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Tissue factor (TF) is a critical initiator of extrinsic coagulation that sometimes causes thromboembolism.
Diallyl trisulphide (DATS) is a secondary metabolite of allicin generated in crushed garlic, with various
pharmacological effects. This study aimed to clarify the effect of DATS on the extrinsic coagulation
elicited by TF and arteriosclerosis. TF activity was measured using a clotting assay in TF-expressing HL60
cells. DATS inhibited TF activity in a dose-dependent manner. TF expression in TNF-a-stimulated human
umbilical vein endothelial cells was examined using real-time PCR and western blotting. DATS inhibited
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TF mRNA and protein expression induced by TNF-a via inhibition of INK signalling. The effect of DATS on
arteriosclerosis was also examined in apolipoprotein E-deficient mice. DATS administration in these
mice tended to decrease atherosclerotic lesion size. These results strongly suggest that DATS prevents
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1. Introduction

Tissue factor (TF) is a key factor in the initiation of the extrin-
sic coagulation cascade pathway, which is responsible for the
production of thrombin from prothrombin via activation of
factor VIL"* Subendothelial TF is also responsible for initiat-
ing fibrin formation at sites of vascular injury, and blood-
borne TF may be an important contributor to the propagation
of the developing thrombus.’> Upregulation of TF activity
causes thrombotic tendency as well as fibrin deposition in the
microvessels of organs, leading to multi-organ failure and dis-
seminated intravascular coagulation.” TF is also a critical
determinant of thrombogenicity in atherosclerotic plaque.

TF is expressed mainly in subendothelial tissues, but not
endothelial cells; however, TF expression can be induced in
endothelial cells by inflammatory mediators. Indeed, lipopoly-
saccharide, interleukin-1f, tumour necrosis factor-o (TNF-a),
phorbol 12-myristate 13-acetate (PMA) and histamine induce
TF expression.”” It has been reported that inflammatory
factor-induced TF expression is mediated by mitogen-activated
protein kinase and nuclear factor-kappa B signalling.'®"?

TF expression is increased in infiltrating monocytes under
the endothelium during the early stages of atherosclerosis as
well as in foam cells, endothelial cells and vascular smooth
muscle cells during later stages.'® TF is also included in micro-
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thromboembolism triggered by atherosclerosis via the inhibition of plaque formation and TF function.

particles released from atherosclerotic plaques, which sub-
sequently promote thrombus formation.*®

There are two types of TF: activated and inactivated forms.
Changes in cell structure due to plasma membrane damage,
apoptosis or exposure to oxidising agents'” and calcium iono-
phores'® induce transformation of inactivated TF to its active
form. It has previously been reported that the formation of a
disulphide bond between Cys,;gs and Cys,go in the TF molecule
is important for its activity.'®"°

Garlic (Allium sativum L.) is one of the first plants used for
medicinal purposes. It is also used as a spice and food.*
Garlic exerts various pharmacological effects, including anti-
hypertensive,”"**> anti-obesity,” > anti-thrombogenic and
anti-platelet aggregation®*® activities. However, the mecha-
nisms underlying these effects have not been clearly
elucidated.

In crushed and cooked garlic, the volatile organosulphur
compound allicin is generated by alliinase enzymatic activity.
Allicin is converted into several sulphide compounds, includ-
ing DATS, diallyl disulphide, diallyl monosulphide and methyl
allyl trisulphide, by spontaneous non-enzymatic reactions.>
These organosulphur compounds are presumably responsible
for the physiological effects of garlic. Indeed, we recently
reported inhibition of platelet aggregation by DATS.*® We
demonstrated that DATS suppresses integrin oIIbf3 activation
and the release of a-granules via sulphhydryl groups on plate-
lets.”® Platelets play important roles in haemostasis, develop-
ment of arteriosclerosis and the pathogenesis of cardio-
vascular diseases. Indeed, platelets tend to aggregate around
atherosclerotic lesions, triggering thrombus formation.*

This journal is © The Royal Society of Chemistry 2022
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This study was performed to determine the effects of DATS
on the development of arteriosclerosis and thrombus for-
mation triggered by the extrinsic coagulation pathway to
further understand the properties of garlic in the prevention of
cardiovascular diseases. First, we investigated the effects of
DATS on the expression and activity of TF, which plays a
crucial role in the extrinsic coagulation cascade, leading to
thrombotic disease. Second, we examined the effects of DATS
on the development of atherosclerosis in apolipoprotein E
(ApoE)-deficient mice.

2. Materials & methods

2.1. Chemicals, reagents and antibodies

DATS was synthesised using Bunte salts as described pre-
viously.”® DATS was further purified by high-performance
liquid chromatography (Alliance 2695; Waters, Milford, MA,
USA) on an Inertsil ODS-3 column (6 x 250 mm; GL Science,
Tokyo, Japan), achieving a purity of 99%. Other chemicals,
including N-ethylmaleimide (NEM), i-glutamine, PMA,
dimethyl sulphoxide (DMSO), medium 199 and heparin
sodium salt, were obtained from Sigma-Aldrich (St Louis, MO,
USA). Roswell Park Memorial Institute 1640 medium (RPMI
1640 medium) and Alexa Fluor 488-conjugated donkey anti-
rabbit IgG (H + L) highly cross-adsorbed secondary antibody,
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Endothelial Cell Basal Medium 2 (EBM-2) and
Supplement Pack Endothelial Cell GM 2 were purchased from
Promo Cell (Heidelberg, Germany). Foetal bovine serum (FBS)
was purchased from Biowest (Nuaillé, France). Recombinant
human basic fibroblast growth factor was purchased from
Aviva Systems Biology (San Diego, CA, USA). RNAiso Plus kit
and PrimeScript RT Reagent kit were purchased from Takara
Bio (Shiga, Japan). Rabbit anti-TF antibody was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit anti-
phospho-SAPK/JNK (Thr183/Tyr185) antibody, rabbit anti-
JNK2 monoclonal antibody and rabbit anti-phospho-c-Jun
(Ser63) antibody were purchased from Cell Signaling
Technology (Danvers, MA, USA). Mouse anti-f-actin antibody
was purchased from Sigma-Aldrich and horseradish peroxi-
dase-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA, USA). 4',6-
Diamidino-2-phenylindole (DAPI) was purchased from
Dojindo Laboratories (Kumamoto, Japan).

2.2. Cell culture

The human promyelocytic leukaemia cell line HL60 (cell no.
RCB0041, Riken, Ibaraki, Japan) was maintained in RPMI
1640 medium supplemented with 10% FBS. Human umbilical
vein endothelial cells (HUVECs) (cell no. 03331; Kurabo,
Osaka, Japan) were maintained in medium 199 supplemented
with 20% FBS, 2.5 ng mL™"' recombinant human basic fibro-
blast growth factor, 10 U mL™" heparin sodium salt and
0.2 mg mL ™" i-glutamine. For the experiments shown in Fig. 2
(D and E) and 4, HUVECs (Promo Cell) were maintained in
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EBM-2 supplemented with 10% FBS and Supplement Pack
Endothelial Cell GM 2. Both HL60 cells and HUVECs were cul-
tured at 37 °C in 5% CO, and 95% air.

2.3. Clotting assay

We performed clotting assays to determine the effects of DATS
on TF activity using bovine plasma and human promyelocytic
leukaemia HL60 cells. The clotting assay in HL60 cells was per-
formed as described previously with minor modifications.'®
Briefly, HL60 cells were plated at 1.0 x 10° cells per mL in
RPMI 1640 medium supplemented with 10% FBS and cultured
for 24 h. PMA solution in DMSO was then added to the culture
to a final concentration of 1 pM, and the cells were incubated
for 6 h to induce TF expression. After induction of TF by PMA,
the cells were washed twice in 2-[4-(2-hydroxyethyl)piperazin-1-
yl] ethane sulphonic acid (HEPES)-buffered saline (10 mM
HEPES, 137 mM NacCl, 5.38 mM KCI and 5.55 mM glucose)
and suspended in HEPES-buffered saline at 1.0 x 10° cells per
mL. This HL60 cell suspension (200 pL) was pre-incubated at
37 °C for 3 min and then treated with DATS (40, 80, 120, 160
and 200 uM) and NEM (40, 80, 120, 160 and 200 pM) (treat-
ment group) or DMSO (vehicle control group) at 37 °C for
5 min. The HL60 cells were then incubated with 100 uM HgCl,
for 30 s to activate TF. Bovine plasma (50% (v/v) in phosphate
buffered saline (PBS), 100 pL) was added to the cell suspension
mixture, and TF activity was measured as a function of clotting
time.

2.4. Western blotting

HUVECs were grown to confluence, and the medium was
replaced with fresh 199 medium or fresh EBM-2 supplemented
with 2% FBS. DATS or DMSO was added to the culture
medium and incubated for 30 min. After pre-incubation with
DATS or DMSO, TNF-a (1 ng mL™") was added to the cells for
various times. The cells were subsequently harvested in 50 mM
Tris-HCI (pH 8.0), 150 mM NacCl, 0.1% SDS, 0.5% deoxycholic
acid and 1% NP-40. The cell lysates were subjected to sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (10%
gel), followed by transfer onto polyvinylidene difluoride mem-
branes (Immobilon-P; Merck KGaA, Darmstadt, Germany) for
western blotting. The blots were incubated with rabbit anti-TF
antibody (1:1000), rabbit anti-phospho-SAPK/JNK (Thr183/
Tyr185) antibody (1:1000), rabbit anti-J]NK2 monoclonal anti-
body (1:1000) or mouse anti-f-actin antibody (1:10000) at
4 °C overnight. After incubation with horseradish peroxidase-
conjugated secondary antibody (1 : 20 000) for 30 min, the anti-
genic protein on the membrane was visualised by ImmunoStar
LD (Fujifilm Wako Pure Chemical Co., Osaka, Japan) using the
ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Hercules, CA, USA) for chemiluminescence detection.

2.5. Reverse transcription and real-time PCR

HUVECs were grown to confluence, and the medium was
replaced with fresh 199 medium or fresh EBM-2 supplemented
with 2% FBS. DATS or DMSO was added to the culture
medium and incubated for 30 min. After pre-incubation with
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DATS or DMSO, TNF-a (1 pg mL ") was added to the cells and
incubated for various times. Total RNA was then extracted
using the RNAiso Plus kit, and ¢cDNA was synthesised using
the PrimeScript RT Reagent kit. Real-time reverse-transcription
PCR was performed using the KOD SYBR qPCR Mix (Toyobo
Co., Osaka, Japan) on the StepOne PCR system (Thermo Fisher
Scientific). The following human TF-, Icam-1- and Vcam-1-
specific primers used in this study were designed based on
GenBank information and synthesised by Thermo Fisher
Scientific: human TF, 5-CCCCAGAGTTCACACCTTACCT-3' and
5-CACTTTTGTTCCCACCTGTTCA-3'; human Icam-1 5-ATGCC-
CAGACATCTGTGTCC-3' and 5-GGGGTCTCTATGCCCAACAA-3';
human Vcam-1 5-TTTGACAGGCTGGAGATAGACT-3' and 5'™-
TCAATGTGTAATTTAGCTCGGCA-3'. mRNA levels were quanti-
fied using the 274" method®" and adjusted relative to those
of GAPDH, which was amplified using the primers 5'-
CACCACCCTGTTGCTGTA-3' and 5-CCACTCCTCCACCTTTGA-
3', as reported previously.*!

2.6. Immunofluorescence

HUVECs were grown to confluence, and the medium was
replaced with fresh EBM-2 supplemented with 2% FBS. DATS
or DMSO was added to the culture medium and incubated for
30 min. After pre-incubation with DATS or DMSO, TNF-a (1 pg
mL ") was added to the cells for 15 min. The cells were fixed
with acetone: methanol (1:1) and blocked with 10% donkey
serum in PBS. The cells were incubated with rabbit anti-
phospho-c-Jun (Ser63) antibody (1:400) for 1 h, followed by
Alexa Fluor 488-conjugated donkey anti-rabbit IgG (H + L)
cross-adsorbed secondary antibody (1:500) for 30 min. The
cells were then treated with DAPI (1:1000) to stain the nuclei.
Images were obtained by confocal microscopy (TCS SP8
LIGHTNING; Leica, Wetzlar, Germany).

2.7. Mice and diets

All experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Nihon
University Animal Care and Use Committee (approval number
AP18BRS082-3). The animals used in this study were 6-week-
old male B6.129P2-Apoe™ ' /] mice (Jackson Laboratory, Bar
Harbor, ME, USA). Animals were housed in a temperature-con-
trolled room (22 °C-23 °C) under a 12 h light/dark cycle. The
mice were provided a normal chow diet (CRF-1; Oriental Yeast
Co., Tokyo, Japan) and water ad libitum. After 2 weeks of
acclimation, the mice were divided into vehicle control and
DATS groups matched for body weight. DATS was administered
by oral gavage every other day for 12 weeks (25 pmol per kg
body weight during the first week, 50 pmol per kg body weight
during the second week and 75 pmol per kg body weight there-
after), because DATS has a characteristic flavour that some-
times influences food intake. The dose of DATS was increased
gradually to acclimatise the mice to its smell. The same
amount of solvent (99.5% saline, 0.5% polyoxyethylene (20)
sorbitan monooleate) without garlic DATS was administered to
the control group.
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2.8. Histology

Mice were euthanised by carbon dioxide inhalation after 12
weeks of DATS administration. Harvested common carotid
arteries were fixed using 4% paraformaldehyde. The tissue
samples were embedded in optimal cutting temperature (OCT)
compound, and axial sections 10 pm thick were cut using a
cryostat microtome (CM 3050 S; Leica). Serial cryosections of
the tricuspid valve were analysed. The sections were stained
with haematoxylin and eosin for plaque morphology and Oil
Red O for lipid deposition, and staining was evaluated using
an upright light microscope (Axio Imager A2; Carl Zeiss,
Oberkochen, Germany). The lesion areas of each serial section
were measured using Image] (version 1.52k; National
Institutes of Health, Bethesda, MD, USA).

2.9. Statistical analysis

All data are expressed as the mean + standard error and were
analysed using Prism 8 software (GraphPad Software, San
Diego, CA, USA). Statistical comparisons between the two
groups were performed using Student’s ¢ test. One-way analysis
of variance (ANOVA) was used for multiple comparisons, and
Dunnett’s test was used to analyse group differences. Two-way
ANOVA was used for examination of the interaction between
DATS treatment and the time after treatment with TNF-a, and
the Tukey-Kramer test was used to analyse group differences.
In all analyses, P < 0.05 was taken to indicate statistical
significance.

3. Results

3.1. DATS prolongs clot formation

In this study, a clotting assay system was used to determine
the effects of DATS on TF activity. In the body, TF is activated
by protein disulphide isomerase,'® which forms a disulphide
bond between Cys;gs and Cys,go, resulting in TF activation. In
the clotting assay, PMA-stimulated HL60 cells were further
treated with HgCl, to activate TF. In vehicle-treated HL60 cells
(without PMA), HgCl, treatment did not affect clotting time
(Fig. 1A). In contrast, clotting time was significantly decreased
by HgCl, treatment in PMA-stimulated, TF-expressing HL60
cells (Fig. 1A). These data suggest that TF expression in HL60
cells is activated by disulphide bond formation.

We next examined the effects of DATS on clot formation eli-
cited by TF (Fig. 1B). DATS was added to PMA-stimulated, TF-
expressing HL60 cells followed by activation with HgCl,. As
shown in Fig. 1B, DATS delayed clotting time in a dose-depen-
dent manner. The effect of the SH group modifier, NEM, was
also examined. Treatment with NEM significantly inhibited
clot formation in a manner similar to DATS (Fig. 1C).

3.2.
cells

DATS suppresses TF expression in vascular endothelial

TF expression in vascular endothelial cells is induced by
inflammation, which is a cause of thrombosis during
atherosclerosis.'*** We used confluent HUVECs to determine

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 DATS inhibits TF activity and subsequent clot formation. (A)
PMA-stimulated, TF-expressing HL60 cells and vehicle-treated, non-TF-
expressing HL60 cells were further treated with HgCl, to activate TF.
Bovine plasma was added to these cells to measure TF activity as clot-
ting time. (B) DATS was added to the PMA/HgCl,-treated cells 5 min
prior to measuring clotting time. (C) NEM was added to the PMA/HgCl,-
treated cells 5 min prior to measuring clotting time. Mean + standard
error (SE) (n = 3), *P < 0.05, **P < 0.01 vs. (A) HgCl, (=), (B and C) 0 uM.

the effects of DATS on TF expression in vascular endothelial
cells; thus, cell number and proliferation did not influence the
results obtained in this study. Incubation of HUVECs with
TNF-a resulted in induction of TF mRNA expression, which
peaked at 2 h (Fig. 2A, black bars). TF mRNA induction by
TNF-a was significantly suppressed by DATS (Fig. 2A, grey
bars). Similarly, TF protein expression in HUVECs was induced
by TNF-a, peaking at 4 h after treatment (Fig. 2B). DATS also
inhibited TF protein induction by TNF-« in a dose-dependent
manner (Fig. 2C). Next the phosphorylation of JNK1/2 by TNF-
o was measured to explore the inhibitory mechanisms of DATS
on TF induction. JNK was transiently phosphorylated by TNF-o

This journal is © The Royal Society of Chemistry 2022
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by 15 min in HUVECs, and DATS inhibited TNF-a-induced
phosphorylation of JNK (Fig. 2D). Moreover, we examined the
effects of DATS on nuclear localisation of phosphorylated
c-Jun, a downstream substrate of the JNK signalling pathway.
Phosphorylated c-Jun was localised in nuclei by TNF-a at
15 min, and pre-treatment with DATS inhibited TNF-a-induced
nuclear localisation of phosphorylated c-Jun (Fig. 2E). These
results suggested that DATS suppresses TF expression via the
inhibition of JNK signalling induced by TNF-a.

3.3.
mice

DATS ameliorates plaque formation in ApoE-deficient

As described above, DATS prolonged clotting time by suppres-
sing TF activity as well as TNF-a-induced TF mRNA and
protein expression. We next examined the effects of DATS on
arteriosclerosis in ApoE-deficient mice, which are widely used
as a model of human atherosclerosis (Fig. 3). ApoE is one of
the major apolipoproteins in plasma lipoproteins, such as low-
density lipoprotein and high-density lipoprotein. ApoE is
responsible for the transport of lipids, including cholesterol.*?
There were no significant differences in body weight (Fig. 3A),
or plasma triglyceride (Fig. 3B) or cholesterol concentrations
(Fig. 3C) between the vehicle group and DATS group. In
vehicle-treated ApoE-deficient mice, mild plaque formation in
the tricuspid valve was observed (Fig. 3D and E). In
contrast, intraperitoneal injection of DATS (75 pmol kg™ body
weight) once every 2 days tended to suppress this plaque for-
mation in ApoE-deficient mice (Fig. 3D). The evaluation of
atherosclerotic lesion size was performed using Oil Red O
staining of serial tricuspid valve sections. Plaque formation in
the tricuspid valve tended to be suppressed in the DATS treat-
ment group compared with the vehicle group (Fig. 3D),
although this effect was not statistically significant (Fig. 3E).
These data suggest that DATS suppresses the onset of
arteriosclerosis.

3.4. DATS suppresses adhesion molecule expression in
vascular endothelial cells

During the formation of atherosclerotic plaque, adhesion of
leukocytes and migration thereof into the vascular suben-
dothelium are induced by Icam-1 and Vcam-1 in activated
endothelial cells. As DATS ameliorated plaque formation in
ApoE-deficient mice (Fig. 3), we postulated that DATS may
regulate adhesion molecule expression in vascular endothelial
cells during plaque formation. Therefore, we next evaluated
the effects of DATS on Icam-1 and Vcam-1 mRNA expression in
TNF-a-stimulated HUVECs. The levels of Icam-1 and Vcam-
1 mRNA expression were significantly increased 2 h after
stimulation with TNF-a, and DATS suppressed these TNF-
a-induced increases in adhesion molecule mRNA expression
(Fig. 4). These results suggested that DATS suppresses plaque
formation by inhibiting the expression of adhesion molecules
in vascular endothelial cells.

Food Funct, 2022,13,1246-1255 | 1249


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo02206g

Open Access Article. Published on 28 December 2021. Downloaded on 11/30/2025 7:04:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Food & Function
A _ C TNF-a (1 ng/mL) - 2 + +
o0 ;\E’)ﬂg‘e DATS(M) - - 50 100 (kDa)
(o b
- 48
% TF 4 l !-—1
o 40
g B-actin | esme——— |45
2
E 20 a 2.0
&
_51.5
s
& 1.0
[T
Fos
B After TNF-a stimulation (h)
0 2 4 6 8 (kDa) 0.0
T | TNFa(ingml) -+ o+
B-actin = s DATS (UM) - - 50 100
3 *
=
B 2
®
@
E 1
0

0 2 4 6 8

D = DAPI

p-c-Jun Merge

TNF-a (min) 0 15 30 (kDa)
a
DATS (100 pM) - + - + - + i g
o e
| 2 s} - g
P-INK1/2 | e I e . |45
-63
Pp|  cem e e o - oo o '::
JNK1/2> . —-48 m)
Q9
—~| ©
B-aCtin| eees— (40 = |
= (V]
>
w
2.0 ‘g
= \/ehicle Liwn
4
o 15 b = DATS gl
Z a
Z
< 1.0
Z’ a
IS
0.5
a 2 a
a a a
0.0

0 15 30 60 (min)

Fig. 2 DATS inhibits TNF-a-induced TF mRNA and protein expression in HUVECs. (A) HUVECs were pre-treated with DATS or vehicle for 30 min
prior to TNF-a treatment. After incubation with TNF-a for 2—-8 h, the cells were harvested and measured for TF mRNA levels using real-time PCR. (B)
After incubation with TNF-a for 2—-8 h, the cells were harvested, and TF protein levels were measured by western blotting. TF levels were analysed
quantitatively using ImageJd software and normalised to those of f-actin. (C) HUVECs were pre-treated with DATS (50 or 100 pM) or vehicle for
30 min, followed by treatment with TNF-a for 4 h. TF protein levels were measured by western blotting as described above. (D) Phosphorylation of
JINK1/2 in the DATS-treated HUVECs was determined by western blotting. p-JNK levels were analysed quantitatively as described above. Mean + SE
(n = 3). Groups labelled with the same superscripts are not significantly difference from each other. Groups labelled with different superscripts are
significantly different from each other. (E) HUVECs were pre-treated with DATS or vehicle for 30 min, followed by treatment with TNF-« for 15 min.
The images of phosphorylated-c-Jun localisation in nuclei were obtained by confocal microscopy.
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Fig. 3 DATS ameliorated arteriosclerotic lesions in ApoE-deficient mice. ApoE-deficient mice were treated with DATS or vehicle every other day for
12 weeks. (A) Body weight gain. (B) Plasma triacylglycerol concentration. (C) Plasma cholesterol concentration. (D) Serial cryosections of the tricuspid
valve were stained with haematoxylin and eosin (HE) (upper panels) or Oil Red O (lower panels). (E) The area stained with Oil Red O was quantified as
the lesion size using ImageJ software. Mean + SE. Vehicle, n = 4; DATS, n = 5.

4. Discussion

TF is a key initiator of the extrinsic coagulation pathway. TF is
involved not only in physiological haemostasis but also in
pathological processes during cardiovascular events via its
effects on arteriosclerosis. Therefore, the regulation of TF
expression and activity is an important strategy for the preven-
tion of thromboembolism triggered by lifestyle-related dis-
eases.>® Various dietary factors have been shown to exert pre-
ventive effects on lifestyle-related diseases. In this study, we
examined the effects of DATS on extrinsic coagulation initiated
by TF. DATS has potent anti-platelet activity, showing promise
as an anticoagulant.

This journal is © The Royal Society of Chemistry 2022

To examine the effects of DATS on TF activity, we used a
clotting assay system with PMA-stimulated TF-expressing HL60
cells.>'®'® DATS delayed clotting time in a dose-dependent
manner (Fig. 1B). The effect of NEM on clot formation in com-
parison with that of DATS was also examined. NEM delayed
clotting time in a manner similar to DATS (Fig. 1C). NEM is a
Michael acceptor in the Michael reaction, meaning that it
adds nucleophiles, such as the thiolate anion, and is com-
monly used to protect cysteine thiol groups in proteins against
oxidation.®> Taken together, these data suggest that modifi-
cation of cysteine thiols in the TF molecule is an important
mechanism underlying the inhibition of TF activity by both
DATS and NEM.
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Fig. 4 DATS inhibits TNF-a-induced mRNA expression of Icam-1 and
Vcam-1 in HUVECs. HUVECs were pre-treated with DATS (100 uM) or
vehicle for 30 min prior to TNF-a treatment. After incubation with TNF-a
for 2—-8 h, the cells were harvested and Icam-1 and Vcam-1 mRNA levels
were measured by real-time PCR. Mean + SE (n = 3). Groups labelled
with the same superscripts are not significantly different from each
other. Groups labelled with different superscripts are significantly
different from each other.

Relative expression

We next investigated the regulation of TF by DATS in vascu-
lar endothelial cells. Normal vascular endothelial cells do not
express TF in vitro; however, inflammatory mediators, such as
TNF-a and lipopolysaccharide, induce TF expression.>” In
addition, it has been reported that plasma TF concentrations
are higher in patients with obesity, dyslipidaemia and type 2
diabetes than in healthy subjects.*®?” It has also been reported
that the concentrations of plasma TNF-a and microparticles
containing TF in blood are elevated in patients with type 2 dia-
betes.*® Lifestyle-related diseases, including obesity, dyslipi-
daemia and type 2 diabetes, are strongly related to the develop-
ment of arteriosclerosis.’*>*® Therefore, the suppression of
soluble TF levels in blood may contribute to the prevention of
arteriosclerosis associated with these diseases.

TF production is regulated at the gene expression leve
Incubation of HUVECs with TNF-a induced TF mRNA
expression and subsequent TF protein synthesis (Fig. 2A and
B). Both TF mRNA and protein expression levels were
increased 2-4 h after TNF-a treatment (Fig. 2A and B). These
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increases were inhibited by pre-treatment of HUVECs with
DATS 30 min prior to TNF-a treatment (Fig. 2A and C). TNF-a
induces TF expression via JNK/c-Jun signalling in HUVECs."”
In our study, phosphorylation of JNK and localisation of phos-
phorylated c-Jun in the nucleus induced by TNF-a were sup-
pressed by DATS (Fig. 2D). It has been reported that TNF-
a-induced TF mRNA expression in vascular endothelial cells
was suppressed by the inhibition of JNK and p38.'° Therefore,
inhibition of the JNK pathway by DATS may inhibit the induc-
tion of TF by TNF-a. DATS not only inhibited TF activity, but
also TF mRNA and protein expression in vitro.

As described previously, the plasma TF concentration is cor-
related with arteriosclerosis.">** Based on these findings, we
further explored the effects of DATS on arteriosclerosis in vivo.
We evaluated ApoE-deficient mice to examine the effects of
DATS on arteriosclerosis because arteriosclerosis is rarely
observed in normal wild-type mice on a standard diet. It has
been shown that blood cholesterol concentrations are higher
in ApoE-deficient mice than wild-type mice, specifically due to
the ApoE deficiency, and aortic and coronary artery plaque for-
mation occur at 3-4 months of age.** In addition, a high-fat
diet promotes plaque formation in comparison to feeding
normal chow.*” Therefore, the mice were fed normal chow,
which can lead to mild arteriosclerosis in ApoE-deficient mice.

We evaluated chow-fed ApoE-deficient mice to determine
the effects of DATS administered orally every other day on
plaque formation in cases of mild arteriosclerosis.
Representative sections stained with Oil Red O revealed sup-
pressed plaque formation in the tricuspid valve in the DATS
treatment group compared with the vehicle group (Fig. 3D);
however, the results were not statistically significant (Fig. 3E).
DATS did not exert any effect on blood cholesterol concen-
tration in ApoE-deficient mice (Fig. 3C), suggesting that DATS
suppresses plaque formation without regulating cholesterol
metabolism.

The inflammatory response of macrophages is closely
involved in atherogenesis.*® In human atherogenesis, macro-
phage infiltration is observed during lipid accumulation, and
foam cells can be detected during the pathological intimal
thickening stage.*” In a previous study, macrophage infiltra-
tion was observed together with promotion of lipid accumu-
lation in the tricuspid valve after 6-9 weeks of feeding with a
high-fat diet in low-density lipoprotein receptor-deficient
mice.*® However, in this previous study, the TF and macro-
phage markers, CD11b and F4/80, were undetectable in both
the vehicle and DATS treatment groups according to immuno-
staining of the tricuspid valve, whereas plaques were observed
in our ApoE-deficient mice (data not shown). This may have
been due to observation of early-stage atherogenesis without
macrophage infiltration, as our study involved chow-fed mice
observed over a 12-week period. In addition, the inflammatory
response in vascular endothelial cells is involved in the for-
mation of plaque by stimulation of the interaction between
leukocytes and activated platelets via adhesion molecules. In
particular, inflammatory vascular endothelial cells activated by
inflammatory mediators, such as TNF-a, express Icam-1 and

This journal is © The Royal Society of Chemistry 2022
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Veam-1." In this study, the levels of Icam-1 and Vcam-
1 mRNA expression were increased by TNF-a in HUVECs, and
pre-treatment with DATS markedly suppressed their expression
(Fig. 4). It has been reported that plaque formation was sup-
pressed in ApoE, P-selectin, Icam-1 and E-selectin-deficient
mice.’® It has also been reported that Vcam-1 participates in
plaque formation to a greater extent than Icam-1.>" Therefore,
DATS may suppress plaque formation by inhibiting the
expression of adhesion molecules in inflammatory vascular
endothelial cells.

Recently, we reported that DATS strongly inhibits platelet
aggregation because of its high reactivity with SH groups by
suppressing cell signalling and cell surface activation induced
by thrombin.?® Although DATS also has potent anti-platelet
activity, bleeding tendency was not observed in the tail bleed-
ing assay in mice.”® We also reported inhibition of platelet
aggregation by methyl allyl trisulphide via inhibition of hydro-
peroxidase activity and subsequent thromboxane A, pro-
duction, which led to inhibition of clot formation in an ex vivo
thrombosis model.>”>>

In summary, we demonstrated that DATS inhibits TF
activity and mRNA and protein expression in vitro.
Furthermore, DATS tended to ameliorate plaque formation in
ApoE-deficient mice in vivo. DATS may serve as a dietary con-
stituent with beneficial effects on vascular diseases, including
atherosclerosis, and as an antithrombotic agent via its effects
on the extrinsic coagulation pathway.

5. Conclusions

To our knowledge, this is the first study to demonstrate that
DATS inhibits TF expression in endothelial cells as well as TF
protein activity. The atherosclerotic lesion size also tended to
be decreased in ApoE-deficient mice treated with DATS.
Furthermore, we demonstrated that DATS exhibits potent anti-
platelet activity. Thromboembolism is caused by platelets
(primary thrombus formation) and subsequent clot formation
via the coagulation cascade (secondary thrombus formation).
Garlic is a promising food with anti-thrombotic function,
which can suppress both primary and secondary clot
formation.
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