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Figure 1. Graphical abstract
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ABSTRACT

The proliferation and migration of vascular smooth muscle ¢éB5MCs) play vital roles in the pathogenesis of
atherosclerosis and/pertension. It has been proposed and verified that hexahydrocurcumin (HHC), a metabolite
form of curcumin, has cardiovascular protective effects. This study examined the effect of HHC on angiotensin Il
(Ang I)-induced proliferation, migratigrand inflammation in rat aortic VSMCs and explored the molecular
mechanisms related to the processes. The results showed that HHC significantly suppressawidoedipro-
liferation, migration and inflammation in VSMCs. HHC inhibited Angitiduction of the increse in cyclin D1

and decrease in p21 expression in VSMCs. Moreover, HHC attenuated the generation of reactive oxygen species
(ROS), and the expression of nuclear factor kappa BKBIFtumor necrosis factest (TNF-a), interleukin6 (IL-

6) and matrixmetalloproteinase8 (MMP9) in Ang Ikinduced VSMCs. The proliferation, migration, inflamma-

tion, and ROS production were also inhibited by GKT137831 (NADPH oxidase, NOX1/4 inhibitor) and the com-
bination of HHC and GKT137831. In addition, HHC restored the-A inhibited expression of peroxisome pro-
liferator-activated recepteg (PPARG) and peroxisome proliferator activated recetor ¢ 0 a eltU v(aPtGoQ.
These findings indicate that HHC mplay a protective role in Ang-bromoted proliferation, migtion and
inflammation by suppressing NADPH oxidase mediated ROS generation and elevating PPARY d1 P GeCx -
pression.

Keywords: Hexahydrocurcumingngiotensin Il,vascular smooth muscle cgitoliferation, migration,inflamma-
tion

INTRODUCTION transcription factors, and the nuclear factor

Vascular smooth muscle cells (VSMCs)kapIOa B (NFkB)’.WhiCh s importa‘nt in the
are an essential component of vascular wall€reduction of proinflammatory cyknes and
and theihighly differentiated contractile phe- mterleuk.lns. VS,MCS are activated to migrate
notype is critically responsible for maintain-and proliferate in response to the increase in
ing vascular homeostasiEhe abnormal pro- growth factors and cytokines such as interleu-

liferation and migration of VSMCs and their Kin-1 (IL-1), interleukin6 (IL-6), tumor ne-
expression of various piaflammatory cyto- Crosis factora (TNF-a) and matrix metallo-
kines are key elements in the pathologies arfotéinases (MMPsMarx et al, 2011) The
development of vascular diseases includin§XPression of MMPs is also regulated by-NF
atherosclerosis and hypertensifii et al, ©B and oxidative stress
2017; Wu et a).2018) Angiotensin Il (Ang the activity and expression of MMP. Uncon-
Il) is one of the active components of therolled MMP activity results in the bregk
renin-angiotensin system contributing to thedown of the components of ECM, enabling
regulation of blood pressure anddso in- YSMCs to promote a migiory phenotype
volved in the regulation of several cellular(Chou etal.2019) _

processes such as cell growth, migration, in- Peroxisome Proliferatehctivated Re-
flammation, and fibrosis (Louis and CePtorg(PPARg), a nuclear hormone recep-
Zahradka2010; Touyz2004) Ang Il is apo- tor superfamily, is present in the VSMCs of
tent mediator of oxidative stress and oxidanthe vascular walls in both humans and rodents
signaling. There is increasingidence to in- (Puan et al.2008) It is a potential protective
dicate that the activation of NADPH oxidasefactor in the case of vascular injury and is in-
(NOX), a major component of reactive oxy-Créasing in importance in medicigeisueh
gen species (ROS), is involved in many pachOOl) Previous studies reported that the acti-
ways of Ang Il signaling in vascular cells vation of PPARg attenuated Ang itimu-
(Nguyen Dinh Cat et gl2013; Taniyamand lated cell growth, migratignand inflamma-
Griendling 2003) NADPH oxidae gener- tory responsegBenkirane et a).2006; Duan
ated ROS contribute to increased Angnig- €t al, 2008; Marchesi et gl2013) PGG1 U
diated VSMC growth in hypertensi¢fiouyz [ PP AR?D ( p-proliferatoractoateel
2003) Ang |l activates redosensitve I € C e pt oactivamgl UJcoi s a nu
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protein that regulates a range of endotheligdxperimental procedures were approved by
and smooth muscle cefirocesses. Interest- the Animal Ethis Committee in accordance
ingly, it has been reported that PAQJ i svith ¢he guidelines for the care and wdda-
powerful regulator of ROS metabolism andboratory animals published by Chiang Mai
the overexpressionof PGCU c o u | d @niveérsiyn (Peotoal Number 19/2565).
ROS production, thus ameliorating Angrik  VSMCs were isolated from the thoracic aorta
duced VSMC proliferatior{Pei et al. 2016; of rats, & describedn a previous studyith
Zhao et al.2015). some modificationg(lkawati et al, 2018.

In this study hexahydrocurcumifHHC), Cells were cultured ibulbecco’'s Modified
one of the major phases | metabolites of cufsagle Medium/Nutrient  Mixture H2
cumin, is investigated Several studies re- (DMEM-F12) containing 106 fetal bovine
ported that HHC exhibitsimilar pharmaco- serum (FBS), 100 U/mL penicillignd 100
logical propertiego curcuminincludinganti- ~ U/mL streptomycin at 37C in a humidified
oxidant activity(Chen et a.2006; Sompan 5% CO; incubator. VSMC quiescenceaw
et al, 2007), cardiovascular protective effect induced by placing cells on sertinee meda
(Moohammadaree et aR015, and antin-  for 24 h before treatment.
flammatory effect (Zhao et al.201%). How-
ever, the molecular mechanismassociated Cell viability assay
with the action ofHHC on Ang Itinduced Cell viability was analyzed using the
VSMCs are not well understood. Thereforemodified tetrazolium salt-84,5-dimethy}2-
this study was designed to explore the mechthiazolyl)-2,5diphenyt2H-tetrazolium bro-
anisms of action of HHC otte proliferation mide (MTT) reduction assay. VSMCs were
and migrationof VSMCs induced byAng Il seeded in 98vell plates at alensity 5x16

via oxidative stress and inflammation. cells/ml. The cells were pretreated with HHC
(5, 10, 20 and 46M) for 2 h and then stimu-
MATERIALS AND METHODS lated with or without Ang Il 1GvM (Sigma

Preparation of hexahydrocurcumin (HHC) Aldrich, MO, USA). The specific inhibitor,
HHC was synthesized from curcumin,namely GKT137831 (1@M), a NOX1/4 in-
which was obtained frofBurcuma longahi-  hibitor was added 1 h beforeettHHC pre-
zomes as described previously (Changtam &tatment. After 24 h, the medium was re-
al., 2010). In brief, a solution of curcumin  Moved, and the cells were incubated with
ethanol was hydrogenated by using activateM TT (10 mg/ml) at 37 C for 2 h.Dark blue
charoalsupported palladium (Pd/C) as a catformazan crystals were solubilized with di-
alyst for 8 h to yield hydrogenated productsmethyl sulfoxide (DMSO) and then the ab-
which were then isolated by silica gel columrsorbance was measured at 540 nm using a mi-
chromatography using dichloromethane croplate reader (Anthos, Italy).
methanol as eluting solvent to afford HHC
(85%) and octahydrocurcumin (2@). The Wound healing migration assay
spectoscopic tH and **C nuclear magnetic Wound healing assays were used to eval-
resonance (NMR) and mass spectra) data gfte the effect of HHC on Ang Il mediated
HHC were consistent with the reported value¥ SMC migration. In brief, the cells were
(Changtam et 8l.201Q Jearjaroen et al. seeded into %vell plates and allowed to rest
2021). The purity of HHC was more than for 24 hin a serurfree medium. After thata

97 % from HPLC analysis. sterile pipette tip was used to scratch on the
underside of the dish to generate a-tele
Cell isolation and celkculture gap. The cells were washed with phosphate

Male Wistar rats (20@50 g) were sup- buffer saline (PBS) and pteecated witha
plied by Nomura Siam International Co., Ltd.,specificdose of HHC (10, 20 and 4M) and
Pathumwan, Bangkok, Thailand. All animalthen stimuléed with or without Ang Il ina
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serumfree medium. The images of cell mi-investigation othe cytoplasmic proteins, the
gration across the wound were taken at O bells were added to ieenld hypotonic lysis
and 24 h using an inverted microscope (Cathuffer (10 mM HEPES, pH 7.9; 3.mM

Zeiss, Gettingen, Germany). MaCly; 10 mM KCI; 0.5 PMSF; 0.5 mM
DTT) and protease inhibitor at € for 15
Transwell migrationassay min and centrifuged at 13,000 r/min. The nu-

VSMCs were suspended anserumfree clear pellets were resuspended indoéd hy-
medium, and the cells at a density of 2X10pertonic buffer (10 mM HEPES, pH 7.9; 0.42
cells/ml were seeded in the upper chamber off NaCl; 1.5 mM MgC}; 10 mM KCI; 0.5
a 24well plate transwell with a polycarbonatemM PMSF; 1mM DTT) and protease inhibi-
membrane, &M pore size (Corning, Maine, tors at 4 C for 40 min and centrifuged at €
USA). Meda with or without Angll were for 10 min. The protein concentrations were
added into the lower chamber. Then, the cellmeasured using Bradford protein assay {Bio
were pretreated with HHC (10, 20 and 40 pM)Rad Laboratories, Hercules, CA, USA). Ap-
for 2 h. The specific inhibitor namely proximately 251y of protein extract was sep-
GKT137831 (10mM) was added 1 h before arated by 1€15% sodium dodecy! sulfate
the HHC pretreatment. After incubating forpolyacrylamide gel electrophoresi¢SDS
24 h, the nommigrated cells in the upper PAGE) and transferred tgolyvinylidene
chanber were removed by cotton swabs. Thelifluoride (PVDF) membranes. The mem-
migrated cells were fixed with% paraform- branes were blocked with% skim-milk in
aldehyde and stained with ®d.crystal Vio-  Tris-buffered saline (TBS) containing (%4
let (SigmaAldrich, MO, USA). After rinsing Tween 20 (TBSThuffer at room temperature
with PBS, the stained cells were observed anfdr 2 h and then incubated with primary anti-
photographed. The numbers of migratedscellbodies reognizing NOX1(1:1000, Abcam),

were counted. NOX4 (1:1000, Santa Cruz Biotechnology),
PPARg (1:2000, Abcam), PGQa (1:1000,
Intracellular ROS assay ThermoFisher Scientific), Cyclin D1 (1:1000,

Dichlorofluorescin diacetate (DCFBA)  Cell Signaling Technology), p21 (1:1000,
was used to determine the effect of HHC orsanta Cruz Biotechnology), NEB (1:1000,
intracellular ROS generatedAmg Il induced g SignalingTechnology), TNFa (1:1000,
VSMC:s. In brief, the confluent cells in the-96 Abcam), IL-6 (1:1000, Abcam), MMP9
well plates at 5x1tcells/ml were treatd with (1:1000, Merck Darmstadt, Germany), Lamin
HHC (10, 20 and 40 uMppr 2 h followed by g (1:1000, Affinity) orb-actin (1:20000, Cell
incubation Wlth_ Ang Il (1071\/I_) for 24 h. Prior Signaling Technology) overnight af@. Af-
to ROS detection, the medium was removedg incubation with horseradish peroxidase
and the cells were washed with 1X PBS andqnjgated secondaantibodies for 2 h, the
incubated with 26rM of DCFH-DA at 37 C  protein bands were visualized with the en-
for 30 min. The fluorescence imsity of in-  hanced chemiluminescence detection system

tracellular ROS production was evaluated afaplegen Gel Company, Inc., San Francisco,
an excitation and emission wavelength of 48z A ysa).

and 530 nm, respectively, usiagnicroplate
reader (BioTek Instrument, Winooski, VT, statisticalanalysis

USA). Data are expressed as the meatandard
. error of mean (SEM). Comparisons of more
Western blot analysis _ . than two groups wereacried out using ane
After treatment, the cells were rinsedhwi ,, 5 y ANOVA followed by

1X PBS and lysed with ieeold radioim- i,y Graphpad Prism software. The differ-
munoprecipitation assay (RIPA) lysis buffergnceswereconsideredtatisticallysignificant
with protease inhibitor for total proteins. For4; g o5
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RESULTS decrease significantly comparedth that of

- the group treated with Angdllone(Figure 3).
Effects of HHCon Ang ll-induced cell L S
proliferation in VSMCs These results indicate that HHC could inhibit

To investigate the effect of HHC on thethe VSMCmigration
proliferation of VSMCscells were pretreated
with HHC (5, 10, 20 and 4@M) before being
exposed to Ang Il (1@M) for 24 h. The re- in VSMCs

sults shqwed that Ang I sti_mulated ME. .Ang Il.is Powerful ctivator of oxidate
proliferations t ati st i cally Strbsd \K)h'icffacanctrgf'gé'efl uMipIe Wa?ﬂhgl(gbical
co.mpared to the control group (p<0.'001)responses including proliferation, migration
(Figure 2a). Pretreatmerdi VSMCs with of VSMCs and overexpression of proinflam-
HHC (10, 20 and 4@M) dosedependently 5461y cytokineg(Nguyen Dinh Cat et al.
attenuated the proliferation of the cells (F|g-2013_ To investigate the effects of HHC on
ure 2a).Cell proliferation is regulatkein the Ang ll-induced ROS generation in WECS,

cell cycle by sequential activation and inactisracellular ROS levels were evaluated by

vati(_)n of cyclir_}depender_lt kinaség.:D.KS)' a4  DCFHDA assay. The resudltshowed that
family of serine/threonine proteikinases  pog jeyels significantly increased in Ang ||
(Huang et al.2010; Karimian et al.2018. jqced VSMCs compared tthe control
The expressions of the regulatory proteins Ogroup (p<0.00]) (Figure 4a). Retreatment
the cell cycle including cyclin D1 and the with HHC reduced ROS levels in Angiti-
CDK inhibitor p21 were investigated by west- - \y'SMCs (Figure 43). NOXs are recog-

ern blotting. The results showed that Ang I nized as the major source to produce ROS in
indudion of VSMCs significantly increased \,gpics. The expressiorf the proteins

the expression protein of cyclinlFigure N1 and NOX4 were investigated by west-
2b), while the expression protein of p21 degp piotting. Treatment with Ang I resulted
creased (Figure 2c). Pretreatment with HHG significant increase in thexpression of
Qiminished the expres_sion of cygl[hl a}nd NOX1 (Figure 4b) and NOX4 (Figure 4c) in
increased the expression .Of p21 in AngnH comparson with that of the control group.
duced VSMCs as shovimFigure 2bc. OVer- | 10ing pretreatment with HHC before

all, these results suggestedtti&lC calld in- — Apq | treatment, the expression of NOX1 and
hibit Ang Il-induced VSMC proliferation by \ox4 was observed to decrease significantly
suppressing the expression of cyclin D1 anE!ompared with that of the group treated with
increasinghat ofp21. Ang Il alone(Figure 4bc). These results in-
dicate that HHC attenuates Angimiduced

Effects of HHC on Ang Ikinduced cell ROS generation by inhibiting NADPH oxi-
migration in VSMCs dases.

To determine the effects of HHC on Ang
II-induced VSMC migration, a wodrheal-
ing assay and transwell Boyden chamber as-
say werecarried out The results showed that
Ang Il significantly increased the migration
rate(p<0.001) (Figure 3ab) and the transwell
Boyden chamber assay alsvealed that the
number of cells migratigmarkedly increased
in Ang ll-induced VSMCs compared the
control group (Figire 3c-d). Following pre-
treatment with HHC before Ang Il treatment,
the migration rate of VSMCs and the number
of VSMCs migrathg were observed to

Effects of HHC on Ang IFinduced ROS
generation and NADPH oxidase expression
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Figure 2: Effects of HHC on Ang ll-induced VSMCs proliferation. (a) HHC attenuated Ang ll-induced proliferation of VSMCs a in dose-dependent manner;
(b-c) Western blot data showing the effect of HHC on the expression of cyclin D1 and p21 in VSMCs induced by Ang Il. Data are expressed as mean ° SEM
(n=6). ***, p<0.001, versus control group; #, p<0.05; ##, p<0.01; and ##, p<0.001, versus Ang Il group
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Figure 3: Effects of HHC on Ang ll-induced VSMCs migration. (a) Imaging from wound healing assay and (b) gap distance as measured by ImageJ software.
(c) Cell migration was evaluated using the transwell Boyden chamber assay. (d) The number of migrate cells was counted and analyzed statistically. Data are
expressed as mean ° SEM (n=6). ***, p<0.001, versus control group; #, p<0.05; #, p<0.01; and #, p<0.001, versus Ang Il group
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Figure 4. Effects of HHC on Ang ll-induced ROS production and expression of NADPH oxidase in VSMCs. (a) ROS production was investigated by
DCFH-DA assay. (b-c) The effect of HHC on the expression of NOX1 and NOX4 protein, as investigated by western blot analysis. Data are expressed as mean
° SEM (n=6). *, p<0.05; **, p<0.01; and ***, p<0.001, versus control group; #, p<0.05; and #, p<0.01, versus Ang Il group
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Effects of HHC on Ang IFinduced al., 2016) and also decreases the activity of
inflammation in VSMCs NF-kB in vasculaturgKadlec et al. 2016)
Ang |l activatesthe redoxsensitive proin- To determine whether HHC could enhance
flammatory transcription factor, nuclear fac-the expression of PPAR and PGEGla in
tor (NF}kB, which is associated with stimu- Ang ll-induced VSMCs western blot analysis
lation of cytokine productiofTouyz 2003. was used to examine the expression of the
To explore the mechanism underlying the efproteins PPARy and PGGla. As shown in
fect of HHCin causing theedudion of Ang Figure 6,the expression of PPAR (Figure
II-induced inflammation in VSMCs mediatedgga) and PGEla (Figure 6b) were suppressed
by theNF-kB pathway, the expression of nu-jn Ang Il-induced VSMCs and HHC pretreat-
clear NFkB p65 and cytosolic NKKB p65 mentsignificantly restored the expression of
and inflammatory cytokines were assessed h;ipAR_g and PGGla in Ang ll-induced
western blotting. As shown Figure 58b, the  ysMCs. These results indicate that PRGR
expression of NkB p65 was mainly observed and pGGla are required for HHC to reverse

inthenucleus, wiist the level of the cytosolic the proliferation, migration and inflammation
NFkB p65 was significantly decreased in Anginduced by Ag 1.

I1-induced VSMCs. At the same time, the ex-

pression of TNFa (Figure 5ed) and IL-6  Effects of HHC on Ang IFinduced VSMC
(Figure 5c, e) was also found to have inproliferation, migration and inflammation
creased compareditiv that of the contio involved generation of NADPH oxidase
group.Following pretreatment with HHC be- mediated ROS
fore Ang Il treatmenia reduction of theans- To clarify themechanics of thprotective
location of NFkB p65 was observed, which effect of HHC on Ang Hinduced cell prolif-
is closely related to the finding that the ex-eration, migrationand inflammabn by de-
pressiorof theproteins TNFa and IL-6 were termining whether it acts related with
alsosignificantlyreducedFigure5c-€). ROS NADPH oxidasemediated ROS production,
and inflammatory cytokines also stimulate theve investigated the impact @KT137831, a
expression of MMPs which are required forNOX1/4 inhibitor in this studyAs shown in
VSMC migration. Therefore, the expressionFigure 7ab, treatment with Ang Il increased
of theprotein MMP9 was evaluated by west-the proliferation and migration 0fSMCs,
ern blotting. The results showed that the exwhereas pretreatment with HHC was found to
pression of MMP9was significantly en- decreasdghese actionsMoreover, treatment
hanced in VSMCgeatedwvith Ang Ilincom- with HHC and GKT137831 showed similar
paiisonto the controlcell group £<0.05) and patterrsto the HHC pretreatment. In addition,
decreased in VSMCs pretreated with HHQROSIevels (Figure 7cand the expression of
before exposre to Ang Il (Figure 5c, f). TNF-a (Figure 7d), I-:6 (Figure 7e), and
These results suggest that HHC diminisheMMP9 (Figure 7f) alsadecreased when the
the activation of NF-kB, the activation of cells were pretreated with HHC and
TNF-a , IL-6 andthe expression dfIMP9 in  GKT137831 These results suggest that HHC
Ang ll-induced VSMCs. attenuated Ang linduced VSMC prolifera-
tion, migration and inflammation mediated by
Effects of HHC on Ang Ikinhibited PPAR ~ NOX1/4 mediated ROS generation.
gand PGGla expression in VSMCs
PPARgis present in VSMCs in the nor-
mal vascular wall and it can suppress the ex-
pression of inflammaty genegDuan et al.
2008) It has been reported that PG& is a
powerful regulator of ROS metaboligiPei et
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Figure 5: Effects of HHC on Ang ll-induced inflammation in VSMCs. Cells were pretreated with HHC

for 2 h before incubation in the presence or absence of Ang Il for 24 h. (a) Representative bands of the
expressionof NF-¢ B p65 in cytosol and nucl eus, a$)Theqwar-sti gat e
titative results of the expressionof NF-€ B p65 i n cytosol and)Represénmtivs i n eac
bands of the TNF-a, IL-6 and MMP9 protein expression, as investigated by western blot analysis. (d-f)

The quantitative results of TNF-a, IL-6 and MMP9 protein expression. Data are expressed as mean °

SEM (n=6). *, p<0.05; **, p<0.01; and ***, p<0.001, versus control group; # p<0.05; and #, p<0.01,

versus Ang Il group
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