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Abstract

Salidroside is extensively used as a herbal medicine worldwide, and it has
been shown to protect against disruption of endothelial homeostasis and act
as an anti-aging agent. The present study aimed to investigate the ameliora-
tive effects of salidroside on homocysteine (Hcy)-induced cell senescence in
human umbilical vein endothelial cells (HUVECs) that were mediated via in-
hibition of Kriippel-like factor 4 (KLF4). An endothelial cell senescence mod-
el was induced by Hcy. The cell viability, activities of telomerase and lactate
dehydrogenase (LDH), and the level of reactive oxygen species were deter-
mined using commercial kits. The expression levels of KLF4, p53 and p21
were determined via western blot analysis, whereas the mRNA expression le-
vels of KLF4 were detected by reverse transcription-quantitative PCR. Small
interfering RNA-mediated knockdown of KLF4 was found to reverse
Hcy-induced cell senescence. Hcy treatment led to an accelerated cell senes-
cence, as evidenced by decreases in both cell viability and telomerase activity,
whereas increases were noted in the leakage of LDH and the level of reactive
oxygen species, in addition to an up-regulation of the protein levels of p53
and p21, and up-regulation of KLF4 at both the mRNA and protein level.
Treatment with salidroside ameliorated Hcy-induced cell senescence in a
dose-dependent manner. Taken together, these results suggested that Hcy
may induce cell senescence through upregulation of KLF4, and this may be
reversed by treatment with salidroside. Therefore, salidroside was shown to
inhibit Hey-induced cell senescence through KLF4 inhibition.
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1. Introduction

With the rapid increase in an aging population that is currently underway, ag-
ing-associated diseases, including cardiovascular diseases (CVDs), pose serious
threats to human life and health [1]. Among the CVDs, atherosclerosis (AS)
provides the pathological basis of cardiovascular events. Although its pathoge-
nesis has yet to be fully elucidated, AS is best categorized as a chronic vascular
inflammatory disease [2]. Homocysteine (Hcy) is an intermediate product of
methionine metabolism in vivo, and is closely associated with cardiovascular
events, considered as an independent risk factor for AS [3] [4] [5] [6]. As an in-
flammatory stimulant, Hcy affects the function of endothelial cells and smooth
muscle cells. It is also involved in oxidative stress and inflammatory reactions,
and effects change both in gene expression activity and in other mechanisms,
leading to the occurrence and development of AS [7]. Oxidative stress caused by
high levels of Hcy is closely associated with aging-related diseases, including AS
and diabetes mellitus [8] [9]. Patients with severely high levels of Hcy undergo
an accelerated senescence, and a series of symptoms associated with senescence
typically appear during the early stage of life.

The KLF family proteins comprise a conserved zinc-finger transcription factor
family in eukaryotes, and KLF4 is an important member of the KLF family. It
contains two transcriptional activation domains and transcription inhibitory
domains at different sites, which can be used, respectively, as transcriptional ac-
tivators and inhibitors of genes associated with cell proliferation, differentiation
and apoptosis [10]. Recently, it has been demonstrated that KLF4 is an impor-
tant transcription factor involved in regulating the cardiovascular system [11],
which can inhibit or activate inflammatory factors, and variously regulate the
activation of vascular endothelial cells, the polarization of macrophages, and the
proliferation and migration of smooth muscle cells through different pathways
to exert cardiovascular protection [12]. Previous studies have shown that KLF4
is able to inhibit the proliferation of smooth muscle cells by regulating the ex-
pression of p53- and p21l-associated genes in the cell cycle [13]. Overexpression
of KLF4 can induce both the down-regulation of anti-aging gene expression and
the up-regulation of cell senescence genes. These findings suggest that KLF4 in-
duces cell senescence, and that the transcription factor KLF4 may have an im-
portant role in the mechanism of endothelial senescence.

Rhodiola is a perennial herb or subshrub of the genus Rhodiola in the family
Rhodiola that is used in the treatment of asthma, chronic obstructive emphyse-

ma, influenza, and so on. Salidroside is the main active component of Rhodiola,
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and it possesses extensive pharmacological activity, especially in anti-aging and
anti-oxidation processes [14]. Numerous modern pharmacological studies of sa-
lidroside have confirmed that the compound is a characteristic drug resource,
which affords vascular endothelial protection, regulates and improves endotheli-
al homeostasis, and intervenes in the regulation of aging, although its mechan-
ism of action has yet to be fully elucidated. In the present study, the molecular
mechanism by which salidroside ameliorates endothelial aging was investigated
through an analysis of Hcy-induced senescence of vascular endothelial cells, and
the effect of salidroside on the regulatory transcription factor KLF4 during the
pathological process of endothelial aging was also explored in order to clarify its

regulatory and protective effects on vascular endothelial function.

2. Materials and Methods

Isolation, culture and subculture of human umbilical vein endothelial cells
(HUVECs). We followed the methods of Zhang et al 2020 [15]. Umbilical vein
endothelial cells (HUVECs) were purchased from The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. Cells were cultured in Endo-
thelial Cell Medium (ScienCell Research Laboratories, Inc.) supplemented with
5% FBS (ScienCell Research Laboratories, Inc.) and 100 U/ml penicillin and
streptomycin, and maintained in an incubator at 37°C with 5% CO,. Cells were
subcultured and seeded into 6- or 24-well plates for subsequent experiments, as
detailed below. The cells were pretreated with salidroside for 2 h at 37°C, Hcy
(PeproTech EC Ltd.) was subsequently added, and the cells were incubated for a
further 72 h. HUVECs were trypsinized with 0.25% trypsin and collected for
analysis.

Reagents. DMEM and fetal bovine serum (FBS) were purchased from Nanjing
BioChannel Biotechnology Co., Ltd. RNA extraction kit was obtained from Qia-
gen GmbH. Invitrogen” Lipofectamine™ 2000 transfection reagent was from
Thermo Fisher Scientific, Inc., and polyvinylidene fluoride (PVDF) membranes
were purchased from EMD Millipore, whereas electrochemiluminescence (ECL)
Plus” Western blotting reagent and horseradish peroxidase (HRP)-coupled sec-
ondary antibodies were from ImmunoWay Biotechnology Company.

Determination of cell activity by MTT assay. The cultured cells were digested
and completely suspended in solution. Subsequently, the cells were used to in-
oculate a 96-well plate (cell density, 1.5 x 10* cells/well) and then treated with
different factors for 2 days (once in the middle of the plate) 24 h later. MTT so-
lution (20 ul; 5 mg/ml) was subsequently added to each pore in 200 pl culture
medium. After 4 h, the supernatant was carefully absorbed and discarded, and
150 pl DMSO was added to each pore with agitation for 10 min, prior to reading
the absorbance value of each well at a wavelength of 570 nm by enzyme-linked
immunosorbent assay. Each treatment group was performed in triplicate.

Assessment of cell senescence using [5-galactosidase (SA-f-gal) staining. SA-p-gal
staining was performed using a Cellular Senescence Assay kit (CBA-230; Cell

Biolabs Inc.) according to the manufacturer’s protocol with minor modifica-
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tions. The HUVECs were plated in 6-well plates at a density of 3 x 10° cells/well
and then incubated overnight, fixed, and the cells that were stained for SA-$-gal
were photographed using a camera that was attached to a light microscope
(FSX100; Olympus Corporation) to assess the extent of cell senescence. Areas
measuring 0.44 x 0.32 mm (length x width) from each image were scanned. For
the image preparation, type “8-bit” was selected, and the “adjust,” “threshold
max 1807, and “measure” commands in Image] software (National Institutes of
Health) were used. The results of “% area” were used to represent the staining
level of SA-f-gal.

Determination of the levels of intracellular oxygen free radicals. The fluores-
cence dye DCFH-DA, which in itself has no fluorescence, can freely pass
through the cell membrane and enter cells. After having entered the cell, the dye
is hydrolyzed by an esterase in the cell to form DCFH. DCFH is not able to pe-
netrate the cell membrane, and the reactive oxygen species (ROS) in the cells are
able to oxidize the non-fluorescent DCFH to form the green fluorescent product,
DCF. Therefore, the level of intracellular DCF fluorescence can be used as a
marker to reflect the amount of ROS present. For this assay, the cells were in-
itially cultured in a 6-well plate for 48 h. The cell culture medium was subse-
quently removed, the cells were rinsed three times in serum-free medium at
room temperature, 10 uM DCFH-DA fluorescent dye was added, and the cells
were then incubated at 37°C for a further 20 min. The cells were subsequently
washed three times with serum-free medium, and the fluorescence intensity was
measured using a multi-function plate reader.

Determination of telomerase activity by reverse transcription-quantitative
PCR (RT-PCR). Telomerase activity in the extract was detected after the living
cells had been lysed. Under certain buffer conditions, telomerase can synthesize
telomere repeats by using dNTPs at the end of the oligonucleotides. Following
RT-qPCR amplification of the telomerase amplification product, SYBR Green,
which is a nucleic acid stain, can be used to detect the fluorescence signal of the
amplification product. In this manner, the telomerase activity was measured us-
ing the RT-qPCR method, and the activity of telomerase was calculated.

Detection of changes in the mRNA level using RT-gPCR. The total RNA was
extracted from cells using TRIzol” reagent, and the amount of RNA was quanti-
fied using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific,
Inc.). The RNA was reverse-transcribed using reverse transcriptase, and subse-
quently the miR-24/U6 and E2F1/GAPDH levels were quantified using a CFX96
Real-Time PCR detection system (Bio-Rad Laboratories, Inc.). The primer se-
quences used for RT-qPCR are shown in Table 1.

Western blotting. At 2 h after reperfusion, the heart tissues were harvested.
The total protein was extracted with RIPA lysis buffer from ischemic heart tis-
sues, transferred onto a PVDF membrane (EMD Millipore), sealed with 5%
skimmed milk powder, and incubated with the anti-E2F2 primary antibody (Cell
Signaling Technology, Inc.) overnight. The membranes were then incubated

again with the HRP-coupled secondary antibody (ImmunoWay Biotechnology
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Table 1. Primers used for the reverse transcription-quantitative PCR experiments.

Gene name Primer or gene sequence

Upstream: 5>-TCAAGGGAGCACGCTATGTCT-3
KLF4
Downstream: 5-CCTCTTCTTGCCGCTTCAGT-3

Upstream: 5-AACTTTGGCATTGTGGAAGG-3’
Mouse GAPDH
Downstream: 5-TGTGAGGGAGATGCTCAGTG-3’

Company), followed by analysis using an ECL system (Fusion FX7 imaging sys-
tem; Vilber China).

Statistical analysis. Statistical Product and Service Solutions (SPSS) 21.0 soft-
ware (IBM Corp.) was used for statistical analysis. Numerical variables were ex-
pressed as mean * standard deviation (SD), and independent-samples t-test was
adopted for comparisons between two groups. P < 0.05 was considered to indi-

cate a statistically significant difference.

3. Results

Determination of cell activity. After having treated the cells with 500 uM Hcy
for 48 h, the viability of the endothelial cells was significantly decreased (Figure
1(A) and Figure 1(B)). Salidroside administration significantly increased cell
viability in a concentration-dependent manner. N-acetylcysteine (NAC) elicited
the same effect (Figure 1(C)). The extent of damage caused to the cell mem-
brane was subsequently measured by LDH leakage. The leakage amount of LDH
increased significantly after 48 h of Hcy treatment, whereas salidroside was able
to reduce the leakage to differing degrees (Figure 1(D)). Collectively, these re-
sults demonstrated that salidroside exerted a protective effect on Hcy-induced
endothelial cell injury.

Determination of intracellular ROS. Endothelial cells exposed to high concen-
trations of oxidative stress for a long period of time undergo damage and dys-
function. In order to evaluate the inhibitory effect of salidroside on the produc-
tion of ROS induced by Hcy, DCFH-DA fluorescence probe was used to detect
the ROS level. Incubation of the cells with Hcy for 48 h led to significant in-
creases in the levels of ROS, although the ROS levels were significantly decreased
following treatment with salidroside (Figure 2(A)). The statistical results of flu-
orescence intensity detection were found to be consistent (Figure 2(B)).

Effect of salidroside on cell senescence. To investigate cell senescence under
Hcy-induced conditions, the percentage of positive cells was detected by
SA-f-gal staining. As shown in Figure 3(A) and Figure 3(B), the number of po-
sitively stained cells increased significantly following Hcy treatment, whereas the
number of positively stained cells decreased after salidroside intervention at the
different applied concentrations. The statistical results of the percentages of po-
sitively stained cells were found to be consistent.

Telomerase activity is closely associated with cell senescence. RT-qPCR was

performed to detect the levels of telomerase activity. As shown in Figure 3(C),
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Figure 1. Salidroside increases endothelial cell viability and decreased LDH leakage. (A) Effect of
0.01, 0.1, 0.5 and 1 mM Hcy on cell viability is shown. (B) Effect of 500 uM Hcy on cell viability at 6,
12, 24 and 48 h is shown. (C) Effect of salidroside treatment on the cell viability induced by 500 uM
Hcy for 48 h is shown (N-acetylcysteine was used as the positive drug control). (D) Effect of salidro-
side on lactate dehydrogenase leakage. Bars represent the mean * SD for three independent experi-
ments. *P < 0.05, **P < 0.01 vs. the Control group; *P < 0.05 vs. Hey group. Hcy, homocysteine.
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Figure 2. Salidroside decreases the levels of ROS in endothelial cells (as shown by the green color; magnification,
%200). Bars represent the mean + SD for three independent experiments. **P < 0.01 vs. the Control group; *P <
0.05, #P < 0.01 vs. Hey group. Hey group. Hey, homocysteine; ROS, reactive oxygen species.
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Figure 3. Salidroside inhibits Hcy-induced endothelial cell senescence. (A) SA-f-gal staining of HUVECs treated with Hcy and
salidroside are shown by the blue coloration (magnification, x200). (B) Quantitative analysis of the SA-S-Gal positively stained
cells. (C) Telomerase activity was detected by reverse transcription-quantitative PCR after 48 h treatment with Hcy and salidro-
side. Bars represent the mean + SD for three independent experiments. *P < 0.05, **P < 0.01 vs. the Control group; P < 0.05, *P <
0.01 vs. Hey group. Hey, homocysteine; SA-f-gal, f-galactosidase; HUVECs, human umbilical vein endothelial cells.

Hcy caused a significant decrease in telomerase activity, whereas salidroside ad-
ministration markedly increased telomerase activity. These results suggested that
salidroside could significantly inhibit the Hcy-induced senescence of endothelial
cells.

Eftect of salidroside on the expression of senescence-associated molecular
markers (p53 and p21) in Hcy-induced endothelial cell senescence. p53 and p21
are considered as the important biomarkers in cell senescence. To investigate the
effects of salidroside on the expression of p53 and p21 in Hcy-induced endo-
thelial cell senescence, western blotting was utilized to assess the expression le-
vels of p53 and p21. As shown in Figure 4, compared with the control group,
Hcy treatment led to increases in the protein expression levels of p53 and p21.
However, salidroside intervention significantly reduced the expression levels of
p53 and p21. These results indicated that salidroside was able to exert a protec-
tive effect on Hcy-induced endothelial cell senescence.

KLF4 expression during endothelial cell senescence. As previously reported,

KLF4 is an evolutionarily conserved zinc finger-containing transcription factor
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Figure 4. Salidroside can down-regulate the protein expression of p53 and p21 genes. Expression levels of (A) p53
and (B) p21 were determined using western blot analysis. Bars represent the mean + SD for three independent ex-
periments. *P < 0.05, **P < 0.01 vs. the Control group; P < 0.05 vs. Hey group. Hcy, homocysteine.

that is involved in various cellular processes, including maintaining intestinal
epithelial homeostasis, proliferation, migration and tube formation in human
retinal microvascular endothelial cells. In order to determine whether KLF4 is
involved in Hcy-induced endothelial cell senescence, western blotting and
RT-qPCR were used to assess the expression levels of KLF4. As shown in Figure
5, Hcy up-regulated the expression of KLF4 at both the protein and the mRNA
levels in endothelial cell senescence. Additionally, salidroside led to reductions
in the mRNA and protein levels of KLF4 in a concentration-dependent manner.
These results suggested that KLF4 is involved in the senescence of endothelial cells,
and salidroside was able to inhibit Hcy-induced cell senescence via up-regulation
of KLF4.

Knockout of KLF4 attenuates the senescence of endothelial cells induced by
Hcy. To investigate the association between salidroside and KLF4, a KLF4-specific
siRNA was utilized to knock down the expression of KLF4. As shown in Figure
6(A), the western blot analysis demonstrated that the expression of KLF4 was
significantly reduced following transfection with KLF4 siRNA. As presented in
Figure 6(B), KLF4 expression was upregulated in the Hcy group, and its expres-
sion level was significantly repressed when exposed to siKLF4. The percentage of
positive cells was subsequently detected by SA-S-gal staining. The results showed
that the number of positive cells in the model group was significantly higher
compared with that in the normal group, whereas the number of positive cells in
the KLF4 siRNA transfection group was significantly lower compared with that
in the model group (Figure 6(C)). These results suggested that KLF4 is closely
associated with the aging process of endothelial cells induced by Hcy, and the
degree of endothelial cell senescence induced by Hcy can be ameliorated by
knocking down KLF4.
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Figure 5. Salidroside can down-regulate the protein and mRNA levels of KLF4. (A) Protein expression
levels of KLF4 were determined using western blot analysis, whereas (B) mRNA expression levels of
KLF4 were determined using reverse transcription-quantitative PCR. Bars represent the mean + SD for
three independent experiments. *P < 0.05 vs. the Control group; P < 0.05 vs. Hey group. Hcy, homo-
cysteine; KLF4, Kriippel-like factor 4.
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Figure 6. Silencing KLF4 is able to significantly inhibit the senescence of endothelial cells induced by Hcy. (A) The efficacy of
siKLF4 transfection was determined by western blotting. (B) Detection of KLF4 protein expression in HUVECs after KLF4 siRNA
treatment, as measured by western blotting. (C) SA-f-gal staining of HUVECs treatment with Hcy and siKLF4, as shown by the
blue coloration (magnification, x200), and quantitative analysis of SA-$-Gal-positive cells. Bars represent the mean + SD for three
independent experiments. *P < 0.05, **P < 0.01 vs. the Control group; P < 0.05, P < 0.01 vs. Hcy group. Hcy, homocysteine;
SA-f-gal, B-galactosidase; HUVECs, human umbilical vein endothelial cells; KLF4, Kriippel-like factor 4.

4. Discussion

Vascular aging is an important process, causing a high mortality rate due to
CVDs. Vascular endothelial cells are one of the main components of the vascular

wall, and they contribute significantly to the biological processes of vascular ag-
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ing. Changes in endothelial function occur at an early stage during vascular ag-
ing. As an early pathophysiological change, vascular endothelial dysfunction
caused by aging has an important role in the occurrence and development of
CVDs [16]. Therefore, a study of the mechanisms of aging that underpin endo-
thelial cell function provides the basis for the overall study of vascular aging. The
study of endothelial dysfunction and endothelial protection is also helpful for
the purposes of delaying vascular aging, and to reduce both the incidence of
CVDs and mortality rates associated with CVDs.

Transcription factors have a central role in the regulation of various physio-
logical processes. In the present study, the role of the transcription factor KLF4
in Hcy-induced endothelial cell senescence was investigated. KLF4 is an impor-
tant member of the KLF transcription factor family. As a transcription factor, it
activates or inhibits the expression of multiple genes, and participates in the reg-
ulation of cell proliferation, mediating cell differentiation and apoptosis. Studies
have shown that overexpression of KLF4 may induce cell senescence during the
process of inducing pluripotent stem cells, wherein cell senescence is induced by
up-regulating p21 expression. In addition, using a miRNA chip, a series of dif-
ferent miRNA species that may be regulated by KLF4 and could be involved in
cell senescence regulation were identified, and it was shown that KLF4 may be
involved in cell senescence via promoting the expression of miR-203 [17]. The
data in the present study revealed that the expression of KLF4 in an endothelial
cell aging model induced by Hcy was up-regulated at both the protein and
mRNA levels. After having constructed the lentivirus to achieve knockout of
KLF4, the results of SA-p-gal staining revealed that the number of positively
stained cells decreased significantly. It was thereby further confirmed that KLF4
is closely associated with the senescence of endothelial cells induced by Hcy, and
a low level of KLF4 leads to an attenuation of endothelial cell senescence.

Salidroside is a natural phenolic secondary metabolite existing in Rhodiola
plants, and it has been shown to exert significant anti-aging and antioxidant
pharmacological effects. It has been shown that salidroside is able to reduce lipid
deposition in HUVECs, down-regulate the expression of aging-associated mo-
lecular markers (p66, p53 and p21), and delay cell senescence [18]. In addition,
Mao et al. [19] found that salidroside has a role in changing the morphology and
cell cycle of cells induced by oxidation, as well as the expression of p21 gene, a
cell cycle-dependent kinase inhibitor and showed that salidroside, in an effective
preparation, was able to delay human aging and to reduce the incidence of ag-
ing-associated diseases. In the present study, Hcy induced endothelial cell injury
and senescence, led to a marked increase in cell viability and telomerase activity,
and decreased LDH leakage and ROS levels following treatment with salidroside.
At the same time, the protein expression levels of p53 and p21 were significantly
decreased. Taken together, these results suggested that salidroside has an impor-
tant role in inhibiting Hcy-induced endothelial cell senescence. In addition, the
expression of KLF4 at both the protein and the mRNA levels was down-regulated
in the salidroside treatment group, thereby consolidating the evidence for the
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involvement of KLF4 in the inhibition of Hcy-induced endothelial cell senes-

cence by salidroside.

5. Conclusion

In conclusion, in the present study salidroside has been found to ameliorate the
endothelial cell senescence induced by Hcy, and to down-regulate the expression
of the transcription factor KLF4 at the protein and mRNA levels. Additionally,
reducing the level of KLF4 via knockdown of the protein attenuated Hcy-induced
endothelial cell senescence, indicating that the protective effect of salidroside on
Hcy-induced endothelial cell senescence was mediated via regulation of the
transcription factor KLF4. Taken together, these results suggest that KLF4 is a
potential target for the study of vascular aging and other aging-associated diseases,
although the precise mechanism by which salidroside regulates KLF4 in pro-
tecting against endothelial cell senescence requires further study.
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