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The abnormal activity of Sirtuin 1 (Sirt1) is closely related to the aging of vascular endothelial cells. As a bio-
active molecule, allicin has antioxidant, anti-inflammatory, and lipid-regulating mechanisms. However, few re-
ports about the relationship of allicin and Sirt1 have been published. In this study, we aimed to elucidate the
effect of allicin on Human Umbilical Vein Endothelial Cells (HUVECs) aging induced by hydrogen peroxide (H,0,)
and the role of Sirt1 in this phenomenon.

HUVEC were exposed to H,0, to establish the aging model. The expression of protein and RNA were detected
by Western blot and Reverse transcription-quantitative polymerase chain reaction. The 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess cell viability. Sirt1 enzyme activity as-
say was used to analyze enzymatic activity. Reactive oxygen species was detected by dichlorofluorescein di-
acetate (DCFH-DA). Cell aging was detected by Senescence -Galactosidase (SA-B-gal) staining.

Results of this study revealed that pretreating HUVECs with 5 ng/mL allicin before exposure to H,0, resulted
in increased cell viability and reduced reactive oxygen species generation. Western blot and quantitative real-
time polymerase chain reaction (qRT-PCR) analysis showed that H,0, attenuated the phosphorylation and ac-
tivation of Sirtl and increased the expression of plasminogen activator inhibitor-1(PAI-1) protein. Moreover,
H,0, also promoted HUVEC aging. These effects were significantly alleviated by 5 ng/mL allicin co-treatment.
Furthermore, the anti-aging effects of allicin were abolished by the Sirt1 inhibitor nicotinamide (NAM).
Overall, the results demonstrated that allicin protects HUVECs from H,0,-induced oxidative stress and aging
via the activation of Sirt1.
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Background

Atherosclerosis is one of the main causes of cardiovascular dis-
eases; thus, atherosclerosis prevention is essential for cardiovas-
cular disease treatment. Endothelial cell injuries initiate athero-
sclerosis occurrence, and endothelial cell aging is one of the main
causes of endothelial cell injuries. Numerous studies have shown
that endothelial cell aging and dysfunction are the key factors
leading to cardiovascular injuries, and endothelial cell aging is
closely related to atherosclerosis [1,2]. Thus, the reverse aging
of endothelial cells is significant in atherosclerosis prevention.

Allicin is a biologically active compound extracted from gar-
lic; it has anti-inflammatory, antioxidant, and lipid-regulating
effects [3,4]. Li et al. [5] found that allicin could inhibit the oc-
currence and development of atherosclerosis and reduce plas-
ma lipid concentrations in apoE”~ and low-density lipoprotein
receptor double knock-out (LDLR” mice on a high-fat diet.
Results of the aforementioned studies show that allicin has
anti-atherosclerosis effects. Reactive oxygen species (ROS) is
a contributing factor to cell damage and a cause of cell ag-
ing, as demonstrated in a previous study [6]. Liu et al. [7] con-
ducted in vivo experiments and found that allicin could pre-
vent endothelial damage induced by lipid peroxidation. Chan
et al. [8] likewise confirmed that allicin protected cardiac cells
against hydrogen peroxide. However, the role of allicin in the
reverse aging of endothelial cells has not yet been reported.

Sirt1 is a deacetylase dependent on nicotinamide-adenine di-
nucleotide and is a member of the mammalian SIRT family.
Numerous studies have confirmed that Sirt1 activation has an
anti-aging effect. Moreover, several studies have reported that
Sirtl can inhibit apoptosis, regulate metabolism (e.g., calorie
intake and fat storage), maintain the normal function of mi-
tochondria under oxidative stress, present anti-inflammato-
ry effect, and inhibit or delay cell aging [9,10]. Atherosclerosis
studies have shown that Sirt1 inhibits apoptosis induced by ox-
idized low-density lipoprotein (ox-LDL) in endothelial cells and
reduces smooth muscle hypertrophy induced by angiotensin II
(Angll), which has an insulin resistance effect on atherosclero-
sis [11,12]. In this study, HUVECs were treated with H,0, to es-
tablish an endothelial cell aging model, the effects of allicin on
HUVECs aging were observed, and the activation of Sirt1 was
detected. Finally, whether Sirt1 is involved in the inhibitory ef-
fect of allicin on H,0_-induced HUVEC aging was investigated.

Material and Methods

Materials

HUVECs was purchased from Cell Culture Center, Institute of
Biochemistry and Cell Biology, Chinese, Academy of Life Sciences
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(Shanghai, China); RPMI 1640 medium and fetal bovine se-
rum (FBS) were acquired from HyClone (GE Healthcare Life
Sciences, Logan, UT, USA); TRIzol reagent, cDNA synthesis kit
was purchased from Invitrogen (Thermo Fisher Scientific, Inc.
Waltham, MA, US); allicin was purchased from Sigma-Aldrich
(St. Louis, MO, USA); epigenase universal Sirt1 activity assay Kit
was purchased from YongBio (catalogue number: GMS50287.2;
ShangHai, China); PAI-1, Sirtl, p-Sirtl were purchased from
Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA); cell lysis
buffer was purchased from Beijing ComWin Biotech (Beijing
ComWin Biotech, Beijing, China); senescence B-Galactosidase
Staining Kit, MTT and Reactive Oxygen Species Assay Kit were
obtained from Beyotime (Beyotime, Shanghai, China); and en-
dothelial cell growth supplement (ECGS) was purchased from
ScienCell Research Laboratories, Inc (Carlsbad, CA, USA).

Cell Culture

HUVECs were cultured in RPMI-1640 mediums with 10% fe-
tal bovine serum (FBS) and 2% ECGS at 37°Ciin 5% CO, atmo-
sphere. HUVECs were passaged every 2 days. HUVECs cells
were seeded at 4x10° cells/dish with 10% calf serum incubat-
ed for 24 h. In addition, HUVECs were cultured without serum
for 6 h before the experiments were started.

MTT assay

The MTT assay was used to assess cell viability. Before each
experiment, HUVECs (8000 cells/well) were seeded in 96-
well microtiter plates, and treated with 25 pmol/L H,0, for 1
h to established the aging model, and then HUVECs with al-
licin (5 ng/mL) and allicin (5 ng/mL) +NAM or NAM for 24 h.
Subsequently, 10 pl MTT solution was added to each well, and
the plates were incubated for 4 h at 37°C. The absorbance was
measured at 470 nm and used to calculate the relative ratio
of cell viability.

Measurements of Intracellular ROS

The intracellular ROS level was measuring by a fluorescent prod-
uct formed through the oxidation of DCFH-DA (Sigma-Aldrich;
St Louis, MO, USA). Briefly, HUVECs with allicin (5 ng/mL) and
allicin (5 ng/mL)+NAM or NAM for 24 h, then culture medium
was removed and washed in PBS 3 times, and then we added
fresh culture medium. At the same time, HUVECs were incu-
bated with DCFH-DA (10 umol/L) at 37°C for 30 min. Finally,
the relative amount of fluorescent product was assessed us-
ing a fluorescence microscope connected to an imaging system
(BX50-FLA; Olympus). The median fluorescence intensity (MFI)
from 5 random fields was measured using Image 11.410f soft-
ware and the MFl was used as an index of the amount of ROS.
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Enzymatic activity assay

A Sirt1 enzyme activity assay was performed to determine the
effect of allicin on activity using a commercially available kit
(Genmed, Plymouth, MN, USA). After preparing cell lysates, the
Sirt1 activity assay was performed in a 96-well plate accord-
ing to the manufacturer’s instructions. The reaction product
emitted fluorescence, which was detected using an excitation
wavelength of 350 nm and an emission wavelength of 405 nm.

Western blot analysis

Cells were lysed in RIPA buffer (catalogue number, P0013;
Beyotime, Shanghai, China) and 1 mmol/L phenyl methyl sul-
fonyl fluoride (PMSF) (catalogue number, ST506-2; Beyotime,
Shanghai, China) (94:6). Protein concentration was deter-
mined using a BCA protein assay kit (catalogue number 23227;
Thermo Fisher Scientific, Inc.) following the manufacturer’s in-
structions. Proteins were separated with sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis gels (catalogue number
PO012A; Beyotime) (10%) and then transferred to a polyvinyl-
idene difluoride membrane (PVDF) (catalogue number FFP39;
Beyotime). The membrane was immunoblotted with anti-
B-actin (1:1000), anti-Sirt1 (1:500), anti-p-Sirtl (1:250), an-
ti-PAI-1(1:500) at 4°C overnight. Afterward, the correspond-
ing secondary antibody (1:1000) conjugated with peroxidase
and enhanced chemiluminence reagents (catalogue number,
P0018; Beyotime) were applied to visualize the targeted anti-
gens. The protein contents were assessed using the Labwork
image analysis software (catalogue number P2403; Biomagin
Systems Pvt. Ltd., Battaramulla, Sri Lanka).

SA-B-gal staining

SA-B-gal staining was performed to determine the effect of
allicin on aging using a Senescence B-Galactosidase Staining
Kit. HUVECs with allicin (5 ng/mL) and allicin (5ng/mL)+NAM
or NAM for 24 h. The cells were replaced the media with 25
UM H,0, for 1 h. The media were then replaced with fresh
medium for 24 h. The cells were washed with PBS 3 times,
and then HUVECs were stained for SA-B-gal activity using the
Senescence B-Galactosidase Staining Kit. SA-B-gal-positive cells
were photographed with a microscope, which included count-
ing 200 cells in 3 independent fields. The percentage of SA-
[-gal-positive cells was determined by counting the number
of positive cells within a sample [20].

qRT-PCR

Total RNA was extracted from the tissue samples using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc. Waltham, MA,
US). Subsequently, complementary DNA was synthesized using
a reverse transcriptase kit (Invitrogen; Thermo Fisher Scientific,
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Inc.) according to the manufacturers’ instructions. The relative
expression levels of mRNA were determined using a SYBR Green
real-time PCR kit (Agilent Technologies, Inc., Santa Clara, CA, USA)
and normalized to GAPDH. RT-PCR was performed using the ABI
7500 Fast Real-Time PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and the following gene-
specific primers: GAPDH sense: 5’-TGCCATCAACGACCCCTTCA-3’;
GAPDH anti-sense: 5’-TGACCTTGCCCACAGCCTTG-3’; Sirtl
Sense: 5’-GAGGCAGTGCAGCATGTAGT-3’, Anti-sense 5’-
GATGATTCCCTCGGTCAGAA-3". All primers were designed us-
ing the National Center for Biotechnology Information Primer-
BLAST tool. PCR was performed under the following conditions:
Denaturation at 50°C for 2 min, followed by 35 cycles of 94°C
for 15 s and 56°C for 45 s. Gene expression was normalized to
internal controls and fold changes were calculated using rela-
tive quantification (2724%),

Statistical analysis

Results are expressed as mean + standard error of the mean
(SEM) or mean + standard deviation (SD). Differences between
groups were evaluated using analysis of Student’s t test or
analysis of variance (ANOVA). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Effect of allicin on HUVEC viability

Previous studies reported that high concentrations of alli-
cin could inhibit its effects on cell viability [14]; thus, we in-
vestigated the effect of allicin on HUVEC viability. As shown
in Figure 1, 2.5 and 5 ng/mL allicin did not affect the viabili-
ty of HUVECs, whereas 10 ng/mL and 20 ng/mL allicin inhib-
ited the viability of HUVECs significantly (P<0.05) (Figure 1A).
Therefore, we selected 5 ng/mL allicin for the subsequent ex-
periment because this concentration did not influence HUVEC
viability. HUVECs were then treated with 5 ng/mL allicin at dif-
ferent times (0, 3, 6, 12, and 24 h) to investigate further the
influence of 5 ng/mL allicin on HUVEC viability. The results in
Figure 1B show that 5 ng/mL allicin did not affect the viabili-
ty of HUVECs at different times.

Effects of allicin on ROS production and H,0,-induced
HUVEC aging

ROS is an important factor affecting endothelial cells; thus,
the effect of allicin on the ROS level in HUVECs is investigat-
ed. We treated HUVECs with 25 umol/L H,0, before 5 ng/mL
allicin treatment. H,0, significantly enhanced the generation
of cellular ROS compared with the control. However, the in-
crease in ROS was attenuated by allicin treatment (Figure 2A).
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Figure 1. Effect of allicin on HUVEC viability: (A) HUVECs incubated with different concentrations of allicin (2.5, 5, 10, and 20 ng/mL)
for 12 h; (B) HUVECs treated with 5 ng/mL allicin at different times (0, 3, 6, 12, and 24 h). Cell viability detected by thiazole
blue chromatometry. Data derived from 3 different experiments and presented in mean +SD (n=3); * P<0.05 compared with

the control group.

A number of studies have demonstrated that ROS promotes
cell aging [15]. In this study, whether allicin attenuates H,0.-
induced HUVEC aging was investigated. HUVECs were treated
with H,0, in the presence or absence of allicin. Senescence-
associated p-galactosidase (SA-B-gal) staining results demon-
strated that allicin significantly suppressed H,0,-induced cell
aging (Figure 2B). Moreover, we also detected the protein ex-
pression associated with aging by Western blot. Our results
showed that allicin significantly inhibited H,0,-induced PAI-1
protein expression, suggesting that allicin reduced ROS pro-
duction and inhibited H,0,-induced HUVEC aging (Figure 20).

Effect of allicin on H,0,-induced Sirt1 activation in HUVECs

Sirt1 regulates and delays cell aging, suppresses apoptosis,
and regulates metabolism (e.g., calorie intake and fat stor-
age) [16,17]. In this study, we also investigated whether Sirt1
is involved in the inhibitory effect of allicin on H,0,-induced
HUVEC aging. First, HUVECs were exposed to 25 umol/L H,0,
and then incubated with 5 ng/mL allicin for 24 h. As shown in
Figure 3, the expression of p-Sirt1 protein was reduced signif-
icantly in the H,0, group, and Sirt1 activity and cell viability
decreased (P<0.05) compared with the control group. However,
these effects were reversed after allicin treatment. In addi-
tion, the expression levels of Sirtl mRNA and protein did not
change in this study, indicating that Sirt1 could be involved in
the inhibitory effect of allicin on H,0,-induced HUVEC aging.

Reversal of anti-aging effect of allicin on HUVECs by NAM

The results presented in Section 2.3 suggest that allicin can in-
duce Sirt1 activity. Thus, to investigate whether Sirt1 activation
is involved in the inhibitory effect of allicin on H,0,-induced
HUVEC aging, we treated HUVECs with 25 umol/L H,0, to es-
tablish the aging model. Subsequently, we treated the same

HUVECs with allicin (5 ng/mL) and allicin (5 ng/mL)+NAM or
NAM only for 2 h. Allicin significantly inhibited cell aging and
cellular ROS generation in HUVECs compared with the control
group (Figure 4A, 4B). However, these effects were attenuat-
ed by the addition of NAM. Moreover, allicin increased the ex-
pression of PAI-1 protein, and Sirt1 activity was suppressed by
NAM treatment (Figure 4C, 4D). In addition, cell viability was
also reduced by NAM co-treatment (Figure 4E). Thus, H,0.-
induced HUVEC aging depended on the activation of Sirt1.

Discussion

Atherosclerosis is the pathological basis of various types of car-
dio-cerebrovascular diseases. Vascular endothelial damage and
dysfunction are an initiating step of atherosclerosis, and senility
of endothelial cell is one of the primary causes for impaired en-
dothelial function. Therefore, research and development of drugs
for anti-senility of endothelial cell are greatly significant in pre-
venting and treating atherosclerosis, even in treatment of car-
dio-cerebrovascular diseases. Allicin, as a natural plant extract,
possesses preventive and therapeutic effects on cardiovascu-
lar diseases. It has attracted increasing attention. Studies have
shown that allicin has multiple effects, including anti-inflamma-
tion, anti-oxidation, and lipid regulation, as well as potential for
preventing atherosclerosis. However, the specific mechanisms
remain unclear [1,2]. The results of the present study show that
allicin can reduce the protein expression level of PAI-1 and de-
crease the amount of SA-B-gal positive cells (i.e., HUVEC senil-
ity can be inhibited by allicin). In addition, Sirt1 activity can be
significantly upregulated by allicin to reduce the ROS production
in cells, thereby playing an anti-senility role in cells.

ROS accumulation produced by oxidative stress in cells is known
as an important cause of cell damage and senility [18]. Many
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Figure 2. Effects of allicin on ROS production and H,0,-induced HUVEC aging. (A) Effect of allicin on H,0,-induced ROS production in
HUVECs. Cells were pretreated with 25 pmol/L H,0, for 1 h and then incubated with 5 ng/mL allicin for 24 h, levels of the
fluorogenic probe DCFH-DA were determined to analyze ROS formation. Data were derived from 3 independent experiments
and are in mean +SD (n=3); * P<0.05 compared with the control group; * P<0.05 compared with the H,0_+allicin group. (B)
Effect of allicin on H,0,-induced HUVEC aging. Cells were exposed to 25 umol/L H,0, and then incubated with 5 ng/mL allicin
for 24 h. Cell aging was detected by senescence-associated -galactosidase (SA-B-gal) staining. Data were derived from 3
independent experiments and are in mean +SD (n=3); * P<0.05 compared with the control group; #* P<0.05 compared with
the H,0,+allicin group. (C) PAI-1 protein was analyzed by Western blot. Data were derived from 3 independent experiments
and are in mean +SD (n=3); * P<0.05 compared with the control group; * P<0.05 compared with the H,0 +allicin group.

studies have demonstrated that vascular endothelial cells can
be stimulated by the ROS generated in vessel walls to produce
various types of inflammatory factors (e.g., IL-6 and TNF-a) in-
volved in the development and progression of atherosclero-
sis [19,20]. Therefore, in vivo ROS production and scavenging
are the important mechanisms for atherosclerosis prevention.
Studies have also demonstrated that ROS affects the activa-
tion of protein kinase B (PKB), mitogen-activated protein ki-
nase (MAPK), and nuclear transcription factor kappa B (NF-xB)
signaling pathways, regulates endothelial nitric oxide synthase
(eNOS) expression in endothelial cells and nitric oxide (NO)
production, and influences endothelial function [21,22]. The

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

present study shows that the ROS production in HUVECs can
be significantly facilitated by hydrogen dioxide to accelerate
cell senility and promote PAI-1 expression, which are consis-
tent with the study results of Suo Rong [13]. However, the ef-
fect of H,0, on HUVECs is reversed after cell co-treatment with
allicin and H,0,. The above-mentioned results show that al-
licin can protect HUVECs against H,0_-induced senility by in-
hibiting ROS production.

Sirt1 is a key protein for cell senility regulation; thus, upregu-
lating Sirt1 activity can significantly inhibit cell senility. Many
studies have shown that Sirt1l plays an important role in
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Figure 3. Effect of allicin on H,0,-induced Sirt1 expression and activity. HUVECs were exposed to 25 umol/L H,0, and then incubated
with 5 ng/mL allicin for 24 h. (A) Expression of Sirtl1 mRNA was analyzed by real-time PCR. (B-D) Expression levels of Sirt1
and p-Sirt1 protein were determined by Western blot. (E) Sirt1 deacetylase activity was reduced in the group treated with

25 pmol/L H,0,, and the addition of 5 ng/mL allicin returned the activity to control levels. (F) HUVECs were exposed to H,0,
(25 pmol/L) and then incubated with 5 ng/mL allicin for 24 h. Cell viability was detected by thiazole blue chromatometry.
Data are in mean +SD (n=3); * P<0.05 compared with the control group; # P<0.05 compared with the H,0,+allicin group.

anti-senility. Cell senility process can be regulated by regulat-
ing forkhead box O (FOX0), P73, and Ku60 [23-25]. Sirt1 can
deacetylate for FOXO3, enhance gene transcription for super-
oxide dismutase (SOD) and catalase, and resist the senility of
mouse embryonic fibroblast induced by oxidative stress [26].
Sirt1 is speculated to be an important senility regulation fac-
tor, and its function is affected by the expression level and
activity of itself [27]. However, the mechanism for regulating
the Sirt1 activity is unknown. Suo Rong [13] reported that H.S,
facilitates Sirt1 activation in endothelial cells and antagoniz-
es the impairment of these cells induced by oxidative stress.
Wu [28] showed that ROS production in endothelial cells can
be reduced by upregulating the Sirt1 activity to subsequently
protect vascular endothelial cells against ROS injury. This result
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suggests that the increase in Sirt1 activity has the potential
to inhibit ROS and the ability to antagonize endothelium im-
pairment induced by oxidative stress. In the current research,
our study team found that allicin facilitates Sirt1 phosphor-
ylation and upregulates Sirtl activity. Accordingly, the ROS
production and PAI-1 expression level in the cells can be re-
duced by allicin. These results are similar to those of Wu and
Suo Rong. Reduction of ROS production and viability enhance-
ment for endothelial cells can also be induced by Sirt1 activa-
tion. After treating HUVECs with NAM, which is an inhibitor
for Sirt1 activation, the resistance of allicin against ROS pro-
duction and the decrease in viability and senility for HUVECs
are all reversed. Meanwhile, the Sirt1 phosphorylation is in-
hibited, and the PAI-1 protein expression level associated with
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Figure 4. Effect of allicin on the H,0-induced senescence of HUVECs with inhibited Sirt1 expression. HUVECs were exposed to
25 umol/L H,0,, incubated with NAM for 2 h, and then treated with 5 ng/mL allicin for 24 h. (A, B) Cell senescence were
detected by SA-B-gal staining. (C) Expression of PAI-1 protein was analyzed by Western blot. (D, E) Levels of the fluorogenic
probe DCFH-DA were determined to analyze ROS formation. (F) Sirt1l deacetylase activity was analyzed with an ELISA kit.
(G) Cell viability was detected by thiazole blue chromatometry. Data were derived from 3 independent experiments and are
in mean +SD (n=3); * P<0.05 and ** P<0.01 compared with H,O,+allicin group.
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senility is significantly increased. These results show that alli-
cin increases cell viability and plays an anti-senility role by ac-
tivating Sirt1 to reduce ROS production. However, the issues
about the relationship between Sirt1 inhibition on ROS pro-
duction and PAI-1 protein expression, as well as whether NAM
plays the role of anti-senility by inhibiting Sirt1 phosphoryla-
tion, are not included in this article. These topics need further
in-depth study in the future.
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Conclusions

Our results revealed that allicin reverses H,0,-induced HUVEC
aging, and it inhibits the production of ROS by activating Sirt1.
This study provides new evidence that allicin has a role in pre-
vention of endothelial cell aging, and Sirt1 is a regulator of
intracellular ROS, suggesting that Sirt1 activation is may be
used as a novel therapeutic strategy to protected against H,0,-
induced HUVEC aging.
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