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Polydatin reverses oxidation low lipoprotein (oxLDL)-induced apoptosis of human
umbilical vein endothelial cells via regulating the miR-26a-5p/BID axis
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Atherosclerosis is a disease in which lipids and inflammatory factors accumulate on the walls of arteries, form-
ing plaques that eventually block the flow of blood. Polydatin was derived from plant knotweed, which could
play an important role in inhibiting the progression of atherosclerosis. However, the mechanism by which poly-
datin regulates the genesis and development of atherosclerosis remains unclear. To detect the function of poly-
datin in atherosclerosis, the proliferation, apoptosis and migration of human umbilical vein endothelial cells
(HUVECs) was detected using 5-ethynyl-2’-deoxyuridine staining, flow cytometry and transwell assays,
respectively. In addition, the branch points and capillary length of HUVECs were observed using a tube forma-
tion assay, and the lipid accumulation was tested by Oil-red O staining assay. Dual luciferase reporter assays
were performed to confirm the association between microRNA (miR)-26a-5p and BH3 interacting domain
death agonist (BID) in HUVECs. The data suggested oxidized low-density lipoprotein (oxLDL) notably inhib-
ited the viability of HUVECs in a dose-dependent manner, and polydatin reversed the oxLDL-induced inhibi-
tion of HUVECs viability and proliferation. In addition, polydatin inhibited the apoptosis, migration and epithe-
lial mesenchymal transition (EMT) process in oxLDL-treated HUVECs. Polydatin reversed oxLDL-induced
lipid accumulation and angiogenesis inhibition in HUVECs. Furthermore, BID was targeted by miR-26a-5p,
and polydatin reversed the oxLDL-induced apoptosis of HUVECs via regulating the miR-26a-5p/BID axis. In
summary, polydatin reversed the oxLDL-induced apoptosis of HUVECs via regulating the miR-26a-5p/BID
axis. Therefore, polydatin could act as a new agent for atherosclerosis treatment.
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Introduction
Atherosclerosis is a disease in which substances (such as lipids

and inflammatory factors) accumulate on the walls of arteries,
forming plaques that narrow and harden the blood vessels, and
eventually block the flow of blood,1,2 It is hypothesized that
atherosclerosis is associated with injury of vascular endothelial
cells and chronic inflammation.3 Vascular endothelial cells are flat
cells that cover the lumen surface of blood vessels.3 Maintaining
the integrity of the structure and physiological functions of such
cells can effectively control the development of atherosclerosis.4
However, the pathogenesis of atherosclerosis is currently unclear.5
The main risk factors for the occurrence and development of
atherosclerosis include dyslipidemia, increased blood pressure and
obesity.6 At present, the therapeutic measures for atherosclerosis
are interventional therapy, drug therapy and surgery.7,8 However,
the results of these treatments remain unsatisfactory.

Polydatin is a natural active ingredient from Rhizoma Polygoni
Cuspidati, which is a traditional Chinese medicine.9,10 It has been
reported that polydatin has anti-inflammatory and anti-apoptotic
effects in a variety of cardiovascular diseases such as atherosclero-
sis.9,11,12 Peng et al.11 reported that polydatin could inhibit the pro-
gression of atherosclerosis by reducing macrophage infiltration
and the expression of inflammatory factors. In addition, Huang et
al.13 indicated that polydatin is remarkably effective in inhibiting
the progression of atherosclerosis. However, the mechanism by
which polydatin regulates the genesis and development of
atherosclerosis remains unclear.

MicroRNAs (miRNAs) are RNA molecules 21-23 nucleotides
in length, which are present in eukaryotes.13,14 MiRNAs can inhibit
the expression of post-transcriptional genes by specifically binding
to target mRNA, and play an important role in regulating the cell
cycle and gene expression.13,14. miRNAs have been the focus of
numerous studies as potential biomarkers or therapeutic targets.15-17.
Specifically, miRNAs are associated with the proliferation of vas-
cular endothelial cells.17,18 For example, the increase in miR-342-
5p significantly promoted the apoptosis of human umbilical vein
endothelial cells (HUVECs) treated with H2O2.17 In addition, miR-
485-3p is closely associated with the proliferation of human
microvascular endothelial cells cultured under hypoxic
conditions.19 Furthermore, miR-26a-5p was significantly downreg-
ulated in primary endothelial cells from CAD mice.18

Based on the above background, the present study aimed to
explore the association between polydatin, miR-26a-5p and
atherosclerosis. We hope this study might provide new strategies
for clinicians to treat atherosclerosis.

Materials and Methods

Cell culture 
HUVECs were from American Type Culture Collection and

maintained in DMEM (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 1% penicillin and streptomycin at 37°C in a
humidified atmosphere with 5% CO2.

5-Ethynyl-2’-deoxyuridine (EdU) staining
The EdU detection kit was obtained from Guangzhou RiboBio

Co., Ltd (Guangzhou, China). Firstly, HUVECs were cultured to
the logarithmic growth stage and then incubated with 50 µM EdU
(Beyotime Institute of Bioechnology, Haimen, China; 100 µL).
Next, the medium was removed, and the cells were washed with
PBS twice for 5 min each time. HUVECs were then incubated with

1 μg/mL DAPI (Beyotime Institute of Bioechnology; 100 µL) in
the dark. Finally, the cells were observed using a fluorescence
microscope (CX23, Olympus Co., Shinjuku, Tokyo, Japan; three
microscope fields were considered). Three replicates were per-
formed in each group.

Flow cytometry assay
Firstly, HUVECs were digested with 0.25% trypsin, and then

collected by centrifugation at room temperature at 2,000 rpm for 10
min. Next, cells were incubated with 5 μL annexin V (3%; BD
Bioscience, Franklin Lakes, NJ, USA), followed by incubation with
5 μL propidium iodide (3%; BD Bioscience) for 15 min in the dark.
Finally, HUVECs undergoing apoptosis (early + late) were detected
by flow cytometry (Accuri C6; BD Biosciences) and cell apoptosis
was determined using FlowJo 7.6.1 software (FlowJo LLC,
Ashland, OR, USA). Three replicates were performed in each group.

Transwell assay
HUVECs were added to the upper chamber of the transwell

insert, which contained 200 μL serum-free medium, while the
lower chamber contained 600 μL DMEM with 10% FBS. The
HUVECs that had migrated to the lower membrane surface were
stained with crystal violet (0.1%) for 10 min after 24 h of incuba-
tion. Finally, the migrated cells were observed using a light micro-
scope (BX53, Olympus Co). 

Western blotting
Protein Lysis Buffer (Beyotime Institute of Biotechnology)

was used to isolate total protein from HUVECs. The protein con-
centration was quantified with a BCA protein assay kit (Beyotime
Institute of Biotechnology). Next, proteins were separated using
10% SDS-PAGE and transferred to PVDF membranes, which were
then blocked with 3% skimmed milk, followed by incubation
overnight at 4°C with primary antibodies (anti-E-cadherin:
1:1,000; anti-N-cadherin: 1:1,000; anti-vimentin: 1:1,000; anti-
BID: 1:1,000; anti-cleaved caspase 3: 1:1,000; anti-β-actin:
1:1,000) and subsequent incubation with a horseradish peroxidase-
conjugated goat anti-rabbit IgG polyclonal secondary antibody
(1:5,000) for 1 h at room temperature. All antibodies were pur-
chased from Abcam (Cambridge, UK). Next, the membranes were
subjected to enhanced chemiluminescence using a kit. β-actin was
used as an internal loading control for normalization. 

Tube formation assay
Matrigel™ (BD Biosciences) was used to detect the tube forma-

tion of HUVECs. A total of 5×104 HUVECs were plated on a 96-well
plate precoated with Matrigel™ (50 µL/well) for 30 min at 37°C.
After 12 h, the enclosed networks of tubes from six random high-
power microscope fields were examined under a light microscope
(BX53, Olympus). The mean value of 10 cumulative total lengths per
well represented an experimental point. The number of tubes was
assessed using ImageJ 1.52 k software (version 1.46; National
Institutes of Health). Three replicates were performed in each group.

Oil-red-O staining assay
Oil-red-O staining was performed to observe lipid accumulation in

HUVECs. Cells were fixed with 10% paraformaldehyde for 30 min and
then stained with Oil-red O (30%; Beyotime Institute of Biotechnology)
for 10 min, followed by sealing the coverslip with glycerin gelatin.
Subsequently, Oil-red-O staining was observed using a light microscope
(BX53, Olympus Co.). Three replicates were performed in each group.
Six random high-power microscope fields were performed.

RT-qPCR
TRIzol® reagent (ELK Biotechnology, Co., Ltd., Wuhan, China)
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was used to extract total RNA from HUVECs, and an EntiLink™ 1st

strand cDNA Synthesis Kit (ELK Biotechnology, Co., Ltd.) was
then used to synthesize cDNA. Next, RT-qPCR was performed on a
StepOne™ Real-Time PCR System. The 2-DDCq method was used to
quantify the data. The primers used in the present study were pur-
chased from Shanghai GenePharma Co., Ltd. (Shanghai, China),
and their sequences are as follows: U6 forward, 5’-CTCGCTTCG-
GCAGCACA-3’, reverse, 5’-AACGCTTCACGAATTTGCGT-3’;
β-actin forward, 5’-GTCCACCGCAAATGCTTCTA-3’, reverse,
5’-TGCTGTCACCTTCACCGTTC-3’; miR-342-5p, 5’-AGGGGT-
GCTATCTGTGATTGA-3’; miR-485-3p forward, 5’-GGCCGT-
CATACACGGCTC-3’, reverse, 5’-CTCAACTGGTGTCGTG-
GAGTC-3’; miR-26a-5p forward, 5’-UCCAUAAAGUAGGAAA-
CACUACA-3’, reverse, 5’-CAGUACUUUUGUGUAGUACAA-
3’; and BID forward, 5’-AAGAAGGTGGCCAGTCACAC-3’,
reverse, 5’-GTCCATCCCATTTCTGGCTA-3’.

Cell transfection
MiR-26a-5p mimics, miR-26a-5p mimics-control (ctrl),

pcDNA3.1-overexpression (OE)-ctrl and pcDNA3.1-BID OE were
obtained from Shanghai GenePharma Co., Ltd., and were trans-
fected into HUVECs using Lipofectamine® 2000 (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s protocol.

Dual luciferase reporter assay
Wild-type (WT) and mutated (MT) reporter vectors for miR-

26a-5p and BID were constructed by Sangon Biotech Co., Ltd.

(Shanghai, China). BID WT or BID MT together with miR-26a-5p
mimics or miR-26a-5p mimics-ctrl were transfected into HUVECs
using Lipofectamine® 2000 (Invitrogen) according to the manufac-
turer’s protocol. Subsequently, luciferase activity in HUVECs was
detected using a Dual Luciferase Reporter Assay System
(Beyotime Institute of Biotechnology).

Statistical analysis
The experiments were repeated three times, and the data are

presented as the mean ± SD. Comparisons between ≥3 groups were
analyzed using a one-way ANOVA followed by a Tukey’s post-hoc
test. A p-value <0.05 was considered to indicate a statistically sig-
nificant difference.

Results

Polydatin reverses the oxLDL-induced inhibition of
HUVEC viability and proliferation

In order to mimic atherosclerosis in vitro, HUVECs were treat-
ed with oxLDL. As indicated in Figure 1A, oxLDL (0, 30, 60 and
120 μg/mL) notably inhibited the viability of HUVECs in a dose-
dependent manner. Since 60 μg/mL oxLDL exerted a mild cytotox-
icity in HUVECs, while 120 μg/ml oxLDL exerted a high cytotox-
icity in HUVECs, 60 μg/mL oxLDL was selected for subsequent

Figure 1. Polydatin reverses oxLDL-induced inhibition of HUVECs viability and proliferation. A) Different concentrations of oxLDL
(0, 30, 60 and 120 g/mL) were used to treat HUVECs. B) Different concentrations of polydatin (0, 25, 50, 100 and 150 M) were used
to treat HUVECs. C) OxLDL (60 g/mL) and polydatin (50 or 100 M) were used to treat HUVECs. The viability of HUVECs was
measured by CCK8 assay. D) The proliferation of HUVECs was measured by EdU assay. Three replicates were performed in each group.
**p<0.01 compared with control group; ##p<0.01 compared with oxLDL (60 g/mL) treated group.

                                                             [European Journal of Histochemistry 2022; 66:3505]                                          [page 605]

2022_4.qxp_Hrev_master  16/09/22  10:15  Pagina 605



                             Article

analyses (Figure 1A). Polydatin dose dependently inhibited the
viability of HUVECs (Figure 1B). Since 50 and 100 μM polydatin
showed minimal cytotoxicity towards the viability of HUVECs,
and 150 μM polydatin had a strong toxic effect on the viability of
HUVECs, 50 or 100 μM polydatin was selected for subsequent
experiments (Figure 1B). OxLDL markedly inhibited the viability
of HUVECs, compared with that of the control group, while this
phenomenon was notably reversed by polydatin (Figure 1C).
Consistently, oxLDL significantly inhibited the proliferation of
HUVECs, while this phenomenon was abolished by polydatin
(Figure 1D). Collectively, polydatin could reverse the oxLDL-
induced inhibition of HUVEC viability and proliferation.

Polydatin reverses oxLDL-induced apoptosis, migration
and epithelial-mesenchymal transition (EMT) in
HUVECs

To assess the function of polydatin on HUVECs apoptosis, flow
cytometry was employed. OxLDL notably induced the apoptosis of
HUVECs, while the pro-apoptotic effect of oxLDL was markedly
inhibited by polydatin (Figure 2A). In addition, oxLDL significant-
ly promoted the migration of HUVECs, and this phenomenon was
mainly reversed in the presence of polydatin (Figure 2B). As
expected, oxLDL notably downregulated the level of E-cadherin,
and upregulated the levels of N-cadherin and vimentin in HUVECs,
while these effects of oxLDL were significantly reversed by poly-
datin (Figure 2C). To summarize, polydatin could notably reverse
oxLDL-induced apoptosis, migration and EMT in HUVECs.

Polydatin reverses the oxLDL-induced lipid accumula-
tion and angiogenesis inhibition of HUVECs

To investigate the effect of polydatin on HUVEC angiogenesis,
a tube formation assay was performed. As revealed in Figure 3A,
oxLDL visibly inhibited the angiogenesis of HUVECs, and this
phenomenon was reversed by polydatin.

The results of Oil-red-O staining showed that oxLDL remark-
ably induced lipid accumulation in HUVECs; however, this phe-
nomenon was abolished by polydatin (Figure 3B). In general,
polydatin could reverse the oxLDL-induced lipid accumulation
and angiogenesis inhibition of HUVECs.

BID is targeted by miR-26a-5p, and polydatin reverses
the oxLDL-induced apoptosis of HUVECs via
regulating the miR-26a-5p/BID axis

To investigate the mechanism by which polydatin regulates the
progression of atherosclerosis, various miRNAs were selected in
the present study. It has been reported that miR-342-5p, miR-485-
3p and miR-26a-5p are associated with the proliferation of vascular
endothelial cells.17-19 Therefore, RT-qPCR was performed to detect
the expression of these miRNAs. As indicated in Figure 4A, poly-
datin significantly upregulated the expression of miR-26a-5p in
HUVECs, while polydatin had no effect on the levels of miR-342-
5p or miR-485-3p. Furthermore, miR-26a-5p plays a crucial role in
the development of atherosclerosis.20 Thus, miR-26a-5p was evalu-
ated in the following experiments. To further study the mechanism
by which polydatin and miR-26a-5p regulate the development of

Figure 2. Polydatin reverses oxLDL-induced apoptosis, migration and EMT process of HUVECs. A) OxLDL (60 µg/mL) and polydatin
(50 or 100 μM) were used to treat HUVECs. The apoptosis of HUVECs was measured using flow cytometry. B) The migration of
HUVECs was detected using transwell assay. C) The expression levels of E-cadherin, N-cadherin and Vimentin were measured by
Western blot. Three replicates were performed in each group. **p<0.01 compared with control group; ##p<0.01 compared with oxLDL
(60 µg/mL) treated group.
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atherosclerosis, TargetScan and miRDB bioinformatics databases
were used in the current study. As suggested in Figure 4B, BID may
be a potential direct target of miR-26a-5p, and BID has been report-
ed to play an important role in atherosclerosis.21 In addition, miR-
26a-5p mimics markedly promoted the expression of miR-26a-5p
(Figure 4C). miR-26a-5p mimics significantly decreased the
luciferase activity of BID-WT in HUVECs; however, the luciferase
activity of BID-MT was not affected (Figure 4D). 

Consistent with the above data, oxLDL markedly upregulated
the expression of BID and cleaved caspase 3; however, these phe-
nomena were abolished in the presence of polydatin (Figure 4 E-
G). These data confirmed that BID was targeted by miR-26a-5p
and that polydatin could markedly reverse the oxLDL-induced
apoptosis of HUVECs via regulating the miR-26a-5p/BID axis.

Polydatin reverses the oxLDL-induced inhibition of HUVECs
proliferation by regulating the miR-26a-5p/BID axis

To further investigate the mechanism by which the miR-26a-
5p/BID axis regulates atherosclerosis, rescue experiments were
performed. BID OE markedly increased the level of BID in
HUVECs, compared with that of the control group (Figure 5A). In
addition, oxLDL significantly induced the apoptosis of HUVECs,
while this phenomenon was markedly reversed by polydatin; how-
ever, the inhibitory effect of polydatin was abolished by BID OE
(Figure 5B). As expected, oxLDL notably inhibited the prolifera-

tion of HUVECs, and this inhibition was reversed by polydatin,
while the effect of polydatin was abolished in the presence of BID
OE (Figure 5C). Taken together, polydatin could notably reverse
the oxLDL-induced inhibition of HUVEC proliferation by regulat-
ing the miR-26a-5p/BID axis.

Polydatin reverses the oxLDL-induced apoptosis of
HUVECs via regulation of a miR-26a-5p/BID axis

To further assess the effect of BID OE on apoptosis-related
proteins, western blotting was performed. The results indicated
that oxLDL notably increased the expression of BID and cleaved
caspase 3, while these phenomena were abolished by polydatin.
However, the inhibitory effects of polydatin on BID and cleaved
caspase 3 were reversed by BID OE (Figure 5 A-C). In summary,
polydatin could reverse the oxLDL-induced apoptosis of HUVECs
via regulation of a miR-26a-5p/BID axis (Figure 6).

Discussion
It has been reported that atherosclerosis is the main cause of

myocardial and cerebral infarction.22,23 On the other hand, polydatin
was confirmed to exert anti-inflammatory effect on multiple dis-
eases.24,25 In this research, polydatin was able to reverse oxLDL-
induced HUVEC apoptosis, and it could regulate miR-26a-5p/BID
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Figure 3. Polydatin reverses oxLDL-induced lipid accumulation and angiogenesis inhibition of HUVECs. A) OxLDL (60 μg/mL) and
polydatin (50 or 100 μM) were used to treat HUVECs. The angiogenesis of HUVECs was detected using tube formation assay. B) The
lipid accumulation of HUVECs was observed by Oil-red-O staining. Three replicates were performed in each group. **p<0.01 compared
with control group; ##p<0.01 compared with oxLDL (60 µg/mL) treated group.
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axis. Thus, the present study first explored the mechanism underlying
the function of polydatin in oxLDL-treated HUVECs, suggesting that
polydatin could serve as a new suppressor in atherosclerosis.

Polydatin is a traditional Chinese medicine that can be used to treat
atherosclerosis.9,10 Gugliandolo et al.26 reported that polydatin could
protect vascular cells against IL-1β-induced inflammation and oxida-
tive stress, while Xiong et al.27 indicated that polydatin could signifi-
cantly inhibit the progression of atherosclerosis. In the present study,
polydatin proved to reverse the oxLDL-induced apoptosis, migration
and EMT process of HUVECs. miR-26a-5p is closely associated with
atherosclerosis.28,29 Atorvastatin, which is a drug prescribed for the
treatment of atherosclerosis, could inhibit the oxLDL-induced apopto-
sis of HUVECs by regulating the miR-26a-5p/PTEN axis.28

Kaempferol, which belongs to the family of flavanols, can alleviate the
oxLDL-induced apoptosis of HUVECs by upregulating the expression
of miR-26a-5p.28 In the present study, polydatin markedly reversed the
oxLDL-induced apoptosis of HUVECs via regulation of the miR-26a-
5p/BID axis, which was consistent with previous reports.

BID was reported as a crucial mediator in cell growth.30,31 In addi-
tion, BID could act as a promoter in cell apoptosis.32 In this study, BID

was found to be the downstream target of miR-26a-5p. Thus, it might
be suggested that polydatin could reverse oxLDL-induced HUVEC
injury through regulation of BID. Meanwhile, Xing et al. found that
miR-26a-5p could inhibit the injury of cardiomyocytes through medi-
ation of PTEN/PI3K/Akt signaling,33 and our research was similar to
this previous research. PTEN was able to inhibit the cell growth
through negative regulating Akt signaling,34 and BID was confirmed to
be the pro-apoptotic member. Thus, the similar function between
PTEN and BID might contribute to the similarity between our research
and the one by Xing et al.33

The most significant novelty of our study is that for the first time
we demonstrated the relationship between polydatin and miR-26a-5p
and elucidated its target mRNA in atherosclerosis. Indeed, our research
has some limitations: namely, other potential targets of miR-26a-5p are
to be further detected, and more downstream miRNAs of polydatin
remain unexplored. Hence, further investigations are essential in com-
ing future. In summary, the present findings revealed that polydatin
reversed the oxLDL-induced apoptosis of HUVECs via regulating the
miR-26a-5p/BID axis. Thus, our study might provide a new theoretical
basis for exploring new strategies against atherosclerosis.

                             Article

Figure 4. BID is targeted by miR-26a-5p and polydatin reverses oxLDL-induced apoptosis of HUVECs via regulating the miR-26a-
5p/BID axis. A) The expressions of miR-342-5p, miR-485-3p and miR-26a-5p in HUVECs were measured using RT-qPCR. B)
TargetScan and miRDB bioinformatics databases were used to predict the downstream target of miR-26a-5p. C) HUVECs were treated
with miR-26a-5p mimics-ctrl or miR-26a-5p mimics; the level of miR-26a-5p was measured using RT-qPCR. D) The luciferase activity
of HUVECs that were co-transfected with BID-WT/MT 3’-UTR plasmid and miR-26a-5p mimics was detected using dual luciferase
reporter assay. E,F,G) The expression levels of BID and Cleaved caspase 3 were measured by Western blot. Three replicates were per-
formed in each group. **p<0.01 compared with control group; ##p<0.01 compared with oxLDL (60 μg/mL) treated group.
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Figure 5. Polydatin reverses oxLDL-induced inhibition of HUVECs proliferation by regulating the miR-26a-5p/BID axis. A) HUVECs
were treated with BID OE-ctrl or BID OE. The level of BID was measured using RT-qPCR. B) The apoptosis of HUVECs was measured
using flow cytometry. C) The proliferation of HUVECs was measured by EdU assay. Three replicates were performed in each group.
**p<0.01 compared with control group; ##p<0.01 compared with oxLDL (60 µg/mL) treated group; ^^p<0.01 compared with oxLDL +
polydatin (100 µM) treated group.

Figure 6. Polydatin reverses oxLDL-induced apoptosis of HUVECs via regulating the miR-26a-5p/BID axis. A-C) The expression levels
of BID and Cleaved caspase 3 were measured by western blot. Three replicates were performed in each group. ##p<0.01 compared with
oxLDL (60 µg/mL) treated group; ^^p<0.01 compared with oxLDL + polydatin (100 μM) treated group.
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