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Abstract. Vitamin C plays a protective role in oxidative
damage by blocking the effects of free radicals. The present
study investigated the mechanisms through which vitamin C
partly mediates anti-apoptotic and antioxidant functions via
the regulation of microRNAs (miRNAs or miRs). For this
purpose, a global miRNA expression analysis on human
umbilical vein endothelial cells (HUVECS) treated with
vitamin C was conducted using microarrays containing
human precursor and mature miRNA probes. The results
revealed that there were 42 identical miRNAs among the
differentially expressed miRNAs in the HUVEC group and
H,0, + vitamin C-treated HUVEC group compared to the
H,0,-exposed HUVEC group, including 41 upregulated
miRNAs and 1 down-regulated miRNA. Using bioinformatics
analysis, differentially expressed miRNAs were investigated
to identify novel target mRNAs and signaling pathways.
Pathway enrichment analyses revealed that apoptosis, the
mitogen-activated protein kinase (MAPK) signaling pathway,
phosphoinositide 3-kinase (PI3K)/Akt signaling pathway
and oxidative phosphorylation were significantly enriched.
The results from western blot analysis demonstrated that
the interleukin (IL)10, matrix metalloproteinase (MMP)2,
cAMP-response element binding protein (CREB) and
p-CREB protein expression levels in HUVECs transfected
with hsa-miR-3928-5p and induced by H,0, were signifi-
cantly downregulated; the MAPKDY, caspase-3 (CASP3) and
p-CASP3 protein expression levels in HUVECs transfected
with hsa-miR-323a-5p and induced by H,O, were significantly
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downregulated. The present study therefore demonstrates that
vitamin C partly exerts protective effects on HUVECsS through
the regulation of miRNA/mRNA axis expression.

Introduction

Aging is considered the main risk factor for various
diseases (1); as the aging population increases, the prevalence
of several age-related chronic diseases also increases. This is
mainly caused by cumulative damage in the organs and cells,
thereby leading to the on-set of age-related chronic diseases.
Therefore, by exploring the specific mechanisms of aging,
valuable information on age-related diseases can be obtained
and consequently, strategies to delay its early onset may also
be developed.

Oxidative stress is a state in which there are high levels
of reactive oxygen species (ROS) compared to antioxidant
defenses (2), and this is a hallmark of age-related diseases,
including Parkinson's disease (3), Alzheimer's disease (4),
chronic inflammation (5), heart failure (6), atherosclerosis (7),
kidney disease (8), certain types of cancer (9,10) and aging
itself (11). Among these, vascular disease is the most common
cause of mortality in the industrialized world (12,13). The
normal function and integrity of vascular endothelial cells
are of utmost importance for the stability of the vascular
environment. The dysfunction of the vascular endothelium,
characterized by morphological alterations in the vascular
wall, endothelial cell inflammation and apoptosis, is consid-
ered the initial event of some diseases (14). Oxidative stress is
a critical cause of vascular dysfunction, as ROS can damage
cells of the vascular wall and induce vascular endothelial cell
dysfunction (15). Antioxidants prevent the damage of vascular
endothelial cells and are considered one of the crucial factors
for the prevention of cardiovascular diseases (16).

Antioxidants are highly effective in the prevention
or treatment of oxidative damage in animal models (17).
Commonly used antioxidants include vitamin C,
a-tocopherol and polyphenols (18). Among these, vitamin C,
a recognized antioxidant, is easily accessible in daily life
and has the advantages of low cost, a significant effect, easy
accessibility and hydrophilicity (19). As a potent antioxi-
dant, vitamin C plays a protective role in oxidative damage
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by blocking the production of free radicals (20,21). It also
plays a critical role in certain types of cancer and exerts
immunomodulatory effects that enhance host defenses (22).
Vitamin C deficiency can lead to scurvy, a fatal disease (23).
Vitamin C suppresses the expression of KRAS and BRAF,
which inhibit glycolysis and the ensuing energy crisis by
targeting GAPDH in colorectal cancer cells (24). In addition,
high levels of vitamin C have been shown to induce the apop-
tosis of HT29 colon cancer and MCF7 breast cancer cells by
hindering the energy flux in the tricarboxylic acid cycle and
glycolysis, eventually resulting in the insufficient production
of adenosine triosphosphate (25). Vitamin C can inhibit the
death of human umbilical vein endothelial cells (HUVECsS)
induced by oxidative stress (19). Vitamin C or vitamin C-Na
pre-treatment has also been shown to enhance antioxidant
capacity, thus protecting H9C2 cells from heat-induced
damage (26). It also improves the endothelium-dependent
vasodilation of forearm resistance vessels in patients with
hypercholesterolemia (27). Vitamin C reduces lipid peroxi-
dation and enhances the antioxidant defense system, which
exerts a beneficial effect on the heart by reducing oxidative
stress in patients with cardiovascular disease (28). However,
the molecular mechanisms of vitamin C in vascular-related
diseases warrant further investigation.

MicroRNAs (miRNAs or miRs) are a family of small
non-coding RNA molecules with 18-25 nucleotides that
bind to the 3'-untranslated regions of target mRNAs in a
sequence-specific manner, inhibiting their translation or regu-
lating their degradation (29). The expression of miRNAs is
tissue-specific, and this localized expression is crucial for their
tailored roles in regionalized function and development (30).
miRNAs play vital roles in the absorption of vitamin C in the
intestines by modulating the post-transcriptional regulation
of several vitamin transporter genes, including that of solute
carrier family (SLC)23A2, SLCI19A2, SLC52A3, SLC26A3
and SLCI5A1 (31). Vitamin C can also regulate multiple stem
cell-specific signaling pathways, such as cell adhesion mole-
cules, fatty acid biosynthesis and hormone signaling pathways
by altering miRNA expression (32).

Although vitamin C has been widely studied, the mecha-
nisms underlying the protective effects of vitamin C on
H,0,-induced HUVECsS associated with vascular diseases
warrant further investigation. The present study demon-
strates the potential benefits of vitamin C treatment against
H,0,-induced oxidative damage in HUVECSsS, indicating that
vitamin C partly exerts protective effects against H,0,-induced
oxidative damage by regulating the expression of miRNAs.

Materials and methods

Culture and treatment of HUVECs. HUVECs were obtained
from the Cell Bank of the Chinese Academy of Sciences and
cultured in complete endothelial cell growth medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin (100 U/ml; BD Biosciences).
HUVECsS were digested with 0.25% trypsin and 1x10* cells/ml
HUVECs were seeded and cultured at 37°C under 5% CO,. In
the H,0, + vitamin C-treated HUVEC group, the HUVECs
were cultured in endothelial cell growth medium containing
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100 M H,0, (Sigma-Aldrich; Merck KGaA) for 2 h and were
then cultured in endothelial cell growth medium supplemented
with 200 M vitamin C (Sigma-Aldrich; Merck KGaA) for
48 h. In the H,0,-treated HUVEC group, the HUVECs
were cultured in endothelial cell growth medium containing
100 M H,0, for 2 h and were then cultured in endothelial cell
growth medium for 48 h. HUVECs not treated with vitamin C
and H,0, were used as control.

Apoptosis assays. The HUVECs from each group were
washed twice with cold phosphate-buffered saline before
being resuspended in 1X Binding Buffer at a concentration of
1x10° cells/ml. The cells were stained with FITC-conjugated
anti-Annexin V antibody and propidium iodide (PI) in the
apoptosis kit (cat. no. 556547, BD Biosciences) for 15 min at
room temperature and dark, and apoptotic cells were quanti-
fied using a FACSCalibur flow cytometer (BD Biosciences).

Measurement of ROS generation. According to the manufac-
turer's protocol, the ROS assay kit (S0033; Beyotime Institute
of Biotechnology, Inc.) was used to measure intracellular
ROS levels using the probe 2'7'-dichlorofluorescin diacetate
(DCFH-DA). Briefly, cells treated with 100 xM H,O, for 2 h
or 100 uM H,0, for 2 h + 200 uM vitamin C for 48 h were
washed twice with PBS. The cells were then incubated with
10 uM DCFH-DA at 37°C for 30 min. After washing with
PBS twice, the fluorescence of the cells was imaged using a
confocal microscope (Carl Zeiss AG) with an excitation of
488 nm/emission of 529 nm. The fluorescence intensity was
measured using ImageJ_v1.8.0 software.

Analysis of the expression of miRNAs. miRNAs were
isolated using a miRNA isolation kit (Guangzhou Forevergen
Biosciences Co., Ltd.) that specifically captures small RNAs
with lengths of <200 nucleotides. The quality of the RNA
samples was examined on an Agilent 2100 BioAnalyzer
(Agilent Technologies, Inc.) and the yield of the RNA samples
was determined using the ABI Step One Plus Real-Time
PCR System (Applied Biosystems). The miRNA profile was
analyzed for hierarchical clustering to produce heatmaps.

Gene ontology (GO) and pathway enrichment analyses of differ-
entially expressed miRNAs.GO and pathway enrichment analyses
were performed to identify biological processes that were poten-
tially regulated by the differentially expressed miRNAs based
on the GO (http:/geneontology.org) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways (http://www.genome.
jp/kegg/pathway.html) databases. The P-value for each GO term
was calculated using the right-sided hypergeometric tests. The
Benjamin-Hochberg adjustment was used for multiple test correc-
tion (33,34). Those terms with a P-value <0.05 were considered
to be significantly enriched. Simultaneously, the target mRNAs
associated with apoptosis or oxidative metabolic signaling
pathways of the top 10 differentially expressed miRNAs were
predicted using TargetScan (http:/www.targetscan.org/) and
miRanda (http:/www.microrna.org/microrna/home.do). The
top 10 differentially expressed miRNAs and their target mRNAs
associated with cell apoptosis or involved in oxidative metabo-
lism were integrated, and regulatory networks were constructed
using Cytoscape 3 software.
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Reverse transcription-quantitative PCR (RT-qPCR) validation
analyses of miRNAs. Total RNA was extracted from the cells
and gene expression was detected by RT-qPCR. According
to the manufacturer's protocol, cDNA was synthesized from
total RNA using M-MLV Reverse Transcriptase (Promega
Corporation). The GoTaq qPCR Master Mix (Promega
Corporation) was used for gPCR. The ABI 7500 system
(Applied Biosystems) was used to perform the PCR amplifica-
tion, while U6 was used as an internal control. The primer
information of the miRNAs is presented in Table SI.

Transient transfection. Negative control (NC) mimics,
hsa-miR-323a-5p mimics and hsa-miR-3928-5p mimics were
purchased from GenePharma. The sequences of the mimics
were as follows: hsa-miR-323a-3p mimics sense, 5'-CAC
AUUACACGGUCGACCUCU-3' and antisense, 5'-AGG
UCGACCGUGUAAUGUGUU-3'; hsa-miR-3928-5p mimics
sense, 5'-UGAAGCUCUAAGGUUCCGCCUGC-3' and
antisense, 5'-"AGGCGGAACCUUAGAGCUUCAUU-3"; NC
mimics sense, 5-UUCUCCGAACGUGUCACGUTT-3' and
antisense, 5'-"ACGUGACACGUUCGGAGAATT-3'. HUVECs
were transfected with 50 nM hsa-miR-323a-3p mimics,
50 nM hsa-miR-3928-5p mimics, or 50 nM NC mimics
using Lipofectamine 2000 reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) following the manufacturer's protocol.
Following transfection for 48 h, the cells were incubated with
100 M H,0, for 2 h and harvested for western blot analysis.

Western blot analysis. Cells were lysed using the RIPA buffer
(RO010; Solarbio) to separate the protein. The BCA working
solution was used to detect the protein concentration at 562 nm
using BCA Protein Assay kit (Pierce; Thermo Fisher Scientific,
Inc.). Subsequently, 10% SDS-PAGE was used to isolate the
target protein. The isolated target protein was transferred to a
PVDF membrane. After sealing with 5% non-fat milk at room
temperature for 1 h, primary antibodies, including anti-inter-
leukin (IL)10 (1:1,000; ab34843, Abcam), anti-cAMP-response
element binding protein (CREB; 1:1,000; ab31387, Abcam),
anti-p-CREB (1:1,000; CST9198, Cell Signaling Technology,
Inc.), anti-caspase (CASP)3 (1:1,000; CST9662, Cell Signaling
Technology, Inc.), anti-cleaved-CASP3 (1:1,000; CST9662,
Cell Signaling Technology, Inc.), anti-mitogen-activated
protein kinase (MAPK)9 (1:1,000; CST4672, Cell Signaling
Technology, Inc.), anti-matrix metalloproteinase (MMP)2
(1:1,000; ab37150, Abcam) and anti-GAPDH (1:1,000;
60004-1-1g, Proteintech) were incubated with the PVDF
membrane overnight at a temperature 4°C. HRP-labeled
secondary antibody (1:5,000; ab150117, Abcam) was then used
to incubate the membrane for 2 h at room temperature. GAPDH
was used as an internal control. The target protein levels
were visualized by an enhanced chemiluminescence reagent
(Vazyme Biotech Co., Ltd.). ImageJ v1.8.0 software (National
Institutes of Health) was used for the semi-quantitative analysis
of protein expression.

Statistical analyses. The results are shown as the means + stan-
dard deviation from at least 3 independent experiments.
Statistical signifcance was determined using one-way analysis
of variance (ANOVA) followed by Bonferroni post hoc test
evaluations for multiple comparisons with SPSS 19.0 statistical
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software. A P<0.05 was considered to indicate a statistically
significant difference.

Results

Vitamin C significantly reduces the H,0,-induced apoptosis
of HUVECs. As a potent first-line antioxidant, vitamin C
attenuates the production of free radicals and reduces oxida-
tive damage (20,21). In the present study, to further investigate
the antioxidant function of vitamin C, vitamin C was used
to treat H,0,-induced HUVECs. The percentage of apop-
totic HUVECs induced with H,0O, was approximately 6%,
while vitamin C significantly reduced the percentage of
apoptotic HUVECs induced by H,O, (Fig. 1A and B). In
addition, ROS assay revealed that vitamin C reduced the
green fluorescence intensity in HUVECs induced with H,O,
(Fig. 1C and D). These results demonstrated that vitamin C
attenuated H,0,-induced apoptosis and oxidative damage in
H,0,-induced HUVECs.

Vitamin C modulates miRNA profiles in H,0,-induced
HUVECs. To identify differentially expressed miRNAs due
to vitamin C treatment, a comprehensive miRNA microarray
analysis of samples from H,0,-induced HUVECs with or
without vitamin C treatment was conducted. These miRNAs
in HUVECs were isolated after 2 h of H,O, exposure and 48 h
of vitamin C treatment. The miRNAs exhibited a significant
(P<0.05) 1.5-fold difference in expression following treat-
ment with H,0, + vitamin C compared with the control
group and H,0O, exposure group, respectively. The results
revealed that there was a significant change in the expression
of 287 miRNAs, including 70 upregulated miRNAs and 217
miRNAs that were downregulated in the H,O, exposure group
compared with the control group (Fig. 2A and Table SII).
In addition, in the H,O, + vitamin C treatment group, 710
(including 706 upregulated and only 4 downregulated)
miRNAs were differentially expressed compared with the
H,0, treatment group (Fig. 2B and Table SIII). The analyses
revealed that there were 42 identical miRNAs among the
differentially expressed miRNAs induced in the HUVEC
group and H,0, + vitamin C-treated group compared to the
H,O,-treated group, including 41 upregulated miRNAs and 1
downregulated miRNAs (Fig. 2C and Table SIV). Hierarchical
cluster analysis using the normalized miRNA expression data
confirmed that the expression of miRNAs in the H,O, or
H,0, + vitamin C-treated HUVECsS could be clearly distin-
guished from that in the control group (Fig. 2).

GO analysis and KEGG pathway prediction. Categorizing
these miRNAs may enhance our understanding of the
cellular components and biological processes regulated by the
miRNAs with an altered expression in the treated HUVECs.
GO enrichment analyses demonstrated that these differentially
expressed miRNAs were associated with cellular components
and biological processes, including cell, organelle, membrane,
protein-containing complex, membrane-enclosed lumen,
catalytic activity, binding, localization, metabolic processes,
developmental processes, multicellular organismal processes,
immune system processes, positive and negative regulation
biological processes, and cellular proliferation (Fig. 3A).
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Figure 1. Vitamin C reduces apoptosis and oxidative damage in human umbilical vein endothelial cells (HUVECs) induced by H,O,. (A) The apoptosis rate
of HUVEC: treated with 100 uM H,0, for 2 h or 100 M H,O, for 2 h + 200 M vitamin C for 48 h was analyzed by flow cytometry. (B) Analysis of the
percentage of apoptotic HUVECs in (A). (C) ROS expression level in HUVECS induced by 100 M H,0, for 2 h or 100 uM H,0, for 2 h + 200 uM vitamin C
for 48 h was observed using a confocal microscope. (D) Semi-quantitative analysis of ROS fluorescence intensity in (C). Data are shown as the means + stan-
dard deviation (n=3). Statistical analysis was performed using one-way ANOVA followed by Bonferroni's post hoc test. “P<0.01, ““P<0.001, “*"P<0.0001.
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Figure 2. Differential miRNA expression in human umbilical vein endothelial cells (HUVECsS) following exposure to H,0, and vitamin C. (A) Significant
alterations of miRNA levels in HUVECS following exposure to 100 M H,O, for 2 h. (B) Significant alterations in miRNA levels in HUVECsS following
exposure to 100 uM H,0, for 2 h + 200 M vitamin C for 48 h. (C) Cluster heatmap of the same miRNAs among the differentially expressed miRNAs in
HUVECsS induced by H,0, or vitamin C + H,0,.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 2150-2160, 2020

2154

sauab jo sequiny

]
=]
Irs] o

Bay

ssao0ad onojdode (|80 pauLCiSURY 8181050
asundsal ..__.oww.a PEpIOjUN Ul panjaau Auanae waiosd Buieulis jo uoneoe Me0sa0
l

£

jonw Ul pangonul Aanoe asebi uieioid-unnbign jo I 21310590
usisUR 21242 |80 oUW jo ueqeinBas u) panjoaul Aianoe ssebil) wajesd-unbign o ueleinBas anysod alalesa0
1 ajoha |8 aopw Ul panjoaul Angae asebl) wiajosd-ulinbign jo uonenBal 21a|osq0
asundsal uslomd Papojun Ul panjoaul o 812 MAOSINUOPUS YNHW 21910590
aseyd [eabojolg
ssaooud Jijogelaw apnoejanu mpka jo vonenbas anpsod alsosq0
ssa00ad JljoqeIaw Jiy 1o uoleInBar 81810590
sneEnu ojul oduw 3dyiN 8120590
mmooo_m it |
556001 Asoiq YD jo uone] i
ssavosd 19 JWD? Jo uonenGal anlisod 8jejosa0
mmauoﬁ o
£5830/ diiyD o
uoneBaibbe |8
snapnu ol Jodwn sojoey uonduosuey jo uoyenbas anysod oS0
snapnu ajul podwi sojoey uonduasues jo uoienbas anjebou ﬂo_omoo
asuodsas wiejosd papjojun ur panjoau uoneb pue eBesesio mAlcapnuopus en Buoyds yyHW 818j0sq0
uonEayIlag
r._..mﬁ_._.._ aju poduwi uiayoud Buipuig awaga Asoyeinbal (0ja)s ajajosqo

189 o Bunp dil 10d Wiy wedy uond §o uaj
uonejuawbiy
uolEz|n sleipAyogeD
A1243 (|83 oUW Jo UDHISURE S/1LD Ul Pasoaul Avae aseuly sujuoaiyyauLes weosd Juspuadap-u)
8j22 (|89 2O} jo UCIISURL S/1D) Ul | Ainioe aseuly aul uiajoid dap-ul
uoisaype [exbojoig
yimaoug)
JOIABY;

om.uoowﬂm oYy
o 10 Lol

UOHOWINa07
Guiry 123
uoanpoiday
ssasosd anonposday
uonesapod oo
ssao0d [eol mro_n o uonenbas anpsod
ssacosd wsiwebio-nynpy
ss901d [B2160J0Iq JO UO}
ssaa0ud wajshs aunww
ssao0sd [Bwsiuebio enjeonnpy
ssaooud |euswdoanag
ssasoxd Jjoqelap
UoNEZIE907
ssacoxd [enbojog jo vopenbay
uoleinBa) [eaibojolg
Buieubis
szasosd Jen||a0
SNINWIS o) ma...on_maam
Apapoe esejeydsoyd aurscuk) wiajoud yim uojdasas jo weansumop aonpsuel [eubis ajejosqo
Apnipoe aseury suisolfy uioad ypm J0jdeos) Jo WESLSUMOR Jeanpsuey [euls 819i0sq0
Auanoe esesssuenfwenib-ewweb siosq0
Ajajloe aseUR SUUOAILYBULSS LIM 'X01da08] Jo WEaNSUMOp Jadnpsuel [eulis 21910500
ucHoun 5eNoajow paydely
Buipwig uajoud “fAanoe uondiosuel) a@josqo
Buipuig sojoey vopdussues) Al J0joe uoRdUISURL 01010SG0)
Buipuig 1o10ej uoiduosuel) || esesewliod yiy Kunnoe 10joe) uonduosUERY 81210590
Apanoe seonpsuel [eubis 2191050
J0jdaoas o weansumop ‘Kaloe 1donpsues) [eubls 81910sq0
ANAnoR BINOB|oW [RINSNIS
Aynpoe sapodsuer)
Auatoe sopeinBay uonersuel)
Buipuig Jojoey uondussues) || sseswAlod YNY Ao Jojenioe [euondussues 81810sq0
Buipuig sojoe) vondussuer || eseewiod yNY Anioe josseides [euonduosuen :190sq0
Auanoe uepixoguy
Auniioe sorenBas uonduosues
Apaioe Jeonpsue Jenojow
Buipus
Jojenbos uoaung JEnaajon
Aunijoe onfjeyen 3
*Edwos -5 TN 1810sq0
uotaun| g0

an

pioay

ouno:hzw

yed a Ag

yed uoibas seynyaoexg
uoiias Jejnjeoexgy
*3dwos Jenosowesdng
USLIN| PES0IUB-BURIQUISIN
xa(cwoo Bulureuos-uIalolg
BuBIqUIBNY

yed auesquiayy

ed m_%cmm‘_o

ajauebin

ved 120

[Cle] J
g 88 8 8 °

sausb jo sbruscied

<

a@0sq0

| 2910560
anysod 2)3/0sa0

22
3%

Enjed

£

1.550e-28
6.560e-271

Gene number

® 50

@ 100

@ 150

@ 200

Pvalue
3.100e-28
2.325e-28
7.750e-29

Biological process

0.8

Rich factor

Top 20 of pathway enrichment
06

Alzheimer's disease
0.4

Peroxisome 4
Apoptosis -

Cell cycle -
PI3K/AKt signaling pathway -

Apoplosis-multiple species 4
Glutathione metabolism 4
Prateoglycans in cancer 4

Prostate cancer <

Cxytocin signaling pathway 4

Oxidative phosphorylation 4

HTLV-l infection
Hepatitis B 4
Rap 1 signaling pathway +
Ras signaling pathway -
FoxQ signaling pathway -
MAPK signaling pathway -

MNeurotrophin signaling pathway <
Longevity regulating pathway -

Molecular function
Mon-alcoholic fatty liver disease (NAFLD) o

Cellular component

Figure 3. Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway prediction. (A) GO biological pathways and

(B) KEGG biological pathways were potentially affected by the same differentially expressed miRNAs following both H,O, treatment and vitamin C + H,0,

treatment of human umbilical vein endothelial cells (HUVECS).
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Figure 4. The top 10 differentially expressed miRNAs and their target mRNAs associated with cell apoptosis were integrated, and regulatory networks were
constructed using Cytoscape 3 software. The red triangles represent miRNAs and the blue rounds represent the target mRNAs.

Pathway enrichment analyses revealed significant enrichment
in apoptosis, MAPK signaling pathway, PI3K Akt signaling
pathway and oxidative phosphorylation (Fig. 3B).

miRNA target prediction by bioinformatics analysis. The
top 10 miRNAs with the most evident differences in expres-
sion were hsa-miR-323a-5p, hsa-miR-378g, hsa-miR-4788,
hsa-miR-4297, hsa-miR-422a, hsa-miR-3928-5p,
hsa-miR-3687, hsa-miR-1237-3p, hsa-miR-8055 and
hsa-miR-548aw. The target mRNAs associated with apop-
tosis or oxidative metabolic signaling pathways of the top
10 differentially expressed miRNAs were predicted using
TargetScan (http://www.targetscan.org/) and miRanda
(http://www.microrna.org/microrna/home.do). The network
of miRNA-targeted mRNAs was constructed according to
their regulatory association. hsa-miR-323a-5p can target
CASP3, CASP6, CASP9, MAPK9 and other mRNAs to
regulate apoptosis; hsa-miR-422a may be associated with
apoptosis by regulating PIK3CA, E2F2, FAS, or SMAD4;
hsa-miR-8055 may target BCL2, FAS, TNF and other mRNAs
to regulate apoptosis (Fig. 4 and Table SV). hsa-miR-3928-5p
may be involved in regulating oxidative stress by targeting
IL10, MMP2, or CREB; hsa-miR-378g may target ATG12,
ANPEP, MAPK3, or EREG to mediate oxidative stress;
hsa-miR-1237-3p may target AKT2, AKT3 and MAPK to
regulate oxidative stress (Fig. 5 and Table SV).

Validation of differentially expressed miRNAs. To confirm
the miRNA microarray data, RT-qPCR was performed to
examine the expression levels of the top 10 miRNAs from
the H,0, or H,O, + vitamin C-treated HUVEC groups.
The expression levels of hsa-miR-8055, hsa-miR-3928-5p,
hsa-miR-323a-5p, hsa-miR-378g, hsa-miR-422a and
hsa-miR-1237-3p detected by RT-qPCR were downregulated
in the HUVECs induced by H,0, compared to those in the
control HUVECs, and were upregulated in the HUVECs
treated with vitamin C and H,O, compared to those in the
HUVECs exposed to H,0,; these findings were consistent
with those of the microarray analyses (Fig. 6 and Table SIV).
However, the hsa-miR-548aw and hsa-miR-4297 expres-
sion levels were upregulated in the HUVECs induced by
H,O, compared to those in the control HUVECs, and were
downregulated in the HUVECS treated with vitamin C and
H,0, compared to those in the HUVECs treated with H,O,;
the hsa-miR-4788 and has-miR-3687 expression levels were
upregulated in HUVECs induced by H,O, compared to those
in HUVECS; these findings were inconsistent with the results
of microarray analysis. Overall, the results of RT-qPCR veri-
fication of the selected miRNAs were mostly consistent with
the results of sequencing analysis.

Role of hsa-miR-3928-5p and hsa-miR-323a-5p in oxidation
and apoptosis of HUVECs. To further analyze the molecular
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Figure 5. The top 10 differentially expressed miRNAs and their target mRNAs involved in oxidative metabolism were integrated, and regulatory networks
were constructed using the Cytoscape 3 software. The red triangles represent miRNAs and the blue rounds represent the target mRNAs.
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Figure 6. RT-qPCR analysis of the changes in miRNA expression in H,O,-induced and vitamin C + H,O,-treated human umbilical vein endothelial
cells (HUVECs:). Data are shown as the means + standard deviation (n=3). Statistical analysis was performed using one-way ANOVA followed by Bonferroni's

post-hoc test. “P<0.05, “P<0.01, “"P<0.001, “*P<0.0001.

mechanisms of miRNAs in apoptosis and oxidation, western ~ of p-CREB/CREB in HUVECsSs; however, the IL10, MMP2,
blot analysis was used to analyze the expression level of CREB and p-CREB protein expression levels and the
mRNAs regulated by hsa-miR-3928-5p and hsa-miR-323a-5p.  ratio of p-CREB/CREB in the HUVECs transfected with
The results revealed that H,O, upregulate the IL10, MMP2, has-miR-3928-5p and induced by H,0, were significantly
CREB and p-CREB protein expression levels, and the ratio = downregulated, compared to those of HUVECs induced
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Figure 7. Effect of hsa-miR-3928-5p and hsa-miR-323a-5p on related target mRNAs expression levels in human umbilical vein endothelial cells (HUVECs)
induced by H,0, examined by western blot analysis. (A) IL10, MMP2,CREB and p-CREB protein expression levels and the ratio of p-CREB/CREB in HUVECs
under different processing conditions. (B) Semi-quantitative analysis of the protein expression levels in (A). (C) MAPK9, CASP3 and cleaved-CASP3 protein
expression levels and the ratio of cleaved-CASP3/CASP3 in HUVECS under different processing conditions. (D) Semi-quantitative analysis of the protein
expression levels in (C) Statistical analysis was performed using one-way ANOVA followed by Bonferroni's post-hoc test. “P<0.05, ““P<0.001, “*"P<0.0001.
IL, interleukin; MMP2, matrix metalloproteinase; CREB, cAMP-response element binding protein; CASP3, caspase-3.

by H,O, (Fig. 7A and B). Simultaneously, the results also
revealed that H,O, upregulated the MAPK9, CASP3 and
cleaved-CASP3 protein expression levels and the ratio of
cleaved-CASP3/CASP3 in HUVEC: (Fig. 7C and D). Moreover,
the MAPK9, CASP3 and cleaved-CASP3 protein expression
levels and the ratio of cleaved-CASP3/CASP3 in HUVECs
transfected with hsa-miR-323a-5p and induced by H,O, were
significantly downregulated, compared to those of HUVECs
induced by H,0O, (Fig. 7C and D). It could thus be inferred
that vitamin C may regulate the oxidation and apoptosis of
HUVEC:s through the above-mentioned molecular mechanism.

Discussion

Vitamin C is known to be a potent antioxidant that quenches ROS
and has also been demonstrated to ease vascular endothelium

dysfunction in conditions, such as hyperhomocysteinemia,
diabetes, hypercholesterolemia, coronary artery disease, and
renovascular hypertension (27,35-38). Vitamin C induces the
pluripotent differentiation of mouse embryonic stem cells via the
modulation of miRNA expression (39). High Vitamin C levels
result in enhanced anti-atherosclerotic and anti-senescence
effects by regulating anti-inflammatory miRNAs (40,41). At
present, the role of vitamin C-dependent miRNAs in the regula-
tion of the antioxidant and antiapoptotic activities of endothelial
cell remains to be fully determined. Hence, the identification of
vitamin C-induced differentially expressed miRNAs is crucial
for the further understanding of the specific mechanisms
underlying endothelial dysfunction. In the present study, a list
of differentially expressed miRNAs were identified following
vitamin C treatment and it was revealed that vitamin C attenuated
the apoptosis and oxidative damage of H,O,-induced HUVECs.
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Simultaneously, GO analysis demonstrated that cellular
components and biological processes were clearly critical to
the H,0,-induced oxidation stress and apoptosis of HUVECs.
Moreover, KEGG annotation demonstrated that apoptosis, the
MAPK signaling pathway, PI3K/Akt signaling pathway and
oxidative phosphorylation were involved in the anti-oxidative
and anti-apoptotic effects of vitamin C in H,O,-induced
HUVECs. Research has indicated that all MAPK inhibitors
increase the O, levels in H,O,-induced A549 cells (42). The
PI3K/Akt signaling pathway is related to survival, angiogen-
esis and oxidative stress under pathophysiologic conditions
in ischemia (43). Klotho has been shown to weaken oxidized
low-density lipoprotein (ox-LDL)-induced oxidative stress
in HUVECS via the upregulation of oxidative scavengers by
suppressing lectin-like ox-LDL receptor expression and acti-
vating the PI3K/Akt/eNOS pathway (44). To further investigate
the potential roles of miRNAs involved in HUVECs following
exposure to vitamin C, the present study analyzed the predicted
target mRNAs of selected miRNAs. The present study
focused on the top 10 miRNAs, including hsa-miR-323a-5p,
hsa-miR-378g, hsa-miR-4788, hsa-miR-4297, hsa-miR-422a,
hsa-miR-3928-5p, hsa-miR-3687, hsa-miR-1237-3p,
hsa-miR-8055 and hsa-miR-548aw, with the most evident
differences in expression. It was revealed that these miRNAs
target mRNAs that regulate cell apoptosis and oxidative
metabolism signaling pathways.

miR-422a can inhibit the migration and proliferation of
gastric cancer cells, and can promote the metabolic transition
from aerobic glycolysis to oxidative phosphorylation (45).
miR-323a-3p can attenuate the apoptosis of 16HBE14o0-cells
stimulated with staurosporine or tunicamycin by inhibiting
the CASP3 expression level (46). CASP-9/3 plays a critical
role in apoptotic signaling in the mitochondria (47). The
activation of CASP-9/3 mediates cell apoptosis in various cell
types (48-50). In addition, 1,25-dihydroxyvitamin-D3 induces
neutrophil apoptosis in periodontitis with type 2 diabetes
mellitus patients via the p38/MAPK pathway (51). In this
study, western blot showed that hsa-miR-323a-5p downregu-
lated the protein expression levels of CASP3, Cleaved-CASP3,
and MAPK®9 and the ratio of the Cleaved-CASP3/CASP3 in
HUVECs induced by H,0,, suggesting that hsa-miR-323a-5p
obtained the antiapoptotic effects of Vitamin C by targeting
CASP3 and MAPKO. In oxidative stress, MMP2 knockdown
has been shown to prevent the protective effects of miR-125
inhibitor on H9C2 cells (52). MMPs play important roles in
anti-inflammation; the activity of MMP-2 is increased by
oxidative stress in early hypertension (53). The administration
of anthocyanin suppresses the generation of ROS and attenu-
ates naproxen-induced suppression of MMP-2 (54). IL10, a
human cytokine influencing immunoregulation and inflamma-
tion, has anti-inflammatory properties and plays an important
role in limiting immune responses to pathogens and oxidative
stress (55). The activation of the Akt/CREB axis by stressin-1
can counteract the adverse effects of various cell stresses (56).
In the present study, the results of western blot analysis revealed
that hsa-miR-3928-5p downregulated the protein expression
levels of IL10, MMP2, CREB and p-CREB, and the ratio of
p-CREB/CREB in HUVECs induced by H,0,, suggesting that
hsa-miR-3928-5p mediated the anti-inflammatory effects of
vitamin C by targeting IL10, MMP2 and CREB.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 2150-2160, 2020

In conclusion, the present study may be an important
step in obtaining a greater understanding of the mechanisms
through which vitamin C exerts anti-apoptotic and antioxidant
effects via miRNA signaling networks, thereby revealing the
potential molecular mechanisms of vitamin C as regards the
antioxidation and apoptosis of HUVEC induced by H,0,.
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