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Two methoxy derivatives of resveratrol, gl

3,3/ ,4,5'-tetramethoxy-trans-stilbene

and 3,4’ 5-trimethoxy-trans-stilbene, suppress
lipopolysaccharide-induced inflammation
through inactivation of MAPK and NF-kB
pathways in RAW 264.7 cells

Chunxiu Zhou', Xutao Zhang', Cheng-Chao Ruan? and Wai San Cheang'”

Abstract

Background: 3,3'4,5'-tetramethoxy-trans-stilbene (3,3’,4,5'-TMS) and 3,4’ 5-trimethoxy-trans-stilbene (3,4/,5-TMS)
are two methoxy derivatives of resveratrol. Previous researches have proved that resveratrol and its analogues have
anti-inflammatory effect through suppressing mitogen-activated protein kinase (MAPK) and nuclear factor-«B (NF-kB)
signaling pathways. This study aims to study whether 3,3/,4,5-TMS and 3,4’,5-TMS alleviate inflammation and the
underlying mechanism.

Methods: RAW 264.7 macrophage cells were treated with lipopolysaccharide (LPS) to induce inflammation and
pretreated with 3,3/,4,5"-TMS or 3,4, 5-TMS. Cell viability was measured with the 3-(4,5)-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. Nitric oxide (NO) release was detected by Griess reagent. The secretions of
pro-inflammatory cytokines were assessed by ELISA kits. Protein expressions of signaling molecules were determined
by Western blotting. Reactive oxygen species (ROS) production was detected by fluorescence staining and malondial-
dehyde (MDA) assay.

Results: 3,3’4,5-TMS and 3,4’,5-TMS suppressed LPS-induced NO release and pro-inflammatory cytokines (IL-6 and
TNF-a) secretions in a dose-dependent manner in RAW 264.7 cells. 3,3’,4,5’-TMS and 3,4,5-TMS significantly down-
regulated the LPS-induced expressions of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iINOS), and
partially suppressed the activation of MAPK (phosphorylation of p38, JNK, ERK), and NF-kB (phosphorylation of IKKa/3,
p65 and IkBa) signaling pathways; where phosphorylation of ERK and p65 was mildly but not significantly decreased
by 3,3/,4,5-TMS. LPS-induced NF-kB/p65 nuclear translocation was inhibited by both 3,3/,4,5-TMS and 3,4',5-TMS.
Moreover, both resveratrol derivatives decreased the ROS levels.

*Correspondence: AnnaCheang@um.edu.mo

! State Key Laboratory of Quality Research in Chinese Medicine, Institute
of Chinese Medical Sciences, University of Macau, Room 5008g, Building
N22, Avenida da Universidade, Taipa, Macao, SAR, China

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-1152-7997
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13020-021-00480-9&domain=pdf

Zhou et al. Chin Med (2021) 16:69

Page 2 of 14

Conclusions: 3,3/,4,5-TMS and 3,4’,5-TMS significantly suppress LPS-induced inflammation in RAW 264.7 cells
through inhibition of MAPK and NF-kB signaling pathways and also provide anti-oxidative effect. This study reveals
potential therapeutic applications of 3,3/,4,5-TMS and 3,4’ 5-TMS for inflammatory diseases.

Keywords: 3,3’ 4,5"-tetramethoxy-trans-stilbene, 3,4’ 5-trimethoxy-trans-stilbene, Inflammation, Lipopolysaccharide,

MAPK, NF-kB

Background
Inflammation, widely defined as a nonspecific response
to tissue injury or infection, is a complicated and perva-
sive form of defense and is employed by both innate and
adaptive immune systems to combat pathogenic intrud-
ers [1]. Macrophage plays a critical role in the initiation,
maintenance, and resolution of inflammation and it can
be activated by many signals including cytokines [inter-
feron y (IFN-y), tumor necrosis factor o (TNF-a), and
granulocyte-monocyte colony stimulating factor (GM-
CSF)], bacterial lipopolysaccharide (LPS), extracellular
matrix proteins, and other chemical mediators [2]. When
inflammation is triggered by a pathogen, resident mac-
rophages produce various pro-inflammatory mediators
such as nitric oxide (NO) from inducible nitric oxide syn-
thase (iNOS), cyclooxygenase-2 (COX-2), reactive oxy-
gen species (ROS), TNF-a, and interleukin (IL)-6 [2, 3].
Recognition of LPS by toll-like receptor 4 (TLR4)
consequently activates the downstream signaling cas-
cades, including the activation of mitogen-activated
protein kinases (MAPKs) and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«xB) family [4].
The family members of MAPKs mainly include c-Jun
N-terminal kinase/stress-activated protein kinase (JNK/
SAPK), extracellular signal-regulated kinase (ERK), and
p38 mitogen-activated protein kinase (p38 MAPK) [5,
6]. NF-kB family consists of p50, p52, RelA (p65), RelB,
c-Rel, NF-kB1 (p105), and NF-kB2 (p100) [7]. Moreo-
ver, phosphorylation of inhibitor of NF-«kB (IkB) kinase
(IKK) complex leads to phosphorylation-induced IkB

degradation, releasing NF-kB subunit from the cyto-
plasm to the nucleus to induce the transcription of pro-
inflammatory genes [6]. Therefore, inhibition of such
excessive inflammatory cytokines and related mediators
through suppressing the activation of MAPKs and NF-«B
can be an important target for drug discovery and devel-
opment of treatment against inflammation.

Resveratrol (3,4/,5-trans-trihydroxystilbene; Fig. 1a) is
a hydroxylated derivative of stilbene and is also a natu-
ral phytoalexin found in grape skins and seeds, peanuts,
red wine, blueberries and so on [8]. Resveratrol was origi-
nally considered as a potential anti-aging agent. It has
later been proved by many basic science investigations
and more than 240 clinical trials to exert many pharma-
cological activities against chronic diseases, including
inflammatory diseases, diabetes mellitus, hypertension,
cardiovascular diseases (CVDs), Alzheimer’s disease, kid-
ney diseases, liver diseases, and cancers [9-11]. Despite
these remarkable health benefits, low bioavailability of
resveratrol limits its application in effective treatments
[12-15]. As a result, researchers have paid more atten-
tion on structural modification of resveratrol. According
to the structure-activity relationship (SAR) studies, the
parent structure of resveratrol is vital for its therapeu-
tic effects [16]. In recent years, more and more natural
or synthetic resveratrol derivatives have been studied
especially the methoxylated, hydroxylated, and halogen-
ated ones that exert diverse therapeutic potential [8].
3,3',4,5'-tetramethoxy-trans-stilbene (3,3',4,5'-TMS;
Fig. 1b) and 3,4’,5-trimethoxy-trans-stilbene (3,4/,5-TMS;
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Fig. 1c) are two methoxy derivatives of resveratrol. Some
previous studies have revealed some potent therapeutic
effects of 3,4/,5-TMS, inhibiting inflammation in mac-
rophages, breast cancer cells invasiveness and high glu-
cose-induced endothelial dysfunction [17-19].

To date, only few studies explore the anti-inflamma-
tory effect of 3,4/,5-TMS and even no studies working on
3,3',4,5'-TMS. In the present study, we used LPS-induced
RAW 264.7 macrophages as an in vitro model to inves-
tigate the anti-inflammatory effects of 3,3/,4,5-TMS and
3,4’,5-TMS and the underlying mechanism. The potency
was also compared.

Methods

Chemicals and reagents

3,3',4,5'-TMS and 3,4/,5-TMS (purity>98%) were pur-
chased from Tokyo Chemical Industry Co., Ltd. High-
glucose Dulbecco’s modified Eagle’s medium (DMEM)
were obtained from GE Healthcare Life Sciences
HyClone Laboratories (Utah, USA) while fetal bovine
serum (FBS) and Penicillin-streptomycin (P/S) were from
Gibco (Carlsbad, CA, USA). LPS, 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT), Griess
reagent, bovine serum albumin (BSA) and Triton X-100
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Enzyme-linked immunosorbent assay (ELISA) kits
for IL-6 and TNF-a were purchased from Mlbio (Shang-
hai, China). All the primary antibodies were purchased
from Cell Signaling Tech (Danvers, MA, USA) while
the secondary antibodies were obtained from Beyotime
Biotechnology (Shanghai, China). 4% paraformaldehyde
(PFA), Alexa Fluor 488-labeled secondary antibody, and
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride (DAPI) were purchased from Beyotime Biotech-
nology (Shanghai, China). Dihydroethidium (DHE) and
5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein
diacetate acetyl ester (CM-H,DCFDA) were acquired
from Molecular Probes (Eugene, OR, USA). Malondi-
aldehyde (MDA) assay kit was purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

Cell culture

RAW 264.7, a mouse macrophage cell line from the
American Type Culture Collection (ATCC, Manassas,
VA, USA), was cultured in high-glucose DMEM sup-
plemented with 10% FBS plus 100 U/mL penicillin and
100 pg/mL streptomycin at 37 “C in a humidified incuba-
tor with 5% CO,.

Cell viability analysis

The effects of 3,3',4,5'-TMS and 3,4,5-TMS on the cell
viability were determined by MTT assay. RAW 264.7
cells were seeded into 96-well plates (7 x 10° cells/well,
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100 pL medium/well). After incubating overnight, the
cells were treated with 3,3/,4,5'-TMS and 3,4/,5-TMS at
final concentrations of 0, 5, 10, 30 and 50 uM for another
24 h. The 3,3',4,5'-TMS and 3,4,5-TMS were dissolved in
DMEM medium. Thereafter, the MTT reaction solution
(20 pL, 5 mg/mL) was added into each well, followed by
3 h of incubation at 37 °C. At last, the supernatants were
removed and the formazan crystals in each well were
dissolved in 150 puL of DMSO. After being shaken for
30 min, the 96-well plates were read by the SpectraMax
M5 microplate reader (Molecular Devices, Silicon Valley,
CA, United States) at 570 nm to detect the absorbance.

Determination of nitric oxide (NO) release

The RAW 264.7 cells were seeded in 24-well plates
(2 x 10° cells/well) and allowed to adhere overnight at 37
C with 5% CO,. The cells were pretreated with 3,3/,4,5'-
TMS (10 and 50 pM) or 3,4,5-TMS (10 and 50 uM) for
4 h and then co-treated with LPS (1 pg/mL) for another
12 h. The release of NO was determined by measur-
ing the accumulated nitrite in the culture medium with
Griess reagent according to the manufacturer’s instruc-
tions. The absorbance was detected at 548 nm using the
microplate reader.

Enzyme-linked immunosorbent assay (ELISA)

RAW 264.7 cells (6 x 10° cells/well in 6-well plates) were
pretreated with different concentrations (10 and 50 pM)
of 3,3/,4,5'-TMS or 3,4/,5-TMS for 4 h, followed by the co-
incubation of LPS (1 pg/mL) for 12 h. The culture media
were collected after the drug treatment and the releases
of IL-6 and TNF-a from the cells were detected using
immunoassay kits (Mlbio, Shanghai, China) according
to the manufacturer’s protocol. The absorbance values at
450 nm were determined by the SpectraMax M5 micro-
plate reader.

Western blotting analysis

RAW 264.7 cells (6x10° cells/well in 6-well plates)
were pretreated with of 3,3',4,5-TMS or 3,4/,5-TMS at
10 and 50 puM for 4 h, followed by the addition of LPS
(1 pg/mL) for 12 h. The cells were harvested on ice and
lysed with RIPA solution containing 1% Protease Inhibi-
tor Cocktail (Beyotime Biotechnology, Shanghai, China)
and 1% phenylmethanesulfonyl fluoride (PMSF). The
cell lysates were centrifuged at 15,000 rpm for 30 min
at 4 °C to collect supernatants. The total protein content
was determined by BCA assay (Beyotime Biotechnol-
ogy, Shanghai, China). Protein samples were separated
by 8 or 10% SDS-PAGE gels and the blots were trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). The membrane was
blocked by 5% skimmed milk or 1% BSA in Tween-20
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phosphate-buffered saline (TBST) buffer, followed by
incubation with appropriate primary antibodies over-
night at 4 °C and with the corresponding secondary anti-
bodies for another 1 h at room temperature. Finally, the
specific protein bands were visualized with an American
ECL™ Advanced Western Blotting Detection Kit (GE
Healthcare Life Sciences, Uppsala, Sweden) and scanned
by ChemiDoc"" MP Imaging System (BIO-RAD, USA).

Immunofluorescence assay

RAW 264.7 cells (3 x 10° cells/confocal dish) were pre-
treated with 3,3',4,5'-TMS or 3,4/,5-TMS (50 uM) for
4 h, followed by the co-incubation of LPS (1 pg/mL) for
12 h. The cells were then washed by PBS for 10 min and
fixed with 4% PFA at room temperature for 20 min. The
fixed cells were permeabilized with 0.1% Triton X-100 for
10 min and blocked with 3% BSA for 1 h at room tem-
perature. Then the cells were incubated with the primary
NF-xB p65 antibody (1:500) overnight at 4 ‘C. Finally, the
cells were washed by PBS for 10 min and were incubated
with Alexa Fluor 488-labeled secondary antibody (1:100)
for 1 h at 37 °C. After washed, the cells nuclei were dyed
by DAPI. The fluorescence images were captured under
the Leica-DMi8 Inverted fluorescence microscope (Leica,
Wetzlar, Germany).

Fluorescence imaging

RAW 264.7 cells (1.5 x 10° cells/well in 24-well plates)
were pre-treated with different concentrations (10 and
50 uM) of 3,3',4,5'-TMS or 3,4',5-TMS for 4 h and LPS
(1 pg/mL) was added for another 4 h. Cells were stained
with DHE or CM-H,DCEDA to specifically detect the
generation of intracellular superoxide radical (O, ™) and
hydrogen peroxide (H,0,), respectively. Cells were incu-
bated with 5 pmol/L DHE/ CM-H,DCFDA-containing
normal physiological saline solution (NPSS) in dark for
30 min at 37 ‘C in NPSS contained (mM): 140 NaCl, 5
KCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES (pH
7.4). The fluorescence levels of DHE and CM-H,DCFDA
were determined by the fluorescence shift using a flow
cytometer (BD LSR Fortessa cytometry) and Leica-DMi8
Inverted fluorescent microscope respectively. Densitom-
etry analysis was performed by the Image-Pro Plus 6.0
software.

MDA assay

RAW 264.7 cells (6 x 10° cells/well in 6-well plates) were
pretreated with of 3,3’,4,5'-TMS or 3,4/,5-TMS at 10 and
50 uM for 4 h, followed by the addition of LPS (1 pg/mL)
for 12 h. The cells were harvested on ice and lysed with
RIPA solution containing 1% Protease Inhibitor Cock-
tail and 1% PMSE. The cell lysates were centrifuged at
15,000 rpm for 30 min at 4 °C to collect supernatants. The
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total protein content was determined by BCA assay. The
MDA content was then detected with assay kit according
to the manufacturer’s instructions. All the results were
normalized by the total protein content.

Statistical analysis

All data of experiments are showed as mean =+ standard
error of mean (SEM) of n independent experiments. Var-
iance between two groups was analyzed using one-way
analysis of variance (ANOVA) by GraphPad Prism soft-
ware (GraphPad Software, United States). P<0.05 is con-
sidered to be statistically significant.

Results

3,3/4,5’-TMS and 3,4’,5-TMS reverse the effects of LPS

on NO release and morphology in RAW 264.7 cells

without affecting cell viability

MTT assay was performed to ensure the effects of
3,3',4,5'-TMS and 3,4',5-TMS on cell viability. RAW
264.7 cells were treated with 3,3/,4,5-TMS and 3,4',5-
TMS at different concentrations (0, 5, 10, 30 and 50 pM)
for 24 h. The results showed that 3,3/,4,5-TMS and 3,4/,5-
TMS had no significant effect on the cell viability on
RAW 264.7 cells (Fig. 2a, b). Therefore, we explored the
effects of 3,3/,4,5'-TMS and 3,4/,5-TMS on RAW 264.7
cells treated with 1 pg/mL LPS at the safe concentrations
of 10 and 50 uM.

To investigate whether 3,3/,4,5’-TMS and 3,4/,5-TMS
have anti-inflammatory properties, NO release levels
were measured in cell culture supernatants. The results
showed that the NO release was significantly enhanced
upon LPS stimulation (1 pg/mL, 12 h) while 3,3/,4,5'-
TMS and 3,4/,5-TMS suppressed the NO release in LPS-
induced cells in a dose-dependent manner (Fig. 2¢, d).
The inhibitory rates of NO release by 3,3/,4,5'-TMS at 10
and 50 pM were 42 and 80% respectively; whereas those
for 3,4/,5-TMS were 24 and 61% respectively.

As shown in Fig. 2e, morphological changes in RAW
264.7 cells were obvious. LPS-stimulated RAW 264.7
cells differentiated into an irregular shape with pseu-
dopodia and accelerated spreading as compared to the
normal state in the control group. When treated by
3,3)4,5’-TMS and 3,4,5-TMS in addition, the cells showed
less pseudopodia formation and cell spreading.

3,3’4,5’-TMS and 3,4/,5-TMS inhibit LPS-induced
production of cytokines IL-6 and TNF-a in RAW 264.7 cells
ELISA was used to access the production of pro-inflam-
matory cytokines. LPS stimulation for 12 h significantly
enhanced IL-6 (Fig. 3a, b) and TNF-a levels (Fig. 3c,
d) in RAW 264.7 cells. Pretreatment of 3,3',4,5-TMS
(10, 50 uM) and 3,4’,5-TMS (10, 50 pM) for 4 h before
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Fig. 2 Effects of 3,3'4,5-TMS and 3,4’,5-TMS on cell viability, NO release and morphology in RAW 264.7 cells. a, b Cell viability of RAW 264.7 cells
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addition of LPS (1 pg/mL, 12 h) attenuated the produc-
tion of these two cytokines in a dose-dependent man-
ner. The inhibitory rates of IL-6 by 3,3’,4,5-TMS were
17 and 54% respectively; whilst those for 3,4',5-TMS
were 29 and 46% respectively. Similar inhibitory effects
were found for TNF-a generation: 17% at 10 pM and
52% at 50 uM of 3,3/,4,5'-TMS, and also 22% at 10 uM
and 49% at 50 uM of 3,4/,5-TMS.

3,3’4,5’-TMS and 3,4/,5-TMS upregulate the expression

of inflammatory markers iNOS and COX-2

As measured by western blotting Protein expression of
iNOS (Fig. 4a—d) and COX-2 (Fig. 4a, b, e, f) normal-
ized to GAPDH was increased by LPS stimulation and
notably decreased by 3,3/,4,5’-TMS (10, 50 uM) and
3,4/,5-TMS (10, 50 uM) treatment in RAW 264.7 cells
through a dose-dependent manner.
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3,3’4,5’-TMS and 3,4’,5-TMS exert anti-inflammatory

effects by suppressing LPS-induced MAPK signaling
pathway in RAW 264.7 cells

Three members of MAPK signaling pathway were
detected. Phosphorylation levels of p38 at Thr180/
Tyr182, JNK at Thr183/Tyr185, and ERK at Thr202/
Tyr204 normalized to its respective total protein was all
upregulated by LPS stimulation for 12 h (Fig. 5). After
4 h pretreatment of 3,3',4,5’-TMS and co-treatment with
LPS (1 pg/mL, 12 h), phosphorylation of p38 and JNK
was effectively suppressed at the concentration of 50 uM
(Fig. 44, ¢, d). Besides, Western blot of cell lysate showed
small but not significant downregulation of phospho-
rylated ERK (Fig. 4a, e). Likewise, the expressions of p-
p38, p-JNK, and p-ERK were all significantly suppressed
by 3,4/,5-TMS treatment at the concentration of 50 pM
(Fig. 4b, f-h).

3,3’4,5’-TMS and 3,4’,5-TMS inhibit NF-kB signaling
pathway in RAW 264.7 cells

LPS treatment (1 pg/mL, 12 h) activated NF-kB signal-
ing pathway, increasing p-IKKo/f at Ser176/180, p-IxBa
at Ser32, and p-p65 at Ser536 as well as downregulating
SIRT1 expression in RAW 264.7 cells (Fig. 6). Pretreat-
ment of 3,3',4,5-TMS down-regulated p-IKKa/f and
p-IkBa without any effect on the total protein expres-
sions of IKKa, IKKP or IkBa (Fig. 6a—c). However,

3,3',4,5-TMS showed minor but not significant reversal
on p-P65 and SIRT1 expression (Fig. 6a, d, e). For 3,4',5-
TMS, after 4 h pretreatment and co-treatment with LPS
(1 pg/mL, 12 h), all LPS-induced phosphorylation of
IKKa/B, IxBa and p65 was significantly decreased but
SIRT1 expression was unaltered (Fig. 6f—j). Importantly,
LPS treatment (1 pg/mL, 4 h) led to NF-kB p65 nuclear
translocation; and such translocation was prevented by
pretreatment of 3,3',4,5'-TMS and 3,4,5-TMS (50 uM,
4 h) (Fig. 7). The immunofluorescence results showed the
inhibitory effect of 3,3/,4,5'-TMS and 3,4',5-TMS on the
nuclear translocation of NF-kB p65.

3,3/4,5’-TMS and 3,4/,5-TMS diminishes LPS-induced
oxidative stress in RAW 264.7 cells

The influence of 3,3/,4,5-TMS and 3,4/,5-TMS on
intracellular O,"~ production in LPS-induced RAW
264.7 cells was assessed by DHE staining using flow
cytometry. The time-dependent effect of LPS treat-
ment (0.5, 1, 2, 4, 8 and 12 h) was tested by DHE
staining and maximum induction was observed at 4 h
(Fig. 8a); and thus this time point at 4 h was chosen
for the following experiment. Treating with 3,3,4,5'-
TMS alone slightly decreased the O, production
at high concentration (50 pM, 4 h) while 3,4/,5-TMS
showed no effect (Fig. 8b). Likewise, the cells were pre-
treated with 3,3/,4,5'-TMS and 3,4/,5-TMS (10, 50 uM)
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for 4 h, followed by co-treatment with LPS (1 pg/mL)
for another 4 h. The results indicated that 3,3',4,5'-
TMS at the concentration of 50 uM moderately sup-
pressed O, production in LPS-stimulated RAW
264.7 macrophages (Fig. 8c, d) but no significant inhi-
bition was observed in 3,4’,5-TMS treatment (Fig. 8e,
f). On the other hand, pretreatment of 3,3’,4,5’-TMS
and 3,4',5-TMS both decreased the intracellular H,0,
level as determined by another fluorescence dye CM-
H,DCFDA in RAW 264.7 cells stimulated with LPS
(Fig. 9a, b). Exposure to LPS triggered the accumu-
lation of MDA which were also reversed by 3,3',4,5'-
TMS and 3,4/,5-TMS (Fig. 9¢). Taken together, both
3,3",4,5-TMS and 3,4/,5-TMS had the potential to alle-
viate oxidative stress induced by LPS.

Discussion
In the present study by using LPS-induced RAW 264.7
macrophages, we showed the inhibitory effects and the
underlying mechanisms of 3,3/,4,5-TMS and 3,4/,5-
TMS, two methoxy derivatives of resveratrol, on inflam-
matory pathogenesis. Our results strongly suggested
that 3,3',4,5-TMS and 3,4',5-TMS could suppress LPS-
induced inflammation through inactivation of MAPK and
NF-«B signaling pathways in RAW 264.7 cells. In addi-
tion, 3,3',4,5'-TMS exhibited more potent effects against
inflammation and oxidative stress than 3,4,5-TMS.
Inflammation is involved in the development of vari-
ous deadly illness such as arthritis, arteriosclerosis,
cancer, liver diseases, neurological disorder, and renal
disorders [20]. Macrophages function to control and
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clear infections, remove dead cells and derbies, and pro-
mote wound healing and tissue repair; nevertheless,
prolonged and excessive activation of macrophages con-
tributes to tissue damage and pathology in inflammatory
diseases [21]. Upon stimulation of LPS in macrophages,
upregulated expression of iNOS results in the burst of
NO generation and contributes to the development of
inflammation. Cyclooxygenase (COX) with COX-2 as
the inducible isoform catalyzes the conversion from ara-
chidonic acid (AA) to prostaglandin E2 (PGE2) which is
also a pivotal indicator of inflammation [22]. Cytokines

play important roles in regulating an inflammation pro-
cess and various cells express different cytokines. IL-6
and TNF-a are the most common cytokines expressed
in macrophages [23]. The present study showed that
3,3',4,5'-TMS and 3,4',5-TMS, two methoxy derivatives
of resveratrol, alleviated inflammation through suppress-
ing the secretions of NO, IL-6 and TNF-a and expres-
sions of iNOS and COX-2 in LPS-induced RAW 264.7
cells. These results were in consistent with the previous
study reporting that 3,4’,5-TMS possesses anti-inflamma-
tory effect [19]. However, that earlier study only excludes



Zhou et al. Chin Med (2021) 16:69

Page 9 of 14

+ 4+
10 50

- ﬁ‘"l

a LPS (1 pg/mL) — +

3,3,4,5-TMS (uM)
PIKKO/B [ S0
e —— 0

LPS(1 pg/mL)

IKKp l- — T~ | 3,3'4,5'-TMS(uM)

GAPDH [l weew s s |

GAPDH |- [ —— -|3,4',5-TMS(pM)

p-IKK(a/B)/GAPDH
(% of LPS)
g g
3+
*
p-lkBa/lkBa
{% of LPS)
3 g
3+
*
*

+
+
+

p-IKBocl . - e .‘.l
M e
IkBo. [ e w— - | ” w
2 % #
PPOS g - - -]
- g3 =%
a2 so =2
as EE 5
P65 | g g g | g
o 0
SIRT1 |'- — —| LPS(1pgmL) -  + + o+ LPS(1 pgiml) -+  +  +
3,3,4,5"-TMS(uM) 10 50  3,3'4,5-TMS(uM) - 5 10 50

foipsqpugm) — + + + 9 " h .
I
E 100
34STMSMM) — — 10 50 2z * P
: g 25 *
rikkop (o8 R T S ] 3 35 .,
T =
IKKo |- — — —l i
0
IKKP |— o~ ﬂl LPS(ugiml) -~ ¢ o+« LPS(pgiml) -  +  +  +
3.4 5-TMS(uM) - 10 50 34.5TMS(uM) - 10 50
picBo | D G S |
IkBo (W G e e | | . j
150
Pp-P65 |ﬂ r—— M| o * 55 #
%3 55100
P65 |———-~| T S s0 Ed
Qs [
]
SIRTI [ s oy g | A )
LPS(1 pg/mL) = + + + LPS(1 pg/mL) = + + +
- 10 50 34'5TMSEM) - - 10 50

Fig. 6 Effects of 3,3'4,5-TMS and 3,4’,5-TMS on NF-kB signaling pathway. The cells were pretreated with 3,3’,4,5-TMS or 3,4,5-TMS (10 and

0
LPS(1 ug/mL)

3,3',4,5TMS(uM) 50

=
=3
o
o

50 puM) followed by LPS incubation (1 pg/mL) for 12 h. a Representative blots and summarized data showing the effect of 3,3’4,5'-TMS on the
phosphorylation of b IKKa/{3 at Ser176/180, c IkBa at Ser32, and d P65 at Ser536, as well as e SIRT1 expression as compared to its respective total
protein or GAPDH. f Representative blots and g—j summarized data showing the effects of 3,4/,5-TMS. Data are expressed as the mean = SEM,

n=3-4.*P<0.05 vs control. *P < 0.05 vs LPS

the role of heme oxygenase-1 (HO-1) and the underlying
molecular mechanisms remain to be explored. Of note,
we were the first to suggest the anti-inflammatory activ-
ity of 3,3,4,5'-TMS.

Our results strongly supported the protective effects
of 3,3',4,5'-TMS and 3,4,5-TMS against inflammation
in LPS-treated macrophages. Next, we examined the
underlying mechanism. It has been well established that
LPS activates TLR4 and triggers the downstream MAPKs

and NF-kB signaling pathways, modulating inflamma-
tory responses in RAW 264.7 cells [24]. JNK, p38, and
ERK are kinase modules of MAPK family and participate
in many pathological processes such as inflammation,
cell apoptosis, gene transcription, and differentiation [5,
25, 26]. Normally, NF-kB is bound with IkB so that the
complex cannot translocate into the nucleus from cyto-
plasm and maintain in an inactive form. Once the cells
being exposed to extracellular stimuli like LPS, rapid
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phosphorylation by IKK, ubiquitination, and proteo-
lytic degradation will happen to IkB, releasing NF-«xB
to translocate to the nucleus [27]. As a result, the tran-
scription of a mass of pro-inflammatory cytokines and
mediators including IL-6, TNF-a, and COX-2 was trig-
gered [7]. Here we found that 3,3’,4,5'-TMS reduced the
phosphorylation levels of JNK and p38 in MAPK path-
way as well as the phosphorylation levels of IKKa/f and
IkBa in NF-kB pathway. Similarly, 3,4’,5-TMS reduced
the phosphorylation of all these proteins: JNK, p38, ERK,
IKKa/B, IxkBa, and p65. Besides, both 3,3',4,5'-TMS and
3,4/,5-TMS exerted inhibition effect on the nuclear trans-
location of NF-kB p65. These results indicated that the

anti-inflammatory effects of these two resveratrol deriva-
tives are at least partially mediated through inhibiting
MAPK and NF-«B activation. Contradiction about the
impact of LPS on the expression of IkBa was found in the
previous studies. Some studies showed that LPS treat-
ment effectively suppressed the expression of IkBa [28,
29]; whilst other studies showed that LPS increased the
phosphorylation of IkBa without affecting the expres-
sion of total protein [30, 31]. This different result might
be caused by the difference in treatment time and/or
source of antibodies. Our present results showed that
LPS treatment induced the phosphorylation of IkBa
which was reversed by 3,3,4,5-TMS and 3,4,5-TMS but
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the expression of total IkBa was unchanged among dif-
ferent groups.

Extensive evidence supported the diverse beneficial
effects of resveratrol against various diseases such as
cancer, neurological disorders, diabetes, cardiovascular
diseases and so on [32]. Regarding the remarkable thera-
peutic potentials of resveratrol, studies on the deriva-
tives of resveratrol with more potent protective effects
have raised attention. Resveratrol is widely known to
activate Sirtuin 1 (SIRT1). SIRT1, a NAD+-dependent
class III histone deacetylase, has been proved to take part
in many pathophysiological processes including anti-
inflammation via modulating specific proinflammatory
mediators [33-35]. Furthermore, the deacetylation of
NF-«B regulated by SIRT1 can suppress the expression of
downstream signaling pathways, thus alleviate inflamma-
tion induced by LPS [22, 36, 37]. Resveratrol is reported
to regulate MAPK and NF-«kB signaling pathways for its
immunomodulating functions [38]. Our recent study
confirmed that resveratrol upregulated SIRT1 expression
to ameliorate vascular dysfunction associated with diabe-
tes and obesity [39]. Both 3,3',4,5’-TMS and 3,4,5-TMS
are methoxy derivatives of resveratrol, sharing the similar

structure with resveratrol, exhibit the same anti-inflam-
matory properties via suppressing MAPK and NF-«xB
signaling pathways. Importantly, 3,3',4,5'-TMS and 3,4/,5-
TMS showed differential effects that they did not upregu-
late SIRT1 expression.

It is well known that LPS can promote the production
of ROS initially, and thereby ROS activate various signal-
ing pathways to induce macrophage over-activation [40,
41]. We measured the time-dependent effect of LPS on
intracellular O, " level indicated by DHE fluorescence
and confirmed that LPS significantly stimulated ROS
production at 4 h. The elevated O," level was moder-
ately suppressed by 3,3/,4,5'-TMS but was not altered by
3,4’,5-TMS; nevertheless, the overproduction of H,0O, as
indicated by another fluorescence probe CM-H,DCFDA
was suppressed by 3,3',4,5'-TMS and 3,4/,5-TMS. DHE
and CM-H,DCFDA are two most commonly applied
fluorescence probes to measure ROS production. DHE
is oxidized to red fluorescent ethidium by O, ™ whereas
CM-H,DCEDA is oxidized to dichlorofluorescein (DCF)
by H,O,. Different from the most specific fluorescent
probe for superoxide detection of DHE, the range of
ROS detected by CM-H,DCFDA is much broader [42].
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This explains why 3,4/,5-TMS showed inhibitory effect in
CM-H,DCEFDA staining but not in DHE staining. MDA
is a widely used and convenient biomarker for lipid per-
oxidation due to its facile reaction with thiobarbituric
acid (TBA) [43]. The measurement of MDA content well
reflects the oxidative stress level in the cells. The results
showed that LPS-induced accumulation of MDA was
reduced by the two compounds. Taking together, both
3,3",4,5'-TMS and 3,4',5-TMS could protect cells from
oxidative stress. Previous studies on 3,3/,4,5-TMS are
very limited. Our results demonstrated that 3,3’,4,5'-
TMS with one more methoxy group might exert more
potent anti-inflammatory (as reflected by the NO release)
and anti-oxidative properties (as shown by the fluores-
cence intensity and MDA content) than 3,4,5-TMS.

Previous study demonstrated that resveratrol inhib-
its LPS-induced inflammation in macrophages through
suppressing TLR4-NFkB/MAPKs signaling cascades
[44]. Our present results also showed that the two res-
veratrol derivatives 3,3/,4,5-TMS and 3,4/,5-TMS sup-
pressed NFkB/MAPKs signaling pathways. Sharing
similar structure with resveratrol, 3,3/,4,5’-TMS and
3,4/,5-TMS likely target TLR4, cell-surface receptor for
LPS. However, this possibility of targeting TLR4 remains
to be explored. Other resveratrol derivatives also possess
anti-inflammatory effects, as for example, pterostilbene,
3,4,5,4'-tetramethoxystilbene, and 3,3’,4,5'-tetrahydrox-
ystilbene, mediated through different signaling cascades
including NFkB and/or MAPKs pathways [8]. The SAR
among the resveratrol derivatives should be evaluated in
future studies.

Conclusions

In summary, our data revealed that 3,3',4,5'-TMS and
3,4/,5-TMS suppress inflammatory responses in LPS-
induced RAW 264.7 cells through the inhibition of
MAPK and NF-«B pathways. Further in vivo studies on
these two methoxy derivatives of resveratrol are war-
ranted to develop them into therapeutic applications for
inflammatory disorders considering that 3,3',4,5'-TMS
and 3,4/,5-TMS have great potential for treatment of
inflammation.
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