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Introduction: Endothelial damage (ED) has been implicated in accelerating the development of
atherosclerosis. The latter condition is a risk factor for developing several cardiovascular diseases
(CVDs) associated with high morbidity and mortality rates worldwide.
Objectives: In our previous studies, we found naringenin (Nar), a bioactive flavanone compound, to pro-
tect against mitochondrial damage and oxidative stress. Though the pleiotropic effects of Nar have been
well described, precise cytoprotective mechanisms of Nar against homocysteine (Hcy) induced ED
remains elusive. Understanding these events may give an insight in to prevention and treatment of CVDs.
Methods: After ruling out the NMDA-R1 mediated pathway, RNA-Seq, a novel transcriptomic technique
uncovered AMPK signaling pathway was identified as the mechanism with which Nar corrects ED.
Further in vivo and in vitro tests validated the role of Nar against ED.
Results: In particular, Nar activates AMPKa/Sirt1 signaling pathway, which restores mitochondrial Ca2+

balance and ultimately lowered production of reactive oxygen species (ROS). Activated AMPKa/Sirt1 sig-
naling pathway also up-regulates endothelial nitric oxide synthase (eNOS) activity, and then increasing
the production of nitric oxide (NO), ultimately ameliorating ED.
Conclusion: Nar could increase the ROS elimination and decrease eNOS uncoupling, subsequently upreg-
ulate the NO bioavailability and endothelial function by activating AMPKa/Sirt1 signaling pathway.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

High plasma homocysteine (Hcy) can cause endothelial damage
(ED), implicated in accelerating the development of atherosclero-
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sis. On the other hand, atherosclerosis is a risk factor for several
cardiovascular diseases (CVDs) such as hypertension, coronary dis-
ease, hyperlipidaemia and stroke [1]. In our previous study [2], we
found total phenolic extracts of Citrus aurantium L. (TPE-CA) to pro-
tect against ED by balancing the production of several vascular reg-
ulatory mediators. Also, TPE-CA modulates ED by improving the
remodeling and disruptions in thoracic aortas and by regulating
the metabolism of arachidonic acid (AA). To further uncover more
vascular protective compounds, naringenin (Nar), a major bioac-
tive flavanone compound in TPE-CA, was systematically screened
against Hcy induced ED. Intriguingly, Nar was found to have
numerous pharmacological properties beneficial to human health.
For instance, it is an excellent agent against oxidative stress,
atherosclerosis, thrombotic and hypertension [3–4]. In a related
study, Nar markedly ameliorated ischemic injury in 1-year old rats
by restoring the collapsed mitochondrial membrane potential.
Through these, not only was the disrupted electron transport chain
restored, it also corrected ED [5].

Hcy activates N-methyl-d-aspartate receptor 1 (NMDA-R1),
which promotes influx of Ca2+ into the endothelial cell [6]. This
increases mitochondrial Ca2+, will subsequently collapse mem-
brane potential of the organelle. In the end, it disrupts electron
transport chain, reducing oxygen utilization and accumulation of
superoxide [7]. High levels of superoxide impairs normal metabolic
process in the mitochondria [8]. On the other hand, accumulation
of mitochondria-generated reactive oxygen species (ROS) release
into the cytoplasm will induce oxidative stress in endothelial cell
[9], Oxidative stress damage endothelial functions by down-
regulating the expression of endothelial nitric oxide synthase
(eNOS), and then reducing the production and bioavailability of
nitric oxide (NO). Additionally, oxidative stress accelerate the accu-
mulation of oxidized low-density lipoproteins (oxLDL) and related
apoptosis and inflammation [10,11]. NO synthesized by eNOS, is an
important vasodilator that additionally suppresses the expression
of adhesion molecules, platelet aggregation and proliferation of
vascular smooth muscle cell (VSMC) [12]. Hence, it is conceivable
that improving mitochondrial function can reduce generation of
superoxide and increase activity of eNOS as well as NO bioavail-
ability. Also, inhibiting the uncoupling of eNOS can potently pre-
vent development of ED.

Silent information regulator 1 (Sirt1), a multifunctional nicoti-
namide adenine dinucleotide (NAD+) dependent protein deacety-
lase, is the most well-known member of SIRT family [13].
Substantial evidences show that Sirt1 plays an essential role in
energy metabolic homeostasis, protection of mitochondrial func-
tions and modulation of oxidative stress. It achieves these by acti-
vating deacetylation of its associated or downstream proteins such
as AMP-activated protein kinase (AMPK), eNOS and peroxisomal
proliferators-activated receptor c-coactivator-1a (PGC-1a) [14–
15]. Moreover, recent studies show that Sirt1 mediates several
beneficial biological functions in human organism, including pro-
longs the lifespan and prevents development of CVDs [16]. On
the other hand, AMPK is a member of the SNF1/AMPK protein
kinase family that regulates cellular metabolic process. AMPK
induces ATP production in response low ATP/AMP ratio [17].
Intriguingly, activation of AMPKa, an AMPK subunit, inhibits pro-
duction of mitochondrial-induced ROS by regulating the mitochon-
drial electron transport chain and increasing secretion of
superoxide dismutase (SOD) [18]. In addition, activated AMPKa
phosphorylates eNOS at position ser1177, thus up-regulating
expression of the enzyme. Activation of eNOS up-regulates NO pro-
duction, which improves endothelial function [19]. Therefore, we
speculated that activation of AMPKa/Sirt1 signaling pathway could
modulate ED induced by mitochondrial dysfunction, oxidative
stress and eNOS inactivation.
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RNA sequencing (RNA-seq) is an emerging transcriptomic tech-
nique for analyzing expression of proteins both in prokaryotes and
eukaryotes [20]. It is gradually known as the preferred methods in
gene expression study field ascribed to the incremental progress in
techniques and platforms of bioinformatics analysis [21]. Through
RNA-seq, novel transcriptional factors in the transcriptional net-
works have been uncovered [22]. In addition, gene enrichment
analysis further reveals the molecular function of differentially
expressed genes (DEGs) and their associated biological pathways
[22]. Accordingly, RNA-seq has been widely used in identifying
potential molecular targets and pathways of natural compounds
[23–25].

The aim of this study was to evaluate the potential protective
property of Nar against Hcy induced ED and the probable underly-
ing cytoprotective mechanisms both in vivo and in vitro. The first
experiment demonstrated that Nar exerted its anti-oxidative stress
effect without modulating NMDA-R1 mediated L-type voltage-
gated calcium channel in HUVECs. Consequently, we used high-
throughput RNA-Seq profiling to unearth Nar mediated mecha-
nism against Hcy induced ED. The RNA sequence analysis revealed
AMPKa/Sirt1 signaling pathway was the main pathway with which
Nar exerts its cytoprotective function. As such, we performed both
in vivo and in vitro experiments to validate this preliminary
discovery.

Materials and method

Reagents and antibodies

Naringenin (B21596, for in vitro experiments, purity > 98%,
ASB-00014206–001, for in vivo experiments, purity > 98%) and
homocysteine (S20422, purity > 90%) were purchased from Shang-
hai Source Leaf Biological Technology Co., Ltd. Endothelial cell
medium (SC-1001) was sourced from ScienCell, Fluo-3 AM
(F8841). HEPES buffer saline and Hank’s balanced salt solution
(H1025) were purchased from Beijing Solarbio Science & Technol-
ogy Co., Ltd. MitoSOXTM red mitochondrial superoxide indicator
(M36008), TRIzolTM reagent (15596026), trypsin (15050065), Lipo-
fectamineTM RNAiMAX Transfection Reagent (13778100), Opti-
MEMTM I Reduced Serum Medium (31985070), siRNA included
PRKAA1 (s101), SIRT1 (s223592) and SilencerTM Select Negative
Control No. 1 siRNA (4390843) were purchased from Thermo
Fisher Scientific (MA, USA). Antibodies; anti-AMPKa (D5A2), anti-
Sirt1 (C14H4), anti-NMDA-R1 (D65B7) and anti-GAPDH (D4C6R)
were sourced from Cell Signaling Technology, whereas anti-eNOS
(ab76198) was purchased from Abcam.

Cell culture

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from BeNa Culture Collection. The cells were cultured in
endothelial cell medium supplemented with 10% fetal bovine
serum, penicillin (100 U/mL), streptomycin (100 U/mL) and
endothelial cell growth factors and incubated at 37 �C under 95%
humidity and 5% CO2 and O2. All cells in the experiment were used
after 5–7 passages upon reaching 80–90% confluence. HUVECs
were then treated with either Hcy (100 lM) or Nar (200 lM) for
24 h. All experiments were repeated three times.

Cell viability assay

First, the HUVECs were seeded in a 96-well plate (1 � 104 cell/
well) and cultured for 24 h, before treatment with different con-
centrations of Nar (12.5, 25, 50, 100, 200, 400 lM) for another
24 h. Their viability was assessed based on the counting Kit-8
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(CCK-8, DOJINDO laboratories). Briefly, 100 ll serum free cell med-
ium supplemented with 10% CCK-8 solution was added to each
well and incubated at 37 �C for 3 h. The absorbance in each well
was then measured at 450 nm using a microplate reader. Cell via-
bility calculated as follows:

Cell viabilityð%Þ ¼ ODsample � ODblank

ODcontrol � ODblank
� 100%
Establishment of ED model

To induce ED, the HUVECs were cultured for 24 h in endothelial
cell medium supplemented with varied concentrations of Hcy (25,
50, 100, 200 lM). In the end, the optimal Hcy concentration based
on the degree of induced oxidative stress, was selected for subse-
quent experiments.
Measurement of cytoplasmic and mitochondrial ROS

Production of cytoplasmic ROS in the Hcy or Nar-treated
HUVECs were measured based on a reactive oxygen species assay
kit (S0033, Beyotime Biotechnology). Briefly, treated HUVECs (105

cells/mL) were loaded with DCFH-DA (10 lM) and incubated for
20 min at 37 �C in the dark. The cells were then rinsed thrice with
serum free medium. Production of mitochondrial ROS was mea-
sured by using MitoSOXTM red mitochondrial superoxide indicator
(M36008, Thermo Fisher Scientific). Briefly, treated HUVECs (105

cells/mL) were loaded with MitoSOXTM reagent working solution
(5 lM) and incubated for 10 min at 37 �C in the dark. The cells
were then rinsed thrice with warm phosphate buffer saline (PBS).
Photography was performed using confocal laser scanning micro-
scope (CLSM) system and analyzed using Image-Pro software.
Measuring intracellular Ca2+ content

Intracellular Ca2+ content was measured based on the Fluo-3
AM kit (F8841, Beijing Solarbio Science & Technology Co., Ltd).
Here, treated HUVECs (105 cells/mL) were first loaded with 5 lM
of Fluo-3 AM working solution and incubated at 37 �C in dark for
30 min. The cells were gently rinsed thrice using HEPES buffer sal-
ine before another 20 min’ incubation to ensure intracellular trans-
formation of Fluo-3 AM into Fluo-3. The cells were photographed
and analysed using CLSM system and the Image-Pro software,
respectively.
Measurement of NO production

Production of NO in the treated HUVECs was determined using
CLSM system after loading the cells with DAF-FM DA (S0019, Bey-
otime Biotechnology). The treated HUVECs (105 cells/mL) were
seeded in glass bottomed dish and incubated with 5 lM of DAF-
FM DA work solution. Incubation was performed at 37 �C for
20 min in the dark. The cells were then rinsed thrice using PBS,
and thereafter cytoplasmic NO concentration was determined
using CLSM system and Image-Pro software.
Assessment of mitochondrial membrane potential

Briefly, HUVECs were seeded in 6 well plate (105 cells/mL) and
incubated in the dark for 20 min at 37 �C with 1 mL of JC-1 staining
solution (C2006, Beyotime Biotechnology). The cells were then
washed thrice using JC-1 staining buffer (1�) and visualized using
the CLSM system.
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Determination of cytochrome c release

Cells were first centrifuged for 10 min at 1000 rpm. The super-
natant was further centrifuged at 13,000 rpm for 15 min at 4 �C.
The resultant supernatants were used as the cytosolic fraction.
The residual precipitate containing the mitochondria was perme-
abilized for 15 min using 0.5% Triton X-100 in PBS. The precipitate
was further centrifuged for 15 min at 13,000 rpm, and the super-
natant collected used as the mitochondrial fraction. The amount
of cytochrome c levels in cytosolic and mitochondrial fractions
was measured based on the human cytochrome c Quantikine ELISA
kit (R&D Systems, Minneapolis, MN, USA). The absorbance of the
cytochrome absorbance at 450 nm and 540 nm was finally deter-
mined using a microplate reader.

Transcriptome sequencing-based analysis

Total RNA of HUVECs was extracted using TRIzol reagent. The
quality of the RNA, including degradation and contamination,
was assessed using 1% agarose gels. Additionally, RNA Nano 6000
assay kit and Qubit RNA assay kit were applied to detect the RNA
integrity and concentration, respectively. Further details on the
RNA quantification and quality check are illustrated in supplemen-
tary materials.

Quantitative RT-PCR analysis

Total RNA in HUVECs was extracted using TRIzol reagent,
M�MLV reverse transcriptase was then used to synthesize the
cDNA. After that, cDNA was subjected to PCR-based amplification.
Real-time PCR was performed using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) and ABI 7500 Fast Real-
Time PCR System (Applied Biosystems). All the procedures were
strictly according to the manufacturer’s instructions. Primer
sequences of three key DEGs (AMPKa, Sirt 1 and eNOS) were
designed through PrimerBank and checked by Oligonucleotide
Properties Calculator, the primer sequences are as follows:
AMPKa: TTTGCGTGTACGAAGGAAGAAT (Forward Primer) and
CTCTGTGGAGTAGCAGTCCCT (Reverse Primer), Sirt1: AAGTT-
GACTGTGAAGCTGTACG (Forward Primer) and TGCTACTGGTCT-
TACTTTGAGGG (Reverse Primer), eNOS:
TGATGGCGAAGCGAGTGAAG (Forward Primer) and ACTCATCCATA-
CACAGGACCC (Reverse Primer), GAPDH: GACAGTCAGCCG-
CATCTTCT (Forward primer) and GCGCCCAATACGACCAAATC
(Reverse primer). All the primers were synthesized by Sangon Bio-
tech (Shanghai). mRNA expression data were normalized to
GAPDH gene expression.

RNAi-mediated silencing of AMPKa and Sirt 1

HUVECs (105 cells/mL) were seeded in 6-well plates and trans-
fected with PRKAA1 siRNA (5 nM), SIRT1 siRNA (5 nM) or siRNA
(5 nM scrambled (negative control)), using the LipofectamineTM

RNAiMAX Transfection reagent, following the manufacturer’s
instructions. After 48 h, the expression of AMPKa and Sirt1 was
determined using western blot.

Animals and experimental protocol

Male Sprague Dawley (SD) rats (n = 30; 8 weeks; 180–220 g)
used in this research were purchased from Vital River Laboratory
Animal Technology Co., Ltd (Beijing, rodent license No. SCXK (jing)
2016–0011). The rats were reared under highly controlled environ-
ment of temperature (22–25 �C) and light (12 h, from 6:00 am to
6:00 pm). They were fed on enough food and water. After one week
of adaptation, the rats were divided randomly into three groups:
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normal group, high-methionine diet group (H-Met) and Nar group.
During the experimental period of eight weeks, rats in the normal
group were fed on standard laboratory food and water. According
to our previous publication [2], rats in H-Met and Nar group were
fed onmethionine (3%methionine (w/w)) enriched diet for 4 weeks
to induce ED. After inducing ED, rats in Nar group and H-Met group
were administered with Nar (100 mg/kg/d) and saline for 4 weeks,
respectively.

Ethics statement

All experimental protocols involving animals in current study
were conducted according to the ethical policies and procedures
approved by the Research Ethics Committee of Institute of Basic
Theory of Chinese Medicine, China Academy of Chinese Medical
Sciences (Approval NO. SYXK 11–00-0039).

Sample collection

After 8-week experimental period, blood samples were col-
lected from abdominal aorta in tube containing anticoagulants, fol-
lowing intraperitoneal anesthetization with 1% pentobarbital
sodium. To extract plasma, blood sample were centrifuged for
15 min at 10,000 rpm under 4 �C. The Plasma was stored immedi-
ately at �80 �C. In addition, thoracic aortas of the rats were
removed and cut into two sections: one part was fixed in 10% for-
malin for later Masson’s trichrome staining whereas the other part
was stored at �80 �C for western blot analysis.

Measurement of Hcy content in rat plasma

A commercially available enzyme-linked immunosorbent assay
kit (H245, Nanjing Jiancheng Bioengineering Institute) was applied
to measure the total plasma Hcy so as to assess the vascular
endothelial damage model. All procedures were performed in
accordance with the manufacturer’s specifications.

Determination of antioxidant enzyme, NO production and degree of
lipid peroxidation

The concentration of SOD, NO and malondialdehyde (MDA) in
the plasma were measured based on Cu/Zn-SOD and Mn-SOD
assay kit (S0103, Beyotime Biotechnology), total nitric oxide assay
kit (S0023, Beyotime Biotechnology) and lipid peroxidation MDA
assay kits (S0131, Beyotime Biotechnology), respectively, following
the manufacturer’s instructions.

Histopathological evaluation

Thoracic aortas samples across the three groups were fixed in
10% neutral buffered formalin and embedding in paraffin and
sliced into 5 lm thick section after blocking. Histological observa-
tion and photography were performed using a light microscope
(Olympus, Japan) after Masson’s Trichrome staining.

Western blot analysis

Western blotting was performed as previously described [2].
Briefly, total proteins from HUVECs or thoracic aortic endothelial
tissue were extracted using RIPA buffer supplemented with pro-
tease and phosphatase inhibitors cocktail (P1045, Beyotime
Biotechnology). Protein concentration was determined based on
the enhanced BCA protein assay kit (P0010, Beyotime Biotechnol-
ogy), and stored at �80 �C for further analysis.

To evaluate protein expression level, proteins in 50 lg of the
sample were separated using electrophoresis in 10% sodium dode-
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cyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were electro-transferred to polyvinylidene difluoride
(PVDF) membranes and blocked for 1 h at room temperature using
5% non-fat milk. The membranes were incubated overnight at 4 �C
with specific primary antibodies: anti GAPDH (1:1000 dilution),
NMDA-R1 (1:1000 dilution), Sirt1 (1:1000 dilution), AMPKa
(1:1000 dilution) and eNOS (1:1000 dilution). The membranes
were then incubated for 1 h at room temperature with horseradish
peroxidase-conjugated secondary antibodies (1:5000). Protein
bands were visualized after incubating the membranes with an
ECL reagent (E1050, Lablead). The intensity of the bands was mea-
sured using Image J software.

Statistical analysis

All abovementioned experiments were repeated three times for
reproducibility. Data was analysed using GraphPad Prism software
(version 7.00, La Jolla California USA). Difference between groups
arising from single treatment were analysed using One-way anal-
ysis of variance (ANOVA). Continuous data were expressed as
means ± standard deviation (SD). Since all the data in this work
were normally distributed, therefore Tukey’s multiple comparison
tests were utilized in present study. Statistical significance was set
at P-value < 0.05 or < 0.01 or < 0.001. (*p < 0.05, **p < 0.01,
***p < 0.001).

Results

Treatment dose of Nar and Hcy

CCK-8 assay (Fig. 1A) revealed that the viability of HUVEC was
only affected by higher Nar dose (>400 lM). Therefore, we used
200 lM of Nar in subsequent experiments. In addition, measure-
ment of Hcy induced ROS (Fig. 1B) revealed that ED was only
induced when Hcy treatment reached at least 100 lM. Therefore,
we used 100 lM of Hcy in our modelling.

Inhibition of Nar on cytoplasmic and mitochondrial ROS

As shown in Fig. 1C, Hcy treatment significantly increased pro-
duction of cytoplasmic and mitochondrial ROS. However, treat-
ment of HUVECs with Nar for 24 h, markedly decreased both
cytoplasmic and mitochondrial ROS levels. This implies that Nar
protects against Hcy induced ED by modulating oxidative stress.

Effects of Nar on intracellular Ca2+ level and NMDA-R1 expression

Intracellular Ca2+ level and NMDA-R1 expression were mea-
sured to explore the potential mechanism involved in anti-
oxidative stress property of Nar. As shown in Fig. 1D and E, it
was found that Hcy treatment of HUVECs significantly increased
both Ca2+ levels and NMDA-R1 expression. However, compared
with Hcy group, Nar treatment increased Ca2+ content by insignif-
icant margin, and NMDA-R1 expression only reduced by 4.93%.
Therefore, Nar does not exert its cytoprotective effects against
Hcy induced cellular damages by regulating the L-type voltage-
gated calcium channe. As such, it was imperative to explore other
potential oxidative stress protective mechanism of Nar.

RNA-seq based analysis

To deeply reveal the potential molecular targets and related
pathways of Nar, RNA-seq transcriptome analysis was performed
to uncover potential molecular targets and related pathways by
Nar (Fig. 2). Intriguingly, we found 3353 DEGs in HUVECs after



Fig. 1. Initial exploration of the potential protection and probable pathway of Nar. (A) Effects of different concentration of Nar on cell viability. (B) Effects of different
concentration of Hcy on oxidative stress. (C) Effects of Nar on cytoplasmic and mitochondrial ROS. (D) Ca2+ level in different groups. (E) The expression level of NMDA-R1 in
different groups. (Scale bar, C: 70 lm; D: 33 lm).

Fig. 2. RNA-seq analyses. (A) The DEGs between control and Hcy group. (B) The DEGs between Hcy and Nar group. (C) Cluster analysis of DEGs. (D) GO enrichment analysis of
DEGs. (E) KEGG analysis of DEGs.
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24 h treatment by Hcy, where 1868 and 1485 genes were up- and
downregulated, respectively (Fig. 2A). In addition, there were 2119
DEGs between Nar group and Hcy group, in which 1020 and 1099
of them were up- and downregulated, respectively (Fig. 2B). Fur-
thermore, cluster analysis demonstrated uniformity in DEGs in
each group (Fig. 2C).

Gene Ontology (GO) analysis simultaneously performed to anal-
yse biological processes, molecular functions and cellular compo-
nents of DEGs revealed that the DEGs were mainly associated
141
with phosphorus and phosphate compound-containing metabolic
processes (Fig. 2D). Besides, the molecular functions of the DEGs
were mainly related to banding activity, such as anion and small
molecules binding. Furthermore, the DEGs primarily mediated
functions in the cytoskeleton and cytoskeletal regions. Finally,
Kyoto Encyclopedia of Genes and Genomes ((KEGG), http://www.
kegg.jp) analysis uncovered 20 pathways, including AMPK, wnt
and colorectal cancer related pathways (Fig. 2E) strongly associ-
ated with DEGs. Enrichment analysis found AMPK signalling path-

http://www.kegg.jp
http://www.kegg.jp
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way to be the most important of them in mediating the cytoprotec-
tive mechanism of Nar.

Validation of RNA-seq by quantitative RT-PCR analysis

To validate the results of RNA-seq, the mRNA level of AMPKa,
Sirt1 and eNOS were detected using quantitative RT-PCR. As shown
in Fig. 3 (A–C), compared with controls, Hcy treatment dramati-
cally reduced the mRNA level of AMPKa and Sirt1, but Nar treat-
ment recovered normal mRNA level of AMPKa and Sirt1.
However, the mRNA levels of eNOS were notably reduced in both
Hcy group and Nar group. These findings indicated that current
methods of RNA-seq were reliable.

Nar activates AMPKa/Sirt1 signalling pathway in vitro

Based on RNA-seq analysis, we performed further analyses on
AMPK signalling pathway. In particular, we measured the AMPKa,
a critical protein in AMPK signalling pathway. Sirt1 and eNOS, as
independent proteins that interact with AMPKa downstream of
AMPK signalling pathway, were also measured. As shown in
Fig. 3 (D–F), compared with controls, Hcy treatment significantly
Fig. 3. Effects of Nar on AMPKa/Sirt1 signalling pathway in HUVECs. (A-C) RT-PCR result
(E) The relative expression of AMPKa in different groups. (F) The relative expression of
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hampered expression of Sirt1 (46%), AMPKa (35.7%) and eNOS
(25%). However, Nar treatment restored normal expression of the
three proteins. These findings imply that Nar activates AMPKa/
Sirt1/eNOS signalling pathway in vitro.

Knockdown of AMPKa or Sirt1 abrogate the protective effects of Nar
against Hcy induced ED

To strengthen the view that Nar inhibits Hcy induced oxidative
stress via the AMPKa/Sirt1 pathway, AMPKa and Sirt1 knockdown
in HUVECs was performed using specific siRNAs: siPRKAA1 and
siSirt1, respectively. Control group was transfected with scrambled
siRNA (siControl). Western blotting performed after 48 h to assess
the knockdown efficacy of specific siRNAs, as shown in Fig. 4 (A–B),
the present specific siRNA could notably inhibit AMPKa and Sirt1
expression in experimental groups. Meanwhile, expression of
mitochondrial ROS and eNOS as well as NO, a product of the eNOS,
were carefully measured. Results found that the protective effects
of Nar against Hcy induced eNOS inactivation and ROS production
were abolished in the siPRKAA1 and siSirt1 transfected cells
(Fig. 4C–G and I). Additionally, Fig. 4H and J showed that expres-
sion of Sirt1 would be down-regulated in siPRKKA1 treatment
s of AMPKa, Sirt 1 and eNOS. (D) The relative expression of Sirt1 in different groups.
eNOS in different groups.



Fig. 4. Effects of siRNA transfection on AMPKa/Sirt1 signalling pathway, ROS generation and NO production. (A-B) Knockdown efficacy of AMPKa and Sirt1. (C-D) Production
of NO in different group. (E-F) Relative amount of ROS in different group. (G) Relative expression of eNOS in different group. (H) Relative expression of AMPKa in different
group. (I) Relative expression of eNOS in different group. (J) Relative expression of Sirt 1 in different group.
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group, but expression of AMPKa was displayed insignificant alter-
ation in siSirt1 treatment group. This implied that Sirt1 was the
downstream effector protein of AMPK signalling pathway, modu-
lated by AMPKa. Together, these findings further strengthen the
view that Nar protects against Hcy induced eNOS inactivation
and ROS generation via the AMPKa/Sirt1 signalling pathway.
Effects of Nar on mitochondrial dysfunction

Mitochondrial membrane electron potential is an important
characteristic indicator of aggravated mitochondrial dysfunction.
To explore the potential mechanism underlying Nar anti-
mitochondrial dysfunction, we evaluated the changes in mitochon-
drial membrane potential after Nar treatment. Current data
showed that Hcy treatment significantly decreased the mitochon-
drial membrane potential. However, Nar treatment restored nor-
malcy. Even so, the effects of Nar on mitochondrial membrane
potential significantly decreased both in siPRKAA1 and siSirt1
transfected cells (Fig. 5B). On the other hand, the expression of
cytochrome c level, a key indicator of mitochondrial function
(Fig. 5A), significantly decreased in the mitochondria but increased
in the cytoplasm of Hcy-treated HUVECs. However, after 24 h Nar
treatment, the level of cytoplasmic cytochrome c decreased,
whereas that in the mitochondria increased in Hcy-treated
HUVECs. These findings demonstrate that Nar could effectively
143
ameliorate Hcy-impaired mitochondrial function through a mito-
chondria dependent pathway.
Model evaluation

Hyperhomocysteinemia (HHcy) is clinically defined as plasma
Hcy higher than 15 mmol/L. Substantial evidences indicate that
HHcy-induced vascular endothelial damage is ascribed to an
increased Hcy concentration. Therefore, the plasma Hcy concentra-
tion, as a pivotal index for model evaluating, was measured by
using a commercially available Elisa kit. As shown in Fig. 5C. After
fed with H-Met for 4 weeks, the levels of Hcy in rat plasma was sig-
nificantly increased in H-Met group and Nar group that higher than
15 lmol/L. It indicated that the vascular endothelial damage model
has been induced successfully in current experiments.
Effects of Nar on antioxidant enzyme, NO and lipid peroxidation

Because Nar had a positive in vitro effect on Hcy induced ED,
animal experiments were designed to explore its effect on ED,
in vivo. Compared to the normal group, the amount of SOD and
NO significantly decreased in H-Met group. However, rats treated
with Nar displayed higher expression of SOD and NO (Fig. 5D
and E). Additionally, H-met group significantly up-regulated MDA
expression, but Nar treatment corrected abnormal MDA expression



Fig. 5. Effects of Nar on mitochondrial dysfunction, histomorphology and in vivo AMPKa/Sirt1 signaling pathway. (A) Concentration of cytochrome c level in mitochondria or
cytoplasm in different groups. (B) Mitochondrial membrane potential in different groups. (Scale bar: 33 lm). (C) Concentration of Hcy in rat plasma after H-Met fed for
4 weeks. (D) The expression level of SOD in different groups. (E) The concentration of NO in rat’s plasma. (F) The concentration of MDA in rat’s plasma. (G) Histopathology of
thoracic aortas in control group. (H) Histopathology of thoracic aortas in H-Met group. (I) Histopathology of thoracic aortas in Nar group. Distinct histopathological
characteristic in each group are indicated by arrowhead. (Scale bar = 10 lm, Magnification: 200�). (J) Western blotting analysis of AMPKa, Sirt 1 and eNOS in different groups.
(K) The relative expression of AMPKa in different group. (L) The relative expression of Sirt 1 in different group. (M) The relative expression of eNOS in different group.
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(Fig. 5F). These findings validated the in vivo anti-oxidative stress
property of Nar against ED.
Histopathological evaluation

Masson’s trichrome staining (Fig. 5G–I) revealed that the vascu-
lar walls of thoracic aorta of rats in the normal group exhibited the
custom histology, composed of adventitia, middle and inner layers
(Fig. 5G). However, the normal histoarchitecture was disrupted in
H-Met group, with degraded myofiber and dissolved collagen
(Fig. 5H). Nar group displayed significantly visible recoveries for
myofiber disruption, collagen ratio and vascular wall architecture
(Fig. 5I). These findings imply that Nar treatment can effectively
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ameliorate and restore Hcy induced damaged vascular walls of
thoracic aorta.
Effects of Nar on AMPKa/Sirt1 signaling pathway

Because Nar up-regulated AMPKa/Sirt1 signaling pathway and
the expression of key proteins including AMPKa, Sirt1 and eNOS
in HUVECs, we evaluated its effect on the same parameters
in vivo. Here, expression of AMPKa, Sirt1 and eNOS were inhibited
in H-Met group, consistent with findings of cell experiments. How-
ever, Nar treatment restored normal expression of the three pro-
teins (Fig. 5J–K). These results confirmed that Nar can activate
the AMPKa/Sirt1/eNOS signaling pathway in vivo.
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Discussion

Currently, approximate one third of western population suffer
from various CVDs, mainly induced by vascular endothelial dys-
function. ED is a structural and functional impairment of vascular
endothelial layer, characterized by decrease in eNOS expression
but increase in production of ROS which together, impair vasodila-
tion of blood vessels [26,27]. Endothelial damage leads to
atherosclerosis, a progressive vascular pathological disease that
ultimately leads to various CVDs [10]. High ROS impairs electron
transport chain in the mitochondria, as well as increases produc-
tion of ROS in a malignant feedback manner. Excess ROS released
in the cytoplasm from the mitochondria combine with cytoplasmic
NO to form harmful peroxynitrite that reduces NO bioavailability
[28]. Intriguingly, our previous study found that TPE-CA, a kind
of mixture containing more than 20% Nar and its derivatives,
exerted various beneficial effects against ED. Therefore, a deeper
understanding of mechanism underlying the amelioration of Nar
on Hcy induced ED may give an insight on prevention and treat-
ment of CVDs.

Accumulating evidences suggested that Hcy up-regulate
expression of NMDA-R1. It can also activate L-type voltage-gated
calcium channel which increases concentration of Ca2+ both in
the cytoplasm and mitochondria. Because high levels of Ca2+ polar-
ize the cell, it impairs mitochondrial functions, thus increasing pro-
duction of ROS. This study demonstrated that Hcy treatment
significantly up-regulated NMDA-R1 activity and cytoplasmic
Ca2+, consistent with previous studies [6]. In addition, both cyto-
plasmic and mitochondrial ROS levels markedly increased in
response of Hcy. Intriguingly, after 24 h Nar treatment, the level
of cytoplasmic and mitochondrial ROS decreased significantly.
However, the decrease in Ca2+ concentration and NMDA-R1
expression were insignificant. Here, although Nar effectively
reduce production of ROS, the precise mechanism underlying this
property remained elusive.

Meanwhile, RNA-Seq is new genomic analysis technique useful
in identifying potential molecular targets and associated pathways
for human disease, microbial pathogens and drugs discovery [22].
RNA-Seq was employed in this study to unravel potential path-
ways with which Nar correct ED. Our analysis revealed that AMPK
signalling pathway was suddenly activated by Nar treatment.
KEGG map further revealed that AMPKa and Sirt 1, key proteins
in the AMPK signalling pathway, were also up-regulated. AMPK
signalling pathway mediates several beneficial functions. Among
them, AMPK regulates ATP production and maintains redox poten-
tial that ensures optimal mitochondrial functioning [29]. In partic-
ular, phosphorylation of downstream eNOS protein at position
ser1177 site by up-regulated AMPKa increases eNOS expression
and NO production, which ameliorates ED [19]. Consequently, we
assessed the expression of AMPKa, Sirt 1 and eNOS under varied
conditions. We found Hcy treatment significantly decreased
expression of AMPKa, Sirt 1 and eNOS in HUVECs. However, Nar
treatment greatly reversed the inhibiting effect of Hcy, and up-
regulated proteins mentioned above. Meanwhile, PCR data showed
that Nar treatment could only transcriptionally regulate the
expression of AMPKa and Sirt1, but not eNOS. So, we speculated
that activation of eNOS in this study might due to the phosphory-
lation of ser1177 site of eNOS by AMPKa, rather than being directly
activated by Nar. These findings in part underlined the usefulness
of RNA-Seq in uncovering novel molecular pathways. Overall, our
findings demonstrated that Nar protect against oxidative stress
by up-regulating the expression of eNOS, through the AMPKa/Sirt1
signaling pathway. Additionally, it is well known that ubiquitin
proteasome system is a catalytic machinery that targets numerous
cellular proteins for degradation, thus being essential to control a
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wide range of basic cellular processes and cell survival. According
to current results, we thus inferred that Nar treatment might inhi-
bit the ubiquitination degradation of eNOS such as PKCa ubiquiti-
nation signal pathway, which have been confirmed to regulate the
expression of eNOS [30]. Therefore, although Nar treatment did not
transcriptionally regulate the mRNA expression of eNOS, inhibition
of the ubiquitination signal pathway by Nar treatment may
increase the eNOS protein expression. However, the deeper and
exact ubiquitination mechanisms should be furtherly explored
and verified in future work.

To further validate the role of AMPKa/Sirt1 signaling pathway
in regulating oxidative stress in HUVECs with ED, expression of
AMPKa and Sirt1 were specifically knocked down through two
highly specific siRNAs. Western blotting was performed after
48 h of transfection to assess the efficiency of AMPKa and Sirt1
inhibition. Intriguingly, favorable modulation of Nar on ROS levels,
eNOS expression and NO bioavailability were thoroughly impaired
in cells not expressing AMPKa and Sirt1. In cells, mitochondria
generate ATP, sequestrates Ca2+ and generates and detoxifies cellu-
lar ROS [31,32]. Given the susceptibility of mitochondrial function
to oxidative stress, we assessed mitochondrial membrane potential
as well as the concentration of cytoplasmic and mitochondrial
cytochrome c. Results demonstrated that Nar treatment restored
the mitochondrial membrane potential and modulated excessive
release of mitochondrial cytochrome c into the cytoplasm. Collec-
tively, these findings demonstrate that Nar also improves mito-
chondrial function and suppresses oxidative stress. It achieves
these by enhancing the mitochondrial membrane potential, reduc-
ing the release of mitochondrial cytochrome c and activating
AMPKa/Sirt1 signaling pathway.

Apart from in vitro tests, animal experiments were performed
to furtherly validate the protective effects and potential mecha-
nisms of Nar against ED. First, we measured the amount of SOD,
MDA and NO in rat’s plasma to provide a preliminary idea of oxida-
tive stress and endothelial function in different groups. SOD is an
antioxidant enzyme that catalyzes conversion of O2 into hydrogen
peroxide (H2O2). MDA is a product of the lipid peroxidation, useful
in assessing the degree of oxidative stress in cells [33]. In this
study, Nar treatment significantly up-regulated secretion of SOD
and production of NO, but markedly inhibited MDA production.
Masson’s trichrome staining further revealed that Nar treatment
healed Hcy-damaged vascular endothelial walls by restoring myo-
fiber disruptions, collagen ratio imbalance and structural changes.
Also, Nar therapy significantly activated AMPKa/Sirt1 signaling
pathway, consistent with in vivo experiments. Collectively, our
findings demonstrated that Nar treatment can protect against
oxidative stress, ameliorate ED and vascular wall damage through
several mechanisms. In particular, Nar enhances expression of
enzymatic antioxidants, reduces lipid peroxidation, restores vascu-
lar wall histoarchitecture and activates AMPKa/Sirt1 signaling
pathway.
Conclusion

To our knowledge, this is the first study demonstrating the ther-
apeutic potential and related mechanisms of Nar against Hcy
induced ED using a combination of in vivo and in vitro experi-
ments. After ruling out the NMDA-R1 mediated pathway, RNA-
Seq, a novel transcriptomic technique uncovered AMPK signaling
pathway was identified as the mechanism with which Nar corrects
ED. In particular, Nar activates AMPKa/Sirt1 signaling pathway,
which restores mitochondrial Ca2+ balance and ultimately lowered
production of ROS. Activated AMPKa/Sirt1 signaling pathway also
up-regulates proteins downstream of eNOS. This increases the pro-
duction of NO, ultimately ameliorating ED (Fig. 6). Furthermore,



Fig. 6. The schematic diagram of therapeutic mechanism of Nar against Hcy induced endothelial dysfunction. Obviously, Nar can elevate AMPKa/Sirt1 signaling pathway
consequently rescue the Ca2+ disrupted mitochondrial function and reduce the ROS production. Furthermore, activated AMPKa/Sirt1 signaling pathway will upregulate the
activity of downstream protein of eNOS subsequently increase the production of NO, ultimately ameliorate the ED.
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these conclusions were mutually verified in animal experiments,
indicating that Nar could increase the ROS elimination and
decrease eNOS uncoupling, subsequently upregulate the NO
bioavailability and endothelial function by activating AMPKa/Sirt1
signaling pathway. In studies to follow, we shall perform structural
biological studies to gain a deeper understanding on the structural
mechanism of Nar activates AMPKa.
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