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ABSTRACT

Context: Ginsenoside Rb1 (Rb1) exerts many beneficial effects and protects against cardiovascu-
lar disease.

Objective: To investigate whether Rb1 could attenuate age-related vascular impairment and identify
the mechanism.

Materials and methods: Female C57BL/6J mice aged 2 and 18 months, randomly assigned to Young,
Young + 20 mg/kg Rb1, Old + vehicle, Old + 10 mg/kg Rb1 and Old + 20mg/kg Rb1 groups, were daily
intraperitoneal injected with vehicle or Rb1 for 3 months. The thoracic aorta segments were used to
inspect the endothelium-dependent vasorelaxation. Left thoracic aorta tissues were collected for histo-
logical or molecular expression analyses, including ageing-related proteins, markers relevant to calcifica-
tion and fibrosis, and expression of Gas6/AxI.

Results: We found that in Old + vehicle group, the expression of senescence proteins and cellular adhe-
sion molecules were significantly increased, with worse endothelium-dependent thoracic aorta relaxation
(58.35% = 2.50%) than in Young group (88.84% + 1.20%). However, Rb1 treatment significantly decreased
the expression levels of these proteins and preserved endothelium-dependent relaxation in aged mice.
Moreover, Rb1 treatment also reduced calcium deposition, collagen deposition, and the protein expres-
sion levels of collagen | and collagen Il in aged mice. Furthermore, we found that the downregulation of
Gas6 protein expression by 41.72% and mRNA expression by 52.73% in aged mice compared with young
mice was abrogated by Rb1 treatment. But there was no significant difference on Axl expression among
the groups.

Conclusions: Our study confirms that Rb1 could ameliorate vascular injury, suggesting that Rb1 might be
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a potential anti-ageing related vascular impairment agent.

Introduction

Over the next 30years in China, there is an estimated increase
from 12.6% to 26% of adults aged 65 and above (Zhou and
Walker 2021). Although the human lifespan is increasing, age-re-
lated diseases continue to be a topic of concern. Cardiovascular
diseases are the most common diseases that affect elderly indi-
viduals. Vascular ageing accompanied by vascular structural and
functional changes is an important independent risk factor for
cardiovascular diseases (Lakatta and Levy 2003). Epidemiological
surveys have shown that 82% of patients who die of cardiovascu-
lar diseases are 65years old or older (Moslehi et al. 2012).
Therefore, exploring the mechanism of age-associated vascular
impairment and finding agents that can protect vascular function
against age-related decline might play important roles in reduc-
ing the incidence and prevalence of age-associated cardiovascular
disorders in elderly individuals.

Arterial ageing has been implicated in the pathogenesis of
vascular dysfunction and various cardiovascular diseases and is a
hallmark of ageing (Minamino and Komuro 2007). Vascular

alterations resulting from ageing vary and include endothelial
dysfunction, hypertrophy of vascular smooth muscle cells
(VSMCs), arterial dilatation, reorganisation of the extracellular
matrix (ECM), vascular calcification, and an increase in the col-
lagen-to-elastin ratio with fragmentation and vascular stiffing
(Tolle et al. 2015). Brandes et al. (2005) reported that age-related
endothelial dysfunction was commonly characterized by an
imbalance in endothelium-derived relaxation and contractile fac-
tors. Further study by Herrera et al. (2010) also showed that
endothelial dysfunction was closely associated with a progressive
decline in endothelium-dependent vasodilatation. However, it is
still unclear how ageing affects vasodilatation or triggers imbal-
ances in related factors and ultimately leads to wvascular
dysfunction.

Acosta et al. (2008) showed that vascular cells undergoing
senescence could produce adhesion molecules, including plas-
minogen activator inhibitor 1 (PAI-1), vascular cell adhesion
protein 1 (VCAM-1) and intercellular cell adhesion molecule-1
(ICAM-1). All these adhesion molecules were thought to play
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important roles in monocyte recruitment to atherosclerotic sites
and then initiate vascular remodelling, ultimately resulting in a
reduction in compliance and an increase in stiffness (Acosta
et al. 2008; Kovacic et al. 2011). Vascular stiffness is the most
important manifestation of vascular ageing. It is attributed to
ECM remodelling and contributes to a decline in vasodilatation.
Previous studies have demonstrated that vascular stiffness and
VSMC senescence are attributed to medial calcification and col-
lagen deposition (Mauriello et al. 1992; McClelland et al. 2006;
Nakano-Kurimoto et al. 2009; Wendorff et al. 2015; Kim et al.
2018). Therefore, vasodilatation dysfunction might result from
calcification and fibrosis. Reducing calcium or collagen depos-
ition may delay ageing-related arterial impairment.

Ginsenoside Rb1 (Rb1) is one of the active components found
in ginseng. Research has reported that Rbl exerts many benefi-
cial antisenescence and anti-apoptotic effects, particularly in pro-
tecting the myocardium and endothelium (Zheng et al. 2017;
Zhou et al. 2017; Zheng et al. 2020). Recent studies have demon-
strated that Rbl can reduce chronic kidney disease-associated
vascular calcification and type I collagen expression in rats
(Zhou et al. 2019b). Findings have also suggested that Rbl
reduces type I collagen expression (Kwok et al. 2012). However,
the effects of Rbl on age-associated vascular impairment have
not been investigated.

It has been reported that Rbl inhibits vascular calcification
through growth arrest-specific gene 6 (Gas6) transactivation
in vitro (Nanao-Hamai et al. 2019). Gas6, a member of the vita-
min K-dependent protein family, is implicated in the regulation
of multiple cellular functions after binding to its receptor Axl, a
membrane receptor tyrosine kinase (Nakano et al. 1997; Fridell
et al. 1998; Yanagita et al. 2001). Some studies have indicated
that the Gas6/Axl pathway plays a pivotal role in vascular biol-
ogy and diseases such as vascular calcification vascular remodel-
ling and atherosclerosis (Korshunov et al. 2006; Hurtado et al.
2010; Son et al. 2010). We hypothesize that Rbl can attenuate
age-related vascular impairment by suppressing calcification and
fibrosis, which is potentially associated with regulation of the
Gas6/Axl pathway.

Materials and methods
Experimental regents

Rbl (purity greater than 98%) was obtained from Victory
(Sichuan, China). Antibodies against p21Ci‘[’1 (ab188224),
p16™¥* (ab51243), ICAM-1 (ab179707), VCAM-1 (ab134047),
PAI-1 (ab222754) and GAPDH (ab181603) were purchased from
Abcam (MA, USA). Antibodies against collagen I (14695), colla-
gen III (22734) and Axl (13196) were purchased from
Proteintech Group (MA, USA). Antibodies against Gas6 (A8545)
and p16INK4a (A0262) were purchased from ABclonal
Technology (Hubei, China). Modified Krebs-Henseleit (K-H)
buffer, phenylephrine (a potent vasoconstrictor) and acetylcho-
line (Ach, an endothelial-dependent NO donor) were purchased
from Sigma-Aldrich (MO, USA). All other reagents used were of
analytical grade.

Animals and management

This study was approved by the Institutional Animal Care and
Use Committee (IACUC) of Sun Yat-Sen University. Most lon-
gevity studies have shown effects on females (Hsu et al. 2018;
Qin et al. 2018); hence, we performed our long-term study using

female mice. Female C57BL/6] mice aged 2 and 18 months old
were obtained from the Centre of Experimental Animals, Sun
Yat-Sen University. The mice were fed a normal diet and housed
under controlled conditions (24+2°C and 50+5% humidity)
with 12h light/dark photoperiods under specific pathogen-free
conditions. 40 young female C57BL/6] mice at 2months of age
were randomly assigned to the Young and Young + 20 mg/kg
Rbl (Young+ Rb1-20) groups (n=20 each). These mice were
treated with a daily intraperitoneal injection of vehicle (sterile
saline solution) or 20mg/kg Rbl dissolved in vehicle for
3 months before euthanasia by CO, asphyxiation at 5months of
age. 60 aged female C57BL/6] mice at 18 months of age were
randomly assigned to the Old+ vehicle, Old + 10mg/kg Rbl
(Old + Rb1-10) and Old + 20 mg/kg Rb1 (Old + Rb1-20) groups
(n=20 each). The mice that survived until the end of this
experiment received daily intraperitoneal injections of vehicle
alone or Rbl (10 or 20mg/kg) for 3 months, after which the
mice were euthanized at 21 months of age. Experiments were
repeated at least three times with 4-5 mice per group.

Determination of vasorelaxation in thoracic aortic rings

After the animals were euthanized, thoracic aortic rings were
rapidly removed and placed in cold K-H buffer solution
(118 mmol/L NaCl, 4.75 mmol/L KCI, 25 mmol/L NaHCO3, 1.18,
mmol/L MgSO, 1.18 mmol/L KH,PO,, 2.54 mmol/L CaCl,, and
11.1 mmol/L glucose), and the surrounding fat and tissue were
carefully debrided. The length of the aortic rings was approxi-
mately 3mm. The aortic segments were suspended on stainless
steel hooks, aerated in K-H buffer and continuously oxygenated
with 95% O, at 37°C. The aortic rings were then connected to
FORT-10 force transducers for MacLab data acquisition. An ini-
tial passive tension in the aortic rings was set as 3mN for
30 min to achieve vessel ring stability before further experimenta-
tion. The K-H buffer was replaced every 10 min. Phenylephrine
was added to the tissue bath at a concentration of 10~ mol/L to
induce vasoconstriction. After achieving vessel ring stability, the
vasorelaxant Ach (10™°-10">mol/L) was added to the tissue bath
in immediate succession to obtain the dose-response curve. The
relaxation at each concentration was measured and is expressed

as the percentage of force generated in response to
phenylephrine.
Immunohistochemistry

Thoracic aorta tissues were fixed in formalin, dehydrated,
embedded in paraffin and cut into 4 um cross sections. These
sections were incubated in citrate buffer (pH 6.0) and micro-
waved for 10min twice after undergoing deparaffinization and
rehydration. Goat serum (10%) (Gibco, BRL, NY, USA) was used
to block non-specific binding for 1h at 37°C, followed by an
overnight incubation with primary antibodies against p21<"F'
(1:1000) and p16™*** (1:200) at 4°C in a humid box. After three
washes in PBS, horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Abcam) were added and incubated for 60 min
at 37°C, followed by diaminobenzidine (1:100, Abcam) staining.
Haematoxylin was applied to counterstain the cell nuclei. The
sections were covered with neutral gum and photographed under
a Zeiss microscope.



Haematoxylin-eosin (HE) staining

Paraffin-embedded thoracic aorta sections were stained by
haematoxylin for 2min. After washing and treating with 1%
acidic alcohol, the sections were treated with eosin staining for
3min. Afterward, the sections were washed, dehydrated, treated
by xylene before microscopic observation. The thoracic aorta sec-
tions were photographed under a Zeiss microscope.

Masson’s trichrome staining

Paraffin-embedded thoracic aorta sections were stained in
Weigert’s iron haematoxylin for 10 min after undergoing depar-
affinization and rehydration and was then washed with PBS for
5min. The tissues were then stained in Biebrich scarlet-acid
fuchsin solution for 5min and washed in distilled water. The
sections then underwent differentiation and dehydration in 75%
and 90% alcohol a few times, followed by being rinsed in tap
water. Finally, the sections were cleared in xylene and mounted
with mounting medium. The sections were visualized with a
microscope. Interstitial collagen deposition was indicated by
blue-green staining.

Alizarin red S staining

For aortic calcification staining, thoracic aorta sections were
stained with 2% alizarin red S solution for 10 min and washed
with PBS. Then, the sections were soaked in anhydrous acetone
for 30s, a mixed solution of anhydrous acetone and xylene (vol-
ume ratio = 1:1) for 15s and anhydrous xylene for 1min.
Interstitial calcium phosphate salts were indicated by
red staining.

Western blotting

Thoracic aortas were placed in RIPA lysis buffer (HaiGene,
Haerbin, China) supplemented with a protease inhibitor
(MedChemExpress, Monmouth Junction, NJ, USA) and then
homogenized by ultrasonication on ice. The tissue lysate was
centrifuged at 12,000 x g at 4°C for 15min, and the supernatant
was collected in a new tube. Afterward, the protein concentration
in the supernatant was determined using a BCA protein assay kit
(Beyotime Institute of Biotechnology, Jiangsu, China). SDS-
PAGE was performed with equal amounts of protein from each
sample as previously described (Zheng et al. 2020), and the pro-
teins were then transferred to PVDF membranes (EMD
Millipore, Billerica, MA, USA). The membranes were incubated
at 4°C overnight with one of the following primary antibodies
after being blocked with 5% bovine serum albumin (Gibco) for
1h at room temperature: p21<*' (1:1000), p16I"** (1:1000),
ICAM-1 (1:1000), VCAM-1 (1:5000), PAI-1 (1:1000), collagen I
(1:1000), collagen III (1:300), Gas6 (1:1000), Axl (1:500) and
GAPDH (1:1000). After being washed, the membranes were
incubated with an HRP-conjugated secondary antibody (Boster,
Wuhan, China) for 1h at room temperature. Secondary antibody
binding was assayed using an ECL kit (EMD Millipore), and the
intensities of the bands were analysed using Image] software
(version 1.41; National Institutes of Health, MD, USA). GAPDH
expression was used as an internal control.
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Real-time quantitative RT-PCR (qPCR)

First, total RNA was isolated from thoracic aortas using a
TaKaRa MiniBEST Universal RNA Extraction Kit (9767,
TaKaRa) in accordance with the manufacturer’s protocols. The
RNA concentration was then measured with a DS-11 FX
Spectrophotometer (DeNovix). Next, the extracted RNA (1000 ng
each for a 20 uL reaction system) was reverse transcribed into
cDNA using PrimeScriptTM RT Master Mix (RR360A, TaKaRa)
according to the manufacturer’s instructions in a ProFlex PCR
System (Thermo Scientific). Finally, the reverse transcription
products were used as templates for further PCR amplification
with SYBR Premix Ex Taq II (TaKaRa). The following primer
sequences were used: Gapdh: forward 5-CAGCAACTCCCA
CTCTTCCAC-3' and reverse 5- TGGTCCAGGGTTTCTTAC
TC-3; and Axl: forward 5'-GGAACCCAGGGAATATCACAGG-
3’ and reverse 5-AGTTCTAGGATCTGTCCATCTCG-3'; and
Gas6 forward 5-TGCTGGCTTCCGAGTCTTC-3' and reverse
5-CGGGGTCGTTCTCGAACAC-3'. Each reaction well in a 96-
well clear plate (Thermo Scientific) which contained 0.4 pmol/uL
forward and reverse primers, 1x SYBR Premix Ex Taq II
(RR820A, TaKaRa) and 10ng of cDNA. The final reaction vol-
ume was 20pL, and all samples were analysed in triplicate.
cDNA amplification was performed as follows: pre-denaturation
at 95°C for 30s, followed by 40 cycles of denaturation at 95°C
for 5s and annealing at 60 °C for 35s in QuantStudio5 (Thermo
Scientific). The 27*4“T method was used for relative quantitative
analysis of the collected data. The relative mRNA expression
level of target genes was obtained by comparing data from the
experimental group with those of the control group with refer-
ence to Gapdh.

Statistical analysis

All experiments were carried out at least three times. Statistical
analyses were conducted using IBM SPSS Statistics for Windows,
Version 25.0 (IBM Corp). The data are expressed as the
mean *S.D. and were analysed by one-way ANOVA. Tukey ana-
lysis was used to compare the two groups after ANOVA.
p <0.05 was considered statistically significant.

Results
Rb1 alleviated senescence in the aortas of ageing mice

To identify the antisenescence effect of Rbl, we first investigated
cellular senescence, which is characterized by the expression of
proteins involved in cell cycle inhibition and irreversible growth
arrest (Yang et al. 2019). As the immunohistochemistry results
shown in Figure 1(A,B), compared with those in the Young
group, Old + Vehicle group mice showed that ageing accelerated
the upregulation of p21“* and p16™*** in thoracic aorta cells.
However, Rbl treatment alleviated cellular senescence in blood
vessels, especially in the Old +Rb1-20 group. In addition, the
Western blot results were in accordance with the immunohisto-
chemistry results. As shown in Figure 1(C), the protein expres-
sion of p21“P' and p16™*** was significantly increased by
approximately 2-fold in the thoracic aortas of aged mice com-
pared with young mice. After treatment with 20 mg/kg Rb1, the
protein levels of p21“P' and p16™"* were just increased by
41.92% and 37.52% compared with those of the Young group,
which were significantly lower than those of the Old + Vehicle
group. In addition, there was no significant difference in the
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Figure 1. Effect of Rb1 on thoracic aorta senescence. Images of the immunohistochemical staining (400 x) of p21Cip1 (A) and p16INK4a (B) in mouse thoracic aorta

cross sections. (C) Western blot analysis of mouse thoracic aortic p21Ci’” and p16

group; *p < 0.05 vs. the Old + Vehicle group.

expression of p21<'P' or p16™ ** between young mice with and
without Rb1 treatment.

Rb1 ameliorated vascular reactivity in aged mice

A vascular ring experiment was used to evaluate endothelium-
dependent vasodilatation. As shown in Figure 2, in all mouse
thoracic aortic rings, the administration of Ach resulted in vaso-
relaxation. At maximal concentrations (10> mol/L), Ach induced
approximately 88.84% + 1.20% and 58.35% * 2.50% vasorelaxa-
tion in the Young group and the Old + Vehicle group, respect-
ively, demonstrating that ageing is associated with vascular
reactivity impairment. However, 10 and 20 mg/kg Rb1 treatment
resulted in approximately 70.48% + 2.20% and 80.90% + 3.24%
relaxation, respectively, in ageing mouse thoracic aortic rings in
response to 10”>mol/L Ach.

Rb1 reduced cellular adhesion molecule expression in the
thoracic aortas of ageing mice

We examined the protein expression of certain cellular adhesion
molecules to determine the inflammatory and anti-inflammatory
effects of Rb1 on aged mice. The results showed that the protein
expression of ICAM-1, VCAM-1 and PAI-1 was significantly
increased by approximately 2-4 fold in the thoracic aortas of
aged mice compared with those in the Young group (Figure 3).
In contrast, Rbl treatment significantly inhibited these changes
in aged mouse thoracic aortas but had no effect on the Young
mouse groups. The quantitative analysis indicated that 20 mg/kg
Rbl treatment resulted in approximately 36.58%, 46.66% and
49.34% downregulation of ICAM-1, VCAM-1 and PAI-1 protein

INK4a

expression. The data are expressed as the mean +SD. **p < 0.01 vs. the Young

expression, respectively, in ageing thoracic aortic tissue, com-
pared with those of Old + Vehicle group mice.

Rb1 inhibited age-related vascular calcification and fibrosis

We performed HE staining and alizarin red S staining to assess
aortic tissue structure and vascular medial calcification in ageing
mice respectively. HE staining showed that ageing induced thick-
ened wall of thoracic aorta and disorganisation of the aortic
extracellular matrix, which could be relieved by Rbl treatment
(Figure 4(A)). As shown in Figure 4(B), ageing mice developed
more severe medial calcification (red-stained area) than young
mice, while Rbl intervention reduced this pathological change.
Then, we examined thoracic aorta cross sections by Masson’s tri-
chrome staining to assess vascular medial fibrosis in ageing mice.
The results showed that there was a noticeable increase in colla-
gen deposition (blue-stained area) in the Old+ Vehicle group
compared with the Young group (Figure 4(C)), and this effect
was significantly inhibited by Rbl intervention. Moreover,
Western blotting showed that the expression of collagen I and
collagen III significantly increased by 4.34- and 2.62-fold in
Old + Vehicle group mice compared with young mice; however,
Rbl treatment downregulated the expression of collagen I and
collagen III in aged mice (Figure 4(D)). Moreover, treatment
with Rb1 had no influence on the degrees of thoracic aorta calci-
fication and fibrosis in young mice (Figure 4(A-D)).

Rb1 regulated the Gasé6 signalling pathway

We further investigated whether Rbl functioned through the
Gas6/Axl signalling pathway to ameliorate age-associated
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thoracic aorta impairment in mice. The downregulation of Gas6
protein expression by 41.72% and mRNA expression by 52.73%
in aged mice compared with young mice was abrogated by Rbl
treatment (Figure 5(A,B)). We also determined the protein
expression of Axl by Western blotting. Interestingly, there was
no significant difference in Axl protein expression among the
five experimental groups (Figure 5(A)). We also did not detect a
significant difference in the mRNA levels of Ax] among the
groups (Figure 5(B)).

Discussion

In the present study, we demonstrated that Rbl ameliorated age-
related vascular impairment by suppressing calcification and
fibrosis through the regulation of Gas6 expression but not Axl
expression, which provides a potential therapeutic strategy for
preventing age-related vascular disease.

It is well accepted that vascular cell senescence, which is char-
acterized by endothelial dysfunction and the phenotypic transi-
tion of smooth muscle cells, can result in increased vascular
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stiffness and increased thickness of vascular walls (Liu et al.
2019). Vascular cell senescence is a common feature of various
complex, age-related diseases, particularly cardiovascular diseases
(O’'Rourke et al. 2010). With the development of vascular cell
senescence, vascular function is impaired (Gong et al. 2014).
Age-related vascular dysfunction is exemplified by pathophysio-
logical alterations, including a progressive decline in endothe-
lium-dependent vasodilatation (Herrera et al. 2010; Gong et al.
2014). In our study, we confirmed cellular senescence in the
thoracic aortas of aged mice, which was indicated by increased
expression of the age-related proteins p21“"' and p16™**, as

well as a decline in endothelium-dependent vasodilatation. The
consistency of our results with the above-mentioned studies sug-
gests that there were some important molecular mechanisms
associated with the changes in vascular cell pathophysiology dur-
ing ageing. Agents that act on these mechanisms would probably
greatly reduce and delay vascular cell senescence.

Accumulating evidence has revealed that Rbl is considered a
promising drug for preventing vascular damage (Zhou et al
2017, 2019a, 2019b; Zheng et al. 2020). Previous studies have
revealed that Rbl prevents vascular cell senescence and inhibits
vascular calcification (Nanao-Hamai et al. 2019; Zhou et al.



2019b; Zheng et al. 2020). However, it is still uncertain whether
Rb1 can protect arterial functions against ageing and the relevant
molecular mechanism. Here, we found that Rbl reduced and
delayed arterial senescence in aged mice, as demonstrated by
decreased expression of related proteins and improved vascular
vasodilatation, indicating that Rbl can efficiently block excessive
senescence in ageing mouse thoracic aortas and might be used as
an effective agent to treat or prevent age-related arter-
ial impairment.

Previous evidence has demonstrated the accumulation of
chronic low-grade arterial inflaimmation with advancing age,
which contributes to age-associated vascular structural and func-
tional alterations (Wang et al. 2014). Additional studies have
indicated that a microenvironment enriched in inflammatory
profiles induces a phenotypic shift in VSMCs from the contract-
ile to the synthetic type. This phenotypic shift is characterized by
the attenuated expression of SMC-specific contractile proteins
and the secretion of additional proinflammatory cytokines, che-
mokines, ECM proteins, and cell adhesion molecules, such as
collagen, ICAM-1, VCAM-1 and PAI-1 (Wang et al. 2011;
Lacolley et al. 2018). Moreover, adhesion molecules contribute to
inflammation-induced remodelling of the arteries, particularly by
reorganising  ECM-VSMC interactions and influencing the
phenotypic modulation of VSMCs (Intengan et al. 1999).
Furthermore, studies have shown that Rb1 has anti-inflammatory
effects in vivo and in vitro (Miao et al. 2017; Zhou et al. 2017).
In the present study, we found that Rbl treatment could signifi-
cantly decrease the expression levels of cell adhesion molecules
related to inflammatory processes in aged mice, suggesting that
Rb1 might act as an anti-inflammatory drug and protect the vas-
culature during ageing.

In addition to inflammatory damage, remodelling of the arter-
ial wall characterized by calcification and fibrosis is the other
main pathophysiological change in age-related avascular modifi-
cations and causes vascular stiffness that contributes to a decline
in vasodilatation (McEniery et al. 2005; Iyemere et al. 2006;
Kovacic et al. 2011). Large-scale studies have demonstrated that
coronary atherosclerotic calcification increases with age (Tesauro
et al. 2017). Other research also demonstrated the presence of
increased calcification with ageing in the carotid artery region
(Wendorff et al. 2015). Similarly, our results indicated that age-
ing mice developed more severe vascular medial calcification
than young mice. Rbl intervention substantially inhibited these
changes. This result suggested that Rbl administration alleviated
the degree of age-related vascular calcification in vivo. Sufficient
evidence has shown that vascular calcification involves a variety
of pathobiological processes rather than simple calcium depos-
ition, among which VSMC switching into osteoblast-like cells
play a critical role (Zhou et al. 2019b). One limitation of our
study is that, despite revealing that Rb1 intervention significantly
inhibited vascular calcification in ageing mice thoracic aortas,
contractile VSMC markers (such as A-smooth muscle actin and
calponin) and osteogenic VSMC markers (such as runt-related
transcription factor 2) require further exploration.

Moreover, in the present study, we also observed decreased
interstitial collagen levels and decreased related-protein expres-
sion in Rbl-treated aged mice compared with vehicle-treated
aged mice, which suggested that Rbl might have a beneficial
effect on vascular function in ageing thoracic aortas by amelio-
rating age-induced vascular fibrosis. Harvey et al. (2016) reported
that arterial stiffening caused by excessive fibrosis and increased
collagen deposition could result in increased vasomotor tone and
altered tissue perfusion. Agents that attenuate fibrosis are
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considered to protect against age-related vascular diseases (Kim
et al. 2018).

It can be inferred that age-related vascular impairment is a
complex process that involves various abnormal changes, includ-
ing inflammation, calcification and fibrosis. More importantly,
we found that Rbl was able to inhibit these known abnormal
changes in the thoracic aortas of aged mice. However, the under-
lying mechanism is still unknown. Gas6 was identified as the lig-
and for the TAM receptor family, especially Axl tyrosine kinase
receptors (Rothlin et al. 2015). A previous study demonstrated
the roles of Gas6/Axl in regulating multiple cellular functions
(Chen et al. 2019). A recent study suggested that Gas6/Axl
played a crucial role in vascular calcification (Son et al. 2010;
Kaesler et al. 2016; Nanao-Hamai et al. 2019) and may also be
involved in treatment-induced downregulation of collagen syn-
thesis in VSMCs and ageing heart tissue (Chen et al. 2016;
2019). Moreover, previous studies revealed that Rbl activated
Gas6 transcription at the specific ARE site in the promoter
region (Son et al. 2010; Nanao-Hamai et al. 2019). Here, we
demonstrated that Gas6 protein expression was downregulated in
ageing mice but was reversed by Rbl treatment, indicating that
Gas6 may participate in Rbl-mediated regulation of arterial
impairment in aged mice. However, our results show that there
was no change in Axl protein and mRNA expression, which was
inconsistent with a previous study (Chen et al. 2019). The TAM
receptor family includes Tyro3, Axl and MerTK. Although Gas6
shows the strongest affinity for Axl among the three members
(Rothlin et al. 2015), Sun et al. (2019) found that Gas6 activation
attenuated inflammatory injury and apoptosis in mice, but no
changes in Axl activation occurred among the experimental
groups. Other research suggested that Axl expression, which
inhibits apoptosis and thus vascular calcification, was also
unaltered in Gas6-/- mice (Kaesler et al. 2016). Our results
clearly indicated that Rbl specifically attenuated age-related Gas6
downregulation but had no influence on the expression of Axl,
which was reported to be the primary event responsible for vas-
cular calcification and fibrosis, to improve age-related vascular
inflammation and endothelium-dependent vasodilatation. The
stable expression of Axl may result from a sufficient quantity
before Gas6 activation or indicate that Gas6 functions through
other receptors. Further investigation exploring the effects of
Rbl on other TAMs that could also be activated by Gas6, such
as Tyro3 and MerTK, is needed.

Conclusions

In the present study, we confirmed that Rbl inhibited vascular
calcification and fibrosis and decreased the expression of cellular
adhesion molecules, all of which subsequently ameliorated age-
related vascular endothelium-dependent vasodilatation at least in
part by regulating Gas6 expression but not Axl expression. With
uncontrollable ageing, finding agents that can prevent or treat
age-related vascular cell impairment is of great importance. Our
study provides evidence validating the effects of Rbl on amelio-
rating vascular injury in ageing mice.
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