCM mice
(Figure 1(i)). As apoptosis is a critical manifestation of
necroptosis, TUNEL staining and cleaved-caspase 3
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expression indicated that the necroptotic cardiomyocytes in
mice with DCM were significantly more than that in the
control mice (Figures 1(j)–1(l)). All these data suggested
that cardiac dysfunction, CaMKIIδ activity, and necroptosis
were augmented in DCM.

In accordance, both systolic and diastolic cardiac func-
tions of db/db mice were significantly impaired as compared
toWTmice (Figures 2(a)–2(c)), CaMKIIδ variant expression
disordered and RIPK3 expression was increased in the myo-
cardium of db/db mice (Figures 2(d) and 2(e)).

3.2. RIPK3 Deficiency Alleviates Cardiac Dysfunction,
CaMKIIδ Alternative Splicing Disorder, and Necroptosis in
DCM. To further investigate the contribution of RIPK3 in
the development of DCM, RIPK3-KO (RIPK3-/-) mice
were used in our study. In diabetic mice, RIPK3 deficiency
significantly enhanced EF, FS, and E/A, suggesting both
systolic and diastolic functions were improved
(Figures 3(a)–3(c)). Notably, RIPK3-/- hearts were resistant
to myocardial injury in DCM, as evidenced by improved
structure of myocardium and reduced cTnI level
(Figures 3(d) and 3(e)). Disorder of CaMKIIδ alternative
splicing was alleviated in RIPK3 deficiency mice with
DCM (Figure 3(f)). TUNEL staining and western blot
assay revealed that necroptosis was attenuated in RIPK3

deficiency mice with DCM (Figures 3(g)–3(k)). These data
suggested that the impairment of cardiac dysfunction and
the augment of necroptosis were attenuated in mice with
DCM if RIPK3 was deficient.

3.3. RIPK3 Deficiency Decreases RIPK1 Expression, MLKL
Phosphorylation, and CaMKII Activity and Improves
Myocardial Mitochondrial Ultrastructure in Mice with
DCM. Besides RIPK3, previous studies have demonstrated
that RIPK1 also participated in the process of necroptosis,
and phosphorylation of MLKL was an essential effector mol-
ecule of necroptosis [27]. In the present study, RIPK1 expres-
sion and MLKL phosphorylation were markedly elevated in
the myocardium of mice with DCM, which were significantly
decreased in RIPK3-/- mice with DCM (Figures 4(a) and
4(b)). A recent study identified CaMKII as one of the sub-
strates of RIPK3 in cardiac ischemic disease [8]. Our results
revealed that RIPK3 deficiency attenuated CaMKII oxidation
and phosphorylation in the myocardium of mice with DCM
(Figures 4(c) and 4(d)). TEM analysis of myocardial mito-
chondrial ultrastructure showed irregular and swelled mito-
chondria and fractured mitochondrial cristae in the left
ventricular myocardium of mice with DCM. However, the
abnormalities of mitochondria with DCM were improved
in RIPK3-/- mice (Figure 4(e)).
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Figure 1: Cardiac dysfunction, CaMKIIδ activity, and necroptosis are augmented in DCM. Male C57BL/6 mice were injected with
60mg/kg/d STZ for 5 consecutive days after a 12-hour overnight fast. Mice in the control group were injected with the same amount of
citrate buffer. (a–c) Cardiac function was assessed by echocardiography, and EF, FS, and E/A were calculated. (d) Myocardium injury was
measured by HE staining. Bar = 20 μm. (e) cTnI was detected. (f) The mRNA levels of CaMKIIδA, CaMKIIδB, and CaMKIIδC of the
myocardium were detected by quantitative real-time PCR. 18S was serviced as a housekeeping mRNA. (g–h) Expression of CaMKII
oxidation (ox-CaMKII), CaMKII phosphorylation (p-CaMKII), and total CaMKII was quantified by western blot. GAPDH was used as a
loading control. (i) RIPK3 protein expression was quantified by western blot. GAPDH was used as a loading control. (j, k) Cell apoptosis
of myocardium was detected with TUNEL staining and quantified with Image J analysis software. Bar = 50μm. (l) Cleaved-caspase 3 and
caspase 3 protein expression were quantified by western blot. GAPDH was used as a loading control. ∗P < 0:05 and ∗∗P < 0:01,
significantly from control, n = 6.
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Figure 2: Cardiac dysfunction, CaMKIIδ activity, and RIPK3 expression are augmented in db/db mice. (a–c) In db/db and its wild-type mice,
cardiac function was assessed by echocardiography and EF, FS, and E/A were calculated. (d) In db/db and its wild-type mice, the mRNA levels
of CaMKIIδA, CaMKIIδB, and CaMKIIδC of the myocardium were detected by quantitative real-time PCR. 18S was serviced as a
housekeeping mRNA. (e) In db/db and its wild-type mice, RIPK3 protein expression was quantified by western blot. GAPDH was used as
a loading control. & P < 0:05 and &&P < 0:01, significantly from WT. n = 6.
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Figure 3: RIPK3 deficiency alleviates cardiac dysfunction, CaMKIIδ alternative splicing disorder, and necroptosis in DCM. Male C57BL/6
mice and RIPK3 knockout mice (RIPK3-/-) were injected with 60mg/kg/d STZ for 5 consecutive days after a 12-hour overnight fast. WT
and RIPK3-/- mice in the control group were injected with the same amount of citrate buffer. (a–c) Cardiac function was assessed by
echocardiography, and EF, FS, and E/A were calculated. (d) Myocardium injury was measured by HE staining. Bar = 20 μm. (e) cTnI was
detected. (f) The mRNA levels of CaMKIIδA, CaMKIIδB, and CaMKIIδC of the myocardium were detected by quantitative real-time
PCR. 18S was serviced as a housekeeping mRNA. (g) RIPK3 expression was quantified by western blot. GAPDH was used as a loading
control. (h, i) Cell apoptosis of the myocardium was detected with TUNEL staining. (j, k) Cleaved-caspase 3 and caspase 3 protein
expression were quantified by western blot. GAPDH was used as a loading control. ∗∗P < 0:01 and ∗P < 0:05 significantly from WT;
##P < 0:01 and #P < 0:05 significantly from WT-DCM. n = 6.
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Figure 4: Continued.
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3.4. I1PP1 Overexpression Reverses Cardiac Dysfunction,
Myocardial Injury, and Necroptosis Augment in Mice with
DCM. To further evaluate the relative contribution of
CaMKIIδ variant disorder in DCM, the recombinant ade-
novirus carrying the I1PP1 gene was directly injected into
the caudal vein of mice to regulate CaMKIIδ alternative
splicing. Two weeks after injection, western blot assay
showed that I1PP1 was overexpressed and significantly
inhibited PP1 expression in the myocardium of mice
(Figure S2). EF, FS, and E/A were improved after I1PP1
overexpression in WT mice with DCM but not in
RIPK3-/- mice with DCM. Moreover, cardiac function of
RIPK3-/- mice with DCM was further improved as
compared to WT mice with DCM after I1PP1
overexpression (Figures 5(a)–5(e)). Similarly, I1PP1
overexpression reduced cTnI level, improved myocardial
structure, and alleviated necroptosis augment in WT
mice with DCM but not in RIPK3-/- mice with DCM. In
addition, lower cTnI level, better myocardial structure,
and weaker necroptosis augment were detected in RIPK3-
/- mice with DCM as compared to WT mice with DCM
after I1PP1 overexpression (Figures 5(f)–5(j)). All the
above data suggested CaMKII was possible downstream
of RIPK3 during necroptosis in DCM.

The effects of I1PP1 overexpression were also detected in
db/db mice. Results showed that EF, FS, and E/A were signif-
icantly elevated in db/db mice after I1PP1 overexpression
(Figure 6), indicating CaMKII regulation was beneficial to
improve cardiac function of db/db mice.

3.5. I1PP1 Overexpression Inhibits Oxidation and
Phosphorylation of CaMKII and Improves Myocardial
Mitochondrial Ultrastructure in Mice with DCM. Further
studies were done to investigate themechanism of I1PP1 over-
expression on necroptosis in DCMmice. Oxidation and phos-
phorylation of CaMKII were inhibited after I1PP1
overexpression in WT mice with DCM but not in RIPK3-/-

mice with DCM. Lower CaMKII oxidation and phosphoryla-
tion were measured in RIPK3-/- mice with DCM as compared
to WT mice with DCM after I1PP1 overexpression
(Figures 7(a) and 7(b)). I1PP overexpression improved mito-
chondrial ultrastructure in WT mice with DCM but not in
RIPK3-/- mice with DCM. Better mitochondrial ultrastructure
was observed in RIPK3-/- mice with DCM as compared toWT
mice with DCM after I1PP1 overexpression (Figure 7(c)).

4. Discussion

Accumulated evidence has shown that diabetes results in
structural and functional impairment of the hearts. DCM
features glucotoxicity, lipotoxicity, and hypertrophy. The
results showed increased FBG, HbA1c, serum TG, ANP,
and BNP expression in mice with DCM. However, there are
still no specific strategies for prevention and treatment of
DCM [28]. Necroptosis, a form of regulated necrosis, has
been contributable to cardiovascular diseases, such as myo-
cardial infarction, atherosclerosis, and abdominal aortic
aneurysm [29]. Our study verified that necroptosis was aug-
mented in mice with DCM. Given RIPK3 is a critical
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Figure 4: RIPK3 deficiency decreases RIPK1 expression, MLKL phosphorylation, and CaMKII activity and improves myocardial
mitochondrial ultrastructure in DCM. (a) RIPK1 expression in cardiomyocytes was quantified by western blot. GAPDH was used as a
loading control. (b) MLKL phosphorylation (p-MLKL) and total MLKL were quantified by western blot. GAPDH was used as a loading
control. (c, d) Expression of CaMKII oxidation (ox-CaMKII), CaMKII phosphorylation (p-CaMKII), and total CaMKII was quantified by
western blot. GAPDH was used as a loading control. (e) Myocardial mitochondrial ultrastructure was examined with a transmission
electron microscope. Scale bars: 2 μm (upper) and 0.5 μm (lower), respectively. ∗∗P < 0:01, significantly from WT; ##P < 0:01 and
#P < 0:05, significantly from WT-DCM. n = 6.
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Figure 5: I1PP1 overexpression reverses cardiac dysfunction, myocardial injury, and necroptosis augment in mice with DCM. 100μL
recombinant adenovirus solution carrying I1PP1 gene or vector was injected into the caudal vein of mice 12 weeks after STZ injection or
injected into the caudal vein of db/db mice or its WT mice. (a) The timeline of animal treatment was summarized. (b–e) Cardiac function
was assessed by echocardiography, and EF, FS, and E/A were calculated. (f) Myocardium injury was measured by HE staining. Bar = 20
μm. (g) cTnI was detected. (h) RIPK3 expression was quantified by western blot. GAPDH was used as a loading control. (i) Cell apoptosis
of the myocardium was detected with TUNEL staining. (j) Cleaved-caspase 3 and caspase 3 protein expression were quantified by western
blot. GAPDH was used as a loading control. ∗∗P < 0:01 and ∗P < 0:05; ##P < 0:01 and #P < 0:05; NS: no significance, n = 6.
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molecule for necroptosis in large amount types of cells, the
differences between WT mice and RIPK3-/- mice during
DCM were further investigated. Furthermore, RIPK3-/- alle-
viated cardiac dysfunction, myocardial injury, and necropto-
sis in diabetic mice.

RIPK1, one common partner of RIPK3, interacts with
RIPK3 via a shared RIP homotypic interaction motif domain
to form a complex called “necrosome” [30, 31]. Necrostatin-1
(Nec-1), an inhibitor of RIPK1, exerts a protective effect
against necroptosis during multiple diseases [32]. MLKL, a
recently acknowledged substrate of RIPK3, oligomerizes
and translocates to the plasma membrane after being phos-
phorylated by RIPK3, finally leading to necroptotic cell
death. A previous study demonstrated that MLKL deficiency
protected against necroptosis in cells including tumor cells,
macrophages, and fibroblasts [33–35]. Our results revealed
that both RIPK1 expression and MLKL phosphorylation
were significantly upregulated in the myocardium of mice
with DCM. Moreover, RIPK3-/- mice with DCM showed

decreased RIPK1 expression and MLKL phosphorylation.
Anyhow, the detailed pathway of RIPK3-evoked myocardial
necroptosis was unknown.

CaMKII is a pleiotropic signal that regulates gene expres-
sion, contractility, metabolism, Ca2+ cycling, and cell survival
of cardiomyocytes [36, 37]. CaMKII is inactivated under
basal conditions. Sustained activation of CaMKII promotes
cardiomyocyte death under conditions of oxidative stress,
hyperglycemia, and ischemic and hypoxic injury [38–40].
Zhang et al. reported that RIPK3 contributed to myocardial
necroptosis by oxidizing and phosphorylating CaMKII after
ischemia-reperfusion injury or doxorubicin challenge [9].
Our previous study demonstrated CaMKII an alternative
substrate of RIPK3 in high glucose-induced cardiomyocyte
necroptosis [24]. Our present study found significant
enhancement of phosphorylation and oxidation of CaMKII
both in DCM mice and in AGE-stimulated cardiomyocytes,
which were markedly reversed in RIPK3-/- mice. Moreover,
no matter I1PP1 is overexpressed or not, cardiac function
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Figure 6: I1PP1 overexpression reverses cardiac dysfunction of db/db mice. (a–c) In db/db and its WTmice, cardiac function was assessed by
echocardiography and EF, FS, and E/A were calculated. &&P < 0:01 and &P < 0:05 significantly from db/db. n = 6.
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was improved and necroptosis was suppressed in RIPK3-/-

mice. Taken together, the CaMKII signal pathway was possi-
ble downstream or substrate of RIPK3 in DCM.

Various studies have confirmed mitochondrial dysfunc-
tion as a key underlying mechanism of necroptosis. Mito-
chondria are a major source of energy and ROS generation,
and mitochondrial dysfunction leads to ROS overproduction
as well as cell death [41]. RIPK3 increased mitochondrial
localization of NADPH oxidase-4 (NOX4) but inhibited
mitochondrial complex I and –III and finally promoted kid-
ney tubular injury [42]. Besides, knockdown of RIPK3
reversed the reduced adenosine triphosphate (ATP) produc-
tion and attenuated the mitochondrial permeability transi-

tion pore (mPTP) opening of cardiomyocytes induced by
hypoxia-reoxygenation (HR) injury [43]. Our present study
found that RIPK3 deficiency improved the ultrastructure of
mitochondria in the myocardium of diabetic mice. These
results highlighted that mitochondrial injury is possibly
responsible for RIPK3-induced necroptosis in DCM.

PP1 is a serine/threonine protein phosphatase that
dephosphorylates diverse cellular substrates, acting as a key
regulator of some cellular processes [44]. I1PP1 is the first
recognized endogenous inhibitor of PP1 and greatly low
expressed in cardiomyocytes under basal conditions. Early
studies have been reported overexpression of I1PP1 in engi-
neered heart tissue, and rat cardiac myocytes improved
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Figure 7: I1PP1 overexpression inhibits oxidation and phosphorylation of CaMKII and improves myocardial mitochondrial ultrastructure in
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contractile function [45]. Our previous studies also uncov-
ered the role of I1PP1 overexpression in protecting against
myocardial ischemia-reperfusion injury through CaMKII
regulation and necroptosis alleviating in high glucose-
induced cardiomyocyte injury [24, 46]. Our present study
corroborated the important role of overexpression of I1PP1
in inhibiting necroptosis to alleviate diabetic cardiomyopathy
by regulating CaMKIIδ alternative splicing and CaMKII
activity. However, the protective effect of I1PP1 overexpres-
sion on DCM was less stronger than that of RIPK3 defi-
ciency. Moreover, I1PP1 overexpression showed no
cardioprotective effects in diabetic mice without the RIPK3
gene, indicating that CaMKII might be served as the sub-
strate to mediate necroptosis in the development of DCM.

In conclusion, our study proved there was serious
necroptosis in DCM. RIPK3 deficiency alleviated myocardial
injury, improved cardiac function, suppressed CaMKII acti-
vation, and attenuated necroptosis in mice with DCM mice.

Taken together, CaMKII activation and necroptosis augment
in diabetic cardiomyopathy via a RIPK3-dependent manner
(Figure 8). These findings will be a benefit to the understand-
ing of the pathology of diabetic cardiomyopathy and provide
novel therapeutic strategies for diabetic cardiomyopathy.
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Atherosclerosis is a persistent inflammatory disorder specified by the dysfunction of the arteries, the world’s leading cause of
cardiovascular diseases. We sought to determine the effectiveness of KRL in B[a]P-induced oxidative stress and programmed
cell death in endothelial cells. Western blotting, real-time PCR, DCFH2-DA, and TUNEL staining were performed to detect
pPI3K, pAKT, Nrf2, HO-1, NQO-1, Bcl2, Bax, and caspase-3 on the HUVECs. Through the pretreatment of KRL, a drastic
enhancement was observed in the cell viability of HUVECs, whereas DNA damage and generation of reactive oxygen species
induced by B[a]P was suppressed. KRL’s potential use as an antioxidant was observed to have a direct correlation with an
antioxidant gene’s augmented expression and the nuclear translocation activation of Nrf2, even during the event when B[a]P
was found to be absent. In addition, this study proved that the signaling cascades of PI3K/AKT mediated Nrf2 translocation.
Activation of suppressed nuclear Nrf2 and reduced antioxidant genes across cells interacting with an LY294002 confirmed this
phenomenon. In addition, knockdown of Nrf2 by Nrf2-siRNA transfection abolished the protective effects of KRL on HUVECs
cells against oxidative damage. Finally, the expression of apoptotic proteins also supported the hypothesis that KRL may inhibit
endothelial dysfunction. This study showed that KRL potentially prevents B[a]P-induced redox imbalance in the vascular
endothelium by inducing the Nrf2 signaling via the PI3K/AKT pathway.

1. Introduction

As pervasive environmental carcinogens, heterocyclic aro-
matic hydrocarbons cause genetic damage and endowed with
a strongly bioaccumulation attribute. As a PAH (polyaro-
matic hydrocarbon), benzo[a]pyrene (B[a]P) finds itself in
first class of carcinogens issued by the International Agency
for Research on Cancer. Exposure to toxic B[a]P mainly takes
place because of the existing food chain and cigarettes. As per
previous studies, 9.20 ng/day is the maximum exposure of
people to this PAH [1]. Meanwhile, its sustained exposure
can lead to metastasis as well as angiogenesis in many organs

of the human body, such as the stomach, liver, skin, lungs,
and colorectal organs [2, 3]. According to a vast body of
scholarly research, one of the strongest causes of vascular
inflammation is oxidative stress [4]. Previous literature in
animal models clearly illustrated that direct exposure to
B[a]P can cause including cancers and pulmonary, neurode-
generative, and cardiovascular diseases [2, 5–7]. Atheroscle-
rosis is thought, at least in part, to be an inflammatory
mechanism caused by free radicals [8, 9]. In addition to this,
B[a]P was shown to stimulate formation of ROS and pro-
mote the progression of atherosclerosis [10, 11]. Mechanisms
that are redox-sensitive are used to monitor various
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inflammatory genes and related transcription factors. B[a]P
is known to cause atherosclerotic lesions when it comes to
animal models [12, 13].

Nrf2 can easily get liberated from “Kelch-like ECH-
associated protein 1” (KEAP1) and transport from the
cytosol to the nucleus when confronted with oxidative stress,
activating antioxidative gene expression including heme
oxygenase-1 (HO-1). The phospholipid, namely, phos-
phatidylinositol 3-kinase (PI3K) super family, belongs to
the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs). From the previous literature, we can under-
stand that DNA-PKcs and the PI3K/protein kinase B
(AKT) signaling pathway have been involved in HO-1 induc-
tion with response to PAH-induced oxidative stress [14–16].
AKT’s reversible oxidation is its planned mechanism. For
this reason, regulating signaling of Nrf2 mediated by
PI3/AKT, to control DNA damage induced by ROS, could
possibly be helpful in developing new drugs against vascular
damages induced by B[a]P. In order to reduce toxicity
induced by B[a]P as well as to treat atherosclerosis, natural
products serve as important resources to atherosclerosis ther-
apy [17–19]. In this context, kirenol (KRL) is sourced from
Herba Siegesbeckia, which has historically utilized in China
for the treatment of rheumatoid arthritis. KRL exhibits
anti-inflammatory and antirheumatic properties [20]. In
addition to demonstrating that this compound can lower
the pathology of inflammation in model rats, other literature
suggests that it can also inhibit TNF-α and IL-1β production
in adjuvant arthritis model animal serum [21–23]. Wu et al.
also demonstrated that KRL offers potent cardioprotective
effects [24]. Here, we hypothesized that KRL can activate
Nrf2 possibly because of the phenolic compounds’ antioxi-
dant action against vascular toxicity induced by B[a]P.

2. Materials and Methods

2.1. Reagents. All reagents (standard) were derived from
Sigma-Aldrich unless mentioned otherwise. This study used
the following antibodies: antibodies against pAKT, AKT,
pPI3K, PI3K, BCL2, BAX, HO-1, NQO-1, pNrf2, actin, and
lamin B1 derived from Invitrogen, Waltham, MA-based
Thermo Fisher Scientific, Inc., LY294002 (L9908). Mean-
while, caspase-3 (anti-cleaved) (ab32042) antibody was pur-
chased from Abcam (Branford, CT, USA). Lipofectamine
2000 (11668027) and Nrf2 siRNA were procured from
Thermo Fisher Scientific, Inc.

2.2. Cell Culture. Derived from Shanghai Institute of Cell
Biology, the culturing of HUVECs (passage 15) in DMEM
was done with heat-inactivated FBS, 100U/ml penicillin,
and 100U/ml streptomycin. The maintenance of cells was
done in 100mm dishes in CO2 humidified atmosphere with
37°C incubation.

2.3. Cell Culture Treatment. To examine the protective effect
of KRL against oxidative stress, HUVECs cells were treated
with 25μmol of KRL for 2 h before B[a]P (5μmol); cell lysate
was collected for analysis after 24 h.

2.4. Intracellular ROS Assay. The HUVECs cells’ seeding was
undertaken in the eight-well chamber (LabTech). This cham-
ber comprised 10%DMEM by FBS, with a confluence growth
of 80%. After the treatment, the mechanism of dichlorofluor-
escin diacetate (DCFH2-DA) was utilized for washing cells
with PBS. In addition, intracellular ROS was measured by a
Leica D6000 fluorescence microscope.

2.5. Measurement of Nitric Oxide Production. Cells were
grown on 35mm diameter cell culture dishes and then incu-
bated for 6 h with the test compounds or DMSO as a solvent
control (0.1%) in Dulbecco’s modified Eagle’s medium (Invi-
trogen, Carlsbad, CA, USA). Nitric oxide production was
estimated by determination of nitrites/nitrates in the cell cul-
ture medium using the Griess reaction. Detection involved
the enzymatic conversion of nitrates to nitrites by nitrate
reductase (Sigma-Aldrich), followed by colorimetric detec-
tion of nitrites as a colored azo dye product. The absorbance
was measured at 546nm using the SPECTRA Rainbow
(Tecan, Austria) microplate reader.

2.6. Preparation of Cytosolic and Nuclear Extracts. The resus-
pending of cell pellets was done in buffer I for preparing cyto-
solic extracts in a period of five minutes. Buffer I consisted of
5mM KCl, 0.5mMMgCl2, 25mMHEPES pH 7.9, and 1mM
dithiothreitol. The suspension was then bolstered with buffer
II with the same specifications. Thereafter, the suspension
was added by NP40, which, in turn, was supplemented by
phosphatase/protease inhibitors. The incubation of resultant
samples was done for 15min. These lysates were centrifuged
at 2500 rpm for 5min. For getting rid of residual nuclei, these
lysates were centrifuged at the same temperature after which
the transferring of supernatants was done to Eppendorf
tubes. The rotation of lysates was done at a temperature of
4°C for a period of 1 hour before it was centrifuged at the
same temperature for 10min [25].

2.7. Nrf2-siRNA Transient Transfection. During the transfec-
tion, the plating of cells was done in six-well plates for reach-
ing a confluency of 40–60%. After that, 500μl of culture
medium (Opti-MEM) was utilized, whereas the cells were
transfected by the RNAiMAX transfection reagent. A combi-
nation of siRNA100 pM, an Opti-MEM (500μl), and RNAi-
MAX reagent was used in a different tube. After transfecting
siRNA using Lipofectamine RNAiMax, the instructions of
KRL manufacturers were complied with. The incubation of
siRNA/RNAiMAX blend was done for a period of 25min.
Subsequently, this solution was added with the cells in the
aforementioned plates, following which the solution was
finally incubated for a period of 6 hours. This was followed
by a culturing of cells at normal temperature after substitut-
ing the medium of transfection using a standardised growth
medium.

2.8. Western Blotting. Following the treatment, the scraping
of cells was done before being rinsed inside cold PBS. After
that, the preparation of nuclear, total, and cytoplasmic
extract was undertaken. In all the samples, Bio-Rad protein
assay helped ascertain the concentration of protein and
bovine serum albumin (BSA) in order to be used as the
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standard of reference. On the other hand, equal quantities
(50μg) of protein were resolved using SDS-PAGE (8-15%)
before being moved across to nitrocellulose membranes. On
the other hand, the membranes were blocked for half an hour
at room temperature using 5% skimmed milk, prior to being
incubated for a couple of hours using primary antibodies.
Subsequently, anti-rabbit secondary antibody or goat anti-
mouse (horseradish peroxidase-conjugated) incubated the
membranes for the same duration. The membranes were
developed with an improved chemiluminescence substrate.
Meanwhile, the samples were examined using an LI-COR
chemiluminescence imaging system. Finally, the graphs per-
taining to the intensities of the densitometric band were
made using Image Studio™ Lite software. Normalisation of
the untreated control band’s intensity was fixed at 1.

2.9. TUNEL Assay. The cells were incubated with KRL and/or
B[a]P for 24h at given doses, and TUNEL assay was studied
as described previously [26].

2.10. Real-Time Polymerase Chain Reaction (RT-PCR). The
treatment of HUVECs cells was done using B[a]P and/or

KRL (0, 5, 10, and 25μmol) for 24 hours. After extracting
total RNA with a TRIzol reagent, RNA was turned into
cDNA through the use of Taq polymerase as well as super-
script reverse transcriptase via reverse chain reaction of tran-
scription polymerase. The relative expressions of Nrf2 (5′
-CATCCAGTCAGAAACCAGTGG-3′ and 5′-GCAGTC
ATCAAAGTACAAAGCAT-3′), HO-1 (5′-CTTCTTCAC
CTTCCCCAACA-3′ and 5′-ATTGCCTGGATGTGCT
TTTC-3′), and NQO-1 (5′-GGGATCCACGGGGACA
TGAATG-3′ and 5′-ATTTGAATTCGGGCGTCTGCTG-
3′) were analyzed by using RT-PCR. The combination of
SYBR Green system and ViiA-7 Applied Biosystem was used
to perform RT-qPCR. All genes’mRNA expression was con-
verted into β-actin. The calculation of fold change across var-
ious groups was done by making use of Ct value through
2−ΔΔCt (ΔCt = Ct ½target gene� − Ct½β − actin�).

2.11. Statistical Analysis. For this purpose, GraphPad Prism
software version 6.0 was utilized; on the other hand, three
groups were compared using one-way ANOVA. All findings
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Figure 1: Impact of B[a]P and KRL on cell viability. (a) Chemical structure of KRL. (b) HUVECs cells were added to the different dosages of
B[a]P for 6, 24, and 48 hours in various concentrations after which cell viability was determined using MTT assay. (c) Cytotoxic effect of KRL
on HUVECs cells. The exposure of cells was made to varying KRL concentrations for 24 hours. (d) KRL safeguards the cytotoxic effect of
B[a]P, as analyzed by MTT assay. Data is shown as the mean ± SD of triplicate values (n = 3), whereas ∗p < 0:05 signifies a major
difference as compared to the control group. On the other hand, #p < 0:05 denotes significant variations when compared to B[a]P alone as
well as KRL with the B[a]P treatment groups.
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were expressed in the form of mean ± SD, and p < 0:05 was
deemed statistically important.

3. Results

3.1. KRL Inhibits B[a]P-Induced Cytotoxicity. The HUVECs’
cell viability was evaluated by using the B[a]P effects for
ascertaining KRL’s cytotoxic potentiality. The incubation of
cells was done for 6 hours, 24 hours, and 48 hours using
B[a]P (Figure 1(b)). B[a]P cytotoxicity testing showed signif-
icant toxicity to HUVEC cells at different dose and times.
KRL cytotoxicity testing showed that concentrations as high
as 25μmol KRL were not significantly toxic to HUVECs cells
(Figure 1(c)). Having said that, as illustrated in Figure 1(d),
significant protection (dose-dependent) against cell death
induced by B[a]P was seen with cells’ preincubation using
B[a]P (5μmol) and KRL (5, 10, and 25μmol).

3.2. B[a]P Induced Vascular Endothelial Cells ROS Inhibition
by KRL. Next, we used the method of DCFH2-DA fluores-

cent staining for ascertaining whether or not KRL could
inhibit B[a]P-induced ROS generation in HUVECs cells.
Figure 1(b) shows that in the context of induced cell death,
ROS are the primary source of cellular death. The excessive
generation of ROS has a close relationship with vascular dys-
function and cell death [4, 27]. Subsequently, we used the
method of DCFH2-DA fluorescent staining for determining
the curtailment ability of ROS generation induced by B[a]P.
Figure 2(a) shows a radical growth in intracellular ROS gen-
eration after B[a]P-related stimulation for one hour. The
amount of free radicals generation was directly correlated
to enhanced intensity of dichlorodihydrofluorescein (DCF).
Nevertheless, the excessive ROS was significantly suppressed
owing to KRL treatment, as Figure 2 shows. Inhibition and/or
scavenging of free radicals was observed, which shows that
KRL exhibits an oxidative stress induced by B[a]P as far as
HUVECs endothelial cells are concerned. The improvement
of endothelial dysfunction in HUVECs treated with KRL
was associated with increased NO levels and was also upreg-
ulated (Figure 2(b)).
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Figure 2: KRL inhibits ROS formation. HUVECs cells confluent at 80% were incubated with B[a]P (5 μmol) and/or KRL 10 and 25 μmol for
60 minutes. (a) DCFH2-DA was made use for the purpose of measuring generation of intracellular ROS. After reacting with ROS, DCFH2-
DA metabolized into DCF, which, in turn, was proportionate to ROS’s generation. (b) KRL effect on NO production in B[a]P-induced
oxidative stress. (c) KRL on oxidative marker 4-HNE protein activation. Data was represented as the mean ± SD of triplicate values (n = 3),
and ∗p < 0:05 represents a significant discrepancy when compared to the control group. On the other hand, #p < 0:05 signifies major
differences compared to the B[a]P alone and KRL with the B[a]P treatment groups.
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3.3. KRL Regulated 4-HNE Activation. ROS and by products
and oxidative stress can induce various types of protein mod-
ifications such as aldehydic adducts (4-HNE and MDA).
Consequently, in our study, we performed an analysis using
western blot to determine whether KRL could inhibit the oxi-
dative markers including 4-HNE. It was found that the B[a]P
treatment of H9c2 cells markedly increased the accumulation
of these oxidative markers. Subsequently, KRL treatment
prevented this accumulation completely (Figure 2(c)). This
finding demonstrates the probable effects of KRL in sup-
pressing the elevated levels of 4-HNE.

3.4. B[a]P Downregulates Phosphorylation of PI3/AKT and
Nrf2 Expression. According to several studies, ROS help acti-
vate apoptosis via pathways of PI3/AKT [28–30]. Oxidative
stress is known to downregulate PI3/AKT phosphorylation
and leads the inactivation of various transcription factors
such as Nrf2. In order to clarify whether or not B[a]P has
an impact on PI3/AKT phosphorylation expression,
HUVECs were subjected to dose and time periods induced
by B[a]P (Figures 3(a) and 3(b)). Through western blotting,
HUVECs’ exposure to B[a]P for indicated time/dose periods
revealed a significant decline in the phosphorylation of
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Figure 3: B[a]P inhibits the PI3/AKT-mediated Nrf2 signaling. (a) Cells were incubated with different concentrations of B[a]P for 24 hours,
with equal amounts of whole cell lysate being exposed to SDS-PAGE. Membranes probed with anti-pPI3K and anti-pAKT antibodies and
PI3K and AKT levels were deemed internal control. (b) HUVECs cells were treated with B[a]P (5 μmol) for 0, 3, 6, 12, and 24 hours, and
the membranes were probed with anti-pPI3K and anti-pAKT antibodies. In addition, PI3K and AKT levels were also regarded as internal
control. (c) The treatment of cells with B[a]P (5 μmol) for different indicated periods. After preparing extracts of total protein, western
blot assessments were undertaken and analyzed Nrf2, Ho-1, and NQO-1 activations. Data is shown as the mean ± SD of triplicate values
(n = 3), whereas ∗p < 0:05 denotes a major discrepancy when compared to the control group; on the other hand, #p < 0:05 represents
noteworthy difference when compared to the B[a]P alone and KRL with the B[a]P treatment groups.
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PI3/AKT expression. Similarly, the expression of Nfr2 anti-
bodies (HO-1 and NQO-1) was significantly reduced by
HUVECs cells treated by B[a]P (Figure 3(c)). These results
clearly show that B[a]P could play a role in inhibiting the
PI3/AKT signaling which selectively targets HUVECs cells.

3.5. KRL Upregulates PI3/AKT Phosphorylation. Next, we
sought to know if KRL induces PI3/AKT in HUVECs cells
treated with B[a]P. For this reason, western blot was under-
taken. The HUVECs were put into KRL (0, 5, 10, and
25μmol) and/or B[a]P incubation for 24 hours as per the
findings of western blotting.

HUVECs exposure to KRL (0-25μmol) in evaluating
pPI3 and pAKT expression showed that KRL enhanced the
p-PI3K as well as p-AKT expression in a dose-dependent
manner. However, the expression of PI3K and AKT
remained almost unaltered. Therefore, the level of pPI3K
and pAKT cells was significantly increased after KRL treat-
ment. Along the same lines, KRL (0-25μmol) pretreatment
and/or B[a]P (5μmol) via RT-PCR evaluation revealed high
levels of mRNA concerning NQO-1, HO-1 and Nrf2, HO-1
(Figure 4(b)). At the same time, their expression was signifi-
cantly higher in 25μmol KRL in comparison to others.

3.6. KRL Upregulates Nrf2 Signaling Proteins. In order to
carry out further investigation of the protective mechanisms
implicated via the impacts of KRL on cells treated with B[a]P,
western blotting was carried out to examine protein expres-
sion levels of Kaep-1 and Nrf2 signaling proteins. We
observed a reduced expression of Nrf2 and its target genes
HO-1 in the B[a]P (5μmol) exposed to HUVECs cells, which
was markedly reversed by KRL (10 and 25μmol), thereby
upregulating the expression of Nrf2 and HO-1 in the cells
(Figure 5).

3.7. KRL Upregulates Nrf2 Activation through the PI3/AKT
Pathways. Based on above results, we undertook an examina-
tion of the manner in which KRL had an impact on oxidative
stress induced by B[a]P when a PI3K/AKT inhibitor was
found to be present. For ascertaining whether the pathway’s
activation by KRL played an important role in ensuring
HUVECs cells’ survival rate by modulating the expression
of HO-1, we examined the kind of impact of LY294002 had
on the protein expression of the aforementioned protein sig-
nals. Figure 6(a) shows that B[a]P and/or KRL enhanced the
levels of protein expression in comparison to the group that
was treated with B[a]P alone, although LY294002 had largely
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Figure 4: KRL activates the PI3/AKT signaling. (a) HUVECs cells were treated with B[a]P (5 μmol) and/or KRL (5, 10, and 25 μmol) for 24
hours. The findings of western blotting reveal the impacts of KRL on anti-pPI3K and anti-pAKT. The expression’s relative ratios shown in the
results of western blotting are presented below each of the results in the form of values that are relative to PI3K and AKT expression. (b) Nrf2,
NQO-1, and HO-1 expression was assessed by RT-PCR. Data is represented as the mean ± SD of triplicate values (n = 3), and ∗p < 0:05
represents major variations as compared to the control. #p < 0:05 meanwhile signifies noteworthy discrepancies in comparison to the
B[a]P alone and KRL with the B[a]P treatment groups.
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negated this finding. LY294002 also abolished the rise in the
KRL-induced levels of protein expression of all three protein
signals. In addition, immunofluorescence staining showed
that both B[a]P and KRL stimulated Nrf2 nuclear transloca-
tion in HUVECs cells (Figure 6(b)). However, we observed
that pretreatment with KRL induced more Nrf2 nuclear
translocation compared with the B[a]P treatment group.

3.8. Nrf2 Knockdown Attenuated the Protective Effect of KRL
on HUVECs Cells under Oxidative Stress. To determine the
importance of regulating Nrf2, we developed a model of
Nrf2 knockdown using siRNA transfection. To further eluci-
date the role of Nrf2 in the cytoprotective effects of KRL
against oxidative stress, we transfected HUVECs cells with
a Nrf2 siRNA for 24h, then pretreated with 25μmol KRL
followed by the treatment of 5μmol B[a]P. As shown in
Figures 7(a) and 7(b), after the transfection with si-Nrf2 in
KRL and the B[a]P treatment group, we observed markedly

decreased protein expression level of Nrf2, HO-1, and
NQO-1 compared with the KRL with B[a]P transfected with
the scrambled group.

3.9. KRL Inhibits B[a]P-Induced Apoptosis HUVECs. The
B[a]P-induced cell apoptosis was examined using TUNEL
assay. Figure 8(a) shows that B[a]P (5μmol) induces the
TUNEL-positive nuclei in HUVECs cells. However, KRL
pretreatment (25μmol) significantly reduced B[a]P-induced
cell apoptosis. Therefore, KRL pretreatment safeguards
HUVECs cells from oxidative stress induced by B[a]P while
also preventing cell apoptosis.

3.10. KRL Downregulates Caspase-3 and Upregulates Bcl2
Expression.Caspase-3 plays an important role in determining
apoptotic events, which includes chromatin DNA fragmenta-
tion, condensation, and apoptotic bodies’ generation [31].
For this reason, our hypothesis was that the activation of
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caspase-3 mediates apoptosis and B[a]P-induced DNA dam-
age. Figure 8(b) shows that exposure of B[a]P led to an
increase in the activation of caspase-3 in endothelial cells sig-
nificantly, while KRL majorly curtailed the activation of
caspase-3. According to our findings, the B[a]P significantly
enhanced Bax expression while reducing the expression of
Bcl-2 expression. On the contrary, the Bcl-2 protein level
was upregulated with KRL pretreatment, while it could not
downregulate the Bax expression (B[a]P-induced). Thus, it
can be inferred that caspase-3’s activation and the Bcl-
2/Bax ratio’s dysregulation mediate KRL’s protective impact
against apoptosis induced by B[a]P within endothelial cells.

4. Discussion

According to numerous studies both in vitro and in vivo, oxi-
dative stress makes changes in homeostasis, which impairs
functionality of vascular endothelia [32–34]. B[a]P, which is
a major environmental carcinogen, causes DNA damage by
promoting oxidative stress. This study entailed the demon-
stration of a significant cytoprotective effect of KRL against
oxidative stress induced by B[a]P within endothelial cells. It
is a known fact that the mitochondria denote a prominent
source of oxygen intermediates, whereas ROS’ production
during the consumption of oxygen causes biological struc-
tures’ oxidative damage [35]. B[a]P-triggered vascular chal-
lenge has been associated with oxidative damage. For this
reason, we undertook the measurement of oxidative stress,
and our study data pointed out that the treatment using

B[a]P alone radically increased the levels of ROS levels when
it comes to endothelial cells. Nevertheless, this impact was
dose dependently and majorly inhibited owing to KRL pre-
treatment, which was consistent with prior studies indicating
that several extracts of plants suppress formation of ROS by
activating Nrf2 cascades [36].

When it comes to the regulation of the Nrf2 signaling, the
signaling pathway of PI3K/AKT plays a key role [37]. For this
reason, we explored the possibility of the PI3K/AKT-medi-
ated Nrf2 signaling induced by KRL. According to our find-
ings, the phosphorylation levels of AKT protein were
notably lower in B[a]P alone-treated cells, whereas these
effects significantly elevated in KRL treatment. On the other
hand, significant alterations were not observed in the overall
levels of AKT protein, thus implying that increasing phos-
phorylation of AKT protein could be a contributing factor
to the Nrf2 signaling induced by KRL. We used a distinct
PI3K/AKT inhibitor to treat HUVECs along with KRL for
identifying the role played by the aforementioned pathway.
As per our findings, when KRL was present, the PI3K/AKT
signaling pathway significantly blocked the signaling.

Nrf2 enhances the responses (intracellular) to oxidative
challenges [38]. Several studies have reported its beneficial
impacts on many vascular ailments [39, 40]. Typically, Nrf2
can be easily degraded via the pathway of ubiquitin-
proteasome. However, after it is exposed to an inducer or
stressor, Nrf2 gets segregated from Keap1, moves on to the
nucleus, before being sequestered with antioxidant and
cytoprotective enzymes’ antioxidant response facets for
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Figure 7: Role of Nrf2 in KRL-induced HO-1 and NQO-1 expression in endothelial cells. (a) HUVECs cells were transfected transiently with
siRNA-Nrf2 and treated with 25 μmol KRL. Protein was isolated and analyzed for the measurement of Nrf2 protein by western blot analysis.
(b) Western blot analysis to determine the levels of NQO-1 and HO-1.
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promoting the expression of genes [41]. According to this
study, the expression of Nrf2 enhanced significantly with a
corresponding rise in the duration/concentration of the
treatment involving KRL. Moreover, this treatment also sig-
nificantly elevated HO-1’s expression. It is noteworthy that
HO-1 facilitates heme’s decomposition to biliverdin, iron
and iron, carbon monoxide. Importantly, the products cre-
ated as a result of this enzymatic reaction play a key role in
cytoprotective as well as antioxidant processes via the elimi-
nation of ROS for suppressing cellular death/damage [42,

43]. Findings of this study indicated that induction of HO-1
and Nrf2 mediated by KRL could lead to the curtailment of
ROS by lowering the levels of oxidative stress within
HUVECs cells. At the same time, this study entailed the use
of NAC, which is a popular ROS scavenger, for treating
HUVECs in the form of positive control. In turn, this signif-
icantly lowered overproduction of ROS induced by B[a]P; the
extent of which was similar to that of treatment using KRL.

Apoptosis is predicated on the balance between anti and
proapoptotic proteins. In this context, Bcl-2 family proteins
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Figure 8: KRL suppresses DNA damage and apoptosis induced by B[a]P in HUVECs cells. (a) The pretreatment of cells was done using B[a]P
(5 μmol) or KRL (5, 10, and 25μmol) for a period of 24 hours and studied the TUNEL assay. (b) Cells were exposed to KRL and/or B[a]P for
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regulate apoptosis in the capacity of inhibitors (Bcl-2) or
inducers (Bax). The exposure of HUVECs to B[a]P in this
study for 24 hours was denoted by a higher rise of Bax/Bcl-
2 ratio, thus indicating apoptosis induction. Enhanced apo-
ptosis disrupts function of endothelial cell and atheroscler-
osis’s progression, and possibly increases the instability
associated with atherosclerotic plaques. Moreover, this study
also revealed that KRL decreased the aforementioned ratio to
possibly attenuate the endothelial cell’s apoptotic death
induced by B[a]P. Consistent with our results, another study
had revealed that male sperm cells’ death was caused by
B[a]P exposure, more particularly by getting the Bax/Bcl-2
signaling activated. Another observation of that study was
that this phenomenon is linked to abnormal stress (mediated
by ROS) and inflammation [44]. In addition to getting the
Bax/Bcl-2 ratio’s dysregulation attenuated, the extracts of
KRL are also likely to prevent myocardial cells’ apoptotic
death among animals that have reached an advanced age
[45]. KRL’s cytoprotective impact is linked to enhanced
activity of antioxidants and lower oxidative stress. Therefore,
inference of these findings is that KRL possibly prevents apo-
ptosis (B[a]P-induced) via enhanced status of antioxidants.

5. Conclusion

In conclusions, this is the first study demonstrating that pre-
treatment with KRL could alleviate B[a]P-induced oxidative
stress in human umbilical vein endothelial cells by improving
the antioxidant capacity and activating the Nrf2 signaling via
the PI3/AKT pathway.
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Vascular smooth muscle cell (VSMC) phenotypic modulation plays an important role in the occurrence and development of in-
stent restenosis (ISR), the underlying mechanism of which remains a key issue needing to be urgently addressed. This study is
designed to investigate the role of plasma small extracellular vesicles (sEV) in VSMC phenotypic modulation. sEV were isolated
from the plasma of patients with ISR (ISR-sEV) or not (Ctl-sEV) 1 year after coronary stent implantation using differential
ultracentrifugation. Plasma sEV in ISR patients are elevated markedly and decrease the expression of VSMC contractile markers
α-SMA and calponin and increase VSMC proliferation. miRNA sequencing and qRT-PCR validation identified that miRNA-
501-5p was the highest expressed miRNA in the plasma ISR-sEV compared with Ctl-sEV. Then, we found that sEV-carried
miRNA-501-5p level was significantly higher in ISR patients, and the level of plasma sEV-carried miRNA-501-5p linearly
correlated with the degree of restenosis (R2 = 0:62). Moreover, miRNA-501-5p inhibition significantly increased the expression
of VSMC contractile markers α-SMA and calponin and suppressed VSMC proliferation and migration; in vivo inhibition of
miRNA-501-5p could also blunt carotid artery balloon injury induced VSMC phenotypic modulation in rats. Mechanically,
miRNA-501-5p promoted plasma sEV-induced VSMC proliferation by targeting Smad3. Notably, endothelial cells might be the
major origins of miRNA-501-5p. Collectively, these findings showed that plasma sEV-carried miRNA-501-5p promotes VSMC
phenotypic modulation-mediated ISR through targeting Smad3.

1. Introduction

Percutaneous coronary intervention with stent implantation
has been an extremely important treatment for patients with
coronary artery disease, but it is also blamed for 5%-10% risk
of in-stent restenosis (ISR) [1–3], despite drug-eluting stents
(DES) are widely used nowadays. The currently accepted
causes of ISR are excessive vascular smooth muscle cells
(VSMC) hyperplasia and extracellular matrix (ECM) deposi-
tion. Responding to vessel injury and local environmental
alternations after stent implantation, contractile (also called

mature or differentiated) VSMC for hemodynamic regula-
tion can be switched to a synthetic/dedifferentiated pheno-
type to increase proliferation, migration, and ECM
synthesis for tissue reparation or abnormal vessel narrowing
[4, 5]. This process of VSMC phenotypic modulation has
been studied for decades, but we still do not fully understand
the mechanisms well enough to be able to prevent or treat
ISR successfully.

miRNAs, a class of short single-stranded RNAs, have
been demonstrated to play an important role in VSMC phe-
notypic modulation, such as miR-143/145 cluster [6] and
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miR-22 [7] driving VSMC towards the contractile pheno-
type. Other miRNAs, such as miR-21 [8] and miR-221/222
[9], could drive VSMC towards the synthetic phenotype.
Notably, these miRNAs are mainly transported to target cells
through small extracellular vesicles (sEV), which can protect
the internal miRNAs from being degraded in the circulation
and participate in cell-to-cell communication [10–12]. How-
ever, there is still a lack of definitive evidence regarding the
effects of circulating sEV-carried miRNA in ISR patients.
Accordingly, the present study is designed to address the
functional effects and underlying mechanisms of plasma
sEV-carried miRNA in VSMC phenotypic modulation-
mediated ISR.

2. Methods

2.1. Experimental Animals. Male Sprague-Dawley rats (8
weeks) were obtained from Animal Core Facility of Nanjing
Medical University (Nanjing, China). All animal protocols
and procedures were performed according to the Guide for
the Care and Use of Laboratory Animal published by the
US National Institutes of Health (2011) and approved by
the Experimental Animal Care and Use Committee of Nan-
jing Medical University. Rats were housed in a
temperature-controlled room with a 12h light/dark cycle
and free access to water and food.

2.2. Rat Carotid Artery Balloon Injury Model. The method of
rat carotid artery balloon injury (CABI) model has been
reported previously [13]. Briefly, 8-week rats were anesthe-
tized with pentobarbital sodium (60mg/kg, i.p.) and sub-
jected to insertion of Fogarty balloon catheter (2F, Edwards
Lifesciences) into the right external carotid artery between
the common carotid artery bifurcation and the distal ligation
site. In the sham group, the right carotid artery was exposed
but not subjected to the insertion of Fogarty balloon. At 28
days after procedure, the rats were sacrificed with an over-
dose of pentobarbital sodium (200mg/kg, iv), and their
venous blood and carotid arteries were subsequently col-
lected for further study.

2.3. Patients. The method and results of ULTIMATE trial
have been reported previously [14, 15]. This trial was per-
formed in accordance with Declaration of Helsinki and Inter-
national conference, and the protocol was approved by the
ethics committee of each participating center. All partici-
pants have signed written informed consent. Two groups of
subjects from ULTIMATE trial were enrolled in this study,
including 20 patients with ISR and 20 patients without ISR
after DES implantation. ISR patients are defined as those
who had an angiographic minimal lumen diameter (MLD)
stenosis ≥ 50% of a stented segment or within 5mm of a stent
edge [1]. Moreover, late lumen loss, reflecting the degree of
restenosis, is defined as the difference between poststenting
MLD minus MLD at the time of angiographic follow-up.
All analyses were performed by two investigators who were
blinded to the group information.

2.4. Plasma Small sEV Isolation. Venous blood samples were
drawn from rats and patients into EDTA-containing vacutai-

ners (BD biosciences, USA). The plasma was obtained by
centrifuging at 1600× g for 20 minutes at 4°C and subse-
quently stored at -80°C for further experiments. Plasma
sEV were purified using differential ultracentrifugation
according to the guideline [16]. Briefly, plasma was centri-
fuged at 10,000× g for 30 minutes at 4°C to remove cells
and debris, then twice at 100,000× g for 1 hour at 4°C with
a SW-41 rotor (Beckman Coulter, USA). The pellets were
washed with phosphate buffered saline (PBS) and centrifuged
again at 100,000× g for 1 hour at 4°C to purify the sEV. The
isolated plasma sEV were collected and resuspended in 1x
PBS for subsequent analysis.

2.5. Plasma sEV Identification. After isolation, the morphol-
ogy of plasma sEV was assessed by transmission electron
microscope (TEM, FEI Tecnai G2 spirit). Briefly, 20μL of
sEV suspension was placed on a carbon-coated 200-mesh
copper grid for 5 minutes at room temperature and stained
with 2% phosphotungstic acid for one minute. Then, the
samples were dried for 10 minutes and visualized with
TEM at 80 kV. The concentration and size of plasma sEV
were analyzed by nanoparticle tracking analysis (NTA) using
ZetaView particle tracker (Particle Metrix, Germany). More-
over, protein markers of sEV, such as CD63 (1 : 1000,
ab68418, Abcam) and TSG101 (1 : 1000, ab125011, Abcam),
were identified by western blots (WB).

2.6. Cell Culture. Primary human aortic smooth muscle cells
(HASMC) were obtained from American Type Culture Col-
lection (ATCC, PCS-100-012). HASMCs were cultured in
Smooth Muscle Cell Growth Basal Medium (ScienCell,
1101) with 2% fetal bovine serum (FBS) at 37°C with 95%
humid air and 5% CO2. After growing to 70%-80% conflu-
ence, cells were washed with PBS and then maintained in
Smooth Muscle Cell Growth Basal Medium with 10%
exosome-depleted FBS (Gibco, USA) and subsequently incu-
bated with plasma sEV for 24 hours.

2.7. sEV Labeling and Uptake. Plasma sEV were labeled with
PKH26 Red Fluorescent Cell Linker Kit (Sigma-Aldrich,
USA) in accordance with the manufacturer’s protocol.
Briefly, 100μL of sEV was added to 150μL of Diluent C,
which were incubated with PKH26 dye (1μL) Diluent C
(250μL) solution for 4 minutes at room temperature. To ter-
minate the labeling reaction, 500μL of 1% Bull Serum Albu-
min (BSA) was added. The labeled sEV were isolated using
differential ultracentrifugation as described above to elimi-
nate the excess dye and resuspended in 100μL of 1x PBS,
which were subsequently incubated with HASMC on 24-
well plates at 37°C for 6 hours. Then, the images were visual-
ized by confocal microscopy (ZEISS, German).

2.8. Concentration of Plasma sEV. BCA Protein Assay Kit
(Thermo Scientific, USA) was used to measure the protein
concentration in plasma sEV according to the manufac-
turer’s instructions, which has been considered as an index
of the number of sEV. The final concentration of plasma
sEV was 30μg/mL in the cell growth medium in vitro, while
20μg sEV in 100μL PBS were intravenously injected weekly
in vivo.
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2.9. miRNA Microarray Assay. miRNA microarray was per-
formed by a commercial service (Shanghai OE Biotech Co.,
Ltd, China). Briefly, total RNAs were extracted from sEV iso-
lated from 2mL of plasma from ISR patients and control
patients. The extracted RNA was labeled and hybridized to
an Agilent Human miRNA Microarray Kit (Release 21.0, 8
× 60K), and this microarray contains 2570 probes for mature
miRNA. Then, differentially expressed miRNAs between
these two groups were screened out using cluster analysis.

2.10. Western Blots. Smooth muscle cells and plasma sEV
were lysed using RIPA buffer, proteinase inhibitor, and phos-
phatase inhibitor. Proteins from cultured cells or plasma sEV
were quantified with BCA protein assay kits (Beyotime,
China). Equal amounts (60μg) of protein were separated by
10% SDS-PAGE and transferred to PVDFmembranes (Milli-
pore, USA), which were then blocked with 5% BSA and incu-
bated overnight at 4°C with individual primary antibodies,
followed by incubation with the corresponding secondary
antibodies for 2 hours at room temperature. Primary anti-
bodies against CD63 (ab68418), TSG101 (ab125011), α-
SMA (ab7817), calponin (ab46794), and Samd3 (ab40854)
were purchased from Abcam (Cambridge, UK). Primary
antibodies against Smad2 (5339), Smad4 (46535), and
GAPDH (5174) were acquired from Cell Signaling Technol-
ogy (Massachusetts, USA). Bands were analyzed by the Ima-
geJ software, and all analyses were performed by two
investigators who were blinded to the group information.

2.11. Quantitative Real-Time-PCR (qRT-PCR). Total RNA
was extracted using Trizol reagent (Invitrogen) from sEV,
HASMC, and carotid artery according to the standard proto-
col. For sEV-carried miRNA quantification, cel-miR-39
(5 fmol/μL) was added to the isolated RNAs as an exogenous
control. For RNA detection in cells and tissues, U6 was set as
an endogenous control. The primer sequences for the real-
time PCR (RT-PCR) assays were listed in Supplemental
Table 1.

2.12. Luciferase Reporter Assays. For reporter assays, 293T
cells were cotransfected with pmiR-RB-Report™ h-Smad3-
WT/-MUT and micrON™ has-miR-501-5p mimic/negative
control using Lipofectamine-3000 (Invitrogen) according to
the manufacturer’s instructions. Firefly and Renilla luciferase
activities were analyzed after 48 h using the dual luciferase
assay system (Promega, USA) following the manufacturer’s
instructions.

2.13. Cell Transfection of miRNA-501-5p Mimic and
Inhibitor. HASMC in 6-well plates were transfected with
miR-501-5p mimic (50 nmol/L), miR-501-5p inhibitor
(100 nmol/L), or their negative controls (GenePharma,
China) using Lipofectamine RNAiMAX (Invitrogen) follow-
ing the manufacturers’ instructions. In the inhibitor experi-
ments, HASMC were transfected with miR-501-5p
inhibitor or negative control first, and plasma sEV were
added 24 hours later.

2.14. miRNA Antagomir Injection. Rats were intravenously
injected with antagomir (100 nmol) and negative controls

(GenePharma, China) in 200μL of saline buffer twice a week
after the CABI procedure of rats.

2.15. Cell Proliferation and Migration Assay. HASMC prolif-
eration was assessed using MTT and EdU assay (Thermo Sci-
entific, USA). Cell migration was measured using Wound
Healing and Transwell assay with 8μm pore size inserts
(Corning). Every experiment was repeated three times inde-
pendently by investigators who did not know the group allo-
cation according to the manufacturers’ instructions.

2.16. Statistical Analysis. The Shapiro-Wilk normality test
was used to assess the distribution of continuous variables.
All continuous variables were expressed as mean ± standard
error of mean (SEM) and compared using the Student’s t
-test (two groups) or one-way ANOVA followed by Bonfer-
roni’s post hoc test (three or more groups). All statistical tests
were two-tailed, and a p value <0.05 was considered statisti-
cally significant. All analyses were performed using the
GraphPad Prism 8.0.

3. Results

3.1. The Association between Plasma sEV and ISR. Study
flowchart was summarized in Supplemental Figure 1. sEV
were isolated from the plasma of patients with ISR (ISR-
sEV) or not (Ctl-sEV) 1 year after coronary stent
implantation using differential ultracentrifugation. TEM
images showed rounded particles of both ISR-sEV and Ctl-
sEV (Figure 1(a)), and NTA revealed a similar size
distribution (118:80 ± 1:96 vs. 113:20 ± 1:02nm) but a
higher plasma concentration (9:27 ± 0:15 vs. 5:40 ± 0:06,
×1011 particles/mL) of ISR-sEV compared with Ctl-sEV
(Figure 1(b)). WB analysis confirmed the presence of sEV
marker proteins (Figure 1(c)). We then constructed rat
carotid artery stenosis by CABI model, and HE staining
showed significant VSMC proliferation 28 days after
balloon injury (Figure 1(d)). sEV were purified from the
plasma of rats with carotid stenosis (RS-sEV) or sham
procedure (Sham-sEV). TEM images revealed rounded
particles of both RS-sEV and Sham-sEV (Figure 1(e)), and
NTA showed a similar size distribution (134:00 ± 1:21 vs.
133:70 ± 1:92nm, Supplemental Figure 2(a)) but a higher
plasma concentration (3:03 ± 0:03 vs 2:37 ± 0:09, ×109
particles/mL) of RS-sEV than those of Sham-sEV
(Figure 1(f)). WB analysis confirmed the presence of sEV
marker proteins (Supplemental Figure 2(b)). Taken
together, these data showed a relative higher level of plasma
sEV in ISR patients and rat carotid artery stenosis.

3.2. Plasma sEV Promoting VSMC Phenotypic Modulation.
We incubated HASMC with PKH26-labeled plasma sEV,
and confocal images found that sEV were internalized by
HASMC after a 6-hour incubation (Figure 2(a) and Supple-
mental Figure 3). Notably, preincubation with ISR-sEV, but
not Ctl-sEV, for 24 hours could decrease the expression of
HASMC contractile markers α-SMA and calponin
(Figures 2(b) and 2(c)), and increase HASMC proliferation
(Figures 2(d) and 2(e)) and migration (Figures 2(f) and
2(g)). Meanwhile, in vivo study showed the reduced mRNA
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level of contractile markers (α-SMA and calponin) in rat
carotid artery stenosis compared with the sham group
(Figure 2(h)). In addition, we found that CABI rats treated
with RS-sEV could further decrease the expression of α-
SMA and calponin compared with Sham-sEV treatment
(Figure 2(i)). Collectively, these results demonstrated that
plasma sEV from ISR patients could promote VSMC
phenotypic modulation.

3.3. Plasma sEV-Carried miRNA-501-5p and ISR. We per-
formed Agilent human miRNA microarray assay comparing
the differential miRNAs between plasma ISR-sEV and Ctl-
sEV to explore the possibility of miRNA resulting in ISR-
sEV induced VSMC phenotypic modulation. A total of 15
differential miRNAs (fold change ≥ 2:0; P < 0:05) of 2570
miRNAs were detected (Figure 3(a)), and 13 upregulated
miRNAs of them were further validated by qRT-PCR. qRT-
PCR analysis found that miRNA-501-5p was the highest
expressed miRNA in plasma ISR-sEV (Figure 3(b)). To fur-
ther investigate the relationship of plasma sEV-carried
miRNA-501-5p and ISR, 20 patients with ISR and 20 patients
without ISR 1 year after stent implantation were enrolled,
and the baseline clinical characteristics of them are summa-
rized in Supplemental Table 2. Plasma sEV were purified
from these 40 patients using differential ultracentrifugation,
and we found that sEV-carried miRNA-501-5p level was
significantly higher in ISR patients than that in control
patients (Figure 3(c)). Furthermore, the level of plasma
sEV-carried miRNA-501-5p linearly correlated with late
lumen loss (an indicator of the degree of restenosis, R2 =

0:62, Figure 3(d)). These results suggested that plasma sEV-
carried miRNA-501-5p was definitely associated with ISR.

3.4. sEV-Carried miRNA-501-5p Promoting VSMC
Phenotypic Modulation. To evaluate the functional effects of
miRNA-501-5p, transfection with miRNA-501-5p mimic
for 24 hours could decrease the expression of HASMC con-
tractile markers α-SMA and calponin (Figures 4(a) and
4(b)) and increase HASMC proliferation (Figures 4(c) and
4(d)) and migration (Figures 4(e) and 4(f)). In addition,
downregulation of miRNA-501-5p significantly attenuated
ISR-sEV-induced HASMC proliferation and migration
(Figures 4(g)–4(j) and Supplemental Figure 4-5). To better
understand the function of plasma sEV-carried miRNA-
501-5p in vivo, we performed qRT-PCR analysis of
miRNA-501-5p and its precursor in carotid artery of rats
with CABI or RS-sEV treatment. The level of miRNA-501-
5p was markedly increased in both CABI rats and RS-sEV-
treated rats, but the significant change of pre-miRNA-501-
5p level was not found (Figures 5(a) and 5(b)), which
indicated that plasma sEV delivered miRNA-501-5p to
carotid artery. Furthermore, plasma RS-sEV-treated rats
exhibited VSMC proliferation (Figures 5(c) and 5(d) and
Supplemental Figure 6) and elevated the media thickness of
carotid artery (Figures 5(e) and 5(f)). More importantly,
antagomir-501-5p injection could increase the contractile
markers α-SMA and calponin (Supplemental Figure 7),
reverse the VSMC proliferation (Figures 5(c) and 5(d)), and
decrease media thickness as well as the ratio of media
thickness/lumen diameter in CABI rats by blocking the
miRNA-501-5p (Figures 5(e) and 5(f)). Taken together,
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Figure 1: Characterization and function of plasma sEV from patients and rats. The isolated small extracellular vesicles (sEV) from patients
with in-stent restenosis (ISR) or not (control) were used for the characterization. (a) Representative transmission electron microscopic (TEM)
images of sEV. (b) Representative results of nanoparticle tracking analysis (NTA) demonstrating the particle distribution of sEV (n = 3). (c)
Representative western blots identifying the biomarkers of sEV including CD63 and TSG101 in the same amount of plasma sEV. (d)
Representative hematoxylin-eosin stained images of carotid arteries from rat carotid artery balloon injury (CABI) model or sham group
(n = 6). (e) Representative TEM images of sEV from rats. (f) NTA showing the concentration of sEV (n = 3). Values are mean ± SEM. ∗∗P
< 0:01 and ∗∗∗P < 0:001. Ctl-sEV: sEV purified from the plasma of patients without ISR after stent implantation; ISR-sEV: sEV purified
from the plasma of patients with ISR after stent implantation; Sham-sEV: sEV purified from the plasma of rats with sham procedure;
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these results demonstrated that miRNA-501-5p played a
crucial role in plasma sEV induced VSMC phenotypic
modulation.

3.5. Target Gene of miRNA-501-5p in VSMC. By using three
online databases, including Targetscan, miRwalk, and
miRDB, combining with genes involving in VSMC pheno-
typic modulation reported by previous articles [17–20], we
finally focused on Smad3 as a potential target gene of
miRNA-501-5p (Figure 6(a)). GO and KEGG analyses of
miRNA-501-5p were also conducted (Supplemental
Figure 8-9). Next, luciferase reporter assays were performed
with plasmids containing wild-type or mutant Smad3 3′
UTR with miRNA-501-5p binding sites (Figure 6(b)). The
result showed that miRNA-501-5p could decrease luciferase
activity of Smad3 wild-type 3′UTR constructs but had no
effect of Smad3 mutated forms (Figure 6(c)). Furthermore,
preincubation with miRNA-501-5p mimic markedly
inhibited the expression of Smad3 in HASMC
(Figure 6(d)). In vivo studies showed decreased mRNA
levels of Smad3 in CABI rats (Supplemental Figure 10) and
RS-sEV-treated rats (Figure 6(e)) but an elevated level of
Smad3 when blocking miRNA-501-5p (Figure 6(f)).
Collectively, these results demonstrated that miRNA-501-

5p promoted VSMC phenotypic modulation by targeting
Smad3.

3.6. The Potential Origin of Plasma sEV-Carried miRNA-501-
5p. To investigate the potential origins of elevated plasma
ISR-sEV-carried miRNA-501-5p, we evaluated the level of
miRNA-501-5p and its precursor in the aorta, heart, liver,
lung, adipose, and kidney of rats with CABI or not. Both
miRNA-501-5p and its precursor markedly elevated only in
the aorta and adipose of rats with carotid artery stenosis
(Figures 7(a) and 7(b)). Next, the removal of aortic endothe-
lial cells significantly decreased the expression of miRNA-
501-5p and its precursor, indicating that endothelial cells
might be the major origin of miRNA-501-5p in the aorta
(Figure 7(c)). Therefore, we propose that DES implantation
increases the production of miRNA-501-5p in multiple tis-
sues, especially in endothelial cells. miRNA-501-5p, cargoed
in sEV, is delivered to the VSMC by plasma sEV and pro-
motes VSMC proliferation and migration by targeting
Smad3 (Figure 7(d)).

4. Discussion

This study for the first-time reports that plasma sEV-carried
miRNA-501-5p promotes VSMC phenotypic modulation-
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Figure 2: The effect of plasma sEV from patients on vascular smooth muscle cells proliferation and migration. (a) Primary human aortic
smooth muscle cells (HASMC) were cultured in the presence of PKH26-labeled sEV. Representative confocal images showing the red sEV
and the blue nuclei (DAPI) of HASMC. (b) Representative blots and quantified data showing the expression of vascular smooth muscle
cell- (VSMC-) specific contractile marker (α-SMA and calponin) in HASMC treated with plasma sEV. (c) Representative confocal images
showing immunofluorescent staining for VSMC-specific contractile marker (α-SMA, green) to determine VSMC identity. Nuclei were
stained with DAPI (blue). The VSMC proliferation was evaluated with Edu-positive cells (d) and MTT assay (e) in HASMC treated with
plasma sEV. The VSMC migration was measured using Transwell (f) and wound healing assay (g) in HASMC treated with plasma sEV.
(h) The reduced mRNA expression of VSMC-specific contractile markers (α-SMA and calponin) in CABI group (n = 6). Data are
normalized to U6. (i) The further reduced mRNA expression of VSMC-specific contractile marker (α-SMA and calponin) in CABI rats
treated with sEV (n = 6). Values are mean ± SEM. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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mediated ISR through targeting Smad3. There are several
major findings in the present study. First, the concentration
of plasma sEV in ISR patients was higher compared with
non-ISR patients. Second, plasma sEV-carried miRNA-501-
5p was identified to enhance VSMC proliferation and migra-
tion by targeting Smad3, and the level of plasma sEV-carried
miRNA-501-5p linearly correlated with the degree of reste-
nosis. Third, vascular endothelial cells might be the major
primary origin of plasma sEV miRNA-501-5p. These find-
ings exhibit a novel mechanism of VSMC-mediated ISR by
plasma sEV-carried miRNA-501-5p.

In this study, we investigated the mechanism of VSMC
phenotypic modulation-mediated ISR. In the DES era, ISR

still remains a therapeutic challenge in spite of the improve-
ments of stent design, novel coating drugs, and polymers.
The current opinion [1] is that the underlying mechanisms
of ISR are quite complex, at least including mechanical and
biologic factors. VSMC is the major cell type in the artery,
and fully differentiated/contractile VSMC can maintain the
arterial function of contraction/dilation and control normal
blood pressure. Differentiated VSMC could switch to a ded-
ifferentiated phenotype to gain the function of proliferation,
migration, and ECM synthesis for tissue reparation in
response to vessel injury. Imbalanced VSMC switching leads
to the excessive VSMC hyperplasia and ECM deposition and
ultimately results in artery stenosis. In our study, rats with
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Figure 3: miRNA microarray assay and the relationship of miRNA-501-5p and in-stent restenosis. (a) miRNA microarray assays were
performed in plasma sEV purified from patients with in-stent restenosis (ISR) or not (n = 3). (b) qRT-PCR analysis of the 13 upregulated
miRNAs in ISR-sEV and Ctl-sEV (n = 3). Data are normalized to cel-miRNA-39. (c) qRT-PCR analysis of plasma sEV-carried miRNA-
501-5p level in patients with ISR or not (n = 20). Data are normalized to cel-miRNA-39. (d) The relationship between plasma sEV-carried
miRNA-501-5p level and late lumen loss (reflecting the degree of restenosis) (n = 20). Data are normalized to cel-miRNA-39. ∗P < 0:05
and ∗∗P < 0:01.
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Figure 4: The effect of miRNA-501-5p on smooth muscle cell proliferation and migration. (a) Representative blots and quantified data
showing the expression of vascular smooth muscle cell- (VSMC-) specific contractile marker (α-SMA and calponin) in primary human
aortic smooth muscle cells (HASMC) transfected with miRNA-501-5p mimic. (b) Representative confocal images showing
immunofluorescent staining for VSMC-specific contractile marker (α-SMA, green) to determine VSMC identity. Nuclei were stained with
DAPI (blue). The VSMC proliferation was evaluated with Edu-positive cells (c) and MTT assay (d) in HASMC transfected with miRNA-
501-5p mimic. The VSMC migration was measured using Transwell (e) and wound healing assay (f) in HASMC transfected with miRNA-
501-5p mimic. Effects of miRNA-501-5p inhibitor on MTT assay (g), immunofluorescent staining of α-SMA (h), Edu assay (i), and
transwell assay (j), in HASMC treated with plasma sEV, then transfected with miRNA-501-5p inhibitor or not. n = 8 per group in (d) and
(g); n = 3 per group in other groups. NC: negative control. Values are mean ± SEM. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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Figure 5: Plasma sEV-carried miRNA-501-5p promotes rat carotid artery stenosis. (a) qRT-PCR analysis of pre-miRNA-501-5p and
miRNA-501-5p in carotid artery from rats with carotid artery balloon injury (CABI) or sham procedure. Data are normalized to U6. (b)
qRT-PCR analysis of pre-miRNA-501-5p and miRNA-501-5p in carotid artery from CABI rats treated with plasma sEV. Data are
normalized to U6. (c) Representative hematoxylin-eosin stained images of carotid arteries from CABI rats treated with plasma sEV or
antagomir-501-5p. (d) Representative Masson stained images of carotid arteries from CABI rats treated with plasma sEV or antagomir-
501-5p. (e and f) Quantitative analysis for media thickness and the ratio of media thickness and lumen diameter. n = 6 for each group.
Values are mean ± SEM. ∗∗P < 0:01 and ∗∗∗P < 0:001.
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carotid artery stenosis after balloon injury exhibited
decreased expression of contractile markers α-SMA and cal-
ponin and increased VSMC proliferation compared with rats
in the sham group. Our results, in line with previous articles
[4, 5, 21], confirmed that VSMC phenotypic modulation
plays a crucial role in restenosis.

sEV, small endogenous membrane vesicles released from
various cell types, are of great interest because of their exten-
sive participation in cell-to-cell communication [10, 12]. The
mean size of most sEV in our study was 110-130 nm, indicat-
ing that the sEV are very likely to be exosomes. Several previ-
ous studies [4–6, 10, 22] have reported the association of sEV
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Figure 6: Smad3 is target gene of plasma sEV-carried miRNA-501-5p in smooth muscle cells. (a) Screening scheme for putative target gene of
miRNA-501-5p. (b) Schematic of miRNA-501-5p putative target sites in the 3′URT of Smad3 and the sequences of mutant UTRs. (c) Dual
luciferase reporter assay of 293T cells cotransfected with miRNA-501-5p mimic or negative control (NC) (n = 3). (d) Representative blots and
quantified data showing protein expressions of Smad2, Smad3, and Smad4 in human aortic smooth muscle cells (HASMC) transfected with
miRNA-501-5p mimic or NC (n = 3). (e) qRT-PCR analysis of Smad2, Smad3, and Smad4 in carotid artery from rats with carotid artery
balloon injury (CABI) undergoing sEV injection (n = 6). Data are normalized to U6. (f) qRT-PCR analysis of Smad2, Smad3, and Smad4
in carotid artery from rats with carotid artery balloon injury (CABI) undergoing antagomir-501-5p injection (n = 6). Data are normalized
to U6. Values are mean ± SEM. ∗∗P < 0:01 and ∗∗∗P < 0:001:
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and VSMC phenotypic modulation at the level of cell and
animal experiment, but evidence from patient level still
remains insufficient. In our study, we purified plasma sEV
directly from ISR patients and found that the concentration
of plasma sEV in ISR patients was higher than that in non-
ISR patients. More importantly, these plasma sEV could be
internalized by VSMC and decrease the expression of VSMC
contractile markers α-SMA and calponin and increase
VSMC proliferation and migration.

sEV harbor proteins, miRNAs, and mRNAs and deliver
these signals to receptor cells through systemic circulation.
In fact, miRNAs, as a class of epigenetic factors, have been
reported to drive VSMC toward the differentiated/contractile
phenotype, including miRNA 1 [23], miRNA-124 [24],
miRNA-143/145 [6], and miRNA-663 [25]. In response of
vascular injury, several miRNAs, such as miRNA-206 [26],
miRNA-221 [9], and miRNA-222 [27], could switch VSMC
toward the dedifferentiated/synthetic phenotype to tissue
reparation. With new-generation sequencing and qRT-PCR
validation in plasma sEV from patients, we found that
miRNA-501-5p was markedly elevated in ISR patients or
CABI rats. miRNA-501-5p is a relative novel miRNA and
has been reported to promote cell proliferation and migra-
tion in the development of cancer [28–30]. Similarly, in our
study, plasma sEV-carried miRNA-501-5p decreased the
expression of VSMC contractile markers α-SMA and calpo-
nin, increased VSMC proliferation andmigration, and exhib-
ited profound function of promoting VSMC phenotypic

modulation both in vivo and in vitro. More importantly,
the level of plasma sEV-carried miRNA-501-5p linearly cor-
related with the degree of restenosis, which provides a possi-
bility for potential clinical application.

Further bioinformatic analysis and validation experi-
ments showed that Smad3 is target of miRNA-501-5p in
VSMC. It is well established that Smad3 plays a crucial role
in maintaining the differentiated/contractile phenotype of
VSMC [17, 20], and loss of Smad3 can increase VSMC pro-
liferation and reduce expression of VSMC contractile
markers [18, 19]. Consistent with these studies, our data
found that miRNA-501-5p markedly reduced the expression
of α-SMA and calponin and promoted VSMC proliferation
and migration in vitro by inhibiting Smad3 expression.
Meanwhile, in vivo study with suppressing miRNA-501-5p
showed the increased expression of Smad3 and VSMC con-
tractile markers and the decreased VSMC proliferation in
carotid artery.

Furthermore, we investigated the potential origins of
increased plasma sEV-carried miRNA-501-5p. We found
that both miRNA-501-5p and its precursor pre-miRNA-
501-5p significantly elevated in the aorta and adipose. Nota-
bly, the removal of aortic endothelium could markedly
reduce the expression of miRNA-501-5p and its precursor,
elucidating that endothelial cells might be the major origin
of miRNA-501-5p. Our data, in line with previous study
[31], indicated that endothelial cells are the important origin
of plasma sEV-carried miRNAs.
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Figure 7: The potential origin of miRNA-501-5p and the proposed schematic. qRT-PCR analysis of miRNA-501-5p (a) and pre-miRNA-
501-5p (b) in tissues from rats with carotid artery balloon injury (CABI) or not. Data are normalized to U6 (n = 6). (c) qRT-PCR analysis
showing that the expressions of miRNA-501-5p and pre-miRNA-501-5p are significantly higher in rat aorta with endothelium (endo+)
than that without endothelium (endo-). Data are normalized to U6 (n = 6). (d) Drug-eluting stent implantation increases the production
of miRNA-501-5p in multiple tissues, especially in endothelial cells. miRNA-501-5p, cargoed in sEV, is delivered to the vascular smooth
muscle cells (VSMC) by plasma sEV and promotes VSMC proliferation and migration by targeting Smad3. Values are mean ± SEM. ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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There are several limitations in the present study. First,
we found plasma sEV-carried miRNA-501-5p promoted
VSMC phenotypic modulation-mediated ISR by targeting
Smad3, but we could not rule out a possibility of other miR-
NAs and other targets of miRNA-501-5p. Second, although
CABI rat is a widely used in vivo model for studying VSMC
phenotype, this model cannot simulate the situation of ISR
after stent implantation completely. Third, our study found
endothelial cells might be the major origins of the increased
plasma sEV-carried miRNAs, but other tissues could not be
totally excluded because of the lack of further validation.

5. Conclusion

Plasma sEV in ISR patients are elevated and play a crucial
role in VSMC phenotypic modulation. miRNA-501-5p was
identified in plasma sEV to enhance VSMC proliferation
and migration by targeting Smad3. Vascular endothelial cells
might be the major origin of plasma sEV miRNA-501-5p.
Collectively, these findings showed that plasma sEV-carried
miRNA-501-5p promotes VSMC phenotypic modulation-
mediated ISR through targeting Smad3.
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Recently, mounting evidence indicates that N6-methyladenosine (m6A) modification functions as a pivotal posttranscriptional
modification that regulates noncoding RNA biogenesis to influence the progression of multiple diseases. However, whether m6A
modification is involved in aortic dissection (AD) development has never been reported. Meanwhile, numerous studies have shown
that AngII-induced inflammatory damage and excessive apoptosis of human aortic smooth muscle cells (HASMCs) are the crucial
pathological features of AD development. Therefore, in this study, we intended to explore whether m6A modification can regulate
AD progression by influencing the damage effects of AngII on HASMCs and elucidate the underlying mechanisms. Firstly, we
screened and confirmed the high expression of alkylation repair homolog protein 5 (ALKBH5), a key m6A demethylase, in aortic
tissues from AD patients, indicating that m6A modification may indeed be involved in AD progression. Subsequently, we
demonstrated that ALKBH5 can exacerbate the AngII-induced HASMC inflammatory injury as well as apoptosis and shorten
the survival time of AngII-infused mice. Mechanistically, we revealed that lncRNA TMPO-AS1 is a downstream target for
ALKBH5 to affect AD progression in vitro and vivo. Meanwhile, we confirmed that ALKBH5-mediated m6A demethylation
downregulates lnc-TMPO-AS1 by decreasing the stability of its nascent. Further, we demonstrated that lnc-TMPO-AS1 exhibits
its functions in HASMCs, at least partly, through downregulating IRAK4 at the epigenetic level by combining with EZH2.
Finally, the direct positive correlation between ALKBH5 and IRAK4 in terms of the expression level and biological function was
confirmed, which further enforced the preciseness and correctness of our findings. In conclusion, our study demonstrated that
ALKBH5 aggravates AD by promoting inflammatory response and apoptosis of HASMCs via regulating lnc-TMPO-
AS1/EZH2/IRAK4 signals in an m6A modification manner and may provide a novel molecular basis for subsequent researchers
to searching for novel therapeutic approaches to improve the health of patients fighting AD and other cardiovascular diseases.

1. Introduction

Aortic dissection (AD) is a life-threatening cardiovascular
emergency due to a tear in the aorta intima or bleeding
within the aortic wall, leading to the separation of the differ-

ent layers of the aortic wall [1, 2]. One of the first prerequi-
sites to explore new therapeutic strategies for AD is to
elucidate the potential molecular mechanisms involved.

Numerous studies have shown that inflammatory dam-
age and excessive apoptosis of human aortic smooth muscle

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 5513966, 24 pages
https://doi.org/10.1155/2021/5513966

https://orcid.org/0000-0001-6013-7146
https://orcid.org/0000-0001-5643-9344
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5513966


cells (HASMCs) are the crucial pathological features of AD
development [3–5]. Meanwhile, our previous study has dem-
onstrated that treating ASMCs with a certain concentration
of angiotensin II (AngII) can simulate the status of cellular
injury during the development of AD in the physiological
state [6]. Therefore, in the present study, we intended to
identify some signaling molecules that could regulate AD
progression by influencing the damage effects of AngII on
HASMCs and clarify their mechanisms of action.

The dysfunction of HASMCs is a complex biological
process caused by epigenetic abnormalities and/or abnormal
genetic variations. Epigenetic abnormalities mainly occur at
the following levels: histone modification [7], DNA [8],
and RNA [9]. In RNA levels, over 100 types of RNA
modifications have been identified, among which N6-
methyladenosine (m6A) RNA methylation is the most
common modification in eukaryotes [10–12]. Moreover,
m6A modification is demonstrated by many studies to be a
dynamic and reversible process, constructed primarily by a
methyltransferase complex called m6A “writers,” including
methyltransferase like 3 (METTL3), vir-like methyltransfer-
ase (VIRMA), coupledwithWT1-associated protein (WTAP)
and removed by demethylases calledm6A “erasers,” including
alkylation repair homolog protein 5 (ALKBH5) and fat mass
and obesity-associated protein (FTO) [13, 14].

Recently, increasing evidence also revealed that m6A
modification functions as a pivotal posttranscriptional
modification that regulates mRNA and noncoding RNA
biogenesis to influence the progression of multiple diseases;
for instance, Lin et al. demonstrated that METTL3 could
facilitate lung cancer development by promoting translation
initiation of many oncogenes through m6A modification
[15]. Lan et al. reported that VIRMA could contribute to liver
cancer progression by causing the separation of the RNA-
binding protein HuR and the degradation of GATA3 pre-
mRNA in an m6A modification manner [16]. Zhang et al.
found that ALKBH5 could promote invasion and metastasis
of gastric cancer via decreasing methylation of the lncRNA
NEAT1 [17]. However, whether m6A modification is
involved and whether it acts by regulating noncoding RNAs
in the development of AD has never been reported.

In the present study, we confirmed that ALKBH5 was
highly expressed in AD tissues as well as HASMCs treated
with AngII and could exacerbate AngII-induced HASMC
inflammation and apoptosis in vitro. Moreover, overexpress-
ing ALKBH5 increased the incidence of AD in AngII-infused
mice and shorten their survival time. Mechanistically,
ALKBH5-mediated m6A demethylation induced the down-
regulation of long noncoding RNA (lncRNA) TMPO-AS1
by reducing the stability of nascent lnc-TMPO-AS1, which
subsequently enhanced the expression of IRAK4 by decreas-
ing binding to EZH2 at the epigenetic level. Collectively, our
findings provided a novel insight into the role of m6A
modification in the onset and progression of AD.

2. Materials and Methods

2.1. Clinical Samples. Aortic media samples (n = 40) were
obtained from acute thoracic AD patients who underwent

emergency aortic replacement surgery from May 2016 to
November 2019. Patients enrolled in our study were con-
firmed to have no connective tissue diseases, such as Marfan
syndrome and Ehlers-Danlos syndrome, or a family history
of aortic diseases. Meanwhile, normal aorta tissues (n = 40)
were collected from heart donors declared brain dead. Both
the informed written consent of all participants and the
approval of the Clinical Research Ethics Committees of
Renmin Hospital of Wuhan University for the collection
and usage of clinical specimens were obtained. The baseline
characteristics of the AD patients and aortic donors are
presented in Supplementary Table 1.

2.2. Cell Culture and Liposome Transfection. HASMCs were
purchased from ATCC (PCS-100-012™) and incubated in
DMEM (HyClone, UT) containing 10% fetal bovine serum
(FBS; Invitrogen) and 1% penicillin/streptomycin (Sigma).
The external conditions for cell culture were as follows:
37°C, humidified atmosphere containing 5% CO2. As previ-
ously reported, we established the cell model simulating the
damaged state of HASMCs during AD in the present study
by treating HASMCs with 0.1μM AngII for 12 h [18].

To obtain stable cell lines, we purchased multiple lentivi-
rus, including ALKBH5 overexpression lentivirus (termed as
LV-ALKBH5), a negative control (termed as LV-NC),
ALKBH5 knockdown lentivirus (termed as sh-ALKBH5),
or scramble control (termed as sh-NC) from GeneChem
(Shanghai, China). Lentiviruses were separately transfected
into HASMCs when cell confluence attained 60%. Stable cell
clones were selected using puromycin (4μg/ml) for 1 week.

For the overexpression of specific genes, we obtained over-
expression plasmids, pcDNA3.1-TMPO-AS1, pcDNA3.1-
EZH2, and pcDNA3.1-IRAK4, from GeneChem Co., Ltd.
(Shanghai, China). Meanwhile, we commissioned RiboBio
Co., Ltd. to synthesize small interfering RNA (siRNA) to spe-
cifically target sequences in TMPO-AS1 (si-TMPO-AS1),
EZH2 (si-EZH2), and IRAK4 (si-IRAK4). The pcDNA3.1
empty vector (pcDNA-NC) or si-scr-RNA (si-NC) was their
respective negative control. HASMCs were randomly tran-
siently transfected with one of the plasmids or siRNAs using
Lipofectamine 3000 (Invitrogen, USA).

2.3. AngII Infusion AD Model and Adenovirus Vector
Transfection. The animal experiments were approved by the
Ethical Committee of the Renmin Hospital of Wuhan
University and performed following the Current Guidelines
for the Care and Use of Laboratory Animals published by
the National Institutes of Health. Male C57BL/6N mice were
purchased from the Guangdong Medical Laboratory Animal
Center (Foshan, China). All mice were in a pathogen-free
environment with proper temperature (22°C) as well as
humidity (60–65%) and given a normal chow diet and water.

The angiotensin II (AngII) infusion mouse AD model
was constructed as described in a previous study [19].
Concretely, osmotic minipumps (ALZET, USA) containing
AngII (1μg/kg/min, Enzo Life Sciences, USA) were
implanted in eight-week-old male C57BL/6N mice. All mice
were monitored daily to record their survival time and death
reasons. The experimental endpoint was mouse death from
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aortic rupture or treatment time up to 28 days. Whether they
died within 28 days or were euthanized on the 28th day, the
aortas were collected to confirm the formation of AD.

To interfere with ALKBH5 level in vivo, adeno-
associated virus 9 (AAV9) that can transfect the aorta tissue
was used in the present study. 1 × 1012 viral genome particles
carrying different plasmids and interfering RNAs in 100μl of
saline were randomly injected through the tail vein of
C57BL/6N mice.

2.4. RNA Extraction and qRT-PCR Analyses. Total RNA was
extracted from tissues and cells via using TRIzol Reagent
(Invitrogen, USA). Then, samples with OD value greater than
1.9 were reverse transcribed to cDNA by utilizing the Super-
Script III Reverse Transcriptase kit (Invitrogen). Quantitative
real-time PCR (qRT-PCR) was performed on the Applied
Biosystems™ 7500 Real-Time PCR System using Fast SYBR
Green Master Mix Kit (Applied Biosystems, USA). The rela-
tive expression level mRNA was evaluated using the 2-ΔΔCt

method and normalized to their corresponding internal con-
trol, U6 snRNA, or β-actin. All primers were designed and
synthesized by RiboBio Co. (Guangzhou, China).

2.5. Western Blot. Tissue specimens or cells were lysed by
RIPA lysis buffer containing 1% protease inhibitors (Sigma,
USA). The protein extractions were quantified by BCA Pro-
tein Assay Kit (Beyotime, China). Equivalent protein samples
(25μg) were electrophoretically separated on 10% SDS-
PAGE and then transferred to polyvinylidene difluoride
membrane (PVDF). After being blocked in 5% skim milk,
PVDFs were incubated with monoclonal primary antibodies,
including anti-ALKBH5 (ab69325; Abcam), anti-EZH2
(#5246; Cell Signaling Technology), anti-IRAK4 (ab32511;
Abcam), anti- pNFκB (ab32536; Abcam), and anti-GAPDH
(ab9485; Abcam) at 4°C overnight. Next, the membranes
were incubated with a peroxidase-conjugated secondary anti-
body. The western blot bands were visualized by Pierce™
ECL (Thermo Fisher Scientific Inc., USA) and analyzed using
ImageJ software [20].

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). The
levels of inflammatory factors (IL-1β, IL-6, IL-17A, and
TNF-α) in the culture medium supernatants of HASMCs
treated or untreated with AngII were measured by ELISA kits
(R&D, MN, USA). The OD value at 450 nm wavelength was
detected by Infinite F50® microplate reader (Tecan, CH).

2.7. TUNEL Assay.HASMCs were fixed in paraformaldehyde
for 15min and stained by In Situ Cell Death Detection Kit
(TMR red) (Roche, Switzerland). Six visual fields were
randomly chosen from each group to calculate the positive
TUNEL-stained cells which were visualized with a fluores-
cence microscope (BX63, Olympus, Japan).

2.8. Flow Cytometry. Each group of HASMCs was collected,
resuspended, and double-stained with Annexin V-FITC
(556547, BD), coupled with propidium iodide (PI; Solarbio,
China) at room temperature for 10min in darkness. Subse-
quently, cell apoptosis was analyzed within 1 h using the

FACScan flow cytometer installed with Cell Quest software
(BD Biosciences, USA).

2.9. Microarray Analysis. To obtain the lncRNA expression
profiling in aorta tissues for further hierarchical clustering
analysis, a microarray analysis was performed on Human
lncRNA Array v4.0 (8 × 60K, Arraystar, USA) and its results
were analyzed by using R software with related packages.

2.10. RNA m6A Dot Blots. The poly(A)+ RNAs (100 and
250 ng, respectively) were denatured by heating at 65°C for
5min and spotted onto a nylon membrane (Sigma, USA)
with a Bio-Dot apparatus (Bio-Rad, USA). The membranes
were ultraviolet (UV) crosslinked, blocked, incubated with
m6A antibody (1 :20091000, Synaptic Systems, #202003)
overnight at 4°C, and then incubated with HRP-conjugated
anti-mouse IgG (1 : 5000, Proteintech, USA). After extensive
washing, membranes were visualized by the chemilumines-
cence system (Bio-Rad, USA). The membrane stained with
0.02% methylene blue (MB) in 0.3M sodium acetate
(pH5.2) was used to ensure consistency between groups.

2.11. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
assay was performed according to the manufacturer’s manual
(Millipore, USA) as described previously [13]. The specific
antibodies for H3 trimethyl-Lys-27 or EZH2 were purchased
from Millipore.

2.12. RNA Immunoprecipitation (RIP) Assay. RIP assay was
conducted using Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit (Millipore, USA). After HASMCs
were lysed and centrifuged, the supernatantwas incubatedwith
magnetic beads conjugatedwith antibodies against Argonaute-
2 (anti-Ago2), m6A (anti-m6A), or anti-Immunoglobulin G
(anti-IgG) at 4°C overnight. The precipitated RNAs were
eluted, purified, and then examined by qRT-PCR.

2.13. Subcellular Fractionation Analysis. Cytoplasmic and
Nuclear RNA Purification Kit (Cat. 21000; Norgen, Canada)
was utilized for subcellular isolation of RNAs in HASMCs.
The fractions of cytoplasmic and nuclear were detected by
qRT-PCR, with GAPDH and U6 serving as their internal
references, respectively.

2.14. Immunofluorescence and Fluorescence In Situ
Hybridization (FISH). HASMCs were fixed in PBS contain-
ing 4% paraformaldehyde for 10min at room temperature
and permeabilized in PBS containing 0.1% Triton-X as well
as 1% BSA at room temperature for 30min. DNA staining
was conducted with DAPI. EZH2 (Bioss) was detected with
an anti-EZH2 antibody for approximately 16h (37°C). Specific
FISH probes to lncRNA TMPO-AS1 were designed and
synthesized by RiboBio Co. (Guangzhou, China). The hybrid-
ization was performed in HASMCs as previously reported
[12]. Imaging was performed on a confocal laser scanning
microscope (Leica Microsystems, Mannheim, Germany).

2.15. mRNA Stability Detection. To detect the influence of
ALKBH5 on the half-life of lnc-TMPO-AS1, we treated
HASMCs with 5μg/ml actinomycin D (Act-D) (#A9415,
Sigma, USA). After incubation at the indicated times, the
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total RNA of cells was extracted for qRT-PCR. The mRNA
half-life of lnc-TMPO-AS1 was calculated using ln2/slope,
with GAPDH being used for normalization.

2.16. HE Staining. Resected aorta samples from the normal
and AD mice were fixed in 4% formaldehyde overnight,
dehydrated, paraffin-embedded, and cut into 4μm thick sec-
tions. The tissue sections were stained with hematoxylin and
eosin (HE). Then, the samples were placed under a micro-
scope and photographed at 100x and 400x fields of view as
previously described [21].

2.17. Statistical Analysis. All statistical analyses were per-
formed by using SPSS 24.0 (IBM Co., USA) and GraphPad
Prism 8.0 (GraphPad Software, USA). Two-tailed Student’s
t-test and Pearson’s correlation coefficient analysis were,
respectively, adopted to analyze differences between groups
or the correlations between ALKBH5, lncRNA, TMPO-
AS1, EZH2, and IRAK4. Kaplan-Meier curve with the log-
rank test was used to compare the survival time. A two-
sided P value < 0.05 was considered statistically significant.
Each experiment was performed in triplicate, and all data
are presented as mean ± standard error of themean ðSEMÞ.

3. Results

3.1. ALKBH5 Is Upregulated in AD Tissues and HASMCs
Treated with AngII. In recent years, more and more evidence
confirmed that m6A methylation modification acts a crucial
role in various biological processes. However, hardly any
studies have been conducted in AD [1, 2]. In the present
study, to determine whether m6A modification participates
in AD progress, the expression levels of multiple key genes
involved in m6A modification, as enumerated in Section 1,
were measured in 40 pairs of AD and normal arterial tissues.
Higher levels of ALKBH5 and lower levels of KIAA1429 were
confirmed in AD tissues compared with normal arterial tis-
sues (Figure 1(a)). The results of western blot also revealed
the low expression of KIAA1429 and the high expression of
ALKBH5 in aortic tissues from AD patients compared with
donors (Figure 1(b); Supplementary Fig. 1). The same results
emerged when we detected their expression level in 20 pairs
of normal and diseased aorta samples from the normal and
AngII-induced AD mice by qRT-PCR and western blot
(Figures 1(c) and 1(d); Supplementary Fig. 2). Moreover,
we also detected ALKBH5 and KIAA1429 levels in HASMCs
untreated and treated with AngII; as described in Section 2,
the results consistent with the trends measured in tissues
appearing (Figures 1(e) and 1(f)). Given the more drastic
changes in the mRNA expression level of ALKBH5, we chose
it as the research object of this study. Taken together, the
aberrant expression of ALKBH5 in AD tissues derived from
humans and mice and HASMCs treated with AngII was
verified, suggesting that m6A modification might be indeed
involved in the development of AD.

3.2. ALKBH5 Exacerbates AngII-Induced Inflammatory
Response and Apoptosis of HASMCs and Increases the
Incidence of AD in AngII-Infused Mice. To investigate the
biological function of m6A modification in HASMCs, we

overexpressed or knocked down ALKBH5, a vital m6A
demethylase exhibiting a negative correlation with m6A
levels, via transfection with LV-ALKBH5 and sh-ALKBH5
in HASMCs, respectively. The interference effects of trans-
fection were detected by qRT-PCR and western blot
(Figures 2(a) and 2(b)). Subsequently, we first measured the
levels of proinflammatory mediators in the supernatant of
the cell culture medium using ELISA. The results showed
that the secretion of inflammatory cytokines, including IL-
1β, IL-6, IL-17A, and TNF-α, were greatly elevated in the
AngII-treated groups. Meanwhile, the overexpression of
ALKBH5 evidently enhanced the promoting effect of AngII
on their secretion (Figures 2(c)–2(f)). On the contrary, we
also found that ALKBH5 knockdown could suppress the
expression of the genes corresponding to the aforesaid
inflammatory factors in HASMCs by using qRT-PCR
(Figures 2(g)–2(j)). Furthermore, nuclear factor kappa B
(NFκB) is a key regulator of immune development, immune
responses, and inflammation. Its activation leads to the acti-
vation of associated inflammatory pathways, and the level of
phosphorylation of NFκB (pNFκB) in cells can reflect the
level at which it is activated [22]. Herein, we investigated
the influence of ALKBH5 on the levels of pNFκB. The result
showed that the expression of pNFκB was upregulated in the
AngII-treated group and ALKBH5 significantly enhanced the
promoting effect of AngII on it (Figure 2(k); Supplementary
Fig. 3). Next, we performed TUNEL assay and observed that
AngII could induce apoptosis of HASMCs. Moreover, this
effect was significantly enhanced when ALKBH5 was overex-
pressed and weakened when it is silenced (Figure 2(l);
Supplementary Fig. 4).

To further examine whether ALKBH5 affects AD pro-
gression in vivo, after 28 days of AngII infusion, we observed
the incidence of AD and the survival time of mice in multiple
groups that received different AAV9 injections. The results
revealed that AngII could significantly increase the incidence
of AD, and this impact was significantly enhanced by the
overexpression of ALKBH5 and reduced by its knockdown
(Figure 2(m)). Consistent with the above trends, mice in
the AngII+LV-ALKBH5 group and AngII+sh-ALKBH5
group had the shortest and longest lifespans, respectively
(Figure 2(n)). In this study, we confirmed whether the mice
had AD through gross observation and HE staining of histo-
logical observation of their aortic tissue. Gross observations
showed that the aorta of ADmice was significantly congested
and thickened, and histological observations confirmed the
destruction of aortic tissue and the formation of AD
(Figures 2(o) and 2(p)). Collectively, our findings revealed
that ALKBH5 can exacerbate AngII-induced inflammatory
response and apoptosis of HASMCs, as well as the progres-
sion of AD in vivo.

3.3. lncRNA TMPO-AS1 Is a Downstream Target of ALKBH5.
Two previous studies have confirmed that METTL3, a key
methylase upregulating m6A levels, can affect cellular func-
tion by regulating specific downstream lncRNA in cancer
[3, 4]. We herein identified whether ALKBH5 also functions
in HASMCs via modulating its target lncRNAs. Firstly,
through using lncRNA microarrays, we obtained lncRNA
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Figure 1: ALKBH5 is upregulated in AD tissues and HASMCs treated with AngII. (a) The expression levels of multiple key genes related to
m6A modification were measured in 40 pairs of the AD and normal arterial tissues. (b) The results of western blot also revealed the low
expression of KIAA1429 and the high expression of ALKBH5 in aortic tissues from AD patients. (c, d) The results of western blot also
revealed the low expression of KIAA1429 and the high expression of ALKBH5 in aortic tissues from AD mice compared with normal
mice. (e, f) The results of western blot also revealed the low expression of KIAA1429 and the high expression of ALKBH5 in HASMCs
treated with AngII. Data represented the mean ± SEM from three independent experiments, ∗P < 0:05, ∗∗P < 0:01.
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expression profiles in aorta tissues from AD patients or
donors and observed that 508 lncRNAs in AD specimens
showed distinct fold changes, among which 282 were down-
regulated and 226 upregulated (fold change < 0:5 or >1.8,

P < 0:05). In combination with the bioinformatics analysis
and literature review, from the above differentially expressed
lncRNAs, 40 candidate lncRNAs that may be involved in
AD progression were selected for hierarchical clustering
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Figure 2: ALKBH5 exacerbates AngII-induced inflammatory response and apoptosis of HASMCs and increases the incidence of AD in
AngII-infused mice. (a, b) The interference effects of LV-ALKBH5 and sh-ALKBH5 on ALKBH5 expression in HASMCs were detected by
qRT-PCR and western blot. (c–f) The overexpression of ALKBH5 evidently enhanced the promoting effect of AngII on the secretion of
inflammatory cytokines in HASMCs. (g–j) ALKBH5 knockdown could suppress the expression of the genes corresponding to the
aforesaid inflammatory factors in HASMCs. (k) The expression of pNFκB was upregulated in the AngII-treated group and ALKBH5
significantly enhanced the promoting effect of AngII on it. (l) AngII could induce HASMC apoptosis, and this effect was significantly
enhanced when ALKBH5 was overexpressed and weakened when it is silenced. (m) AngII could significantly increase the incidence of
AD, and this impact was significantly enhanced by the overexpression of ALKBH5 and reduced by its knockdown. (n) Mice in the AngII
+LV-ALKBH5 group and AngII+sh-ALKBH5 group had the shortest and longest lifespans, respectively. (o, p) Gross observations showed
that the aorta of AD mice was significantly congested and thickened, and histological observations confirmed the destruction of aortic
tissue and the formation of AD. Data represented the mean ± SEM from three independent experiments, ∗P < 0:05 versus the Ctrl group;
#P < 0:05 versus the AngII+ LV-NC/sh-NC group; nsP > 0:05 versus the AngII group.
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analysis (Figure 3(a)). Next, we chose several of these
lncRNAs with the most significant changes and determined
the variations in their expression levels when ALKBH5 was
overexpressed or silenced in cells. The results showed that
lncRNA TMPO-AS1 and MEG3 were remarkably downreg-
ulated after ALKBH5 overexpression. However, when
ALKBH5 was silenced, only the expression of lncRNA
TMPO-AS1 was markedly enhanced (Figure 3(b)). Based
on this, we chose lnc-TMPO-AS1 for the following study.
At the tissue level, its low expression in clinical samples
and the significantly negative correlation between it and
ALKBH5 were confirmed by qRT-PCR and Pearson’s corre-
lation coefficient analysis, respectively (Figures 3(c) and
3(d); r = −0:438, P = 0:043).

To explore the biological function of lnc-TMPO-AS1 in
AD progression as a downstream target of ALKBH5, we first
upregulated lnc-TMPO-AS1 in stable ALKBH5-overpressing
HASMCs (Supplementary Fig. 5A) and observed that its
upregulation could partly weaken the promoting effect of
ALKBH5 overexpression on AngII-induced inflammatory
response and apoptosis of HASMCs (Figures 3(e)–3(h);
Supplementary Fig. 6A). Consistently, when we silenced
lnc-TMPO-AS1 in stable ALKBH5-deleting HASMCs
(Supplementary Fig. 5B), we found that the downregulation
of lnc-TMPO-AS1 could partly reverse the impact of

ALKBH5 knockdown on the inflammatory response and
apoptosis of HASMCs induced by AngII (Figures 3(i) and
3(j); Supplementary Fig. 6B and 7).

To further elucidate the influence of lnc-TMPO-AS1 on
AD development as a downstream effector of ALKBH5
in vivo, we implemented a gene-interference-function study
in AngII-infused C57BL/6N mice. First, 1 × 1012 viral
genome particles of adeno-associated virus 9 (AAV9),
including AAV9-LV-NC, AAV9-LV-ALKBH5, AAV9-LV-
ALKBH5/pcDNA-TMPO-AS1, AAV9-sh-NC, AAV9-sh-
ALKBH5, or AAV9-sh-ALKBH5/si-TMPO-AS1 in 100μl
of saline were randomly injected through the tail vein to
C57BL/6N mice. At 28 days after AngII infusion, the inci-
dence of AD and the survival time of mice in multiple groups
were counted and analyzed. The results indicated that lnc-
TMPO-AS1 upregulation could partly reduce the stimulating
effect of ALKBH5 overexpression on the incidence of AD in
AngII-infused mice, while its knockdown could partly coun-
teract the impact of ALKBH5 knockdown on this index
(Figure 3(k)). Consistent with the above results, lnc-
TMPO-AS1 could prolong the survival time of mice and
partly counteract the effect of ALKBH5 (Figure 3(l)). Taken
together, our findings revealed that lnc-MPO-AS1 is a down-
stream target for ALKBH5 to exert its influence on AD
progression in vitro and vivo.
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Figure 3: lncRNA TMPO-AS1 is a downstream target of ALKBH5. (a) 40 candidate lncRNAs that may be involved in AD progression were
selected for hierarchical clustering analysis. (b) Only the expression of lnc-TMPO-AS1 was altered when ALKBH5 was either overexpressed
or silenced. (c, d) The low expression of lnc-TMPO-AS1 in clinical samples and the significantly negative correlation between it and ALKBH5
were confirmed by qRT-PCR and Pearson’s correlation coefficient analysis, respectively (r = −0:438, P = 0:043). (e–h) lnc-TMPO-AS1
upregulation could partly weaken the promoting effect of ALKBH5 overexpression on AngII-induced inflammatory response and
apoptosis of HASMCs. (i, j) Downregulation of lnc-TMPO-AS1 could partly reverse the impact of ALKBH5 knockdown on the apoptosis
of HASMCs induced by AngII. (k) lnc-TMPO-AS1 upregulation could partly reduce the stimulating effect of ALKBH5 overexpression on
the incidence of AD in AngII-infused mice, while its knockdown could partly counteract the impact of ALKBH5 knockdown on this
index. (l) lnc-TMPO-AS1 could prolong the survival time of mice and partly counteract the effect of ALKBH5. Data represented the
mean ± SEM from three independent experiments, ∗P < 0:05; ns represents no statistical difference between groups.

12 Oxidative Medicine and Cellular Longevity



0
HASMCs

50

100
ns

Re
lat

iv
e l

nc
-T

M
PO

-A
S1

ex
pr

es
sio

n 
(%

)

150

Control
pcDNA-HDAC1

pcDNA-HDAC3
pcDNA-HDAC6

(a)

HASMCs

0 Control SAHA NaB LBH589 TSA SIS17 NKL22 PXD101

50

100

Re
lat

iv
e l

nc
-T

M
PO

-A
S1

ex
pr

es
sio

n 
(%

)

150

ns

(b)

0
HASMCs

50

100
ns

Re
lat

iv
e l

nc
-T

M
PO

-A
S1

ex
pr

es
sio

n 
(%

)

150

Control
5-azacytidine
RG108

CM272
SGI-1027

(c)

m6A dot blot

100 ng

250 ng
mRNA

(ng)

LV-NC LV-ALKBH5 sh-NC sh-ALKBH5

100 ng

250 ng
mRNA

(ng)

(d)

0

1

2

Re
lat

iv
e l

nc
-T

M
PO

-A
S1

 en
ric

hm
en

t
to

 v
ec

to
r (

m
6A

/in
pu

t R
IP

)

3

HASMCs

LV-NC
LV-ALKBH5

sh-NC
sh-ALKBH5

⁎

⁎

(e)

0
0

50

ln
c-

TM
PO

-A
S1

 R
N

A
re

m
ai

ni
ng

 (%
 o

f 0
 h

) 100

2 4 6
Time (h)

8

ns

LV-NC
LV-ALKBH5

sh-NC
sh-ALKBH5

(f)

Figure 4: Continued.

13Oxidative Medicine and Cellular Longevity



3.4. ALKBH5 Downregulates lncRNA TMPO-AS1 through
m6A Demethylation in HASMCs. Recent progress in epige-
netic regulation has revealed the involvement of m6A modi-
fication in various RNAs, including lncRNAs [5–7]. We then
wondered whether ALKBH5 also regulated lnc-TMPO-AS1
by m6A modification and therefore began to explore the
underlying epigenetic mechanisms responsible for lnc-
TMPO-AS1 downregulation. Firstly, to investigate whether
DNAmethylation was involved in lnc-TMPO-AS1 downreg-
ulation, we treated HASMCs with multiple DNA methyl-
transferase inhibitors, including RG108, CM272, SGI-1027,
and 5-azacytidine. Then, their effects on lnc-TMPO-AS1
expression level were examined, whereas no significant
results were observed, suggesting that DNA methylation
might not be related to the lnc-TMPO-AS1 expression level
in HASMCs (Figure 4(a)). Moreover, since it had been previ-
ously reported that histone acetylation could regulate
lncRNA expression [8, 9], we investigated its role in lnc-
TMPO-AS1 expression via treating HASMCs with various
histone deacetylase (HDAC) inhibitors, including SAHA,
NaB, LBH589, TSA, SIS17, NKL22, and PXD101. The data
revealed that these HDAC inhibitors had no significant influ-
ence on the lnc-TMPO-AS1 level in HASMCs (Figure 4(b)).
This conclusion was further confirmed by results that indi-
cated that overexpression of HDAC, such as HDAC1,
HDAC3, and HDAC6, also had no impact on lnc-TMPO-
AS1 expression in HASMCs (Figure 4(c)).

Subsequently, to identify whether ALKBH5 depends on
m6A demethylation to reduce the expression of lnc-TMPO-
AS1 in HASMCs, we first determined the effect of ALKBH5
on m6A level using m6A dot blot assay and found that the
overexpression of ALKBH5 markedly reduced m6A level,
while silencing ALKBH5 increased this level in HASMCs
(Figure 4(d)). Meanwhile, m6A RIP-qPCR analysis showed
0.3- and 2.5-fold enrichment in m6A antibody levels of lnc-

TMPO-AS1 in ALKBH5 overexpressing and ALKBH5
knockdown cells, respectively (Figure 4(e)). These data
revealed that ALKBH5 downregulates lnc-TMPO-AS1
expression via reducing its m6A level in HASMCs.

We then explored the deeper potential mechanisms asso-
ciated with the m6A-mediated expression of lnc-TMPO-AS1
in HASMCs. By treating HASMCs with Act-D to terminate
transcription, we observed that the level changes of ALKBH5
had no significant influence on the half-life of lnc-TMPO-
AS1 (Figure 4(f)). In the following subcellular fractionation
analysis, we found that ALKBH5 overexpression could
apparently decrease the localization of lnc-TMPO-AS1 to
chromatin while ALKBH5 knockdown enhance its accumu-
lation in chromatin (Figures 4(g) and 4(h)), which might be
attributed to the cause that ALKBH5 can reduce the stability
of nascent lnc-TMPO-AS1. Collectively, these findings
indicated that ALKBH5-mediated m6A demethylation is
involved in the downregulation of lnc-TMPO-AS1, not by
decreasing the stability of its transcript but possibly by
decreasing the stability of nascent lnc-TMPO-AS1.

3.5. lncRNA TMPO-AS1 Exhibits Its Biological Roles in
HASMCs via Regulating IRAK4. As is well known, lncRNA
can regulate gene expression at the epigenetic, transcrip-
tional, or posttranscriptional levels [10]. To elucidate the
regulatory role of lnc-TMPO-AS1 in HASMCs, we first
screened out genes whose expression was affected by lnc-
TMPO-AS1 using an RNA-sequencing analysis. As shown
in Figure 5(a), the expression levels of a large number of
genes changed significantly after the lnc-TMPO-AS1 knock-
down. Subsequently, through extensive literature review,
nine of these genes that may be associated with inflammation
and apoptosis were selected to validate RNA-seq results.
IRAK4 attracted our attention not only because it has been
reported as an important molecule in many inflammatory
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Figure 4: ALKBH5 downregulates lncRNA TMPO-AS1 throughm6A demethylation in HASMCs. (a) DNAmethylationmight not be related
to the lnc-TMPO-AS1 expression level in HASMCs. (b, c) Histone acetylation had no significant influence on the lnc-TMPO-AS1 level in
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and apoptotic pathways [11, 12] but also because it had the
most dramatic expression change when lnc-TMPO-AS1
was overexpressed (Figure 5(b)). Western blot subsequently

confirmed at the protein level that IRAK4 was negatively
regulated by lnc-TMPO-AS1 (Figure 5(c) and Supplemen-
tary Fig. 8). To elucidate explicitly how lnc-TMPO-AS1
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downregulates IRAK4 in HASMCs, we performed the
following mechanistic analysis.

Given that the regulatory function of lncRNA is closely
related to its intracellular distribution, we detected the distri-
bution of lnc-TMPO-AS1 in HASMCs using subcellular frac-
tionation analyses. The result indicated that lnc-TMPO-AS1
was predominantly located in the nucleus (Figure 5(d)),
suggesting that lnc-TMPO-AS1 may function as a regulator
at the epigenetic or transcriptional levels. Previous studies
have reported that lncRNA can activate the transcription
of its nearby genes in cis by promoting chromatin cycliza-
tion from transcriptional enhancers [13, 14]. We, therefore,
searched the database for the location of lnc-TMPO-AS1
on chromosomes and identified several adjacent transcripts,
including RUN4-41P, SNORA53, ADAF1, SLC25A3,
IKBIP, ANKS1B, and AC008055.2 (Supplementary Fig. 9).
The expression level detection of these genes showed no
significant difference between the lnc-TMPO-AS1 overex-
pression or knockdown group and the control group
(Supplementary Fig. 10A–B). Hence, the biological roles
of lnc-TMPO-AS1 in HASMCs may not be involved in
the ris regulatory mechanism.

Recent findings have revealed that lncRNAs can also reg-
ulate the expression of downstream genes via interacting with
RNA binding proteins (RBPs), such as HuR, LSD1, and
EZH2 [15, 16]. To confirm whether lnc-TMPO-AS1 regu-
lates the downstream targets via binding RBPs, RIP was
performed and revealed that lnc-TMPO-AS1 can combine
with HuR, LSD1, and EZH2, with the strongest binding to
EZH2 (Figure 5(e)). Furthermore, as shown in Figure 5(f),

the result that signals of lnc-TMPO-AS1 and EZH2 were
confirmed to be colocalized in HASMCs by FISH and immu-
nofluorescence, reinforced both the conclusion of the RIP
assay (Figure 5(e)) and the results of subcellular fractionation
analyses (Figure 5(d)). To further investigate the interaction
between lnc-TMPO-AS1 and EZH2, we examined the
expression changes of EZH2 after interfering with the level
of lnc-TMPO-AS1 and no significant changes appeared in
both pcDNA-TMPO-AS1 and si-TMPO-AS1 cells compared
to the negative control (Figures 5(g) and 5(h)).

Enhancer of zeste homolog 2- (EZH2-) mediated
trimethylation of histone 3 lysine 27 (H3K27Me3) is vital
for the negative regulation of immunity intestinal inflam-
mation [17]. To determine whether EZH2 is also involved
in the regulation of AngII-induced HASMC inflammation
and apoptosis, we first measured the expression level of
EZH2 in HASMCs untreated and treated with AngII and
observed that EZH2 was downregulated in the treatment
group (Figure 5(i)). Consistently, in a subsequent qRT-
PCR analysis between AD and normal aorta tissues, the
expression of EZH2 was also reduced in aortas from AD
patients and exhibited a positive correlation with lnc-
TMPO-AS1 expression (Figures 5(j) and 5(k); r = 0:4769,
P = 0:0339). More importantly, we observed that EZH2
knockdown significantly enhanced the mRNA and protein
level of IRAK4, while the opposite results occurred when
EZH2 was overexpressed (Figures 5(l) and 5(m)). Subse-
quently, we performed ChIP assays and demonstrated that
EZH2 could bind directly to the promoter regions of
IRAK4 and cause H3K27 trimethylation (H3K27Me3),
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Figure 6: IRAK4 is positively correlated with ALKBH5 in terms of expression level and biological function. (a, b) The expression level of
IRAK4 in 40 pairs of aorta tissues from AD patients and donors was measured and confirmed its negative correlation with ALKBH5
expression by Pearson’s correlation coefficient analysis (r = 0:7048, P = 0:0005). (c) Overexpressing ALKBH5 promoted the expression of
IRAK4 while ALKBH5 knockdown suppressed it. (d) The effects of interference on mRNA and protein levels of IRAK4 were confirmed.
(e, f) IRAK4 could further promote AngII-induced HASMC apoptosis increased by ALKBH5 overexpression, while IRAK4 knockdown
partly counteracted the proapoptotic effect caused by the overexpression of AKLBH5. (g, h) Overexpression of IRAK4 enhanced the
hypersecretion of inflammatory cytokines and the high expression of inflammation-related genes caused by ALKBH5 overexpression
while silencing IRAK4 could partially offset the proinflammatory effect of ALKBH5. (i) The level of pNFκB was upregulated by ALKBH5,
and this effect could be further enhanced by the overexpression of IRAK4 or weakened by its knockdown. (j, k) IRAK4 overexpression or
knockdown enhanced or partly offset the influences of ALKBH5 upregulation on the incidence of AD and survival time in mice. Data
represented the mean ± SEM from three independent experiments, ∗P < 0:05.

20 Oxidative Medicine and Cellular Longevity



which results in the suppression of gene expression. More-
over, lnc-TMPO-AS1 knockdown reduced the binding of
EZH2 and H3K27Me3 levels at the promoters of IRAK4
(Figure 5(n)). Taken together, these data indicated that
lnc-TMPO-AS1 exhibits its functions in AngII-induced
HASMC inflammation and apoptosis, at least partly,
through downregulating IRAK4 at the epigenetic level by
combining with EZH2.

3.6. IRAK4 Is Positively Correlated with ALKBH5 in terms of
Expression Level and Biological Function. Since we had eluci-
dated the regulatory relationship between ALKBH5 and lnc-
TMPO-AS1, coupled with between lnc-TMPO-AS1 and
IRAK4, we next investigated the relationship between
ALKBH5 and IRAK4. Firstly, we measured the expression
level of IRAK4 in 40 pairs of aorta tissues from AD
patients and donors using qRT-PCR and confirmed its nega-
tive correlation with ALKBH5 expression by Pearson’s corre-
lation coefficient analysis (Figures 6(a) and 6(b); r = 0:7048,
P = 0:0005). To determine whether this negative correlation
was due to IRAK4 being regulated by ALKBH5, we detected
the expression change of IRAK4 after interfering with
ALKBH5. The results revealed that overexpressing ALKBH5
promoted the expression of IRAK4 while ALKBH5 knock-
down suppressed it (Figure 6(c)). Furthermore, to explore
the relationship between IRAK4 and ALKBH5 in terms of
biological function, we elevated the IRAK4 level using
pcDNA-IRAK4 or attenuated it with si-IRAK4 in
ALKBH5-overexpressing HASMCs and a series of restora-
tion assays were performed. The effects of interference on

mRNA and protein levels of IRAK4 were shown in
Figure 6(d). Flow cytometry and TUNEL assay revealed that
upregulation of IRAK4 could further promote AngII-
induced HASMC apoptosis increased by ALKBH5 overex-
pression, while IRAK4 knockdown partly counteracted the
proapoptotic effect caused by the overexpression of AKLBH5
(Figures 6(e) and 6(f) and Supplementary Fig. 11). Consis-
tently, ELISA and qRT-PCR confirmed that the overexpres-
sion of IRAK4 enhanced the hypersecretion of inflammatory
cytokines and the high expression of inflammation-related
genes caused by ALKBH5 overexpression while silencing
IRAK4 could partially offset the proinflammatory effect of
ALKBH5 (Figures 6(g) and 6(h)). Moreover, we also found
that the level of pNFκB was upregulated by ALKBH5 and this
effect could be further enhanced by the overexpression of
IRAK4 or weakened by its knockdown. (Figure 6(i) and
Supplementary Fig. 12). In in vivo experiments, IRAK4 over-
expression or knockdown enhanced or partly offset the influ-
ences of ALKBH5 upregulation on the incidence of AD and
survival time in mice (Figures 6(j) and 6(k)). To sum up,
these results identified that IRAK4 is positively correlated
with ALKBH5 in terms of expression level and biological
function in HAMSCs.

4. Discussion

Nowadays, with the maturation of m6A sequence technol-
ogy, m6A modification has become a hotspot for research
in RNA regulation-related fields [23]. Recently, accumulating
evidence has revealed the pivotal roles of m6A modification
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Figure 7: Schematic diagram of the mechanisms revealed in this study. ALKBH5 could aggravate AngII-induced inflammation response as
well as apoptosis of HASMCs and increase the incidence of AD in AngII-infused mice through regulating lnc-TMPO-AS1/EZH2/IRAK4
signals in an m6A modification manner.
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in noncoding RNAs in a series of physiological and biochem-
ical processes, including cell proliferation and apoptosis,
stem cell self-renewal, fate, and functions of lncRNAs, matu-
ration of pri-miRNA, and RNA-protein interactions [24, 25].
However, most of the above findings are confined to tumor
research, and studies in the cardiovascular system remain
quite lacking. In this study, our results revealed that
ALKBH5, a major m6A demethylase, could exacerbate
AngII-induced inflammation damage and apoptosis of
HASMCs. As far as we know, this is the first in-depth study
on the involvement of ALKBH5 in AD progression through
regulating the m6A modification of lncRNAs.

We firstly identified the high expression of ALKBH5, in
AD tissues and HASMCs treated with AngII. Then, we dem-
onstrated that ALKBH5 could exacerbate AngII-induced
HASMC inflammatory response as well as apoptosis and
increase the incidence of AD in AngII-infused mice.
Mechanistically, we explored the interrelationship between
ALKBH5 and noncoding RNAs and finally identified
lncRNA TMPO-AS1 as a downstream signaling target of
ALKBH5 in HASMCs. More importantly, we further
explored the specific way for ALKBH5 to downregulate lnc-
TMPO-AS1 in an m6Amodification manner. We first exper-
imentally excluded the involvement of DNAmethylation and
histone acetylation in this regulatory process and then con-
firmed that ALKBH5 did not downregulate lnc-TMPO-AS1
though decreasing the stability of its transcript. Finally, we
demonstrated that ALKBH5-mediated m6A demethylation
is involved in the downregulation of lnc-TMPO-AS1 by
decreasing the stability of nascent lnc-TMPO-AS1.

Subsequently, a series of mechanistic studies were con-
ducted to further investigate the downstream effectors of
the ALKBH5-lncRNA TMPO-AS1 axis and their regulatory
mechanisms. It is well known that lncRNAs are defined as a
class of functional noncoding RNA transcripts with more
than 200 nucleotides in length and widely engaged in diverse
biological processes. Although they cannot directly encode
proteins, they can regulate gene expression at various levels,
including the epigenetic, transcriptional, posttranscriptional,
and translational levels [26]. Given a fact found by subcellu-
lar fractionation analyses and FISH assay that lnc-TMPO-
AS1 is predominantly distributed in the nucleus of HASMCs,
we inferred that lnc-TMPO-AS1 may function as a regulator
at the epistatic or transcriptional level. Subsequently, we
confirmed that lnc-TMPO-AS1 can directly combine with
EZH2, an RNA binding protein, by RIP assay and revealed
that EZH2 can bind directly to the promoter regions of
IRAK4 and cause H3K27Me3, which leads to the suppression
of gene expression through using ChIP assay. To enhance the
preciseness of the regulatory pathway in this study, we
directly investigated the direct relationship between
ALKBH5 and IRAK4, the most downstream effectors in the
pathway, in terms of expression level and biological functions
and ultimately confirmed the positive correlation between
them. Collectively, our data confirm our inference and
demonstrated that the ALKBH5-lncRNA TMPO-AS1 axis
exhibits its functions in AngII-induced HASMC inflamma-
tion and apoptosis, at least partly, through downregulating
IRAK4 at the epigenetic level via combining with EZH2.

Despite our best efforts to design and experiment rigor-
ously, the present study still has some limitations. One limi-
tation is that the clinical tissue sample size needs to be further
expanded, which could reduce the possibility of bias, such as
age bias and gender bias. The main obstacle to obtaining a
larger sample size is that normal aorta tissues are derived
from donations in China and the number of heart donors
declared brain dead is in short supply. Another limitation is
that the regulation mechanism of m6A modification on
lncRNA expression is still scarce and at the exploratory stage.
Therefore, in addition to the regulation manner confirmed
in this study, whether ALKBH5 also modulates lnc-
TMPO-AS1 in other ways remains to be more comprehen-
sively explored. Moreover, when we look for downstream
targets of ALKBH5, we found that lncRNA TMPO-AS1
and MEG3 were remarkably downregulated after ALKBH5
overexpression. Interestingly, however, when ALKBH5 was
silenced, only the expression of lncRNA TMPO-AS1 was
markedly enhanced, while the level of MEG3 was almost
unchanged. The underlying mechanism leading to this
interesting phenomenon still needs to be further revealed
by subsequent studies.

5. Conclusion

In summary, we demonstrated that ALKBH5 could aggravate
AngII-induced inflammation response as well as apoptosis of
HASMCs and increase the incidence of AD in AngII-infused
mice through regulating lnc-TMPO-AS1/EZH2/IRAK4 sig-
nals in an m6Amodification manner (Figure 7). Our findings
reveal for the first time the role of m6A modification in AD
progression and may shed some new light on searching for
novel therapeutic approaches to improve the health of
patients fighting AD or other cardiovascular diseases.
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Background. Ergogenic nutritional supplementation is sought by professional athletes for improving physical performance;
nevertheless, scientific evidence to support the chronic use of L-Arginine among water polo players is missing. Methods.
Seventeen male professional water polo players were randomly assigned to assume 5 grams per day of L-Arginine (n = 9) or
placebo (n = 8) for 4 weeks. The players’ fitness level was assessed in the maximal speed swimming test. Ear lobe blood samples
taken before and after the effort for serum lactate content were analyzed. A speed-to-lactate ratio was generated at the baseline
and after 4 weeks of treatment. We also tested the effects of L-Arginine in vitro, measuring NO production, mitochondrial
respiration, and gene expression in human fibroblasts. Results. L-Arginine did not modify BMI, muscle strength, and maximal
speed at 200 meters after 4 weeks. However, L-Arginine ameliorated oxidative metabolism to exercise as suggested by the
statistically significant lower lactate-to-speed ratio, which was not observed in placebo-treated controls. In vitro, L-Arginine
induced the expression of a key regulator of mitochondrial biogenesis (PGC1α) and genes encoding for complex I and increased
the production of nitric oxide and the maximal oxygen consumption rate. Conclusions. Chronic L-Arginine is safe and effective
in ameliorating the oxidative metabolism of professional water polo players, through a mechanism of enhanced mitochondrial
function.

1. Introduction

The amino acid L-Arginine contributes to the regulation of
energetic metabolism in cells, by participating in the Krebs
cycle after conversion in citrulline [1]. In this reaction, the
signaling molecule nitric oxide (NO) is also produced, which
can participate in the contractility and metabolism of mus-
cles, as well as in the potentiation of neuronal activity and

immune response [2]. NO induces vasodilation and increases
tissue perfusion, thus ameliorating the delivery of oxygen and
nutrients for the production of ATP. Indeed, NO availability
improves muscle mitochondrial respiration and biogenesis
[3, 4].

Some studies associate these biological features of NO
with the amelioration of muscle force production and endur-
ance performance and recovery [5, 6]. Indeed, the nutritional
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supplementation of dietary nitrates in adults engaged in lei-
sure activities has been associated with amelioration of the
physical performance, as reported by reduced oxygen cost
of submaximal exercise and resistance to high-intensity exer-
cises [7, 8]. Interestingly, in elite athletes, the chronic effects
of nitrate administration have never been investigated [9].

Professional water polo represents an interesting setup to
study muscular and physical adaptations to mixed training
characterized by high-intensity bouts alternated to lower
intensity efforts [10].

Nutrition participates greatly in the development of
endurance and power capabilities in response to training
[11]. The use of products containing L-Arginine among ath-
letes is diffuse, although the effects on performance are not
clear and still controversial [12, 13]. The physiological con-
centrations of L-Arginine are generally sufficient to saturate
endothelial nitric oxide synthase; nevertheless, acute effects
of 6 grams of arginine have been demonstrated to increase
the performance [14]. In particular, dietary supplementation
of nitrates in recreationally active athletes leads to a reduc-
tion in the oxygen cost and improves tolerance to high-
intensity exercise [15]. Interestingly, in elite athletes, the
effects of nitrate supplementation are less evident, and almost
all of the studies are concordant on the neutral effects on
maximal performance [16]. It has to be noted, though, that
most of the studies in elite athletes are referred to acute
supplementation, and the effects of chronic supplementation
of L-Arginine in elite athletes are far less explored.

The present study investigates the effects of 4-week, 5
grams per day, dietary L-Arginine supplementation on
serum biochemistry and exercise performance in elite water
polo players. Furthermore, in an in vitromodel, we evaluated
the effects of chronic exposure to increased L-Arginine
concentration on parameters of mitochondrial biogenesis
and function.

2. Methods

2.1. Water Polo Players. Seventeen male water polo players
participating in the top-level division of the Italian Cham-
pionship took part in the single-blind, placebo-controlled,
parallel-group, randomized study. They were randomly
assigned to the L-Arginine (Bioarginina Farmaceutici
Damor®, n = 9) or placebo (n = 8) parallel groups. The
anthropometric features are described in Table 1. Informed
consent was obtained by all players before testing, and the
experimental protocol was approved by the Ethical Commit-
tee of the Federico II University of Naples, Italy. The trial is
registered in (NCT04626375).

2.2. Procedures. The players’ fitness level was assessed in the
maximal speed swimming test. After 10min standardized
warm-ups, participants swam 200 meters in an indoor,
25m swimming pool at maximum speed. Ear lobe blood
samples were taken before and after the effort and analyzed
for serum lactate content using the reflectance photometric
enzymatic reaction method (Accusport, Boehringer, Ger-
many). A speed-to-lactate ratio was generated. Further
assessment implied blood sampling for IGF1 and CK on

serum and dynamometer measurements of upper limb max-
imal power.

The above-described assessments were performed at
baseline and after 4 weeks of treatment with either placebo
or a daily dose of 5 grams of L-Arginine per os. During the
time of intervention, athletes trained daily according to the
training schemes of the regular season. The placebo tablets
were indistinguishable from those of L-Arginine as per shape
and packaging. Therefore, the athletes were unaware of being
on the treatment or placebo group.

2.3. Cells. Human Embryonic Kidney (HEK-293) fibroblasts
were cultured in Dulbecco’s minimal essential medium
(DMEM) as previously described, 25mM, and supplemented
with 10% fetal bovine serum (FBS) at 37°C in 95% air-5%
CO2. At 70% confluence, cells were treated with L-Arginine
(a kind gift from Farmaceutici Damor, Italy) at a concentra-
tion of 500μM or vehicle (water), for 24 hours. After incuba-
tion, the cells were lysed or used for specific analysis.

2.4. NO Production.NO production was determined as previ-
ously described [17]. Briefly, HEK-293 were seeded in 24-
well plates and incubated with 10μM DAF-FM Diacetate
(Invitrogen) for 60min at 37°C. After washing, the cells were
incubated for an additional 15min at room temperature to
allow complete deesterification of the internalized probe.
Raw fluorescence at 495/515 nm was registered every 10 sec
using the Tecan Infinite 200 Pro plate reader. The fluores-
cence was corrected by the background signal derived from
nonmarked cells.

2.5. Mitochondrial Respiration. Mitochondrial respiration
was assessed as previously described [18], using the Seahorse
Analyzer (Agilent Technologies, Santa Clara, CA, USA). We
added carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-
zone (FCCP, 0.5μM, Merck KGaA) and antimycin A (both
1μM, Merck KGaA) to each well. After each assay, cells were
collected to quantify DNA using the QuantiFluor dsDNA
System (Promega, Madison, WI, USA).

2.6. Real-Time PCR. Total RNA from HEK-293 cells was
extracted using a TRIzol reagent (Invitrogen), and cDNA
was synthesized using the ThermoScript RT-PCR System
(Invitrogen), following the manufacturer’s instruction. After
reverse transcription reaction, real-time quantitative poly-
merase chain reaction (RT-qPCR) was performed with a
SYBR Green real-time PCR master mix kit (Applied Biosys-
tems, Foster City, CA, USA) as described [17] using StepOne
instrument (Applied Biosystems). Primers for gene analysis
are indicated in Table 2. All standards and samples were
assayed in triplicate. Thermal cycling was initiated with an
initial denaturation at 95°C for 5min. After this initial step,
40 cycles of PCR were performed. Each RT-PCR cycle con-
sisted of heating at 95°C for 15 seconds, 60°C for 30 seconds,
and 72°C for 1 minute. The ratio of fold change was calcu-
lated using the Pfaffl method [19].

2.7. Statistical Analysis. According to the available literature
[20], an average physical performance assessment based on
the lactate-to-speed ratio for professional water polo players
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is around 7 with a standard deviation of 1.2. We calculated
that to observe a 20% amelioration as effect of treatment,
which is statistically significant with a power of 80% and
alpha error of 10%, 7 volunteers per group are needed. Data
are expressed as the mean ± standard error. Analysis of vari-
ance or Student’s t-test was used as appropriate for continu-
ous variables; chi-squared analysis was used to assess
differences in expected distributions. P < 0:05 is considered
statistically significant. All statistical analysis was performed
on SPSS 24.0 (IBM-Italia, Segrate, Italy).

3. Results

3.1. In Vivo Studies

3.1.1. Physical Performance. Athletes from the two groups at
the baseline were similar by age, BMI, and muscle strength
(Table 1). Baseline performance measured as the maximal
speed at the 200 meters was not different between the control
and the L-Arginine groups. Similar values of IGF-1, CK, and
resting and exercise serum lactate were also observed
between the two groups (Table 1). After 4 weeks, all the above
parameters were not affected (Table 1). As previously estab-
lished [20], the lactate-to-speed ratio represents a way to
assess tolerance to exercise. While at the baseline, there was
no difference between controls and L-Arginine athletes, after
one month, the L-Arginine group presented a significantly

lower lactate-to-speed ratio as compared to controls, suggest-
ing a better oxidative metabolism to exercise (Figure 1(a)).
This difference appears to be generated by the expected wors-
ening of performance due to the intensive season training
that was more frequent among the controls compared with
the L-Arginine group (Figure 1(b)).

3.2. In Vitro Studies

3.2.1. Mitochondrial Biogenesis. To assess the changes in the
energetic metabolism that are induced by chronic exposure
to L-Arginine, we exposed fibroblasts for 24 h with the amino
acid. This timing is enough to activate protein synthesis and
therefore modify the cellular phenotype. L-Arginine induces
the expression of the regulator of mitochondrial biogenesis
(PGC1α) and genes encoding for complex I proteins such
as Succinate Dehydrogenase A (SDHA), while genes of
complex III (cytochrome B and ubiquinol cytochrome C1
reductase) were not affected (Figure 2).

3.2.2. NO and Mitochondrial Function. 24hr of L-Arginine
induced a significant increase in the production of nitric
oxide, which appeared to be almost double compared to con-
trol conditions (Figure 3(a)). Also, the maximal oxygen con-
sumption rate, a measure of mitochondrial function,
increased in L-Arginine-treated cells compared with control
cells (Figure 3(b)).

Table 1: Anthropometric, physical, and biochemical characteristics of the study population.

Baseline 4 weeks
Control L-Arginine Control L-Arginine

Age (yrs) 29:3 ± 1:66 30:9 ± 1:31
Height (cm) 191:5 ± 1:92 192:0 ± 1:78
Weight (kg) 95:81 ± 2:19 100:7 ± 3:56 95:6 ± 2:22 100:0 ± 3:58
BMI (kg/m2) 26:1 ± 0:46 27:2 ± 0:56 26:07 ± 0:48 27:2 ± 0:56
CPK (μL/L) 156:1 ± 25:1 170:0 ± 25:8 133:7 ± 13:1 184:0 ± 35:5
IGF1 (μM/L) 327:9 ± 19:3 295:0 ± 19:0 226:5 ± 7:81 215:0 ± 10:0
Dynamometer (N) 76:1 ± 3:33 78:6 ± 2:02 76:12 ± 2:76 78:2 ± 1:88
Time to 200mt (sec) 121:6 ± 1:62 123:0 ± 1:82 122:0 ± 1:93 124:0 ± 1:32
Basal lactates (μU/L) 1:10 ± 0:10 1:04 ± 0:08 0:92 ± 0:08 0:83 ± 0:05
Postexercise lactates (μU/L) 9:86 ± 0:41 10:0 ± 0:40 11:4 ± 1:22 9:25 ± 0:53
BMI: body mass index; CPK: creatine phosphokinase; IGF1: insulin-like growth factor.

Table 2: List of primers used in real-time PCR.

Gene Sense primer sequence Antisense primer sequence

18 S 5′-GTAACCCGTTGAACCCCATT-3′ 5′-CCATCCAATCGGTAGTAGCG-3′
Cyt B 5′-CCTAGGCGACCCAGACAATTAT-3′ 5′-TCATTCGGGCTTGATGTGG-3′
SDHA 5′-CATACTGTTGCAGCAGCACAGG-3′ 5′-CCACCAAATGCACGCTGATA-3′
UQCRC I 5′-CCTACGCACTCGAGAGCAC-3′ 5′-AGGTGTGCCCTGGAATGCTG-3′
PGC-1α 5′-AAACTTGCTAGCGGTCCTCA-3′ 5′-TGGCTGGTGCCAGTAAGAG-3′
Cyt B: cytochrome B; SDHA: succinate dehydrogenase complex flavoprotein subunit A; UQCRC I: ubiquinol cytochrome c reductase complex I; PGC-1α:
proliferator-activated receptor gamma coactivator 1α.
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Figure 1: (a) Aerobic performance assessed as the serum lactate production to maximal speed on the 200 meters is similar between groups at
the baseline, while significantly different after 4 weeks. (b) Evolution of lactate-to-speed ratio after 4 weeks in both groups. ∗P < 0:05 vs.
control, ANOVA; !P < 0:05 vs. Control, chi-squared test.
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Figure 2: Gene expression in real time in L-Arginine vs. control-treated HEK-293 cells: (a) proliferator-activated receptor gamma coactivator
1α; (b) succinate dehydrogenase complex flavoprotein subunit A; (c) cytochrome B; (d) ubiquinol cytochrome c reductase complex I. ∗P <
0:05 vs. control.
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Figure 3: (a) Nitric oxide production in HEK-293 cells; (b) basal and maximal oxygen consumption rate (OCR) in HEK-293 cells. #P < 0:05
vs. Control.

4 Oxidative Medicine and Cellular Longevity



4. Discussion

Our results provide the first evidence that in elite water polo
players, chronic L-Arginine supplementation ameliorates
aerobic energy expenditure, possibly due to a positive effect
on mitochondrial energetics. Chronic L-Arginine adminis-
tration was tested before as a tentative enhancer of physical
performance. In fact, only one group reported an ameliora-
tion in physical performance in healthy-untrained subjects
[21]. On the other hand, chronic L-Arginine supplementa-
tion did not show statistical effects on time to exhaustion in
running and cycling in endurance well-trained athletes [13,
22]. In swimmers, using a different NO donor, the root beer
juice, a similar finding was observed by Pinna et al. who
showed that 7-day supplementation reduced the anaerobic
threshold, without enhancement in maximum workload
achieved and/or VO2max [23]. We confirm that we were
unable to observe an amelioration of the physical perfor-
mance of the examined athletes on average. Nevertheless,
we verified that the physical response was achieved with
lower production of lactates, thus suggesting the enhance-
ment of the aerobic metabolism. Indeed, the in vitro study
confirms the favorable effects of 24 hr exposure to L-
Arginine on mitochondrial biogenesis and function.

Proteins and amino acids represent the most consumed
ergogenic aids, with the esteem that at least one-third of ath-
letes use them to maintain/potentiate athletic performance
[11]. The consumption of amino acid supplements carrying
vasodilatory properties is increasing in the sports field, due
to the positive additional effect of vasodilation on muscle
blood supply and athletic performance [24, 25]. In this sce-
nario, the L-Arginine vasodilator effect has gained the favor
of the athletes to improve their physical performance [14,
21, 26]. The perceived benefit of L-Arginine assumption,
though, ailments the described arginine paradox, which has
been described by Ignarro and coworkers; indeed, L-
Arginine is a nonessential amino acid, synthesized in the
small intestine from proline, glutamate, and glutamine,
which is also abundant in diets with apparently no need for
supplementation [27–29].

The vasodilator properties of L-Arginine reside in the fact
that the amino acid is a substrate for nitric oxide synthases
(NOS), a class of enzymes that share the ability to break argi-
nine into citrulline and nitric oxide [30, 31]. Although its
baseline plasma concentration is about 25- to 30-fold higher
than the Michaelis-Menten constant Km of the isolated,
purified endothelial NOS in vitro, further L-Arginine supple-
mentation improves NO-mediated vascular function in vivo
[32]. The possible mechanisms of action of L-Arginine sup-
plementation might be identified in two main mechanisms.
Indeed, being NO the most potent vasodilator produced in
mammals, it has been shown to improve muscle performance
by increasing blood flow, therefore inducing oxygen supple-
mentation and carbon dioxide removal, and potentiation of
mitochondrial biogenesis [33, 34]. The other possibility
resides in the ability of citrulline to shift the energy metabo-
lism to more anaerobic pathways and ameliorating mito-
chondria activity, through antioxidant properties [35].
Otherwise, L-Arginine has also been shown to stimulate the

release of growth hormone (GH) [36, 37], which is a potent
anabolic agent that favors cell growth and body energetics,
which promotes muscle hypertrophy [38, 39]. Many effects
of L-Arginine supplementation are also linked to improved
carbohydrate oxidation and oxygen efficiency [40, 41], with
reduced exercise-induced production of ammonia, lactate,
fatty acids, and fat oxidation [42, 43].

In cells, we tested the ability of L-Arginine to interfere
with energetic metabolism.We used L-Arginine to a μMcon-
centration and for a time that is adequate to observe tran-
scriptional adaptation. The amelioration of the energetic
metabolism we observed in this setup appears to be due to
an increase in mitochondrial effectiveness, possibly related
to the increased expression of proteins of the complex I of
the electron transport chain. Further studies are warranted
for a more extensive investigation of the mechanisms of L-
Arginine to regulate mitochondrial gene upregulation, and
the current study represents the appropriate background.

Water polo players represent a unique setup for the study
of energetic metabolism adjustments in response to mixed
endurance and power training. Water polo alternates
aerobic-anaerobic metabolic demand [10]. During a water
polo game, high-intensity efforts occur several times [44];
thus, muscle recovery and oxygen-dependent processes
between efforts, such as phosphocreatine replenishment
and the removal of accumulated intracellular inorganic phos-
phates, are crucial for performance [10]. Therefore, aerobic
fitness is important in water polo, to be achieved with appro-
priate training and also with nutritional, especially ergogenic,
strategies [45]. Indeed, previous studies had evaluated the
possible role of β-alanine supplementation on physical fit-
ness and performance, showing that this nutritional strategy
may not be effective. Given the pleiotropic effects of L-Argi-
nine, the possibility that this amino acid can ameliorate the
physical performance of high-intensity athletes are manifold.
Our data provide evidence that the performance evaluated as
speed by lactate production is indeed ameliorated and sug-
gest that an enhancement of mitochondrial efficiency due
to upregulation of mitochondrial biogenesis could be the
putative mechanism.

Our results imply that in high-intensity training, the
nutritional ergogenic approach with L-Arginine can amelio-
rate the physical training responses.

5. Conclusions

The administration of chronic L-Arginine to high-intensity
athletes is safe and effective in ameliorating physical perfor-
mance. A mitochondrial mechanism can be evoked by
chronic L-Arginine supplementation.
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Valsartan belongs to angiotensin II type 1 (AT1) receptor blockers (ARB) used in cardiovascular diseases like heart failure and
hypertension. Except for its AT1-antagonism, another mechanism of drug action has been suggested in recent research. One of
the supposed actions refers to the positive impact on redox balance and reducing protein glycation. Our study is aimed at
assessing the antiglycooxidant properties of valsartan in an in vitro model of oxidized bovine serum albumin (BSA). Glucose,
fructose, ribose, glyoxal (GO), methylglyoxal (MGO), and chloramine T were used as glycation or oxidation agents. Protein
oxidation products (total thiols, protein carbonyls (PC), and advanced oxidation protein products (AOPP)), glycooxidation
products (tryptophan, kynurenine, N-formylkynurenine, and dityrosine), glycation products (amyloid-β structure, fructosamine,
and advanced glycation end products (AGE)), and albumin antioxidant activity (total antioxidant capacity (TAC), DPPH assay,
and ferric reducing antioxidant power (FRAP)) were measured in each sample. In the presence of valsartan, concentrations of
protein oxidation and glycation products were significantly lower comparing to control. Moreover, albumin antioxidant activity
was significantly higher in those samples. The drug’s action was comparable to renowned antiglycation agents and antioxidants,
e.g., aminoguanidine, metformin, Trolox, N-acetylcysteine, or alpha-lipoic acid. The conducted experiment proves that valsartan
can ameliorate protein glycation and oxidation in vitro in various conditions. Available animal and clinical studies uphold this
statement, but further research is needed to confirm it, as reduction of protein oxidation and glycation may prevent
cardiovascular disease development.

1. Introduction

The formation of free radicals is an inevitable consequence of
aerobic metabolism. As long as physiological mechanisms
manage to eliminate reactive oxygen species (ROS), their
adverse action on structural proteins, enzymes, membrane

lipids, or nucleic acids may remain unseen [1]. However,
the generation of ROS may exceed the capability of the
organism to neutralize them. This situation is called redox
imbalance and leads to oxidative damage to cellular biomol-
ecules [2]. Indeed, ROS are not only proven to play a crucial
role in many physiological processes [3, 4], but they are also a
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vital factor in the pathogenesis of many diseases like obesity
[5, 6], insulin resistance [7, 8], hypertension [9, 10], and
chronic heart failure [11, 12].

ROS’s role in the pathogenesis of hypertension is compli-
cated and involves many different biochemical mechanisms
[13–15]. ROS produced by nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases are responsible for nitric
oxide (NO) depletion caused by its interaction with superox-
ide radical anions (O2

-•). This results in decreased endothe-
lial nitric oxide synthase (eNOS) activity and leads to
endothelial dysfunction, which is considered one of the
essential pathogenetic factors [16, 17]. What is more,
oxygen-free radicals can act on redox-sensitive genes in vas-
cular smooth muscle cells and promote their mitogenic phe-
notype, stimulate fibrosis by inhibiting matrix
metalloproteinases, or ameliorate an arterial wall calcification
by activation of specific bone morphogenetic proteins
(BMP). As an effect of this remodeling, stiffness of the vessel
and peripheral resistance increase [9].

It is also reported that glycation of vascular proteins plays
a vital role in hypertension development [5, 13, 14]. Interest-
ingly, higher circulating levels of advanced glycation end
products (AGE) correlate with increased arterial stiffness
[18, 19]. Indeed, AGE accumulation in blood vessels impairs
endothelial function by decreasing eNOS activity and reduc-
ing NO bioavailability [14, 20]. AGE also combine with a spe-
cific receptor (RAGE) to activate the transcription factor NF-
κB (nuclear factor kappa-light-chain-enhancer of activated B
cell). This not only stimulates ROS production but also acti-
vates many proinflammatory genes such as interleukins (IL-
1b, IL-2, IL-6, and IL-8), adhesion molecules (vascular cell
adhesion protein 1 (VCAM-1), intercellular cell adhesion
protein 1 (ICAM-1)), growth and differentiation factors (vas-
cular endothelial growth factor (VEGF), and transforming
growth factor β2 (TGF-β2)) [20, 21]. Under these conditions,
ROS production is intensified, which increases the already
existing oxidative stress. Nevertheless, AGE also affect the
activation of monocytes that overexpress the CD36 sweeping
receptor. In this way, lipoproteins foam cells are formed, and
atherosclerosis development is accelerated [20, 21]. There-
fore, the use of antioxidants in cardiovascular diseases may
have several positive effects [22].

According to recent studies, the drug which may poten-
tially exhibit antioxidant and antiglycation activity is valsar-
tan. Valsartan, (2S)-3-methyl-2-[pentanoyl-[[4-[2-(2H-
tetrazole-5-yl)phenyl]phenyl]methyl]amino]butanoic acid,
is a lipophilic, nonpeptide, tetrazole derivative, a selective
antagonist of angiotensin II type 1 receptor (AT1), which is
widely used in many cardiovascular conditions like hyperten-
sion or chronic heart failure. The drug is administered orally,
is characterized by rapid absorption and low bioavailability
(25%), and is almost entirely bound to plasma proteins (94-
97%) [23, 24]. The hepatic products of the metabolism of val-
sartan are mainly excreted with bile [25]. In comparison to
other antihypertensives, valsartan is well tolerated and
deprived of many side effects, like cough or angioedema,
characteristic for angiotensin-converting enzyme inhibitors
(ACEI). An occurrence of valsartan side effects in clinical
studies was comparable to placebo, which confirms the

drug’s safety [26]. Moreover, it has been proven to act
nephroprotective in patients with diabetes mellitus and
chronic renal failure and significantly reduce albuminuria
[27, 28]. Some reports are claiming that valsartan may pres-
ent additional mechanisms of action besides its AT1 receptor
antagonism. It was proven that patients treated with valsar-
tan presented less urinary oxidative stress markers [29]. Sim-
ilar outcomes were observed in mice where valsartan
diminishes oxidative damage and acts nephroprotective [30].

However, it is still uncertain whether valsartan has anti-
oxidant and antiglycation activity. Indeed, the impact of var-
ious glycating agents on protein oxidation/glycation in
in vitro or in vivo models has not yet been evaluated. The
effect of valsartan action was also not compared to other sub-
stances with recognized antioxidant properties. This is par-
ticularly important because confirmation of the
antiglycooxidant activity of valsartan may result in a revision
of the guidelines for the use of the drug in cardiovascular dis-
ease and diabetes, making it the first-line medication in
patients with enhanced protein glycation. For this reason,
we conducted a study to assess valsartan’s effect on protein
oxidation, glycation, and total antioxidant activity in
in vitro model of oxidized bovine serum albumin (BSA).
Either oxidizing (chloramine T) or glycating agents (glucose,
fructose, ribose, glyoxal, and methylglyoxal), as well as anti-
oxidants (Trolox, N-acetylcysteine, lipoic acid, and captopril)
and protein glycation inhibitors (aminoguanidine and met-
formin), were used to compare the results of antiglycooxi-
dant capabilities of valsartan [31–35]. We assessed the
concentrations of protein oxidation products (total thiols,
protein carbonyls, and advanced oxidation protein products
(AOPP)), glycooxidation products (tryptophan, kynurenine,
N-formylkynurenine, and dityrosine), levels of albumin gly-
cation products (amyloid-β structure, fructosamine, and
advanced glycation end products (AGE)), and antioxidant
potential of albumin (total antioxidant capacity (TAC),
DPPH assay, and ferric reducing antioxidant power (FRAP)).
We have also made a detailed literature review on the antigly-
cooxidant properties of valsartan.

2. Methods

2.1. Reagents and Equipment. All reagents (analytical grade)
were purchased from Sigma-Aldrich (Nümbrecht, Germany,
or Saint Louis, MO, USA). Solutions were sterilized by filtra-
tion through 0.2mm membrane filters directly before use.
The fluorescence and absorbance were evaluated using a
microplate reader (M200 PROmultimode microplate reader;
Tecan Group Ltd., Männedorf, Switzerland).

2.2. Experimental Model. The glycated/oxidated BSA forma-
tion was implemented according to the previously published
method [31–36]. BSA, of 96% purity, was dissolved in
sodium phosphate buffer (1M, pH7.4), which contained
0.02% sodium azide as a preservative.

Chloramine T was used as an oxidation agent. 0.09mM
BSA and 1mM valsartan were incubated with 20mM chlora-
mine T for 60 minutes [37, 38].
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As glycating agents, sugars (glucose (Glu), fructose (Fru),
and ribose (Rib)) and aldehydes (glyoxal (GO), and methyl-
glyoxal (MGO)) were used. To assess the additives’ effect
on protein glycation, 0.09mM BSA and 1mM valsartan were
incubated with 0.5M Glu, Fru, and Rib for 6 days or 2.5 mM
GO and MGO for 12 hours [31, 32, 39]. GO and MGO were
used within a month after delivery, and solutions were pre-
pared immediately before use [34].

Incubation was conducted in the closed vials, darkly, with
continuous shaking (50 rpm) [31–35]. These conditions and
concentrations of glycating agents were validated based on
previously published kinetic studies [31, 34].

Captopril, Trolox, N-acetylcysteine (NAC), and lipoic
acid (ALA) were used as protein oxidation inhibitors, while
aminoguanidine and metformin as inhibitors of protein gly-
cation [31–36, 38]. The concentration of all additives was
1mM, which was based on the kinetic studies, in proportion
to the high concentrations of the glycating agents [31, 32, 34,
35, 37, 39–41].

All experiments were performed three times, each time in
duplicate.

2.3. Protein Oxidation Products. Total thiols were detected
using Ellman’s reagent by the colorimetric method [42].
The absorbance was measured at 412nm wavelength. Thiol
groups’ content was established based on a standard curve
for N-acetylcysteine (NAC) [42].

The carbonyl groups’ reaction with 2,4-dinitrophenylhy-
drazine (2,4-DNPH) was performed to examine protein car-
bonyl concentration in proteins that underwent oxidative
damage. The absorbance of the products of this reaction
was evaluated colorimetrically at 355 nm wavelength [43].

The concentration of advanced oxidation protein prod-
ucts was measured by spectrophotometric detection. 200μL
of examined solutions diluted with PBS in 1 : 5 ratio (v : v),
chloramine T standard solutions (0-100μmol/L), and
200μL of blank PBS were placed in 96-well microplates.
Then, 20μL of acetic acid and 10μL of 1.16M potassium
iodide were added to wells. Immediately after that, the absor-
bance was measured at 340nm wavelength concerning blank
(200μL PBS, 20μL acetic acid, and 10μL potassium iodide).
Chloramine T solutions presented linear absorbance in the
range of 0-100μmol/L [44].

2.4. Protein Glycooxidation Products. Tryptophan, kynure-
nine, N-formylkynurenine, and dityrosine were evaluated
by measuring emission and excitation at 95/340, 365/480,
325/434, and 330/415 nm, respectively. The samples were
diluted with 0.1M sulfuric acid in a 1 : 5 ratio (v : v). Results
were standardized to the fluorescence of 0.1mg/mL quinine
sulfate in 0.1M sulfuric acid [45].

2.5. Protein Glycation Products. The assay was performed to
measure fluorescence emitted when amyloid fibrils or oligo-
mers are bound to amyloid-β structure. 10μL of Thioflavin
T and 90μL of samples were mixed and transferred to a
microplate; then, the fluorescence was assessed at
385/485 nm [46, 47].

The fructosamine content was detected colorimetrically
with nitro blue tetrazolium (NBT) assay. The absorbance
was measured at 525nm using the monoformazan extinction
coefficient (12.640M-1 m-1) [48].

All examined samples were diluted with 0.1M sulfuric
acid (1 : 5, v : v) [18]. Then, the content of advanced glyca-
tion end products (AGE) was measured using the spectro-
photometric method at 440/370 nm at a 96-well microplate
reader [44, 49]. AGE content was also analyzed with the
ELISA method (UCSN, Life Science, Wuhan, China).

2.6. Antioxidant Activity. TAC of each sample was measured
according to Erel’s method. For this purpose, 2,2-azinobis(3-
ethylbenzene-thiazoline-6-sulfonate) (ABTS) radical cation
decolorization assay was used. ABTS+ was obtained by react-
ing ABTS with potassium persulfate and incubated for 12
hours at room temperature. After mixing 10μL of samples
with 1mL of ABTS+, the absorbance readings were taken at
735 nm. Results of decolorization were linear with increasing
Trolox concentrations [50, 51].

The determination of free radicals scavenging activity
was performed according to the Brand–Williams method.
10μL of each sample and 390μL methanolic diluted DPPH
were mixed and placed on a 96-well microplate. The solu-
tions were incubated in darkness at room temperature for
30 minutes. The absorbance was measured at 515nm [52,
53].

The ferric reducing antioxidant power of each sample
was measured following the Benzie and Strain method. FRAP
reagent was prepared by mixing 25mL acetate buffer, 2.5mL
FeCl3·6H2O solution, and 2.5mL TPTZ solution and warm-
ing the solution to 37°C. 10μL of sample and 300μL of FRAP
reagent were diluted with 30μL of water and transferred to
96-wells microplate. The change of absorbance was calcu-
lated for each sample and related to the absorbance of FeII

standard solution [54].

2.7. Statistical Analysis. The statistical analysis was con-
ducted using GraphPad Prism 8.3.0 (GraphPad Software,
La Jolla, CA, USA). The results were expressed as a percent-
age of the corresponding control values (BSA + glycating/ox-
idizing agent). Differences between groups were assessed by
one-way ANOVA followed by Tukey’s post hoc test for mul-
tiple comparisons. p < 0:05 was considered statistically sig-
nificant. Multiplicity adjusted p value was also calculated.

3. Results

3.1. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products, and Glycation
Products as well as Antioxidant Activity in Glucose- (Glu-)
Induced Albumin Glycation. The addition of glucose to the
BSA solution led to increased protein oxidation pro-
ducts—PC and AOPP. Decreased levels of aforementioned
parameters were noticed when BSA + Glu (control) were
incubated with valsartan (84%, 79% compared to control,
respectively), NAC (76%, 76% vs. control), ALA (69%, 76%
vs. control), captopril (78%, 77% vs. control), or aminoguani-
dine (77%, 68% vs. control). Moreover, in samples containing

3Oxidative Medicine and Cellular Longevity
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Trolox (109% vs. control), NAC (119% vs. control), ALA
(105% vs. control), or aminoguanidine (116% vs. control),
significantly higher values of total thiols were observed
(Table 1).

The presence of glucose in the BSA sample caused a sig-
nificant increase in kynurenine levels, N-formylkynurenine,
and dityrosine due to albumin glycooxidation. In contrast,
tryptophan concentration was lower in BSA + Glu compared
to BSA alone. The addition of valsartan (70%, 71%, and 55%
vs. control, respectively) and other additives resulted in
decreased kynurenine contents, N-formylkynurenine, and
dityrosine comparing to control. Moreover, statistically
higher tryptophan (valsartan: 114% vs. control) in all investi-
gated samples versus control was observed (Table 1).

Amyloid-β structure, fructosamine, and AGE contents
were significantly higher in BSA incubated with glucose than
BSA alone. All reviewed substances caused a significant
decrease in parameters above (valsartan: 89%, 56%, and
73% vs. control, respectively), excluding sample with metfor-
min in AGE measurement (Table 1).

Glucose was also responsible for a decreased antioxidant
activity (TAC, DPPH, and FRAP). The analysis of these
parameters showed significantly greater DPPH and FRAP
in BSA + Glu + valsartan (109%, 105% vs. control, respec-
tively), Trolox (109%, 113% vs. control), NAC (128%, 122%
vs. control), ALA (115%, 111% vs. control), captopril
(111%, 114% vs. control), or aminoguanidine (111%, 113%
vs. control) comparing to control. Furthermore, the addition
of valsartan (107% vs. control), NAC (114% vs. control), and
aminoguanidine (110% vs. control) resulted in increased
TAC compared to control (Table 1).

3.2. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products and Glycation
Products as well as Antioxidant Activity in Fructose- (Fru-)
Induced Albumin Glycation. Fructose-induced protein oxida-
tion resulted in increased PC and AOPP levels and decreased
total thiols level compared to BSA alone. All investigated
agents caused a significant decrease in concentrations of PC
and AOPP (valsartan: 81%, 58% vs. control, respectively),
excluding BSA + Fru + metformin in AOPP concentration.
Moreover, the addition of valsartan (105% vs. control),
NAC (114% vs. control), ALA (107% vs. control), and ami-
noguanidine (105% vs. control) led to a higher concentration
of total thiols compared to control (Table 2).

The results of protein glycooxidation products measure-
ment showed significantly higher concentrations of kynure-
nine, N-formylkynurenine, and dityrosine in BSA + Fru
comparing to BSA alone. However, the content of trypto-
phan decreased after fructose was added. In samples with
all reviewed inhibitors, significantly lower kynurenine con-
centrations, N-formylkynurenine, and dityrosine (valsartan:
67%, 57%, and 65% vs. control, respectively) were observed
(Table 2).

Moreover, the presence of fructose in the BSA solution
resulted in greater concentrations of measured glycation
products. The analysis showed significantly lower levels of
amyloid-β structure, fructosamine, and AGE in samples with
the addition of all investigated protein glycation and oxida-

tion inhibitors (valsartan: 88%, 53%, and 84% vs. control,
respectively) comparing to control.

When BSA was incubated with fructose, significantly
decreased TAC, DPPH, and FRAP were noticed. The addi-
tion of the antiglycooxidative agents such as NAC (146%,
129% vs. control, respectively), ALA (129%, 108% vs. con-
trol), and captopril (133%, 108% vs. control) resulted in
higher levels of DPPH and FRAP. Antioxidant properties
were shown by valsartan as well (DPPH: 126%, FRAP:
104% vs. control). Interestingly, a significantly decreased
FRAP level in BSA + Fru + Trolox (95% vs. control) com-
pared to BSA + Fru was observed (Table 2).

3.3. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products, and Glycation
Products as well as Antioxidant Activity in Ribose- (Rib-)
Induced Albumin Glycation. The addition of ribose to BSA
solution resulted in lower total thiols level and higher PC
and AOPP levels. All reviewed agents (valsartan: 68%, 76%
vs. control, respectively) caused a significant decrease in PC
and AOPP contents. Moreover, after inhibitors (valsartan:
105% vs. control) were added to BSA + Rib, statistically
higher total thiols were noticed (Table 3).

Assays evaluating glycooxidation products revealed that
ribose caused an increase of kynurenine, N-formylkynure-
nine, and dityrosine levels. Significantly greater concentra-
tions of tryptophan were observed in comparison to BSA +
Rib when BSA + Rib were incubated with valsartan (114%
vs. control), Trolox (103% vs. control), NAC (105% vs. con-
trol), ALA (113% vs. control), captopril (106% vs. control),
and aminoguanidine (118% vs. control). There were also sig-
nificantly lower kynurenine values, N-formylkynurenine,
and dityrosine in samples with agents above (valsartan:
83%, 76%, and 68% vs. control, respectively) (Table 3).

Regarding glycation products, the presence of ribose in
BSA resulted in greater amyloid-β structure, fructosamine,
and AGE compared to BSA alone. Furthermore, decreased
levels of these parameters were noticed in samples with
BSA + Rib and all investigated inhibitors (valsartan: 96%,
58%, and 66% vs. control, respectively), excepting metformin
in amyloid-β structure level (Table 3).

Moreover, decreased antioxidant activity was present
when ribose was incubated with BSA compared to BSA
alone. The addition of antiglycooxidative agents (valsartan:
111%, 119%, and 106% vs. control), excluding metformin,
resulted in significantly increased TAC, DPPH, and FRAP
(Table 3).

3.4. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products, and Glycation
Products as well as Antioxidant Activity in Glyoxal- (GO-)
Induced Albumin Glycation. Glyoxal-induced protein oxida-
tion resulted in increased PC and AOPP and decreased total
thiols, similarly to carbohydrates described previously. Sam-
ples with all investigated agents were characterized by lower
levels of PC and AOPP (valsartan: 68%, 40% vs. control,
respectively). Significantly higher total thiols were observed
in presence of valsartan (103% vs. control), Trolox (108%
vs. control), NAC (118% vs. control), captopril (114% vs.
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T
a
bl
e
2:
T
he

eff
ec
ts
of

va
ls
ar
ta
n,

T
ro
lo
x,
N
A
C
,A

LA
,c
ap
to
pr
il,
am

in
og
ua
ni
di
ne
,o
r
m
et
fo
rm

in
ad
di
ti
on

to
B
SA

+
fr
uc
to
se

so
lu
ti
on

on
pr
ot
ei
n
ox
id
at
io
n,

gl
yc
oo
xi
da
ti
on

,a
nd

an
ti
ox
id
an
t

ac
ti
vi
ty
.

B
SA

B
SA

+
Fr
u

B
SA

+
Fr
u
+

va
ls
ar
ta
n

B
SA

+
Fr
u
+

T
ro
lo
x

B
SA

+
Fr
u
+

N
A
C

B
SA

+
Fr
u
+

A
LA

B
SA

+
Fr
u
+

ca
pt
op

ri
l

B
SA

+
Fr
u
+

am
in
og
ua
ni
di
ne

B
SA

+
Fr
u
+

m
et
fo
rm

in

P
ro
te
in

ox
id
at
io
n

T
ot
al
th
io
ls

11
4±

0:
63

∗∗
∗∗

10
0

10
5±

1:
50

∗∗
10
1±

4:
80

11
4±

1:
70

∗∗
∗

10
7±

1:
40

∗∗
10
1±

1:
30

10
5±

1:1
0∗

∗
10
2±

2:
10

P
C

62
±
3:
70

∗∗
∗∗

10
0

81
±
1:
40

∗∗
∗∗

70
±
5:
10

∗∗
∗

75
±
4:
70

∗∗
∗

65
±
7:
50

∗∗
60

±
2:
70

∗∗
∗∗

56
±
1:
70

∗∗
∗∗

90
±
2:
60

∗∗

A
O
P
P

22
±
0:
89

∗∗
∗∗

10
0

58
±
2:
10

∗∗
∗∗

49
±
0:
62

∗∗
∗∗

39
±
3:
30

∗∗
∗∗

39
±
1:
20

∗∗
∗∗

45
±
5:
20

∗∗
∗∗

36
±
3:
20

∗∗
∗∗

95
±
4:
20

P
ro
te
in

gl
yc
oo
xi
da
ti
on

T
ry
pt
op

ha
n

23
8±

2:
40

∗∗
∗∗

10
0

10
0±

2:
50

11
6±

12
:0
0

10
3±

8:
80

11
9±

12
:0
0∗

15
8±

13
:0
0∗

16
1±

3:
60

∗∗
∗∗

10
7±

9:
20

K
yn
ur
en
in
e

57
±
1:
80

∗∗
∗∗

10
0

67
±
1:
80

∗∗
∗∗

68
±
1:
10

∗∗
∗∗

71
±
3:
10

∗∗
∗∗

53
±
9:
10

∗∗
∗

62
±
2:
90

∗∗
∗∗

66
±
0:
26

∗∗
∗∗

13
6±

3:
40

∗∗
∗∗

N
-

Fo
rm

yl
ky
nu

re
ni
ne

21
±
1:
80

∗∗
∗∗

10
0

57
±
1:
20

∗∗
∗∗

53
±
0:
21

∗∗
∗∗

59
±
1:
10

∗∗
∗∗

45
±
0:0

1∗
∗∗

∗
71

±
0:
34

∗∗
∗∗

28
±
1:
80

∗∗
∗∗

18
7±

3:
00

∗∗
∗∗

D
it
yr
os
in
e

48
±
1:
50

∗∗
∗∗

10
0

65
±
1:
90

∗∗
∗∗

67
±
0:
23

∗∗
∗∗

63
±
1:
20

∗∗
∗∗

71
±
1:
20

∗∗
∗∗

57
±
0:
78

∗∗
∗∗

54
±
0:
98

∗∗
∗∗

87
±
1:
00

∗∗
∗∗

A
lb
um

in
gl
yc
at
io
n

A
m
yl
oi
d-
β

st
ru
ct
ur
e

61
±
0:
13

∗∗
∗∗

10
0

88
±
2:
60

∗∗
87

±
0:
34

∗∗
∗∗

86
±
0:
27

∗∗
∗∗

81
±
0:
47

∗∗
∗∗

81
±
0:
41

∗∗
∗∗

80
±
1:
90

∗∗
∗∗

10
8±

1:
20

∗∗
∗

Fr
uc
to
sa
m
in
e

51
±
1:
80

∗∗
∗∗

10
0

53
±
3:
50

∗∗
∗∗

55
±
4:
00

∗∗
∗∗

57
±
4:0

0∗
∗∗

∗
55

±
7:
60

∗∗
∗

66
±
3:
90

∗∗
∗

62
±
1:
20

∗∗
∗∗

13
4±

2:
80

∗∗
∗∗

A
G
E

59
±
1:
10

∗∗
∗∗

10
0

84
±
1:
60

∗∗
∗∗

81
±
0:
69

∗∗
∗∗

81
±
0:
29

∗∗
∗∗

85
±
2:
20

∗∗
∗

82
±
0:
58

∗∗
∗∗

77
±
2:
50

∗∗
∗∗

11
4±

2:
10

∗∗
∗

A
lb
um

in
an
ti
ox
id
an
t
ac
ti
vi
ty

T
A
C

11
5±

1:
10

∗∗
∗∗

10
0

97
±
2:
40

86
±
9:
00

11
4±

3:
20

∗∗
89

±
7:
10

94
±
4:6

0
93

±
5:
60

94
±
4:
50

D
P
P
H

14
5±

4:
60

∗∗
∗∗

10
0

12
6±

2:
40

∗∗
∗∗

13
0±

3:
00

∗∗
∗∗

14
6±

3:
10

∗∗
∗∗

12
9±

8:
40

∗∗
13
3±

3:0
0∗

∗∗
∗

12
4 ±

3:
70

∗∗
∗

10
9±

3:
20

∗∗

FR
A
P

12
7±

2:
30

∗∗
∗∗

10
0

10
4±

1:
80

∗
95

±
3:
30

∗
12
9±

3:
00

∗∗
∗∗

10
8±

1:
80

∗∗
10
8±

2:3
0∗

∗
10
4±

2:
40

98
±
3:
00

A
bb
re
vi
at
io
ns
:A

G
E
:a
dv
an
ce
d
gl
yc
at
io
n
en
d
pr
od

uc
ts
;A

LA
:a
lp
ha
-l
ip
oi
c
ac
id
;A

O
P
P
:a
dv
an
ce
d
ox
id
at
io
n
pr
ot
ei
n
pr
od

uc
ts
;B

SA
:b
ov
in
e
se
ru
m

al
bu

m
in
;D

P
P
H
:2
,2
-d
i-
ph

en
yl
-1
-p
ic
ry
lh
yd
ra
zy
lr
ad
ic
al
sc
av
en
gi
ng

ca
pa
ci
ty
;F

R
A
P
:f
er
ri
c
re
du

ci
ng

an
ti
ox
id
an
t
po

w
er
;F

ru
:f
ru
ct
os
e;
N
A
C
:N

-a
ce
ty
lc
ys
te
in
e;
P
C
:p

ro
te
in

ca
rb
on

yl
s;
T
A
C
:t
ot
al
an
ti
ox
id
an
t
ca
pa
ci
ty
;∗

p
<
0:
05

vs
.c
on

tr
ol
;∗

∗p
<
0:
01

vs
.c
on

tr
ol
;∗

∗∗
p
<
0:0

01
vs
.

co
nt
ro
l;
∗∗

∗
∗p

<
0:0

00
1v

s.
co
nt
ro
l.

6 Oxidative Medicine and Cellular Longevity



T
a
bl
e
3:
T
he

eff
ec
ts
of

va
ls
ar
ta
n,

T
ro
lo
x,
N
A
C
,A

LA
,c
ap
to
pr
il,

am
in
og
ua
ni
di
ne
,o

r
m
et
fo
rm

in
ad
di
ti
on

to
B
SA

+
ri
bo
se

so
lu
ti
on

on
pr
ot
ei
n
ox
id
at
io
n,

gl
yc
oo
xi
da
ti
on

,a
nd

an
ti
ox
id
an
t

ac
ti
vi
ty
.

B
SA

B
SA

+
R
ib

B
SA

+
R
ib

+
va
ls
ar
ta
n

B
SA

+
R
ib

+
T
ro
lo
x

B
SA

+
R
ib

+
N
A
C

B
SA

+
R
ib

+
A
LA

B
SA

+
R
ib

+
ca
pt
op

ri
l

B
SA

+
R
ib

+
am

in
og
ua
ni
di
ne

B
SA

+
R
ib

+
m
et
fo
rm

in

P
ro
te
in

ox
id
at
io
n

T
ot
al
th
io
ls

12
8±

1:
8∗

∗∗
∗

10
0

10
5±

2:1
∗

10
6±

2∗
∗

10
7±

0:
82

∗∗
∗

10
4±

0:
88

∗∗
10
7±

2∗
∗

10
9±

2:
3∗

∗
85

±
2:
9∗

∗∗

P
C

65
±
1:
2∗

∗∗
∗

10
0

68
±
2:
1∗

∗∗
∗

82
±
1:
7∗

∗∗
∗

69
±
4:
1∗

∗∗
86

±
6:
3∗

69
±
4:
9∗

∗∗
46

±
1:
7∗

∗∗
∗

90
±
2:
2∗

∗

A
O
P
P

58
±
1:
5∗

∗∗
∗

10
0

76
±
2∗

∗∗
∗

81
±
2∗

∗∗
∗

82
±
1:
5∗

∗∗
∗

75
±
1:3

∗∗
∗∗

81
±
2∗

∗∗
∗

63
±
2:
9∗

∗∗
∗

87
±
2:
7∗

∗∗

P
ro
te
in

gl
yc
oo
xi
da
ti
on

T
ry
pt
op

ha
n

13
2±

1:
9∗

∗∗
∗

10
0

11
4±

1:
4∗

∗∗
∗

10
3±

1:
2∗

10
5±

0:
1∗

∗∗
∗

11
3±

0:
86

∗∗
∗∗

10
6±

1∗
∗∗

11
8±

1:
9∗

∗∗
∗

10
2±

1
K
yn
ur
en
in
e

46
±
1:
2∗

∗∗
∗

10
0

83
±
2:
5∗

∗∗
87

±
0:
36

∗∗
∗∗

77
±
0:
25

∗∗
∗∗

85
±
0:
98

∗∗
∗∗

86
±
0:
44

∗∗
∗∗

75
±
1:
2∗

∗∗
∗

96
±
2:
5

N
-

Fo
rm

yl
ky
nu

re
ni
ne

44
±
2:
1∗

∗∗
∗

10
0

76
±
2:
8∗

∗∗
81

±
3:
5∗

∗∗
64

±
1:
8∗

∗∗
∗

76
±
1:
7∗

∗∗
∗

65
±
1:
2∗

∗∗
∗

63
±
1:
6∗

∗∗
∗

68
±
1:
5∗

∗∗
∗

D
it
yr
os
in
e

45
±
4:
2∗

∗∗
∗

10
0

68
±
1:
9∗

∗∗
∗

72
±
1:
6∗

∗∗
∗

67
±
1:
6∗

∗∗
∗

73
±
1:
9∗

∗∗
∗

77
±
0:
04

∗∗
∗∗

65
±
1:
2∗

∗∗
∗

10
1±

4:
8

A
lb
um

in
gl
yc
at
io
n

A
m
yl
oi
d-
β

st
ru
ct
ur
e

59
±
2:
2∗

∗∗
∗

10
0

96
±
1:7

∗
96

±
1:
7∗

93
±
1:
4∗

∗
95

±
1:
5∗

∗
93

±
1:
2∗

∗∗
94

±
1:
2∗

∗∗
10
1±

4:
2

Fr
uc
to
sa
m
in
e

28
±
2:
4∗

∗∗
∗

10
0

58
±
1:
8∗

∗∗
∗

70
±
8:
6∗

∗
75

±
1:
5∗

∗∗
∗

78
±
2:1

∗∗
∗∗

60
±
7∗

∗∗
59

±
3:
2∗

∗∗
∗

94
±
1:
5∗

∗

A
G
E

44
±
1:
8∗

∗∗
∗

10
0

66
±
1:
1∗

∗∗
∗

58
±
1:
1∗

∗∗
∗

61
±
1:
7∗

∗∗
∗

67
±
1:
7∗

∗∗
∗

60
±
1:
1∗

∗∗
∗

62
±
1:
2∗

∗∗
∗

77
±
0:
68

∗∗
∗∗

A
lb
um

in
an
ti
ox
id
an
t
ac
ti
vi
ty

T
A
C

13
2±

0:
3∗

∗∗
∗

10
0

11
1±

3:
1∗

∗
11
8±

5:
4∗

∗
12
9±

4:
4∗

∗∗
10
4±

5:
2

12
5±

3:6
∗∗

∗
11
1±

3:
6∗

∗
10
4±

3:
4

D
P
P
H

15
0±

3:
8∗

∗∗
∗

10
0

11
9±

5:
6∗

∗
10
6±

0:
89

∗∗
∗

15
0±

6:
1∗

∗∗
11
6±

8:
1∗

10
8±

1:7
∗∗

11
8 ±

0:
93

∗∗
∗∗

95
±
5:
7

FR
A
P

13
5±

2:
2∗

∗∗
∗

10
0

10
6±

0:
54

∗∗
∗∗

10
8±

2:
4∗

∗
11
7±

1:
1∗

∗∗
∗

11
0±

5∗
11
0±

1:
6∗

∗∗
10
5±

1:
3∗

∗
78

±
7∗

∗

A
bb
re
vi
at
io
ns
:A

G
E
:a
dv
an
ce
d
gl
yc
at
io
n
en
d
pr
od

uc
ts
;A

LA
:a
lp
ha
-l
ip
oi
c
ac
id
;A

O
P
P
:a
dv
an
ce
d
ox
id
at
io
n
pr
ot
ei
n
pr
od

uc
ts
;B

SA
:b
ov
in
e
se
ru
m

al
bu

m
in
;D

P
P
H
:2
,2
-d
i-
ph

en
yl
-1
-p
ic
ry
lh
yd
ra
zy
lr
ad
ic
al
sc
av
en
gi
ng

ca
pa
ci
ty
;F
R
A
P
:f
er
ri
c
re
du

ci
ng

an
ti
ox
id
an
tp

ow
er
;N

A
C
:N

-a
ce
ty
lc
ys
te
in
e;
P
C
:p
ro
te
in

ca
rb
on

yl
s;
R
ib
:r
ib
os
e;
T
A
C
:t
ot
al
an
ti
ox
id
an
tc
ap
ac
it
y;
∗p

<
0:
05

vs
.c
on

tr
ol
;∗
∗p

<
0:0

1v
s.
co
nt
ro
l;
∗∗

∗
p
<
0:0

01
vs
.c
on

tr
ol
;

∗∗
∗
∗p

<
0:0

00
1v

s.
co
nt
ro
l.

7Oxidative Medicine and Cellular Longevity



T
a
bl
e
4:
T
he

eff
ec
ts
of

va
ls
ar
ta
n,

T
ro
lo
x,
N
A
C
,A

LA
,c
ap
to
pr
il,

am
in
og
ua
ni
di
ne
,o

r
m
et
fo
rm

in
ad
di
ti
on

to
B
SA

+
gl
yo
xa
ls
ol
ut
io
n
on

pr
ot
ei
n
ox
id
at
io
n,

gl
yc
oo
xi
da
ti
on

,a
nd

an
ti
ox
id
an
t

ac
ti
vi
ty
.

B
SA

B
SA

+
G
O

B
SA

+
G
O

+
va
ls
ar
ta
n

B
SA

+
G
O

+
T
ro
lo
x

B
SA

+
G
O

+
N
A
C

B
SA

+
G
O

+
A
LA

B
SA

+
G
O

+
ca
pt
op

ri
l

B
SA

+
G
O

+
am

in
og
ua
ni
di
ne

B
SA

+
G
O

+
m
et
fo
rm

in

P
ro
te
in

ox
id
at
io
n

T
ot
al
th
io
ls

12
3±

2:
80

∗∗
∗

10
0

10
3±

1:
40

∗
10
8±

3:
00

∗
11
8±

3:
40

∗∗
∗

98
±
2:
70

11
4±

3:7
0∗

∗
11
4±

3:
70

∗∗
10
2±

1:
30

∗

P
C

64
±
1:
10

∗∗
∗∗

10
0

68
±
2:
20

∗∗
∗∗

89
±
2:
80

∗∗
56

±
4:1

0∗
∗∗

∗
85

±
5:
40

∗∗
67

±
1:
40

∗∗
∗∗

67
±
1:
40

∗∗
∗∗

86
±
2:
80

∗∗
∗

A
O
P
P

32
±
2:
00

∗∗
∗∗

10
0

40
±
1:
60

∗∗
∗∗

52
±
3:5

0∗
∗∗

∗
32

±
4:1

0∗
∗∗

∗
41

±
4:
00

∗∗
∗∗

50
±
1:
60

∗∗
∗∗

33
±
2:
40

∗∗
∗∗

64
±
1:
70

∗∗
∗∗

P
ro
te
in

gl
yc
oo
xi
da
ti
on

T
ry
pt
op

ha
n

12
6±

1:
30

∗∗
∗∗

10
0

11
3±

1:
50

∗∗
∗

12
6±

3:
40

∗∗
∗

11
3±

1:
90

∗∗
∗

11
1±

2:
80

∗∗
11
2±

5:
00

∗
10
7±

1:
60

∗∗
10
3±

1:
70

∗

K
yn
ur
en
in
e

65
±
3:
60

∗∗
∗∗

10
0

83
±
2:
20

∗∗
∗

82
±
1:
90

∗∗
∗∗

78
±
2:0

0∗
∗∗

∗
96

±
2:
90

75
±
4:
30

∗∗
∗

62
±
0:
40

∗∗
∗∗

98
±
0:
48

∗∗

N
-

Fo
rm

yl
ky
nu

re
ni
ne

16
±
2:
30

∗∗
∗∗

10
0

42
±
2:
80

∗∗
∗∗

47
±
3:
60

∗∗
∗∗

38
±
1:6

0∗
∗∗

∗
59

±
2:
20

∗∗
∗∗

37
±
4:
50

∗∗
∗∗

36
±
3:
00

∗∗
∗∗

65
±
3:
90

∗∗
∗

D
it
yr
os
in
e

25
±
1:
20

∗∗
∗∗

10
0

72
±
1:
50

∗∗
∗∗

55
±
2:
30

∗∗
∗∗

46
±
1:4

0∗
∗∗

∗
68

±
1:
00

∗∗
∗∗

42
±
0:
78

∗∗
∗∗

26
±
2:
20

∗∗
∗∗

68
±
1:
70

∗∗
∗∗

A
lb
um

in
gl
yc
at
io
n

A
m
yl
oi
d-
β

st
ru
ct
ur
e

69
±
0:
72

∗∗
∗∗

10
0

71
±
1:
80

∗∗
∗∗

68
±
0:
79

∗∗
∗∗

66
±
1:5

0∗
∗∗

∗
75

±
1:
80

∗∗
∗∗

62
±
1:
30

∗∗
∗∗

63
±
1:
90

∗∗
∗∗

83
±
1:
80

∗∗
∗∗

Fr
uc
to
sa
m
in
e

66
±
2:
60

∗∗
∗∗

10
0

87
±
2:
90

∗∗
92

±
4:
30

∗
75

±
3:
40

∗∗
∗

86
±
2:
70

∗∗
∗

76
±
2:
60

∗∗
∗∗

85
±
3:
20

∗∗
95

±
3:
40

A
G
E

23
±
2:
00

∗∗
∗∗

10
0

52
±
1:
60

∗∗
∗∗

68
±
5:
00

∗∗
∗

40
±
1:8

0∗
∗∗

∗
61

±
1:
80

∗∗
∗∗

37
±
4:
80

∗∗
∗∗

35
±
3:
40

∗∗
∗∗

47
±
3:
20

∗∗
∗∗

A
lb
um

in
an
ti
ox
id
an
t
ac
ti
vi
ty

T
A
C

15
4±

7:
20

∗∗
∗

10
0

11
6±

3:
70

∗∗
10
8±

0:
97

∗∗
∗

15
6±

3:0
0∗

∗∗
∗

11
9±

2:
30

∗∗
∗

10
8±

3:
10

∗
13
3±

4:
20

∗∗
∗

11
1±

3:
00

∗∗

D
P
P
H

15
2±

2:
00

∗∗
∗∗

10
0

11
5 ±

2:
10

∗∗
∗

12
8±

8:
40

∗∗
14
6±

3:5
0∗

∗∗
∗

13
0±

2:
90

∗∗
∗∗

11
0±

6:
80

13
3±

2:7
0∗

∗∗
∗

10
5±

1:
40

∗∗

FR
A
P

15
9±

5:
50

∗∗
∗∗

10
0

11
8±

2:
30

∗∗
∗

10
4±

5:3
0

11
7±

1:1
0∗

∗∗
∗

10
7±

1:
00

∗∗
∗

88
±
2:
30

∗∗
∗

12
4±

2:
40

∗∗
∗∗

78
±
7:
00

∗∗

A
bb
re
vi
at
io
ns
:A

G
E
:a
dv
an
ce
d
gl
yc
at
io
n
en
d
pr
od

uc
ts
;A

LA
:a
lp
ha
-l
ip
oi
c
ac
id
;A

O
P
P
:a
dv
an
ce
d
ox
id
at
io
n
pr
ot
ei
n
pr
od

uc
ts
;B

SA
:b
ov
in
e
se
ru
m

al
bu

m
in
;D

P
P
H
:2
,2
-d
i-
ph

en
yl
-1
-p
ic
ry
lh
yd
ra
zy
lr
ad
ic
al
sc
av
en
gi
ng

ca
pa
ci
ty
;F

R
A
P
:f
er
ri
c
re
du

ci
ng

an
ti
ox
id
an
t
po

w
er
;G

O
:g
ly
ox
al
;N

A
C
:N

-a
ce
ty
lc
ys
te
in
e;
P
C
:p

ro
te
in

ca
rb
on

yl
s;
T
A
C
:t
ot
al

an
ti
ox
id
an
t
ca
pa
ci
ty
;∗

p
<
0:
05

vs
.c
on

tr
ol
;∗

∗p
<
0:0

1
vs
.c
on

tr
ol
;∗

∗∗
p
<
0:0

01
vs
.

co
nt
ro
l;
∗∗

∗
∗p

<
0:0

00
1v

s.
co
nt
ro
l.

8 Oxidative Medicine and Cellular Longevity



control), aminoguanidine (114% vs. control), and metformin
(102% vs. control) (Table 4).

The glycooxidation products analysis revealed that
glyoxal addition increased kynurenine, N-formylkynurenine,
and dityrosine concentrations in BSA + GO samples. Fur-
thermore, all reviewed inhibitors caused a significant increase
in the aforementioned parameters (valsartan: 83%, 42%, and
72% vs. control, respectively). However, concentrations of
tryptophan were higher in the presence of all substances
compared to control (valsartan: 133% vs. control) (Table 4).

The presence of glyoxal in BSA solution resulted in
higher glycation product content. Moreover, decreased amy-
loid-β structure, fructosamine, and AGE concentrations in
all investigated samples versus control were observed (valsar-
tan: 71%, 87%, and 52% vs. control, respectively), excepting
sample with metformin (Table 4).

Regarding total antioxidant potential assays, the BSA +
GO sample was characterized by significantly lower TAC,
DPPH, and FRAP parameters than the BSA alone sample.
Significantly greater TAC and DPPH values in all investi-
gated samples, excluding DPPH in a sample with captopril,
were observed. The addition of valsartan (118% vs. control),
NAC (117% vs. control), ALA (107% vs. control), and ami-
noguanidine (124% vs. control) caused an increase of FRAP
compared to control. On the other hand, the presence of cap-
topril (88% vs. control) and metformin (78% vs. control) led
to significantly lower FRAP value (Table 4).

3.5. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products, and Glycation
Products as well as Antioxidant Activity in Methylglyoxal-
(MGO-) Induced Albumin Glycation. Methylglyoxal induced
oxidative damage and significantly greater PC and AOPP
levels in BSA samples. All investigated substances (valsartan:
66%, 55% vs. control, respectively) diminished this action
and decreased the parameters above (except metformin).
Moreover, significantly higher total thiols concentrations
were noticed when valsartan (106% vs. control), Trolox
(107% vs. control), NAC (109% vs. control), captopril
(107% vs. control), and aminoguanidine (105% vs. control)
were added (Table 5).

The presence of methylglyoxal resulted in a significant
decrease in tryptophan concentration and an increase of
kynurenine, N-formylkynurenine, and dityrosine concentra-
tions. Significantly higher tryptophan levels were observed
after inhibitors were added (valsartan: 107% vs. control).
The majority of investigated substances (valsartan: 87%,
74%, and 72% vs. control, respectively) caused a significant
decrease of kynurenine, N-formylkynurenine, and dityrosine
concentrations (except ALA and metformin) (Table 5).

Furthermore, a decrease of amyloid-β structure, fructosa-
mine, and AGE concentrations was observed due to methyl-
glyoxal addition to the BSA sample. All used inhibitors
(valsartan: 66%, 38%, and 56% vs. control, respectively) were
responsible for the decrease of given parameters (Table 5).

Methylglyoxal was also the cause of decreased TAC,
DPPH, and FRAP values compared to BSA alone. All the
investigated samples (valsartan: 144%, 113%, and 132% vs.
control, respectively), except metformin, were characterized

by significantly higher TAC levels in comparison to control
(Table 5).

3.6. The Impact of Valsartan and Other Additives on Protein
Oxidation Products, Glycooxidation Products, and Glycation
Products as well as Antioxidant Activity in Chloramine T-
Induced Albumin Glycation. Markers of oxidative damage
(PC and AOPP) were significantly greater in the presence
of chloramine T compared to BSA alone. In all investigated
samples (valsartan: 71%, 56% vs. control, respectively), sig-
nificantly decreased levels of the parameters above versus
control were observed. In addition, all used inhibitors (val-
sartan: 110% vs. control) caused a significant increase of total
thiols level (Table 6).

Glycooxidation of proteins induced by chloramine T
resulted in greater kynurenine concentrations, N-formylky-
nurenine, and dityrosine together with a lower concentration
of tryptophan. The addition of valsartan (89%, 69% vs. con-
trol, respectively) and other substances led to decreased
amounts of given parameters compared to control. In con-
trast, all the additives (excluding aminoguanidine) caused
higher tryptophan concentrations in comparison to control
(Table 6).

Chloramine T-induced glycation resulted in significantly
higher levels of amyloid-β structure, fructosamine, and AGE.
The analysis showed significantly lower concentrations of
fructosamine and AGE when all investigated inhibitors were
added. Moreover, a statistically decreased amount of amy-
loid-β structure in samples with valsartan (95% vs. control),
NAC (87% vs. control), and captopril (95% vs. control) was
noticed. However, the BSA + chloramine T + metformin
sample presented a significantly higher amyloid-β structure
than the control (Table 6).

Significantly decreased antioxidant activity markers were
observed when BSA was incubated with chloramine T. The
addition of valsartan (106%, 119%, and 133% vs. control,
respectively) and other investigated agents, except metfor-
min, caused a significant increase of TAC, DPPH, and FRAP
value (Table 6).

4. Discussion

Cardiovascular diseases (CVD) are the most common cause
of death worldwide. Many factors are involved in the patho-
genesis of such diseases, but the role of oxidative stress seems
to be crucial [55–58]. Oxidative stress, which is defined as
excessive production of reactive oxygen species (ROS) and
disproportion of oxidants over antioxidants, causes myocar-
dial remodeling by activating hypertrophy-signaling kinases
and stimulating cardiac fibroblasts to proliferate. ROS also
affect myocardial calcium handling and lead to cellular dys-
function by inducing changes in intracellular pathways [59,
60]. Moreover, in dysfunctional myocardium, enhanced
ROS production is observed, and the antioxidant mecha-
nism’s exhaustion leads to disease progression [61, 62]. Oxi-
dative stress likewise participates in the pathogenesis of
hypertension. ROS decrease the availability of nitric oxide
(NO), causing vasoconstriction and lead to modification of
low-density lipoprotein (LDL), increasing its uptake by
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macrophages. As a result, the so-called foam cells are formed.
Those cells take a very important part in atherosclerosis’s
pathogenesis, which is a well-known factor of hypertension
and other diseases, such as coronary artery disease [16]. Oxi-
dative stress is also a proven link between diabetes mellitus
(DM) and CVD [63]. Furthermore, in patients diagnosed
with DM, elevated levels of advanced glycation end products
(AGE) are observed. This, along with oxidative stress, may
explain the pathogenesis of cardiovascular complications of
DM [64–67]. AGE are also a proven factor leading to heart
failure and other CVD [11, 68–71].

Valsartan is a potent and specific angiotensin II receptor
antagonist used to treat hypertension and chronic heart fail-
ure. Many clinical studies confirm the effectiveness of the
drug, especially in combination with sacubitril [72, 73]. What
is interesting, it is also proven that the therapy with valsartan
significantly increases the long-term quality of life in patients
with chronic heart failure [74], which is a result of biochem-
ical, echocardiographic, and clinical improvements [75].
Simultaneously, the drug remains safe in patients with many
comorbidities, especially in chronic kidney disease [76]. In
patients with hypertension, the use of valsartan is also associ-
ated with the reduction of the risk of organ complications,
including left ventricular hypertrophy [77, 78]. Due to the
valsartan’s pleiotropic properties, it is believed that the mech-
anism of drug action is not fully understood.

The research about the antioxidant properties of valsar-
tan is especially limited. Nevertheless, the majority of accessi-
ble papers uphold the hypothesis of the drug’s positive
impact on the redox homeostasis in vivo [29, 79–90]
(Table 7). Experiments conducted on animals show a statisti-
cally significant decrease in oxidative stress parameters and
inflammatory and cellular damage markers. Valsartan also
causes an increase in antioxidant enzymes’ activities and
decrease concentrations of adhesive and chemotactic fac-
tors. What is important, results of clinical studies remain
consistent with the animal model results (Table 7). How-
ever, there are no data on the antiglycation activity of val-
sartan. Only Komiya et al. revealed a statistically
significant decrease in blood AGE concentration in dia-
betic and hypertensive patients treated with valsartan
[86]. This may suggest a potential antiglycation role, but
there is no more available evidence to support this
statement.

Despite all the facts that stand for valsartan as the antiox-
idant potential, some limitations are worth mentioning
regarding this research. Available clinical studies were con-
ducted in relatively small groups of patients, making it more
challenging to perform a reliable statistical prediction. In
some studies, patients continued the treatment with previ-
ously prescribed drugs before administering valsartan. It is
unclear if these drugs had no known impact on cellular redox
balance and interfere with the trial’s results. There is also
even more limited information regarding the influence of
valsartan on protein glycooxidation. Thus, it is necessary to
evaluate the effect of valsartan on protein oxidative damage
by measuring the oxidation rate of thiol and carbonyl groups,
aromatic amino acid residues, or assessing the extent of early
and late protein glycation products.

Our study is the first to assess valsartan’s antiglycation
properties with respect to various glycating and oxidizing
agents. Using an in vitromodel, we have shown that valsartan
strengthens the antioxidant barrier and inhibits oxidation
and albumin glycation comparable to recognized ROS scav-
engers (Trolox, N-acetylcysteine, lipoic acid, and captopril)
and protein glycation inhibitors (aminoguanidine and met-
formin). Considering the key role of oxidative stress in
CVD pathology, valsartan’s pleiotropic activity may result
from its antioxidant and antiglycation properties.

Albumin, the main plasma protein, has a crucial role in
the human organism. It is responsible for the transport of
various substances such as hormones or drugs and maintain-
ing blood pH or colloid-oncotic pressure. Albumin can also
bind transition metal ions which explains its antioxidative
properties [94–96]. Due to its high plasma concentration,
long half-life, and high content of arginine, cysteine, and
lysine, albumin can be easily glycated and oxidized in vivo
[97, 98]. Albumin glycation involves nonenzymatic addition
of reducing sugar to its amino groups. This process is subdi-
vided into several phases. During the early ones are formed,
the first Maillard reaction produces the Schiff base and the
Amadori products. At the final stage, the advanced glycation
end products (AGEs) are produced—including carboxy-
methyl lysine (CML), furyl-furanyl-imidazole (FFI), pentosi-
dine, and pyralin [68, 70, 82, 98]. The glycation process
occurs simultaneously with oxidation, by which they are col-
lectively referred to as glycooxidation. The final products of
protein oxidation are advanced oxidation protein products
(AOPP). AOPPs originate from the accumulation of oxidized
residue of arginine, cysteine, dityrosine, and tryptophan [69,
99, 100].

Our research demonstrated that valsartan ameliorates
protein oxidation (↑total thiols, ↓PC, and ↓AOPP), reduces
albumin glycooxidative damage (↑tryptophan, ↓kynurenine,
↓N-formylkynurenine, and ↓dityrosine), prevents glycation
(↓amyloid-beta structure, ↓fructosamine, ↓and AGE), and
enhances the antioxidant activity of albumin (↑TAC,
↑DPPH, and ↑FRAP). These results are similar in every
investigated glycating or oxidizing agent combined with the
drug. However, some differences in the drug’s action are dis-
tinguishable between sugars and aldehydes. Generally, the
antiglycooxidant properties of valsartan are more marked
in samples containing GO or MGO and valsartan, where
the parameters decrease or increase even more in compari-
son to the sugars samples (e.g., AGE content is lower in
BSA + GO/MGO + valsartan than in BSA + Glu/Fru/Rib +
valsartan). Nevertheless, it is worth mentioning that the oxi-
dation and glycation substances used in the research were at
greater concentrations than physiological levels that might
impact the experiment’s outcome [31, 32]. However, our
model is kinetically validated and allows us to evaluate
unknown substances’ antiglycooxidative properties rapidly
[31, 34]. There were no prominent differences between used
sugars, as given results in their samples were comparable.
Interestingly, valsartan exhibited antioxidant and antigly-
cooxidant properties in chloramine T presence, but glycation
inhibition was not so potent as in the case of sugars or
aldehydes.
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Table 7: The pleiotropic properties of valsartan in experimental and clinical studies.

Valsartan properties Study design Measured parameters Results References

Valsartan presenting
antioxidant properties in
myocardial ischemia and
myocardial infarction
model in rats

Seven male albino rats
pretreated intraperitoneally

(i.p.) with valsartan (10mg/kg)
before left anterior descending
artery (LAD) ligation vs. rats
which undergo the same
intervention, but with no
pretreatment or saline i.p.

injection

Cardiac troponin T (cTnT) in
heart blood plasma

↓cTnT concentration in
valsartan-pretreated group vs.

control (p < 0:001)

Hadi et al.
2015 [79]

Malondialdehyde (MDA) and
reduced glutathione (GSH) in

heart blood serum

↓MDA concentration in
valsartan-pretreated group vs.

control (p < 0:001)
Tumor necrosis factor (TNF),
interleukin 6 (IL-6), interleukin
10 (IL-10), caspase 3, and BAX

protein in cardiac tissue

↓TNF, ↓IL-6, ↓IL-10 ↓caspase
3, ↓BAX concentrations in

valsartan-pretreated group vs.
control (p < 0:001)

Histopathological study of
cardiac tissue

Histopathological injure
improvement in valsartan-
pretreated rats vs. control
(14.3% of the group had no
signs of injury; p < 0:001)

16 male Sprague-Dawley rats
treated with p.o. valsartan
(10mg/kg/d, 2 weeks) after
ligation of LAD vs. 16 not

pretreated rats that undergone
the same procedure

Plasma MDA, superoxide
dismutase (SOD) activity, and

TNF-α

↓MDA, ↑SOD after 4 h of
reperfusion vs. ischemia-
reperfusion control group

(p < 0:05)

Wu et al.
2013 [80]

Myocardial nicotinamide
adenine dinucleotide phosphate
(NADPH) oxidase and nuclear

factor–kappa B (NF-κB)

↓TNF-α in 60min, 120min,
and 240min after reperfusion

vs. ischemia-reperfusion
control (p < 0:05)

↓NADPH oxidase activity,
↓NF-κB expression vs.

ischemia-reperfusion control
(p < 0:05)

2 groups of 6 male Wistar rats
premedicated with valsartan
50mg/kg or 100mg/kg for 14
days and then treated with

isoproterenol (ISO) to induce
MI

Total antioxidant activity
(TAC) and nitric oxide (NO) in

serum

↓1.6x/2.03x TAC (VAL
50/100, p < 0:01/p < 0:001) vs.

MI-control

Imran et al.
2019 [81]

Catalase, SOD, glutathione
peroxidase (GPX), glutathione
reductase (GR), glutathione S-

transferase (GST),
thiobarbituric acid-reactive

substances (TBARS) in cardiac
tissue

↓1.58x NO (VAL 100, p < 0:01
)

↑ CAT (VAL 100, p < 0:05)
↑ SOD (VAL 100, p < 0:01Þ

↑2.7x/3.45x GPX

(VAL 50/100, p < 0:05/p < 0:05
)

Histopathological study of
cardiac tissue

↑2.26x/2.42x GR (VAL 50/100,
p < 0:05)

↑1.86x/2.11x GST (VAL
50/100, p < 0:05/p < 0:01)
1.86x/2.29x ↓TBARS (VAL
50/100, p < 0:05/p < 0:01)

A few inflammatory cells and
vacuolization in VAL 50

myocardium

Muscle fibers with no
significant changes except for
larger nucleus in VAL 100

Valsartan ameliorates
cardiac hypertrophy
resulting from cardiac
pressure overload in rats

4 groups of Sprague-Dawley rats
(sham (n = 16), vehicle (n = 26),

valsartan (n = 29),
sacubitril/valsartan (n = 28))
undergoing aortic banding to

induce cardiac pressure overload

Left ventricular weight
No significant change of left
ventricular weight in VAL
group vs. vehicle (p = 0:04) Nordén

et al. 2021
[91]

Mean arterial pressure (MAP)
↓16% MAP in VAL group vs.

sham
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Table 7: Continued.

Valsartan properties Study design Measured parameters Results References

Atrial and brain natriuretic
peptide (ANP, BNP)

↑ANP, BNP in VAL group vs.
sham (p < 0:05)

Histopathological study of
cardiac tissue

↑Expression of collagen 1, 3,
and metalloproteinase-2 of
cardiac tissue in VAL group

Reduction of oxidative
damage of kidneys with
valsartan in
streptozotocin-induced
diabetes in rats

8 male Wistar rats with
streptozotocin-induced diabetes

treated with p.o. valsartan
(100mg/kg/d, 1 month) vs. 8
diabetic, nontreated rats

MDA, SOD, GPX, renal TNF-
α-mRNA, renal TGF-β-mRNA,
renal IL-6, NAD/NADH ratio
in renal tissue homogenate

↓TNF-α-mRNA, ↓IL-6, ↓urine
IL-6, ↓TGF-β-mRNA,
↑NAD/NADH ratio vs.

diabetic rats control group
(p < 0:001) Sanajou

et al. 2019
[82]IL-6 in urine

↓Renal MDA, ↑renal GPX,
↑renal SOD vs. diabetic rats
control group (p < 0:001)

Histopathological study of renal
tissue

Significant reduction of
collagen deposition in the
tubulointerstitial area

Antiatherogenic effect of
valsartan in cholesterol-
fed rabbits

Male rabbits fed with normal
(n = 4), cholesterol (n = 6), or
cholesterol + valsartan (n = 5)
diet (1mg/kg, subcutaneously)

Systolic and diastolic blood
pressure (SBP, DBP)

No significant change of SBP
or DBP in VAL group vs.

cholesterol-fed

Li et al.
2004 [92]

Total cholesterol and
triglycerides (TC, TG)

No significant change of TC in
VAL group vs. cholesterol-fed

Serum ACE activity
↓TG in VAL group vs.

cholesterol-fed
(p < 0:05)

Morphology and
histopathological studies of

aorta

↓Of atherosclerotic lesion area
in VAL group, but not
statistically significant

Inflammation and
vascular remodeling
attenuation in valsartan-
treated diabetic and
hyperlipidemic swine

24 diabetic and hyperlipidemic
swine divided into three groups
(early and late); placebo (n = 4),
valsartan 320mg daily (n = 4),

valsartan + simvastatin
320mg/40mg (n = 4)

Progression of atherosclerotic
lesions

Slower progression of
atherosclerotic plaques vs.

placebo

Chatzizisis
et al. 2009

[93]

Histopathological studies
↓area of inflammation in
plaques in VAL group vs.

placebo (p = 0:041)
Expression of extracellular
matrix metalloproteinases

(MMP-2, MMP-9)

↓MMP-9 ratio in plaques with
expansive remodeling in VAL

group (p = 0:1)
Expression of tissue inhibitors
of metalloproteinases (TIMP-1,

TIMP-2)

↓MMP/TIMP ratio in plaques
with expansive remodeling in

VAL group (p = 0:01)

Antioxidant action of
valsartan in high-
glucose-cultured rat
mesangial cells

HBZY-1 rat mesangial cells
cultured with high glucose

(30mmol/lLconcentration and
valsartan (10 μmol/L) vs. cells

cultured in high-glucose only vs.
osmotic pressure control group

(25mmol/L of mannitol,
5mmol/L of glucose)

SOD activity, nitric oxide (NO),
and malondialdehyde (MDA)

contents in supernatant

↑SOD activity and ↑NO,
↓MDA contents in valsartan +
high-glucose group vs. high-
glucose only group (after
24 hrs of incubation)

Liu et al.
2016 [83]

Oxidative stress
parameters in type 2
diabetic and hypertensive
patients treated with
valsartan

33 patients with type 2 diabetes
and hypertension treated with
valsartan (80mg/d) for 24 weeks
(no other antihypertensive drugs
2 weeks before the screening

date)

Nitrotyrosine in blood

↓Nitrotyrosine after 24 weeks
of treatment (0:68 ± 0:59 nmol
/L vs. 0:38 ± 0:39 nmol/L, p <

0:007)

Kim et al.
2017 [84]

26 patients with hypertension
(>140/90mmHg) and mild

diabetes (HbA1c < 9%) treated

Blood inflammatory markers
(hs-CRP, IL-6, IL-18, VCAM-1,

L-selectin)

↓hs-CRP (0.231 vs. 0.134, p =
0:043)

Kuboki
et al. 2007

[85]
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Although our study does not explain it, valsartan’s anti-
glycooxidant properties may be due to the molecule’s chem-
ical structure. It can be speculated that the -NH2 group in
valsartan competes with the amino residues of proteins for
the attachment of reactive carbonyl groups. Thus, it protects

the lysine and arginine residues of proteins from their gly-
cooxidative modifications. Therefore, future investigations
are necessary to validate conclusions that can be drawn from
this study. The next phase of research is the in vivo analysis of
antiglycooxidant activity and optimal dosage of valsartan in

Table 7: Continued.

Valsartan properties Study design Measured parameters Results References

with 40 or 80mg/kg valsartan for
3 months, all previously taken

drugs were continued

↓VCAM-1 (471.1 vs. 403.2, p
= 0:012)

↑IL-6, IL-18, L-selectin (but
statistically insignificant)

8-Isoprostane and 8-OHdG in
urine

↓8-OHdG after treatment
(12.12 vs. 8.07, p = 0:001)

↑8-Isoprostane after treatment
(283.5 vs. 302.0, but

statistically insignificant)

15 patients with type 2 diabetes
treated with 40mg/d valsartan
(in 6 patients dose increased to
80mg/d after 6 months) for 1

year

AGE in blood
↓AGE (2:71 ± 0:62 vs. 2:29 ±

0:28, p = 0:021) Komiya
et al. 2008

[86]Urine 8-isoprostane
↓8-Isoprostane (347 ± 215 vs.

205 ± 122, p = 0:025)

Valsartan ameliorated
oxidative stress in
patients with
hypertension

25 patients with hypertension
(>140/90mmHg) treated with

80 or 160mg/d valsartan
depending on basal arterial

pressure

Urine 8-isoprostane and 8-
hydroxy-2′-deoxyguanosine

(8-OHG)

55% ↓urine 8-isoprostane and
30% ↓8-OHdG after 12

months of treatment (p < 0:05)

Hirooka
et al. 2008

[29]

17 patients with hypertension
(>140/90mmHg) treated with
40 or 80mg/d valsartan if BP did

not decrease below
140/90mmHg

Serum levels of
lipoperoxidation (LPO)

↓LPO after 6 months, when
pretreatment LPO levels were
≥1.5 pg/mL (2:12 ± 0:23 vs.

1:15 ± 0:31, p < 0:05)

Miyajima
et al. 2008

[87]

8 patients with hypertension and
hyperlipidemia treated with

80mg/d valsartan for 2 months

Plasma TBARS
↓TBARS after the treatment
(33:0 ± 2:8 vs. 26:6 ± 1:8, p <

0:05) Hussein
et al. 2002

[88]Lag time required for the
initiation of LDL oxidation

↑Lag time after the treatment
(57 min ± 3 vs. 70 min ± 6, p

< 0:05)

Valsartan improved an
atherosclerotic lesion in
mice by oxidative stress
improvement

Male apoE-deficient mice on
standard or high-cholesterol diet
(HCD) treated with 0.5mg/kg

valsartan i.p. in osmotic
minipump

Expression of NADPH oxidase
subunit p47phox

58% ↓p47phox in HCD +
valsartan group vs. HCD-only

(p < 0:05) Suzuki
et al. 2006

[89]The area of the atherosclerotic
lesion in the aorta

2% of area in HCD + valsartan
group vs. 5% in HCD group

(p < 0:05)

Effect of valsartan on
redox balance in
hemodialysed patients
with end-stage renal
disease

19 patients with end-stage renal
disease treated with 320mg/d

valsartan for 6 weeks

Protein carbonyls (PC), 8-
OHdG, 13-

hydroxyoctadecadienoic acid
(13-HODE), hs-CRP in plasma

No change in PC (0:17 ± 0:01
before and after, but

statistically insignificant)

Aslam
et al. 2006

[90]Glutathione disulfide: reduced
glutathione ratio (GSSG:GSH)

in whole blood

19.5% ↓ 8-OHdG (2:97 ± 0:22
vs. 2:38 ± 0:15, p < 0:05)

14.4% ↓13-HODE
(428:3 ± 26:8 vs. 366:87 ± 15:8,
but statistically insignificant)

↑hs-CRP (0:84 ± 0:36 vs. 1:33
± 0:5, but statistically

insignificant)

79% ↓GSSG: GSH (2:9 ± 3:1
vs. 0:6 ± 0:1)
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animal and human models. However, the pleiotropic prop-
erties of valsartan may also be due to its other in vivo
activities. Angiotensin II is a major effector peptide of
the renin-angiotensin-aldosterone system, and it is gener-
ated from angiotensin I by the angiotensin-converting
enzyme. Moreover, angiotensin II by acting on the AT1
receptor stimulates NADPH oxidase activation (Nox) and
increases expression of Nox subunits leading to ROS over-
production [101]. Importantly, blockade of the renin-
angiotensin system with blockers of AT1 receptors (ARBs)
(such as valsartan) can reduce oxidative stress due to inhi-
bition of the processes mentioned above. It was also
shown that valsartan causes increased SOD expression,
which transforms superoxide radicals into hydrogen per-
oxide and oxygen in a disproportionate reaction [102]. It
is also speculated that ARBs can decrease protein oxida-
tion via free radical scavenging and transition metal chela-
tion [103].

Inhibition of protein glycation by valsartan may be of
particular importance in patients with diabetic cardiomyop-
athy. AGE generated under hyperglycemic conditions
increase ROS overproduction, which impairs the activity of
ion pumps and mitochondria, disrupts the transport of cal-
cium ions between cellular compartments, and initiates apo-
ptosis. Extracellular matrix collagen also undergoes
glycation, increasing cardiac stiffness and decreasing diastolic
capacity and nerve impulse conduction velocity [61, 62]. It
can be speculated that valsartan may inhibit the synthesis
of AGE by directly neutralizing reactive dicarbonyl com-
pounds by combining drug amino group with the α-dicarbo-
nyl group of methylglyoxal. Nevertheless, these hypotheses
require confirmation in further studies.

Overall, conducted research showed that valsartan can
reduce oxidation and glycation damage and improve the
albumin’s antioxidant properties. The valsartan’s activity
was recorded against various oxidizing and glycating agents.
What is more, the drug’s action is comparable to many
renowned antioxidants or is even more pronounced. The
pleiotropic properties of valsartan may be due to its antigly-
cooxidant activity. Inhibition of protein glycation/oxidation
in patients with CVD and DM may be crucial, given the sig-
nificant contribution of oxidative and carbonyl stress to the
development of cardiometabolic complications. Further
studies considering this subject may be revolutionary for
the treatment of cardiovascular diseases. Confirmation of
the antiglycating effect of valsartan in human studies could
result in a revision of clinical guidelines for the use of
hypotensive drugs. Valsartan could be a first-line medicine
in patients with heart disease and diabetes. Modifications
to the chemical structure of valsartan should also be con-
sidered. The introduction of -NH2 groups (as in polyam-
ide compounds) could increase the antiglycation activity’s
potency.
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Mitochondrial fatty acid oxidation (FAO) is involved in myocardial damage after cardiopulmonary resuscitation (CPR). This study
is aimed at investigating the effect of inhibiting mitochondrial FAO on myocardial injury and the underlying mechanisms of
postresuscitation myocardial dysfunction. Rats were induced, subjected to 8min of ventricular fibrillation, and underwent 6min
of CPR. Rats with return of spontaneous circulation (ROSC) were randomly divided into the Sham group, CPR group, and
CPR+Trimetazidine (TMZ) group. Rats in the CPR+TMZ group were administered TMZ (10mg/kg) at the onset of ROSC via
the right external jugular vein, while rats in the CPR group were injected with equivalent volumes of vehicle. The sham rats
were only administered equivalent volumes of vehicle. We found that the activities of enzymes related to cardiac mitochondrial
FAO were partly improved after ROSC. TMZ, as a reversible inhibitor of 3-ketoacyl CoA thiolase, inhibited myocardial
mitochondrial FAO after ROSC. In the CPR+TMZ group, the levels of mitochondrial injury in cardiac tissue were alleviated
following attenuated myocardial damage and oxidative stress after ROSC. In addition, the disorder of cardiac mitochondrial
metabolism was ameliorated, and specifically, the superfluous succinate related to mitochondrial reactive oxygen species (ROS)
generation was decreased by inhibiting myocardial mitochondrial FAO with TMZ administration after ROSC. In conclusion, in
the early period after ROSC, inhibiting cardiac mitochondrial FAO attenuated excessive cardiac ROS generation and preserved
myocardial function, probably by alleviating the dysfunction of cardiac mitochondrial metabolism in a rat model of cardiac arrest.

1. Introduction

Sudden cardiac arrest is a leading cause of mortality world-
wide. Despite the development of cardiopulmonary resusci-
tation (CPR) science and the increased rate of return of
spontaneous circulation (ROSC), the survival rate in patients
with sudden cardiac arrest after hospital discharge remains
less than 10% [1, 2]. Deaths within the first 24 h of ROSC
are typically associated with multiorgan system failure, espe-
cially due to postresuscitation myocardial dysfunction [3, 4].
It is now widely believed that oxidative stress damage in the
process of global myocardial ischemia/reperfusion after
ROSC is the main factor linking cardiac arrest to postresusci-
tation myocardial dysfunction [5, 6]. Although many studies

have focused on how tomitigate cardiac oxidative injury after
ROSC, there remains no effective therapy for clinical
application.

The generation of mitochondrial reactive oxygen species
(ROS) is the main source of ROS and a crucial early driver of
ischemia/reperfusion injury after ROSC [7, 8]. Uncontrolled
ROS formation from the mitochondrial electron transport
chain (ETC) was founded during the ischemia/reperfusion
process when electrons leaking from the respiratory chain
react with oxygen, especially in the hearts containing large
numbers of mitochondria [9, 10]. A large body of experimen-
tal literature supports that mitochondrial ETC inhibitors
appear to attenuate myocardial oxidative injury during ische-
mia/reperfusion [11, 12]. Our previous study found that
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carbon monoxide-releasing molecules decrease the genera-
tion of cardiac mitochondrial ROS and alleviate myocardial
dysfunction through mildly uncoupling mitochondrial respi-
ration in a rat model of cardiac arrest [13]. Furthermore,
some studies found that excessive succinate as the substrate
of mitochondrial complex II is the major source of leaking
electrons and leads to extensive mitochondrial ROS forma-
tion [10, 14]. Decreasing succinate accumulation or inhibi-
tion of complex II attenuates ischemia/reperfusion
oxidative injury [15]. As an intermediate substance of the
citric acid cycle (CAC), succinate is affected by changes in
mitochondrial metabolism. After ischemia/reperfusion,
mitochondrial fatty acid and glucose utilization are damaged
at different levels, while fatty acid remains the main metabo-
lism substrate of cardiac mitochondria [16]. In some in vitro
experiments, it was demonstrated that suppressing mito-
chondrial fatty acid metabolism ameliorated oxidative stress
injury after ischemia/reperfusion, but the underlying mecha-
nism is not completely deciphered [17, 18]. According to the
above research results, we considered that the inhibition of
mitochondrial fatty acid oxidation (FAO) may attenuate
myocardial oxidative damage after ROSC by regulating mito-
chondrial respiratory chain substrate production, subse-
quently decreasing the generation of cardiac mitochondrial
ROS. To investigate this, we used a rat model of cardiac arrest
to examine the effect of inhibiting mitochondrial FAO on
myocardial oxidative injury and the underlying mechanisms
of postresuscitation myocardial dysfunction.

2. Materials and Methods

2.1. Animal Preparation and Cardiac Arrest Model. Forty-
two male Sprague-Dawley rats (370-420 g) were purchased
from the Medical Experimental Animal Center of Guang-
dong Province (Guangzhou, China). Animals were cared
for in accordance with the Chinese Guidance Suggestions
for the Care and Use of Laboratory Animals and with the
approval of the Animal Care and Use Committee of Sun
Yat-sen University.

Rats were subjected to 8min of ventricular fibrillation
(VF) and underwent 6min of CPR. Cardiac arrest was
induced by VF. Briefly, animals were anesthetized with pen-
tobarbital sodium (45mg/kg), and anesthesia was main-
tained throughout the whole experimental procedure by the
additional injection of 10mg/kg intraperitoneal pentobarbi-
tal sodium when necessary. The trachea was orally intubated
with a 14-G catheter. The left femoral artery was cannulated
with a polyethylene (PE) 50 catheter for blood pressure mea-
surement. A 4F PE catheter was advanced from the right
external jugular vein to the right atrium for the electrical
induction of VF. During this process, cardiac rhythm and
hemodynamic data were recorded using a WinDaq data
acquisition system (DataQ, Akron, USA). Rectal temperature
was maintained at 36:5 ± 0:5°C. After the operation, VF was
induced by a 3mA current delivered to the right ventricular
endocardium through a guidewire inserted from the right
external jugular vein to the right ventricle. The current flow
lasted for 3min to prevent the spontaneous reversal of VF.
Following 8min of untreated VF, the animal was mechani-

cally ventilated (tidal volume 0.6mL/100 g, ventilation rate
60 breaths/min, 100% oxygen), and 6min of CPR was initi-
ated with chest compression at a rate of 250 beats/min. After
4min of CPR, epinephrine (0.02mg/kg) was administered,
and 3-J biphasic waveform shocks were attempted after
6min of CPR. If VF persisted, another 3-J shock was admin-
istered after another 2min of chest compression. Successful
ROSC was defined as an organized rhythm with a mean aor-
tic pressure (MAP) exceeding 60mmHg for at least 10min. If
the animals had no ROSC after 10min of CPR, unsuccessful
resuscitation was declared. After ROSC, mechanical ventila-
tion was continuously provided with 100% oxygen for
30min and 50% oxygen for another 30min, followed by
21% oxygen for 3 h.

2.2. Experimental Procedure. Trimetazidine (TMZ), a revers-
ible inhibitor of 3-ketoacyl CoA thiolase (3-KT), was used to
inhibit cardiac mitochondrial FAO. A total of 36 rats with
successful ROSC were randomly divided into the CPR
(n = 18) and CPR+TMZ (n = 18) groups. Rats in the
CPR+TMZ group were administered TMZ (MedChemEx-
press, USA; 10mg/kg, 10% dimethyl sulfoxide as a vehicle)
at the onset of ROSC via the right external jugular vein, while
those in the CPR group were injected with equivalent vol-
umes of vehicle. The sham rats (n = 6) were only adminis-
tered equivalent volumes of vehicle. Rats in the CPR and
CPR+TMZ groups were again randomly divided into three
subgroups according to the time of ROSC (1, 3, and 6h after
ROSC). Myocardial injury, oxidative stress, and cardiac
mitochondrial metabolism and function were evaluated.
The experimental procedure is shown in Figure 1.

2.3. Measurement of Serum Cardiac Troponin I and
Myocardial Function. Cardiac troponin I (CTNI) levels in
serumwere detected using a Rat CTNI ELISA kit (CUSABIO,
China). An M-mode echocardiograph was performed to
detect the left ventricular ejection fraction (EF) to evaluate
myocardial function.

2.4. Determination of Malondialdehyde in Myocardial Tissue
and Cardiac Mitochondrial ROS.Malondialdehyde (MDA) is
an evaluation indicator of oxidative stress indicators. The
level of MDA in myocardial tissue was measured using a tis-
sue MDA determination kit (GENMED, Boston, MA, USA).
Cardiac mitochondria were isolated by differential centrifu-
gation of the heart homogenates. Fresh cardiac mitochondria
were loaded with a reagent containing the fluorescent probe
(CM-H2DCFDA) for 15min. Fluorescence was measured
using a fluorescence spectrophotometric enzyme mark
instrument (SpectraMax M5, San Francisco, CA, USA) fol-
lowing the manufacturer’s instructions for the mitochondrial
ROS testing kit (GENMED).

2.5. Measurement of Mitochondrial Oxidative
Phosphorylation and Respiration Enzyme Activities. The
mitochondrial P/O ratio was used to evaluate the coupling
of mitochondrial oxidative phosphorylation by a Clark-type
oxygen electrode at 25°C. Fresh cardiac mitochondria were
added to the respiration buffer (GENMED, Boston, MA,
USA). Mitochondrial respiration was initiated using
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2mmol/L pyruvate +5mmol/L malate. State 3 respiration
was induced by the addition of 0.5mmol/L adenosine
diphosphate (ADP). The ADP to O ratio was calculated
based on the oxygen consumption during state 3 respiration.
The activities of complexes I and II were measured using a
mitochondrial respiratory enzyme activity determination
Kit (GENMED, Boston, MA, USA). Complex I and II activi-
ties were assayed to monitor the dynamic change in transmit-
tance from the oxidation of NADH to NAD+ and FADH2 to
FAD+.

2.6. Detection of FAO-Related Enzyme Activities. Isolated
mitochondria from the heart were suspended in 24-well
plates. The rate of mitochondrial FAO was evaluated by
using a fatty acid β-oxidation Assay kit (GENMED, Boston,
Massachusetts). The activities of carnitine palmitoyltransfer-
ase 1 (CPT1), acyl-CoA dehydrogenase (ACDH), 3-OH-
ACDH (HADH), and 3-KT as important enzymes in mito-
chondrial FAO were measured using their respective com-
mercial enzyme activity determination kits (GENMED,
Boston, Massachusetts).

2.7. Metabolite Analysis. Sample preparations for targeted
GC-MS metabonomic analysis were established as previously
reported [19]. Then, 30mg of left ventricle tissue from each
mouse in the sham, CPR, and CPR+TMZ groups at 6 h of
ROSC was mixed with 1mL of methanol and ultrasonically
ground for 30min. The supernatant was then added to
2mL of 1% sulfuric acid methanol solution. After methyla-
tion for 30min at 80°C, the mixture was extracted with 1%
hexane and washed with 5mL of pure water. The supernatant
(500μL) was then collected for GC-MS metabolomics analy-
sis. In parallel, 37 kinds of fatty acid methyl ester standards
were proportionally mixed as the standard for target analysis
of medium- and long-chain fatty acids. A quality control
(QC) sample was prepared by mixing equal volumes
(10μL) of ventricle homogenate from each of the 18 samples.
One in every six QC samples were analyzed to monitor the
stability and reproducibility of the analysis. The samples were
separated using an Agilent DB-WAX capillary column
(30m × 0:25mM× 0:25 μM). The initial temperature of the

capillary column was maintained at 50°C for 3min, raised
to 220°C at 10°C/min, and then kept at this temperature for
20min. The carrier gas (helium) was constantly supplied at
a flow rate of 1.0mL/min. GC-MS analysis was carried out
using an Agilent 7890a/5975c gas chromatography mass
spectrometer (Agilent, USA). The temperature of sample
inlet, transmission line, and ion source temperature were
280°C, 250°C, and 230°C, respectively. The electron energy
was set to 70 eV. The peak area and retention time data were
extracted using the MSD ChemStation software. The levels of
targeted medium- and long-chain fatty acids were calculated
according to the total ion current picture of fatty acid
standards.

To detect the content of metabolites mainly in CAC and
glycolysis by targeted GC-MS metabolomic analysis, the
samples were separated using an Agilent 1290 infinity liquid
chromatography ultraperformance system. A QC sample
from the experimental samples at each interval was estab-
lished to detect and evaluate the stability and repeatability
of the system. A standard mixture of substances from the
sample queue was used to correct the chromatographic
retention time. The samples were analyzed using a 5500
qtrap mass spectrometer (AB SCIEX) in negative ion mode.
The detection settings were as follows: source temperature
450°C, ion source gas 145, ion source gas 245, culture gas
30, and floating voltage -4500V. The MRM mode was used
to detect ion pairs. Metabolite identification and retention
time correction were performed according to the data of
the standard mixture of substances. The peak area and reten-
tion time were extracted and calculated using theMultiQuant
software.

The levels of free fatty acids (FFAs) and glucose in serum
were estimated using an FFA Quantification Colorimetric/-
Fluorometric Kit (BioVision, Milpitas, CA, USA) and a Rat
Glucose Quantification Kit (CUSABIO).

2.8. Pathological Examination of Myocardial Tissue. Left ven-
tricular tissue was embedded in paraffin and cut into 6μM
thick sections following hematoxylin and eosin staining.
Myocytolysis and organization of myocardial fibers were
observed under a microscope by an experienced pathologist.
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Figure 1: Experimental procedure. CPR: cardiopulmonary resuscitation; TMZ: trimetazidine; FFA: free fat acid; GLU: glucose; ROSC: return
of spontaneous circulation; mitROS: mitochondrial reactive oxygen species; TEM: transmission electron microscope.
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2.9. Transmission Electron Microscopy. Apex tissue
(3 × 1 × 1mM) was prefixed in 2.5% glutaraldehyde and then
added to 1% osmium tetroxide for continuous fixation and
dehydrated in a gradient concentration of acetone series.
After infiltration and embedding, the sample was sliced into
ultrathin sections stained with both uranyl acetate and lead
citrate. Samples were examined using a transmission electron
microscope (Tecnai G2 Spirit Twin, FEI, USA).

2.10. Statistical Analysis. Statistical analyses were performed
using the SPSS 21.0 software (SPSS, Chicago, IL, USA). Data
are presented as the mean ± SEM. One-way analysis of vari-
ance was performed to compare more than two groups.
The unpaired two-sample t-test was used for two-group
comparison. Values of p < 0:05 were considered statistically
significant.

3. Results

3.1. Baseline Characteristics and Hemodynamic Data before
Inducing Cardiac Arrest. A total of 36 successfully resusci-
tated rats were randomly assigned to the Sham, CPR, or
CPR+TMZ groups. The baseline and resuscitation charac-
teristics of the rats were recorded. There was no significant
difference in body weight, heart rate, MAP, or time of animal
preparation in any group (Table 1).

3.2. TMZ Inhibited Myocardial Mitochondrial FAO after
ROSC. The activities of enzymes related to mitochondrial
FAO were evaluated in the heart. 1 h after ROSC, the activi-
ties of 3-KT (Figure 2(a)), CPT1 (Figure 2(b)), and ACDH
(Figure 2(c)) were markedly elevated compared with the
Sham group. Additionally, 3 h after ROSC, the activity of
CPT1 (Figure 2(b)) remained higher, but there was no signif-
icant difference in the activities of 3-KT and ACDH
(Figures 2(a) and 2(c)). Although the CPR group exhibited
slightly increased activity of each related enzyme 6h after
resuscitation, there were no statistically significant differ-
ences between the sham and CPR groups. The activity of
HADH (Figure 2(d)) did not obviously change after ROSC.
In the TMZ group, TMZ, a reversible inhibitor of 3-KT,
remarkably decreased the activity of 3-KT (Figure 2(a)) in
the heart after ROSC compared with the CPR group. Mean-
while, the administration of TMZ evidently decreased the
activity of CPT1 (Figure 2(b)) at 3 h and increased the activ-
ity of HADH (Figure 2(d)) in the heart at 6 h following
ROSC, leading to the enzymatic activity being nearly restored
to the levels of the Sham group. Together, these observations

indicated that myocardial energy metabolism was abnor-
mally mobilized, and myocardial mitochondrial FAO was
relatively accelerated after ROSC. TMZ effectively inhibited
myocardial mitochondrial FAO during the early stage of
ROSC due to the decrease in some key enzyme activities.

3.3. Inhibition of Mitochondrial FAO Attenuated Myocardial
Injury after ROSC. After cardiac arrest, the levels of CTNI
(Figure 3(a)) were significantly higher than those in the sham
group. Rats in the CPR group showed a decrease in MAP
(Figure 3(b)) and EF (Figure 3(c)) compared with sham rats.
At 1, 3, and 6h after ROSC, TMZ reduced the content of
CTNI (Figure 3(a)) in blood serum as well as elevated MAP
(Figure 3(b)) and EF (Figures 3(c) and 3(d)) in the
CPR+TMZ group compared with the CPR group. At 6 h fol-
lowing ROSC, myocytolysis and disorganization occurred in
the CPR group (Figure 3(e)). The ROSC rats treated with
TMZ significantly alleviated myocytolysis and disordered
myocardial fibers in the CPR+TMZ group (Figure 3(e)).
These findings revealed that inhibition of mitochondrial
FAO mitigated myocardial injury and improved myocardial
performance after resuscitation.

3.4. Inhibition of Mitochondrial FAO Decreased Myocardial
Oxidative Stress after ROSC. Cardiac mitochondria, as the
main site of energy production, are also the main source of
ROS after cardiac arrest. In the CPR group, the generation
of ROS in cardiac mitochondria significantly increased 1
and 6h after ROSC compared with the Sham group
(Figure 4(a)). However, TMZ led to less ROS production in
cardiac mitochondria in the CPR+TMZ group than in the
CPR group (Figure 4(a)). Moreover, the levels of MDA in
the CPR group were significantly higher than those in the
sham group (Figure 4(b)). Moreover, 1, 3, and 6h after
ROSC, TMZ reduced the content of MDA in the heart
(Figure 4(b)).

3.5. Inhibition of Mitochondrial FAO Preserved
Mitochondrial Function after ROSC. To further evaluate the
coupling of mitochondrial oxidative phosphorylation and
the activities of respiratory enzymes related to mitochondrial
ROS production, the ADP/O ratio and the activities of com-
plexes Ι and II were detected. First, 1 and 6h following
ROSC, the ADP/O of cardiac mitochondria in the CPR group
was markedly decreased compared with those of the Sham
group (Figure 5(a)). Inhibition of mitochondrial FAO with
TMZ treatment improved ADP/O after ROSC in the TMZ
group (Figure 5(a)). Meanwhile, there was a significant

Table 1: Baseline characteristics before inducing cardiac arrest.

Sham
CPR groups CPR+TMZ groups

1 h 3 h 6 h 1 h 3 h 6 h

Body weight, g 392:3 ± 14:7 386:8 ± 14:8 392:3 ± 21:2 395:7 ± 16:3 394:7 ± 12:9 390:3 ± 15:1 393:2 ± 14:9
MAP, mmHg 110:3 ± 9:8 114:5 ± 11:5 111:2 ± 11:1 111:8 ± 10:1 112:5 ± 9:8 107:3 ± 11:3 108:2 ± 15:5
Heart rate, bpm 392:7 ± 11:4 395:0 ± 9:4 392:7 ± 11:5 393:3 ± 11:2 394:2 ± 7:4 393:0 ± 11:9 391:8 ± 12:2
Time of animal preparation, min 61:8 ± 5:4 63:7 ± 7:3 65:3 ± 6:0 62:7 ± 8:5 57:0 ± 6:4 61:8 ± 7:5 60:7 ± 9:7
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decline in the activities of complexes I and II 1 and 6h after
ROSC (Figures 5(b) and 5(c)). In the TMZ group, TMZ sig-
nificantly alleviated the damage to complex I (Figure 5(b))
and complex II activities (Figure 5(c)) after ROSC. Transmis-
sion electron microscopy showed cardiac mitochondrial
morphology in the CPR group was represented as mitochon-
drial swelling and unclear intima 6h after ROSC
(Figure 5(d)). Inhibition of mitochondrial FAO in the
CPR+TMZ group obviously mitigated cardiac mitochon-
drial injury in the electron microscope image compared with
the CPR group (Figure 5(d)).

3.6. Inhibition of Mitochondrial FAO Ameliorated the
Disorder of Cardiac Mitochondrial Metabolism after ROSC.
We found that the concentrations of FFAs (Figure 6(a))
and glucose (Figure 6(b)) in serum significantly increased
after ROSC. TMZ treatment decreased FFA (Figure 6(a))
and glucose (Figure 6(b)) levels compared with CPR rats.
Targeted metabolomics analysis of medium- and long-
chain fatty acids and energy metabolites in heart tissue was
carried out 6 h after ROSC. We found that the levels of five
fatty acids were evidently decreased, while four metabolites
were upregulated significantly in the heart tissue of CPR rats
compared with that of sham rats. The lengths of the five

decreased fatty acids were in the range of C12-C22, closely
related to mitochondrial FAO. Three elevated metabolites
(succinate, fumarate, and citrate) were the main intermediate
products of CAC, and succinate was the substrate of the ETC
bound to mitochondrial ROS generation. Elevated phospho-
enolpyruvate was the main metabolite of glycolysis. In the
TMZ group, these changed metabolites were normalized to
some extent through the inhibition of mitochondrial FAO
(Table 2). These results showed that inhibiting mitochondrial
FAO after ROSC restored the balance of cardiac mitochon-
drial metabolism.

4. Discussion

In this study, we showed that the inhibition of myocardial
mitochondrial FAO attenuates myocardial injury and pro-
tects cardiac mitochondrial function after ROSC. The under-
lying mechanism is that FAO inhibition in cardiac
mitochondria ameliorates the mitochondrial metabolism dis-
order and abnormal generation of ETC substrates, subse-
quently leading to the decrease in excessive ROS
production in cardiac mitochondria after ROSC. Several
findings in the present study support this conclusion. First,
we found that the activities of some key FAO enzymes in
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Figure 2: The enzyme activities of mitochondrial fatty acid oxidation in rat heart tissue at 1, 3, and 6 h following return of spontaneous
circulation (ROSC) in the CPR and CPR+ Trimetazidine (TMZ) groups compared with the Sham group: (a) 3-ketoacyl CoA thiolase (3-
KT) activity; (b) carnitine palmitoyltransferase 1 (CPT1) activity; (c) acyl-CoA dehydrogenase (ACDH) activity; (d) 3-OH-acyl CoA
dehydrogenase (HADH) activity. β p < 0:05, ∗p < 0:01 versus Sham group; #p < 0:05, $p < 0:01 versus CPR group.
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cardiac mitochondria were elevated, and the levels of fatty
acids in serum were markedly increased at the early stage of
ROSC. 3-KT inhibitor TMZ repressed abnormal FAO in car-
diac mitochondria and improved myocardial performance in
ROSC rats. These results indicated that the suppression of
activated FAO attenuated postresuscitation injury in the
heart. Second, the excessive production of cardiac mitochon-

drial ROS significantly decreased following treatment with
TMZ after ROSC. The alleviation of mitochondrial dysfunc-
tion was also found in the CPR+TMZ group. These findings
demonstrated that the inhibition of cardiac FAO decreased
mitochondrial ROS generation to mitigate cardiac oxidative
injury and protected mitochondrial function after ROSC.
Third, the anomalous level of succinate as an important
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Figure 3: Myocardial injury at 1, 3, and 6 hours following return of spontaneous circulation (ROSC) in the CPR and CPR+Trimetazidine
(TMZ) groups compared with the Sham group: (a) cardiac troponin I (CTNI); (b) mean aortic pressure (MAP); (c) left ventricular
ejection fraction (EF); (d) representative echocardiograms in three groups at 6 hours following ROSC; (e) pathological examination of
myocardial tissue in three groups at 6 hours following ROSC. Magnification ×200. β p < 0:05, ∗p < 0:01 versus Sham group; #p < 0:05,
$p < 0:01 versus CPR group.
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ETC substrate in heart tissue, which is evidently related to
excessive mitochondrial ROS generation, was reduced after
ROSC with TMZ treatment. The abnormalities of fatty acid
metabolism in cardiac mitochondria after cardiac arrest were
reversed to some extent by the inhibitor TMZ. Simulta-
neously, the injury of glycometabolism in cardiac mitochon-
dria was mitigated. These results indicated that the inhibition
of FAO at the early stage of ROSC decreased mitochondrial
ROS generation by reduction of abnormal mitochondrial
metabolites. Several previous studies have demonstrated that
inhibition of myocardial FAO attenuates ischemia/reperfu-
sion injury by affecting AMPK and ERK signaling pathways,
activating pyruvate dehydrogenase, and so on [17, 20]. How-
ever, there have been no studies involving to the effects of
FAO inhibition on abnormal ROS generation in the cardiac
mitochondria of cardiac arrest models and the underlying
mechanism. Thus, this study showed that inhibition of myo-
cardial FAO in the early stage of ROSC attenuates excessive
ROS generation in cardiac mitochondria by decreasing the
levels of abnormal mitochondrial substrates and modulating
mitochondrial metabolism, leading to the mitigation of myo-
cardial injury after ROSC.

In the normal heart, cardiac mitochondria are the main
source of energy supply, and fatty acid β-oxidation is respon-
sible for 60-80% of ATP production [3, 21]. After ischemia/r-
eperfusion, although impaired mitochondrial oxidative
phosphorylation results in a decline in ATP supply, fatty acid
β-oxidation remains the dominant process of mitochondrial
oxidative metabolism due to compensatory catecholamine
discharge, accelerated adipose tissue lipolysis, increased
plasma concentrations of FFA, etc. [16, 22]. Similar to the
results of previous studies, we identified elevated activities
of CPT1, 3-KT, and ACDH as the key enzymes of FAO in
the heart tissue and increased levels of FFAs in ROSC rats.
This suggests that fatty acid β-oxidation plays an important
role in cardiac mitochondrial metabolism after ROSC. To
further determine the effect of β-oxidation, we used a revers-
ible 3-KT inhibitor, TMZ, to intervene in fatty acid β-oxida-
tion at the early stage of ROSC. In the CPR+TMZ group,
TMZ not only decreased the activities of 3-KT and CPT1 as

well as FFA levels after ROSC but also mitigated cardiac dys-
function and myocardial injury in cardiac arrest rat models.
Strong evidence of this lay in improved EF and MAP follow-
ing a reduced concentration of CTNI compared with the
CPR group. The reduction of FAA in TMZ group may result
from gradually rebalanced metabolism and reduced compen-
sation of adipose tissue lipolysis after ROSC [21]. Further-
more, the MDA content of cardiac tissue was markedly
lower in the CPR+TMZ group. It was known that oxidative
injury is one of the most important pathological mechanisms
in myocardial damage after ROSC [23, 24]. These results
indicated that the inhibition of fatty acid β-oxidation attenu-
ates myocardial oxidative damage to preserve cardiac func-
tion after ROSC. The consistent viewpoint was found in
some researches on heart failure, myocardial hypertrophy,
etc. [25].

Cardiac mitochondria, the main site of ATP production,
are also the major source of ROS in the hearts subjected to
ischemia/reperfusion injury [23]. Moreover, excessive ROS
leads to cardiac mitochondrial dysfunction, which results in
increased ROS generation in cardiac mitochondria and
decreased ATP generation, forming a vicious cycle [26]. Sev-
eral recent studies showed that mitochondrial ROS genera-
tion in pathological conditions is closely related to the
disorder of mitochondrial metabolism [25, 27]. In our study,
rats in the CPR+TMZ group showed elevated ADP/O of car-
diac mitochondria and partial restoration of complex Ι and II
activities compared with the CPR group. It was known that
complexes Ι and II are the main sites of ETC accepting elec-
trons to form ATP and ROS both in normal and pathological
conditions [10, 27]. Attenuation of complex Ι and II damages
led to a decrease in excessive ROS generation in cardiac mito-
chondria, probably due to less electron leakage and increased
ATP production in ROSC rats with TMZ treatment. These
findings showed that the inhibition of fatty acid β-oxidation
mitigated excessive ROS generation in cardiac mitochondria
and preserved their function, resulting in the attenuation of
myocardial oxidative stress after cardiac arrest in a rat model.
Previous studies supported abnormal ROS production in car-
diac mitochondria plays an important role in oxidative injury
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Figure 4: Cardiac mitochondrial oxidative stress at 1 and 3 hours following return of spontaneous circulation (ROSC) in the CPR and
CPR+Trimetazidine (TMZ) groups compared with the Sham group: (a) cardiac mitochondrial reactive oxygen species (ROS); (b)
malondialdehyde (MDA). ∗p < 0:01 versus Sham group; $p < 0:01 versus CPR group.
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in pathological conditions [26, 28]. It is well known that
the excessive ROS generation is caused by the abnormal
electron leak of the ETC related to mitochondrial dysfunc-
tion and aberrant metabolism in the pathological state of
myocardia [29].

In this study, we found that the concentration of succi-
nate, as the substrate of complex II, increased 6 h after ROSC
in cardiac tissue, with an improved level of its subsequent
metabolite fumarate in CAC. These observations indicate
that superfluous succinate mismatches the acceptance of
injured mitochondria in cardiac tissue, resulting in ETC elec-
tron leak and excessive ROS production after ROSC [11, 14].
In view of CAC metabolites mainly stemming from mito-
chondrial fatty acids and glucose metabolism, the levels of
other metabolites and some key enzymes were also detected.

In the hearts of CPR rats, it was found that the content of five
fatty acids (C12-C22) decreased, while phosphoenolpyruvate
as the intermediate of glycolysis increased significantly 6 h
after ROSC. In addition, the key enzyme activities of FAO,
including CPT1, ACDH, and 3-KT, were elevated during
the early postresuscitation period. These results prompted
the hypothesis that excessive succinate formation in the heart
after ROSC is related to comparatively elevated FAO. Some
previous researches showed that partial inhibition of FAO
mitigates the damage of cardiac cells and mitochondria in
some pathological conditions, although the underlying
mechanism is currently unclear [25]. To investigate the effect
of elevated cardiac FAO in CPR rats, we used TMZ to sup-
press FAO and detected mitochondrial metabolism after
ROSC. In the CPR+TMZ group, we found that the levels
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of succinate and fumarate were reduced while the content
of five fatty acids increased with the alleviation of ROS
injury in cardiac tissue 6 h after ROSC. Moreover, the level
of phosphoenolpyruvate simultaneously decreased to that
of the Sham group. These findings indicated that the inhi-
bition of abnormal FAO prompted the optimization of
impaired mitochondrial metabolism and mitigated ROS
injury in cardiac tissue during the early stage of ROSC,
potentially due to the decrease of unsuitable ETC sub-
strates offering excessive electrons to form ROS. Some
studies also supported that the reduction of abnormal suc-
cinate may decrease ROS generation in ischemia-
reperfusion injury [14, 30].

There are still some limitations in the current study. First,
we only investigated the relationship between abnormal
mitochondrial metabolism and excessive ROS production
in the early stages of ROSC. Regarding postresuscitation car-
diac damage and oxidative injury lasting several days, the
long-term effect of abnormal FAO on cardiac oxidative stress
requires determination. Second, in our study, we focused on
the effect of abnormal FAO on unsuitable mitochondrial
FAO and glycolysis metabolites and superfluous ROS gener-

ation in cardiac mitochondria after ROSC in rats. Other
pathways of cardiac mitochondrial metabolism, such as
amino acid metabolism, have not been studied.

5. Conclusion

The inhibition of cardiac mitochondrial FAO mitigates
abnormal cardiac ROS production and myocardial injury as
well as effectively improves cardiac function, in part, by alle-
viating the mitochondrial metabolism disorder and
uncoupled mitochondrial oxidative phosphorylation in a rat
model of cardiac arrest.
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The data used to support the findings of this study are avail-
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Figure 6: The levels of free fat acid and glucose in serum at 1, 3, and 6 hours following return of spontaneous circulation (ROSC) in the CPR
and CPR+TMZ groups compared with the Sham group: (a) the level of free fat acid; (b) the level of glucose. β p < 0:05, ∗p < 0:01 versus Sham
group; #p < 0:05, $p < 0:01 versus CPR group.

Table 2: The change of cardiac mitochondrial metabolites at 6 hours following return of spontaneous circulation.

Mitochondrial metabolites Sham group CPR group CPR+TMZ group

Lauric acid (μg/g) 0:56 ± 0:13 0:05 ± 0:03∗ 0:33 ± 0:15∗ ,$

Myristic acid (μg/g) 23:54 ± 10:58 7:29 ± 0:98∗ 17:58 ± 2:44#

Palmitoleic acid (μg/g) 81:54 ± 31:97 25:98 ± 9:47∗ 53:15 ± 13:35β,#

Elaidic acid (μg/g) 1245:51 ± 302:98 394:61 ± 55:86∗ 779:61 ± 219:82∗ ,$

Docosadienoic acid (μg/g) 3:22 ± 0:85 1:28 ± 0:52∗ 2:96 ± 0:78$

Succinate (AU) 97601:71 ± 12955:30 131530:6593 ± 16054:71∗ 103200:39 ± 10078:42$

Phosphoenolpyruvate (AU) 9510787:49 ± 5590095:37 21573980:98 ± 5517056:59∗ 15001059:54 ± 2808820:31#

Fumarate (AU) 865263:39 ± 210253:45 2111186:90 ± 627354:51∗ 1565341:13 ± 290282:39β,#

Citrate (AU) 111084:32 ± 16644:73 179985:21 ± 32520:83∗ 114157:36 ± 38654:61$

Values are means ± SE; β p < 0:05, ∗p < 0:01 versus Sham group; #p < 0:05, $p < 0:01 versus CPR group.
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Background. Hypothyroidism is believed to be associated with dyslipidemia and is considered a risk factor for the development of
atherosclerotic cardiovascular diseases (ASCVD). Vitamin D, due to its steroid hormone action, retains cell function and controls
the metabolism of lipids. Therefore, the present study was carried out to show the association of the risk factors of ASCVD and
deficiency of thyroid hormones and vitamin D levels since no previous studies have been performed on Saudi patients before.
Methodology. A retrospective cohort study was carried out on 400 hypothyroid patients. Medical records of those patients were
followed up and were classified as normal and hypothyroid patients according to their thyroid-stimulating hormone levels. TSH,
vitamin D, and lipid profiles were determined using the ELISA technique. Result. Total cholesterol, triglyceride, and low-density
lipoprotein cholesterol levels were significantly higher in hypothyroid patients than those in the normal group. We have found a
significant correlation between TSH levels and the risk factors of ASCVD (total cholesterol, triglycerides, and LDL-C).
Moreover, a significant correlation between vitamin D levels and the risk factors of ASCVD (total cholesterol, triglycerides, and
LDL-C) has been found. In addition, there is a correlation between deficiency of Vit D and low-TSH levels (95% CI 1.092–4.05)
indicating a higher risk for the development of ASCVD among those patients. Conclusion. Hypothyroid and vitamin D-deficient
patients must be screened regularly at an early stage to predict and also to prevent cardiovascular diseases. Moreover, an
adequate supply of vitamin D and TH should be given to those patients to prevent cardiovascular diseases at an early stage.

1. Introduction

Vitamin D insufficiency is associated with cardiometabolic
risk factors such as obesity, insulin resistance, hypertension,
dyslipidemia, and type 2 diabetes mellitus (DM) [1–3]. Vita-
min D deficiency is a global issue occurring in about 30-50
percent of the population of varying age groups [4, 5]. In
United States, Canada, and Australia, the mean serum vita-
min D levels ranged between 20 and 30ng/mL pointing
towards vitamin D insufficiency [5]. In Brazil, the prevalence
of hypovitaminosis D ranged between 5.7% and 52.9% in
men over 18 years of age [4]. However, in spite of being a
global concern, the reference values for assessment of vita-

min D status are controversial. The Brazilian Society of
Endocrinology and Metabolism [4] and the Endocrine Soci-
ety [6] define adequate vitamin D levels at 30ng/mL, whereas
the Institute of Medicine [7] defines it at 20 ng/mL. Apart
from this, occupational practices also affect the vitamin D
levels as lower levels were reported in night shift workers
[8, 9].

Hypothyroidism is known to affect 4-10% of the popula-
tion, and its incidence is stated to be as high as 10% [10–12].
It is characterised by low levels of thyroid hormones and ele-
vated levels of thyroid-stimulating hormone (TSH). Reduced
circulating thyroid hormones have various effects on the car-
diovascular system such as decreased cardiac function due to
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impaired activation of vascular smooth muscles and reduced
supply of endothelial nitric oxide. This causes increased vas-
cular resistance [13]. Triiodothyronine (T3) also stimulates
the synthesis of renin substrate, hence influencing the
renin-angiotensin-aldosterone pathway which in turn may
increase the diastolic blood pressure [10].

Dyslipidemia is a chronic metabolic disorder with a neg-
ative impact not only on public health but also on the
expenses of health care system [14]. Dyslipidemia is one of
the leading causes of morbidity and mortality worldwide
due to induction of atherosclerotic cardiovascular disease
(ASCVD) [15]. It has been found that ASCVD alone is
responsible for over 17 million deaths worldwide making it
the most common cause of deaths [16]. Following this world-
wide trend, the prevalence of dyslipidemia in Saudi Arabia is
increasing since it has been reported that between 20 and
40% of Saudi population are dyslipidemic [17]. Numerous
factors, such as sociodemographic, nutritional, and economic
development and lifestyle patterns, are known to influence
the metabolism of lipids and lipoproteins [18]. Thyroid hor-
mones are believed to affect all major metabolic pathways,
including lipid oxidation and metabolism control. They reg-
ulate the endothelial functions via thyroid hormone recep-
tor- (THR-) 1 and THR-β. Activation of THR-α1 increases
coronary blood flow, decreases coronary resistance in exper-
imental models, and increases the development of nitric
oxide in both the endothelial and vascular smooth muscle
cells [18].

Downregulation of low-density lipoprotein cholesterol
(LDL-C) receptor and iodination of high-density lipoprotein
cholesterol (HDL-C) in subclinical hypothyroidism along
with elevated total cholesterol significantly alters lipoprotein
metabolism, leading to ASCVDD development [15, 19].
Also, decreased LDL-C receptor and cholesterol-α-monoox-
ygenase production results in decreased LDL clearance [20].

Hypothyroidism and deficiency of vitamin D lead to
hyperlipidemia, thereby raising the risk of cardiovascular dis-
eases. Therefore, this study was performed to investigate the
association of dyslipidemia with hypothyroid and/or hypovi-
taminosis D in Saudi patients since no previous studies have
been shown on such relationships. Furthermore, the aim of
this study is to focus on early identification of cardiovascular
disease risk factors that could be prevented and/or alleviated
by hypothyroidism treatment and/or vitamin D dietary
supplementation.

2. Material and Methods

2.1. Study Design and Sample Size. This retrospective cohort
study was planned and carried out in the Aseer region of
the Kingdom of Saudi Arabia between March 2020 and April
2020 following the approval of the Institutional Ethical Com-
mittee. Six centres operated by thyroid clinics have been
selected as the data collection source. The sample size for
the study was determined to maintain a reasonable α error
of 5% and β error of 0.80 (study power of 80%) with a confi-
dence interval of 95 percent, which was estimated to be 400
cases. Diagnosis of hypothyroidism was conducted on the
basis of clinical symptoms of hypothyroidism and serum

thyroid-stimulating hormone (TSH) levels greater than
4.5mIU/L. Newly diagnosed patients that have been in the
clinic for the past year were randomly picked. In order to pre-
vent the bias of the investigator, one resident, unaware of the
study goals, was assigned to each centre to collect the neces-
sary data from the patient file. Detailed scrutiny of patients
with a history of diabetes mellitus, hypertension, renal disor-
ders, and lipid-lowering medicines and vitamin D supple-
mentation was removed from the study. The case records
were followed from the time of diagnosis till the collection
of data. Their last serum TSH, vitamin D, and fasting lipid
profile were reported. Based on their TSH levels, they were
classified into two groups: the euthyroid group with serum
TSH between 0.5 and 4.5mIU/L and the hypothyroid group
with serum TSH greater than 4.5mIU/L.

2.2. Grouping of the Participants. Based on the lipid profile of
all participants, patients in the euthyroid and hypothyroid
classes were further divided into two categories: a low- and
a high-risk group. The basis for this classification was the
LDL-C concentration as it has been identified as the primary
therapeutic target for ASCVD by the National Cholesterol
Education System–Adult Treatment Plan (NCEP-ATP) as
set out in the guidelines provided by the American Heart
Association (AHA) [21]. According to their guidelines, five
categories have been defined, i.e., LDL − C < 100mg/dL as
ideal, 101–129mg/dL as above optimum, 130 to 159mg/dL
as moderately high, 160 to 189mg/dL as high, and 190mg/dL
as very high. In this study, all participants were divided into
two groups for the convenience of statistical analysis. Partic-
ipants with LDL-C up to 129mg/dL were classified as low
risk as this range was within the ideal range, and those with
130mg/dL and above were at high risk for ASCVD. Similarly,
based on the concentration of vitamin D, the participants
were divided into two classes according to the recommenda-
tions laid down by the Endocrine Society’s clinical guidelines
[6]. Participants with vitamin D less than 29ng/mL were
classified as a vitamin D deficiency group and those above
30 ng/mL were classified as an adequate vitamin D group.
The vitamin D deficiency category included both vitamin D
deficiency (>20 ng/mL) and vitamin D insufficiency (21–
29 ng/mL).

2.3. Biochemical Analysis. Serum total cholesterol (TC),
serum triglyceride (TG), and high-density lipoprotein cho-
lesterol (HDL-C) were determined by an enzymatic
approach using commercially available kits and an auto-
mated analyser. Low-density lipoprotein cholesterol (LDL-
C) was calculated using the Friedewald formula. Total vita-
min D (25(OH) vitamin D) and serum TSH levels were
determined using an electrochemiluminescence method.

2.4. Statistical Analysis. All the data obtained were collected
and analysed using Statistical Package for Social Sciences
(SPSS) version 25.0 (SPSS/PC; SPSS-25.0, Chicago, USA).
Parameters of lipid profile, TSH, and vitamin D concentra-
tion were expressed as mean (SD). Significance of mean
was studied using independent “t” test. Correlation between
vitamin D and parameters of lipid profile in hypothyroid
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patients was determined using Pearson’s coefficient. Relative
risk with 95% confidence interval was determined in order to
study the effect of vitamin D deficiency on lipid profile
among hypothyroid patients. A P value less than 0.05 was
considered significant.

3. Results

Medical records of 400 patients were followed up, and based
on their serum TSH levels, they were divided into two
groups, the euthyroid group with 186 patients and the hypo-
thyroid group with 214 patients. As seen in Table 1, the
hypothyroid group consisted of 69.2% (148) females and
30.8% (66) males having a combined mean ± SD age of
45:09 ± 15:54 years as compared to 43:78 ± 15:63 years in
the euthyroid group. The body mass index (BMI) was signif-
icantly higher in hypothyroid patients in comparison to
euthyroid patients (P < 0:001). No clinical or statistical dif-
ference was seen in the systolic and/or diastolic blood pres-
sure of euthyroid and hypothyroid patients (Table 1). The
total serum cholesterol, serum triglyceride, LDL-C, and
serum TSH levels were elevated in hypothyroid patients
whereas the HDL-C was decreased compared to the euthy-
roid group. All these changes were statistically significant
(P < 0:05) (Table 1). Hypothyroid male and female had an
increased total cholesterol, serum triglyceride, serum LDL,
LDL/HDL ratio, and serum TSH levels in comparison to
euthyroid females which was statistically significant
(P < 0:05) (Table 1). On comparing the vitamin D levels in
males and females, it was found that females had a lower vita-
min D levels in both the euthyroid (P < 0:041) and hypothy-
roid group (P < 0:009) whereas in males, it was comparable
(Table 1). Comparisons of lipid profile with vitamin D
and/or TSH levels in hypothyroid male and female patients
were done and are summarized in Figures 1 and 2.

Gender-based correlation study on TSH and vitamin D
with parameters of lipid profile was done in hypothyroid
male and female patients (Figures 1 and 2). In order to study
the correlation strength, Pearson correlation coefficient (r)
was determined. Male hypothyroid patients showed a stron-
ger positive correlation between TSH and total cholesterol
(r = 0:457, P < 0:001) (Figure 1(a)), serum triglyceride
(r = 0:319, P = 0:009) (Figure 1(b)) and LDL (0.481, P <
0:001) (Figure 1(c)). Hypothyroid females also showed a pos-
itive correlation between TSH and total cholesterol (r = 0:375
, P < 0:001) (Figure 1(d)), serum triglyceride (r = 0:303, P <
0:001) (Figure 1(e)), and LDL (0.378, P < 0:001)
(Figure 1(f)). In males, the Pearson correlation coefficient
between vitamin D with total cholesterol, serum triglycer-
ide, and LDL were -0.336 (P = 0:006), -0.320 (P = 0:009),
-0.344 (P = 0:005) and -0.271 (P = 0:028) (Figures 2(a),
2(b), and 2(c)) as compared to -0.335 (P < 0:001), -0.226
(P = 0:006), -0.362 (P < 0:001) and -0.265 (P = 0:001)
(Figures 2(d), 2(e), and 2(f)) respectively in females. A
moderate to weak inverse but significant correlation was
observed in male patients between vitamin D and increas-
ing TSH (Figure 3(a)) and in females (Figure 3(b)). Inter-
estingly, all these correlations were not found between these

parameters in either euthyroid male or female patients
(Table 2).

In order to study the risk of ASCVD due to hypovitami-
nosis D in hypothyroid patients, relative risk was calculated.
Based on the concentration of LDL-C on the basis of NCEP-
ATP classification, the participants were divided into two
groups: the low-risk group for ASCVD with LDL-C up to
129mg/dL and the high risk group for ASCVD having a
serum LDL-C greater than 130mg/dL. The distribution of
hypothyroid and euthyroid patients based on their LDL-C
concentration is summarized in Table 3. As depicted in
Table 3, 79.4% (170) hypothyroid patients had serum vita-
min levels of less than 29ng/mL and were classified either
as either insufficient or deficient as compared to 78% (145)
of the euthyroid group. Association of vitamin D deficiency
and dyslipidemia in hypothyroid patients was evaluated by
determining the relative risk ratio which was found to be
2.103 (95% CI 1.092 to 4.050) indicating that hypothyroid
patients with lower vitamin D concentration was more likely
to develop dyslipidemia.

4. Discussion

Endothelium, the target tissue of thyroid hormones, is ade-
quately responsive to the changes in the level of thyroid hor-
mones [22]. Cardiovascular disease (CVD) is caused by both
clinical and subclinical hypothyroidism by disrupting healthy
endothelial function by various mechanisms such as inflam-
mation, triggering lipid disorders and oxidative stress [23–
25]. In the present study, a strong correlation was observed
between increasing TSH and the parameters of lipid profile.
The levels of total cholesterol, triglyceride, and LDL-C were
higher in the hypothyroid patients which might be due to
inhibition of hepatic low-density lipoprotein (LDL) receptors
and cholesterol alpha-monooxygenase activity, resulting in
decreased clearance of LDL and total cholesterol [26]. Similar
dyslipidemia patterns have recently been reported in con-
junction with the current research [27, 28]. The decrease in
clearance of LDL and total cholesterol in hypothyroid
patients might be due to binding of T3 with the sterol regula-
tory element binding proteins (SREBP), which upregulate the
synthesis of LDL receptors along with the regulatory
enzymes of cholesterol synthesis, i.e., hydroxymethyl glutaryl
CoA (HMGCoA). Therefore, in the absence of T3, the reduc-
tion of LDL-C receptors results in an increase in their circu-
latory levels [29]. In addition, hypothyroidism affects the
expression and action of vasorelaxant and vasoconstrictor
molecules which control the production of nitric oxide
(NO) [24, 30, 31].

The mechanism of increase in the triglyceride level in
hypothyroid patients might be attributed to the inhibition
of lipoprotein lipase (LPL) activity, a triglyceride hydrolysing
enzyme present in the capillary walls of adipose tissue [32–
34]. Apart from LPL, a low level of thyroid hormones was
found to decrease the activity of hepatic lipase (HL) and cho-
lesterol ester transfer proteins (CETP) which play a crucial
role in the reverse cholesterol pathway involving the anti-
atherogenic HDL-C [32, 33].
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Table 1: Changes in lipid profile, vitamin D, and thyroid stimulating hormone in hypothyroid male and female patients.

Male Female
Euthyroid
(n = 61)

Hypothyroid
(n = 66) Significance

Euthyroid
(n = 125)

Hypothyroid
(n = 148) Significances

Age (years) 46:9 ± 17:35 46:5 ± 15:60 NS (0.90) 42:27 ± 14:56 44:45 ± 15:36 NS (0.233)

BMI 26:06 ± 2:41 29:37 ± 1:71 <0.001 27:07 ± 2:06 29:71 ± 1:94 <0.001
Systolic BP (mmHg) 125:88 ± 14:58 127:60 ± 14:26 NS (0.529) 122:21 ± 14:06 121:88 ± 16:43 NS (0.87)

Diastolic BP (mmHg) 73:88 ± 9:87 76:42 ± 9:87 NS (0.18) 73:09 ± 9:33 71:05 ± 9:65 NS (0.09)

Total cholesterol (mg/dL) 174:16 ± 40:40 193:94 ± 50:86 0:017 169:56 ± 32:20 185:34 ± 40:74 <0.001
Serum triglyceride
(mg/dL)

131:80 ± 47:07 149:71 ± 66:17 NS 0:08ð Þ 122:29 ± 48:84 147:05 ± 58:93 <0.001

HDL-C (mg/dL) 43:97 ± 8:35 42:26 ± 8:82 0:265 45:14 ± 8:07 43:28 ± 9:49 NS (0.09)

LDL-C (mg/dL) 103:87 ± 34:91 121:74 ± 43:62 0:012 100:02 ± 29:58 112:67 ± 36:93 0.002

LDL/HDL ratio 2:42 ± 0:85 3:00 ± 1:23 0:003 2:286 ± :76 2:75 ± 1:13 <0.001
Vitamin D (ng/mL) 25:17 ± 15:73 24:00 ± 13:64 0:654 20:89 ± 11:96 19:26 ± 11:51 NS (0.65)

TSH mIU/L 1:98 ± 0:92 19:07 ± 14:32 <0.001 2:22 ± 1:01 15:79 ± 13:18 <0.001
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Figure 1: Correlations between thyroid stimulating hormone and lipid profile in hypothyroid male and female patients.
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Various studies have shown a correlation between hypo-
thyroidism and higher prevalence of obesity [35, 36]. Major
weight gain has been associated with even a mild to moderate
decrease in thyroid function. In regulating basal metabolism,
thyroid hormones play a crucial role, thereby controlling the
metabolism of glucose and lipids, the two key fuels for the
body. BMI is categorized as healthy weight (BMI 18.5 to
24.9), overweight (BMI 25.0 to 29.9), and obese (BMI 30.0
and above) [37, 38]. In hypothyroid patients, various studies
have reported contradictory results about BMI [39]. In this
study, the hypothyroid patients had a significantly higher
(P < 0:005) BMI in comparison to euthyroid patients.
Although the exact mechanism by which hypothyroidism
causes weight gain is still a matter of investigation, several
hypotheses such as increased activity of deiodinase, role of
leptin, inflammatory mediators from adipocytes have been
postulated [40]. Therefore, obesity resulting from hypothy-
roidism itself may be a risk factor for development of CVD.

In the current study, vitamin D levels have been found to
be lower and inversely correlated with the lipid profile, as
vitamin D levels in both euthyroid and hypothyroid patients
were below the normal range. Our results are in line with
other published studies [41]. The mechanisms of the detri-

mental effect of reduced vitamin D levels on the lipid profile
have been shown by numerous studies in particular on LDL-
C and triglycerides [41]. Some of the mechanisms by which
vitamin D provides cardioprotective action could be due to
foam cell growth prevention, which could lead to rapid relax-
ation of cardiac myocytes after calcium efflux and nitric oxide
release [42]. In support of our results, low vitamin D levels
are associated with an increased risk of cardiovascular disease
(CVD) and mortality in people with elevated lipid levels [43].
It was also observed that vitamin D inhibited the intracellular
NF-κB pathway and in vitro renin synthesis and attenuated
the progression of coronary artery disease [44–48]. This inhi-
bition has been shown to reduce cardiovascular disease
growth [49–51]. In addition, Al-Rasheed et al. showed that
cholecalciferol administration significantly attenuated the
production of induced cardiac hypertrophy in mice [52].
Vitamin D also controls cytokine levels, including interleu-
kins (IL-6, IL-8, IL-17A, IL-10) and TGF, and inhibits the
pathway of prostaglandins by reducing their receptors and
reducing the expression of COX-2 [53]. The cardioprotective
function of vitamin D, however, remains controversial, con-
sidering all these proposed mechanisms [54]. An inverse
relationship between vitamin D and parathyroid hormone
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Figure 2: Correlations between vitamin D and lipid profile in hypothyroid male and female patients.

5Oxidative Medicine and Cellular Longevity



(PTH) indicates that hypovitaminosis D may have an indi-
rect effect on CVD. PTH could play a very relevant role in
the production of CVD because PTH receptors are abun-
dantly present in cardiac cells and vessels [54].

While conflicting conclusions have been recorded in sev-
eral observational studies, there appears to be a correlation
between vitamin D deficiencies and hypothyroidism. The
fact that hypovitaminosis D results in the formation of cyto-
kines and antibodies against thyroid receptors has explained
this conflict [55]. It was found in this study that both euthy-

roid and hypothyroid patients had vitamin D levels below the
normal range. The goal of this study was to investigate the
increased risk of ASCVD in hypothyroid patients with hypo-
vitaminosis D because both hypothyroidism and vitamin D
deficiency are risk factors for hyperlipidemia development.
In this study, it was observed that decreases in vitamin D
were correlated with increases in total cholesterol, serum tri-
glycerides, and LDL-C in hypothyroid patients, thus signify-
ing their role in CVD development. Although the intensity of
the association was mild and statistically relevant, these
results are important since hypothyroid patients are already
at risk for CVD. Since LDL-C is the primary objective of
the National Cholesterol Education Program Adult Treat-
ment Plan (NCEP ATP) for the treatment of dyslipidemia,
participants were classified as a high-risk group
(LDL − C > 130mg/dL) and those below 130mg/dL were
classified as a low-risk group. As shown in the present study,
the relative risk of ASCVD for the hypothyroid community
with hypovitaminosis D (2.103, 95% CI 1.092-4.050) was
greater than that of the euthyroid group and significantly
increased the risk of ASCVD among hypothyroid patients.

5. Conclusion

Hypothyroidism and hypovitaminosis D are known as inde-
pendent risk factors for the development of cardiovascular
diseases. Hypothyroidism and hypovitaminosis D are associ-
ated and correlated with total cholesterol, triglycerides, and
low-density lipoprotein in Saudi patients. It is also recom-
mended that vitamin D deficiency be checked in hypothyroid
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Figure 3: Correlations between TSH and vitamin D in hypothyroid male and female patients.

Table 2: Correlations between lipid profile and vitamin D and thyroid stimulating hormone in euthyroid male and female patients.

Male Female
Pearson co-efficient (r) P value Pearson coefficient (r) P value

TSH and total cholesterol 0.18 NS (0.16) -0.05 NS (0.52)

TSH and serum triglyceride -0.99 NS (0.19) 0.03 NS (0.73)

TSH and LDL-C 0.93 NS (0.13) -0.01 NS (0.88)

TSH and vitamin D -0.17 NS (0.89) -0.11 NS (0.22)

Vitamin D and total cholesterol -0.05 NS (0.68) -0.04 NS (0.68)

Vitamin D and serum triglyceride -0.24 NS (0.06) -0.02 NS (0.812)

Vitamin D and LDL-C -0.08 NS (0.55) -0.02 NS (0.86)

Table 3: A cross-tabulation showing number of participants and
relative risk with a 95% confidence interval between vitamin D
deficiency and development of high-risk dyslipidemia among the
euthyroid and hypothyroid groups.

Vitamin D levels
Dyslipidemia

Relative
risk

95% confidence
interval

High
risk

Low
risk

Euthyroid group (n = 186)
Deficiency
(n = 145) 22 123

0.622 0.32–1.20
Sufficient
(n = 41) 10 31

Hypothyroid group (n = 214)
Deficiency
(n = 170) 65 105

2.10 1.09–4.05
Sufficient
(n = 44) 8 36
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patients and that appropriate supplementation may be given
if needed. Furthermore, for early detection and/or prediction
of cardiovascular disease, screening of thyroid hormone and
vitamin D levels should be undertaken at an early stage.
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