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ARTICLE INFO ABSTRACT

Keywords: Quercetin (QCT) and isorhamnetin (ISO), natural flavonoids, were both shown to possess antifibrotic activity in
Quercetin in vivo and in vitro models of hepatic fibrosis. Although ISO is a direct metabolite of QCT differing by a methyl
Isorha‘rfﬂetiﬂ group, it has been reported to be absorbed more adequately and eliminated slower than QCT after oral ad-
Azaleatlz . . ministration. Our aim of the study was to investigate biological effect of mono-methylated QCT derivatives
3'0_M?t y quercetin against fibrosis using rat hepatic stellate cells (HSC-T6). All test derivatives were synthesized from QCT. HSC-T6
Tamarixetin . . . . . .

Rhamnetin cells were induced by TGF(B and treated with derivatives followed by cell proliferation assay, immuno-
Fibrosis fluorescence staining of aSMA, and gene expression analysis of fibrosis markers. All compounds showed a dose-

Hepatic stellate cells

and time-dependent antiproliferation effect. ISO, 3-O-methylquercetin (3MQ), and rhamnetin (RHA) reduced
aSMA mRNA; 3MQ prevented the augmentation of collagen I mRNA; and compounds, except azaleatin and
3MQ, reduced Timpl mRNA expression in TGFB-induced HSCs. In conclusion, each compound had singular
effect against different features of fibrosis depending on the position of methyl group although the further
mechanism of action of compounds during fibrosis development remains to be investigated. These findings
suggest that antifibrotic effect of quercetin can be enhanced by adding methyl group on functionally important

position.

1. Introduction

Liver fibrosis is a hepatic chronic disease characterized by the ex-
cessive accumulation of extracellular matrix (ECM) which can progress
to irreversible scarring and end-stage liver diseases if the injury is
persistent and chronic. However, hepatic fibrosis is orchestrated pri-
marily by the hepatic stellate cells (HSC), a pleiotropic cell comprising
one-third of the nonparenchymal cells and 5% of the total hepatic cells
in normal human liver and residing in the perisinusoidal space of Disse.
Chronic hepatic injury caused by various viral infections, metabolic
disorders, alcoholism, and nonalcoholic steatohepatitis (NASH) leads to
activation of HSCs from quiescent state into proliferative, migratory,
and contractile myofibroblasts to produce ECM molecules such as col-
lagen resulting in fibrosis, scarring, and subsequent liver damage [1-3].

Flavonoids are natural polyphenols widely presented in vegetables,
fruits, seeds, and stems. They have been considered as one of the most

important beneficial agents against cancers, cardiovascular, and neu-
rodegenerative disorders [4]. Recent researches have demonstrated
that the bioactive forms of flavonoids are the conjugates and metabo-
lites that arise from their natural aglycone forms on absorption. Quer-
cetin (QCT) is one of the most extensively studied flavonols that pos-
sesses strong anticancer, anti-inflammatory, antioxidant,
antifibrogenic, and as well as cardio- and neuroprotective effects.
However, QCT is generally not present in aglycone form in the plasma
and occurs only in conjugated forms [5]. Generally, 20-40% of QCT is
methylated in the 3’-position, yielding isorhamnetin (ISO). ISO is also
found as a natural flavonoid in several plants and plant-derived foods,
and shown to inhibit proliferation of breast cancer cells, protect HepG2
cells against oxidative stress, and attenuate inflammatory bowel disease
[6,7]. Recent studies also showed its antioxidant, anti-obesity, and
antifibrotic effects in rodents [8-10]. ISO has been shown not only to
have similar biological effect in vivo and in vitro studies but also to be
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Fig. 1. Chemical structure and purity of synthesized compounds.

absorbed more adequately and eliminated slowly than its unmethylated
parent — QCT [11].

Thus, in the present study, we synthesized several monomethylated
quercetin derivatives, namely, ISO, 3-O-methyl quercetin (3MQ), aza-
leatin (AZA), rhamnetin (RHA) and tamarixetin (TAM), and in-
vestigated their antifibrotic effect on the activation and proliferation of
HSCs and on the production of ECM using transforming growth factor-f3
(TGFf)-induced HSC-T6 cells to answer whether the addition of methyl
group improves the biological activity of quercetin against fibrogenesis.

2. Materials and methods
2.1. NMR data of methylated quercetin

Five different mono-methylated QCT derivatives: ISO, AZA, 3MQ,
TAM, and RHA were synthesized from commercially available QCT
(Fujifilm Wako Pure Chemical Corp., Tokyo, Japan) in reference to
reported paper [12]. All synthesized methylquercetin was in good
agreement with reported data [13-16]. Chemical structure and purity
of each compound were shown in Fig. 1.

Isorhamnetin: yellow solid.; H NMR (400 MHz, DMSO-d6)
8 =7.73 (d, J = 2Hz, 1H), 7.67 (dd, J = 8.2, 2.2Hz, 1H), 6.93 (d,
J = 8.2Hz, 1H), 6.46 (d, J = 2.2 Hz, 1H), 6.18 (d, J = 2.2 Hz, 1H), 3.83
(s, 3H); *C NMR NMR (100 MHz, DMSO) & = 175.9, 164.0, 160.7,
156.2, 148.8, 147.4, 146.6, 135.8, 122.0, 121.7, 115.6, 111.7, 103.0,
98.2, 93.6, 55.8.

Azaleatin: yellow solid.; 1H NMR (400 MHz, MeOD) & = 7.70 (d,
J =2.8Hz, 1H), 7.60 (dd, J = 8.8, 2.8 Hz, 1H), 6.87 (d, J = 2.2 Hz,
1H), 6.49 (d, J = 2.0 Hz, 1H), 6.38 (d, J = 2.0 Hz, 1H), 3.91 (s, 3H); '3C
NMR NMR (100 MHz, MeOD) 8 = 173.7, 164.7, 162.2, 160.1, 148.5,
146.3, 144.8, 138.7, 124.2, 121.3, 116.3, 115.7, 106.4, 96.8, 95.9,
56.5.

3-O-Methylqurcetin: yellow solid.; 'H NMR (400 MHz, MeOD)
8 =7.59 (d, J = 2.8Hz, 1H), 7.50 (dd, J = 8.8, 2.8 Hz, 1H), 6.88 (d,
J = 8.8 Hz, 1H), 6.35 (d, J = 2.0 Hz, 1H), 6.16 (d, J = 2.0 Hz, 1H), 3.76
(s, 3H); *C NMR NMR (100 MHz, MeOD) & = 178.7, 164.5, 161.8,
157.1.156.7, 148.6, 145.2, 138.2, 121.7, 121.0, 115.2, 115.1, 104.6,
98.5, 93.4, 59.2.

Tamarixetin: yellow solid.; H NMR (400MHz, MeOD)
8 =7.76-7.73 (m, 2H), 7.05 (d, J = 8.8 Hz, 1H), 6.39 (d, J = 2.4 Hz,
1H), 6.18 (d, J = 2.4 Hz, 1H), 3.93 (s, 3H).

Rhamnetin: yellow solid.; '"H NMR (400 MHz, MeOD) § = 7.76 (d,
J = 2.4Hz, 1H), 7.66 (dd, J = 8.8, 2.0Hz, 1H), 6.88 (d, J = 8.8 Hz,
1H), 6.58 (d, J = 2.4 Hz, 1H), 6.31 (d, J = 2.4 Hz, 1H), 3.89 (s, 3H).

2.2. Chemicals and reagents

A stock solution of 100 mM for each compound was prepared by
dissolving in DMSO and stored at —20 °C until use. Working solution
(treatment) was prepared before use by diluting the stock solution in
the culture media. Thus, the final concentration of DMSO in the
medium did not exceed 0.04% for 40 uM, and 0.02% for 20 uM of
treatment. Human recombinant TGF was purchased from Peprotech
(NJ 08553, USA), reconstituted according to the manufacturer's in-
struction, and stored at —20 °C until use. Anti-collagen I (ab34710),
anti-alpha smooth muscle actin (ab5694), AlexaFluor 488 labeled
donkey anti-rabbit (ab150073) antibodies were purchased from Abcam
(Tokyo, Japan). ProLong Diamond antifade mountant with 4’,6-
Diamidino-2-Phenylindole (DAPI: double stranded DNA staining) was
purchased from Invitrogen (ThermoFisher, USA).

2.3. Cell line and culture condition

Rat hepatic stellate cell (HSC-T6) line was purchased from Millipore
(Millipore, CA, USA). As recommended by Millipore, cells were routi-
nely cultured in DMEM-High glucose (D5796, Sigma-Aldrich, USA)
containing 2.5 mM t-Glutamine supplemented with 10% FBS (Gibco,
USA) and 1% penicillin (5000 ug/ml) - streptomycin (5000 IU/ml)
(Lonza, Japan) at 37 °C in 5% CO, humidified incubator, and sub-cul-
tured when the cells are approximately 90% confluent. Cells between
passage 3 and 8 were used for further analysis.

2.4. Cell proliferation assay

HSC-T6 cells were seeded at a density of 1 x 10° cells/ml in a 96-
well plate. After overnight incubation cells were treated with various
concentrations of the compound for 12 and 24h. 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution
for final concentration of 0.5 mg/ml was added to the culture medium
and incubated for 6h. After discarding the medium formazan crystals
were dissolved in 10% sodium dodecyl sulfate (SDS) solution for
overnight incubation. Absorbance at 570 nm was measured using mi-
croplate reader (Varioskan LUX), and the cell proliferation was calcu-
lated as Cell proliferation (%) = [(mean OD value of treated well —
mean OD value of the blank) X 100%]/(mean OD value of untreated
well — mean OD value of the blank). The experiment with six repeats in
each concentration was replicated at least three times.
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Fig. 2. TGFf induced fibrosis in HSCs. (A) Immunodetection of aSMA and Collagen I in TGFfB-induced HSCs. Cells were incubated with different concentration of
TGFp for 24h; and aSMA (green, 1st column), collagen I (green, 2nd column) and nucleus (blue) were detected by immunofluorescence staining (Scale bar = 30 pm).
Control represents non-treated negative control. (B) Gene expression of aSMA (Acta2 gene) and Collagen I (Collal gene) in TGFp-induced HSCs. Cells were incubated
with different concentration of TGFf for 24 h and qPCR analysis was performed. Data are shown as mean = SEM of at least three independent experiments with
significance ***p < 0.001 vs. non-treated control. (C) Effect of TGF on proliferation of HSCs. Cells were incubated with different concentration of TGF( for 6 and
12 h, and cell proliferation rate was determined by MTT assay. Data are shown as mean = SD of at least three independent experiments.

2.5. Immunofluorescence analysis expression was assayed by TagMan predesigned primers (Applied
Biosystems, Foster City, CA, USA) and TagMan Gene Expression Master

HSC-T6 cells were seeded on cover slip at a density of 5 X 10* cells/ Mix (Life Technologies, Carlsbad, USA) using the 7500 Fast Real-Time

ml in 6-well plate and incubated overnight to attach the surface. Cells PCR System (Applied Biosystems, Foster City, CA, USA). Collagen type
were treated with 2 ng/ml of TGFp to induce fibrosis in the presence or 1 alpha 1 (Collal) (Rn01463848_m1), alpha smooth muscle actin
absence of compound. After 24 h of co-treatment, cells were washed (Acta2) (Rn01759928 g1), tissue inhibitor metalloproteinase-1 (Timp1)
twice with cold phosphate buffered saline (PBS) and fixed with 3.7% (Rn01430873_g1) and glyceraldehyde-3-phosphate dehydrogenase
paraformaldehyde for 20 min at room temperature followed by rehy- (Gapdh) (Rn01775763_gl) primers were purchased from Applied

dration with PBS and incubated in blocking solution containing 1% Biosystems. The 2724 method was applied to calculate the relative
bovine serum albumin (BSA) and 0.1% Tween20 for 2h. The slides mRNA expression levels using Gapdh as a housekeeping endogenous
were incubated with the primary antibody anti-collagen I at 1/100 control.

dilution and anti-aSMA at 1/100 dilution for overnight at 4°C.

Consequently, the slides were incubated for 1h with secondary anti- 2.7. Statistics

body at 1/250 dilution after washing with PBS three times. The slides
were mounted using ProLong Diamond with DAPI and observed under a

All data are expressed as the mean + standard error of the mean
Leica TCS SP8 confocal microscope.

(SEM) unless otherwise indicated. Two-tailed Student's t-test was ap-

plied to assess the statistical significance of difference among the

2.6. Real-time reverse transcription polymerase chain reaction (RT-PCR) treatments. We conducted ANOVA followed by Dunnett's post-hoc test

analysis for multiple comparison among controls (NC and PC) and derivative-

treated groups using IBM SPSS Statistics version 24.0. All graphs were

HSC-T6 cells were seeded in 6-well plate at a density of prepared using Microsoft Excel 365. A value of p < 0.05 was con-

1 x 10°cells/ml and incubated overnight to attach the surface. Cells sidered as significant for all results.

were treated with 2 ng/ml of TGFp to induce fibrosis in the presence or

absence of compound for 1h. Total RNA was extracted using ISOGEN 3. Results

reagent (Nippon Gene, Toyama, Japan) according to the manufacturer's

instruction. First-strand cDNA was amplified from the total RNA 3.1. Optimization of TGFB-induced HSC-T6 as a fibrosis cell model

(100 ng) using SuperScript III Reverse Transcriptase kit (Invitrogen,

Carlsbad, CA, USA). The quantification of total RNA and cDNA was HSC activation plays a major role in hepatic fibrogenesis. In re-

measured on NanoDrop 2000 spectrophotometer (Thermo Scientific, sponse to liver injury resulting from drugs, toxins, viral infection, and

Wilmington, DE, USA). Real-time quantitative PCR of target gene hepatic chronic diseases such as nonalcoholic steatohepatitis (NASH),
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the production of profibrotic cytokines such as TGFf is increased and
triggers several intracellular signaling pathways leading to the activa-
tion of HSC. Upon their activation, HSCs undergo phenotypic modula-
tion becoming motile, proliferative, and fibroblast-like, and increase
aSMA secretion which promotes excessive deposition of ECM. In our
preliminary study to determine the optimum concentration of TGFf on
the induction of fibrosis in vitro, HSC-T6 cells were treated with 0.5, 1,
2, 4ng/ml of TGFp for 24 h, and collagen I and aSMA were detected by
immunofluorescence (Fig. 2A). Level of aSMA was slightly increased in
HSC-T6 treated with 0.5 ng/ml TGFP and remarkably increased in HSC-
T6 treated with 24 ng/ml TGFP. However, no visible difference was
observed among treatments with 2 and 4 ng/ml of TGFf (Fig. 2A, 1st
column). Collagen I was significantly deposited after 24 h of treatment
with 0.5ng/ml of TGFP compared with non-treated control and in-
variably increased with augmentation of dose until 4ng/ml (Fig. 2A,
2nd column). Gene expression levels of collagen I and aSMA were
measured after 24h of treatment with TGFf (Fig. 2B). Significant
augmentation of aSMA gene expression reached from 2 ng/ml of TGFf3
treatment, and stably increased with a higher dose of TGFf induction.
Gene expression of collagen I slightly increased with the augmentation
of treatment dose but statistically not significant within the range of
TGFp concentration. We also examined the proliferation effect of TGFf3
on HSC-T6. The proliferation rate of HSC-T6 compared to that of in
non-treated control was not noticeably affected after the treatment with
TGFp from 0.5 to 8 ng/ml for 6 and 12 h (Fig. 2C). Therefore, we chose
the dose of 2ng/ml TGFp, an adequate concentration to stimulate fi-
brosis markers without affecting the proliferation of HSC-T6, for further
analysis.

3.2. Antiproliferation effect of derivatives on TGFf-induced hepatic stellate
cells

Upon activation, HSCs undergo proliferation which leads to aber-
rant production of ECM. Thus, to investigate the effect of test com-
pounds on the proliferation of HSC-T6, we treated cells with 5, 10, 20,
40, 80 uM of the compound for 6, 12, and 24 h, and determined the cell
viability (Fig. 3). However, after 6 h of treatment, all compounds, but
not ISO, tend to increase the proliferation rate of HSC-T6 in a dose-
dependent manner (Fig. 3A). After 12 h of treatment, proliferation was
decreased in all compound treated HSC-T6 to the level comparable to
NC. ISO effectively inhibited the proliferation from 40puM of con-
centration (Fig. 3B). The incubation with 80 uM of the compound for
24 h markedly suppressed the proliferation of HSC-T6 (Fig. 3C). ISO,
QCT, and 3MQ had inhibitory effect from 10 uM, and it was dose and
time-dependent manner. AZA, RHA, and TAM inhibited the prolifera-
tion at 80 uM, however, their effect was not visible in a lower dose up to
12 h. Thus, we used 20 and 40 uM concentration for further analysis.

3.3. Effect of derivatives on TGFB-induced production of aSMA and
collagen I

To further discover the effect of compounds on TGFf-induced pro-
duction of aSMA, we treated TGFf-induced HSC-T6 with 20 and 40 uM
of the compound. After 24h of incubation, aSMA was detected by
immunofluorescence staining (Fig. 4A). We observed visibly decreased
accumulation of aSMA in all compound-treated HSC-T6 compared to
the positive control (PC). However, among test compounds, QCT, ISO,
3MQ, and RHA decreased aSMA at 20 uM, and inhibited more effec-
tively at 40 uM showing their effect was dose-dependent. Inhibition
effects of AZA and TAM were weaker compared to other derivatives,
even though aSMA level was markedly decreased comparing to PC.
Collagen I was also detected by immunofluorescence after 24h of
treatment in TGFB-induced HSC-T6 to analyze the inhibitory effect of
compounds (Fig. 4A). AZA, 3MQ, and TAM-treated cells showed ef-
fective inhibition of collagen I production, while partly inhibited in
ISO-treated cells. QCT and RHA treatment slightly reduced the collagen

Biochemistry and Biophysics Reports 20 (2019) 100678

presence compared to PC.
3.4. Effect of derivatives on TGFf-induced fibrogenic gene expression

After finding that test compounds could significantly inhibit the
production of aSMA at 20 uM of concentration after 24 h of treatment
in TGFB-induced HSC-T6, we chose to use this dose to determine their
effect on the gene expression of collagen I, aSMA, and Timp1. As shown
in Figs. 4B and 1 h of TGFf treatment was enough to significantly in-
crease the mRNA level of aSMA. Once co-treated with compounds,
QCT, ISO and RHA inhibited this augmentation of the aSMA level. But
AZA, 3MQ, and TAM treatment did not show inhibitory effect. When
treated for 6 h, the expression level of aSMA was lower than the ne-
gative control (NC) in ISO and 3MOQ-treated cells. However, the ex-
pression level of aSMA in AZA-treated cells tended to be decreased after
6 h of treatment, still remained higher than NC. On the other hand, both
TAM and QCT showed significantly increased expression of aSMA after
6h of treatment compared to that of NC. Collagen I mRNA was in-
creased after 1h of treatment but decreased after 6 h of treatment in
those treated with QCT, AZA, 3MQ, and RHA time-dependently
(Fig. 4B). Interestingly, after 6 h of 3MQ treatment, collagen I expres-
sion was drastically decreased to the level of NC. In ISO and TAM-
treated cells collagen I mRNA level remained elevated. In addition,
treatment with TGF for 6 h significantly increased the expression of
Timpl as shown in Fig. 4B. The increase of Timpl mRNA was atte-
nuated in cells treated with QCT, ISO, TAM, and RHA. In contrast, AZA
and 3MQ were not able to inhibit the expression of Timpl mRNA level.

4. Discussion

In the present study, we showed that methylquercetin derivatives
depending on the methyl group position have different effects on pro-
liferation and production of profibrotic gene expression in TGFp-in-
duced HSC-T6. It was also demonstrated that the optimum dose and
time of incubation with TGFf to stimulate fibrosis in vitro is an im-
portant experimental parameter to study the effect of compounds
adequately.

Even though novel pathways and cellular signaling are being dis-
covered to be involved in the development of liver fibrosis, TGFf-in-
duced pathways remain as the central target in therapeutic strategy
[17,18]. Chronically increased TGFp in response to a liver injury acti-
vates HSC-T6, in turn, HSC-T6 are the main driver in the fibrogenic
process undergoing phenotypic modification from quiescent to acti-
vated state which leads to increased proliferation, and excessive pro-
duction of ECM. Among various therapeutic strategies retardation of
HSCs activation and proliferation, and degradation of ECM are more
promising approaches in the resolution of fibrosis [19,20]. However,
direct targeting of TGF3 may result later in undesirable controversial
cellular response because it is a pleiotropic cytokine involved virtually
in all stage of liver physiologic and pathologic process [21]. Thus, a
molecular agent which can regulate TGFp-induced fibrogenic pathways
has more clinical implication.

Accumulating data have shown that natural flavonoids and herbal
extracts have the potential to prevent and regress liver fibrosis through
their antioxidant activity [10,22,23]. Yang et al. revealed that ISO
treatment reduced pathologic features in CCly-induced liver fibrosis,
and level of phosphorylated Smad2/3 in primary HSCs and LX-2
(human activated HSC line) via inhibition of TGFf3/Smad pathway [10].
Li et al. also showed that ISO remarkably inhibits A549 lung cancer
cells growth by inducing apoptotic changes [24]. Our results demon-
strated that ISO and 3MQ had stronger inhibition effect on the pro-
liferation of HSC-T6 followed by decreased aSMA and Timpl mRNA
level after TGFB-induction. Moreover, the methyl groups in ISO and
3MQ are spatially located closer than other derivatives suggesting
methyl groups on C-3’ and C-3 position may have functional role to
exert biological activity of these derivatives.
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Fig. 3. Inhibitory effect of compounds on proliferation of HSC-T6. Cells were incubated with different concentration of compound for 6 h (A), 12 h (B), and 24 h (C);
and cell viability was measured by MTT assay. Data are shown as mean = SD of at least three independent experiments with significance *p < 0.05, **p < 0.01

and ***p < 0.001 vs. non-treated control (CTL).

Kawada and colleagues demonstrated that QCT prevents the acti-
vation of cultured HSC-T6 by suppressing the expression of aSMA and
dose-dependently inhibits the serum-dependent proliferation [22].
Moreover, Wu et al. showed that liver fibrosis induced by bile duct
ligation and CCls-injection was prevented in QCT-treated mice by in-
hibition of HSCs activation and reduction of autophagy [25]. In our
results, QCT treatment could slightly reduce collagen I and Timp1 gene
expression, but not aSMA expression, after 6h of incubation with
TGFp. Our finding supports previously reported results of the inhibitory
effect of QCT on HSCs proliferation. The effect of AZA and TAM on
inhibition of aSMA and collagen I mRNA was not effective compared to
PC. It indicates that the hydroxyl group in at least C-5 and C-4’ position
is necessary to exert their biological activity, otherwise methylation on
those positions caused their loss of activity. Even though the me-
chanism of action of each compound, and their effect in vivo remained
to be elucidated for further drug development, taken together, our data
demonstrated that mono-methylated derivatives possess different bio-
logical activity than quercetin, and the antifibrotic effect of quercetin
can be pharmacologically improved by adding methyl group on func-
tionally important position.

Acknowledgments

This research was partially funded by the Japan Science and
Technology Agency (JST) and the Japan International Cooperation
Agency (JICA) Science and Technology Research Partnership for
Sustainable Development (SATREPS): JPMJSA1506, and JST-Center of
Innovation (COI) project; and Mongolian-Japan Engineering Education
Development Project (MJEED).

List of abbreviation

3MQ 3-O-methylquercetin

ACTA2  Actin alpha 2 gene

AZA Azaleatin

COL1A1 Type I collagen gene

DAPI 4’,6-Diamidino-2-Phenylindole
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repetitions with significance *p < 0.05, **p < 0.01 and ***p < 0.001 vs. non-treated, non-induced control (NC); and #p < 0.05, ##p < 0.01 and
###p < 0.001 vs. TGFp -induced positive control (PC) by ANOVA followed by Dunnett's post-hoc test. Horizontal dash line shows the level of NC.
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