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Advanced glycation end products and
lipopolysaccharides stimulate interleukin-6 secretion via the

RAGE/TLR4-NF-kB-ROS pathways and resveratrol attenuates
these inflammatory responses in mouse macrophages
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Abstract. Macrophages are essential for regulating the
physiology of pregnancy; however, excessive inflammatory
responses to macrophages, induced by infection and/or endog-
enous danger signals, may potentially result in complications
during pregnancy. Advanced glycation end-products (AGE)
and lipopolysaccharides (LPS) are known to induce inflamma-
tion and are associated with adverse developmental outcomes.
The aim of the present study was to examine the effect of
AGE and LPS on cytokines in the J774 murine macrophage
cell line and the potential effect of resveratrol on AGE- and
LPS-induced inflammation in macrophages. AGE and LPS
significantly increased IL-6 mRNA expression and secretion
in J774 macrophages (P<0.05). Although AGE and LPS signif-
icantly stimulated IL-1$ mRNA expression (P<0.05), they had
no significant effect on IL-1f secretion. To assess the receptors
for AGE and LPS, including receptor for AGE (RAGE) and
Toll-like receptor (TLR4), blocking reagents (RAGE antago-
nist or TLR4 inhibitor) were added to the J774 macrophages.
IL-6 secretion induced by AGE or LPS was significantly
inhibited by pretreatment with RAGE antagonist (P<0.05) or
TLR4 inhibitor (P<0.05). IL-6 secretion was dependent on
nuclear factor (NF)-kB activation and the production of reac-
tive oxygen species (ROS; P<0.05). Resveratrol suppressed
mRNA expression and intracellular IL-6 production, resulting
in significantly decreased IL-6 secretion after treatment with
LPS or AGE (P<0.01). Furthermore, treatment with Ex527,
which is a sirtuin-1 (SIRT1) inhibitor, significantly attenuated
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the anti-inflammatory effect of resveratrol (P<0.05), and treat-
ment with 5-aminoimidazole-4-carboxamide ribonucleotide,
which is a 5' adenosine monophosphate-activated protein
kinase (AMPK) activator, resulted in a significant decrease in
IL-6 secretion in J774 macrophages (P<0.05). The results of
the present study indicated that AGE and LPS increase IL-6
secretion depending on NF-«B activation and ROS production
through RAGE and/or TLR4 in the J774 murine macrophage
cell line. Based on the present study, resveratrol appears to be
an effective regulator of the inflammatory responses associ-
ated with SIRT1 and AMPK activation in macrophages. These
results suggest that resveratrol may have therapeutic applica-
tions for controlling immune responses during pregnancy.

Introduction

The immune system includes macrophages, natural killer
cells, and T lymphocytes, and is essential for regulating preg-
nancy in mammals (1). In particular, macrophages are crucial
for regulating the physiology of pregnancy, including ovarian
function, maternal recognition of the fetus, implantation,
placentation, and parturition (2). For example, macrophage
depletion following conception causes embryo implantation
arrest, which is associated with decreased plasma progesterone
due to the disruption of the luteal microvascular network (3).
Macrophages secrete a variety of cytokines during preg-
nancy, including pro-inflammatory cytokines [interleukin
(IL)-6, tumor necrosis factor (TNF)-a and interferon-y] and
anti-inflammatory cytokines (IL-4 and IL-10) (1). However,
infection and/or endogenous danger signals induce exces-
sive inflammatory responses in macrophages, which may
potentially result in pregnancy complications including
preeclampsia, preterm delivery, and poor fetal growth (4-7).

It has been reported that bacterial infection during preg-
nancy is the prevailing cause of preterm labor and affects
5-10% of all pregnancies (8,9). The cell walls of gram-negative
bacteria contain lipopolysaccharide (LPS), which is known
to induce inflammation and has been associated with adverse
developmental outcomes (7,10). Maternal exposure to LPS
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has been demonstrated to induce embryonic resorptions, fetal
death, and fetal absorption in mice (7,10). Additionally, it
has previously been reported that endogenous danger signals
may contribute to the pathogenesis of pregnancy compli-
cations, such as preeclampsia and preterm labor (11-14).
Advanced glycation end products (AGE) are heterogeneous,
reactive, and irreversibly crosslinking molecules formed by
the non-enzymatic glycation of proteins, lipids, and nucleic
acids (11), and are one of the endogenous danger signals in
pregnancy. Similar to the adverse effects of LPS, AGE have
been implicated in the pathogenesis of infertility as they
reduce the formation of blastocysts (15,16). In general, AGE
and/or LPS interact with the AGE receptor (RAGE) and/or
Toll-like receptor 4 (TLR4) to induce inflammatory responses
(cytokine production) (17,18).

The phytoalexin resveratrol (3,5,4'-trihydroxystilbene)
is a non-flavonoid polyphenolic compound that provides the
cardiovascular benefits of red wine (19,20). It has been demon-
strated that resveratrol has multipotent benefits, including
anti-cancer and anti-oxidant effects, inflammation reduction,
and metabolic and vascular function improvement (19-23).
Resveratrol may therefore be a powerful tool for protecting
against the deleterious effects of excessive caloric intake,
modulating energy balance, and promoting good health and
longevity (22,24). Furthermore, the beneficial effects of resve-
ratrol are putatively assumed to be due to sirtuin 1 (SIRT1),
cAMP, or 5' adenosine monophosphate-activated protein
kinase (AMPK) pathway activation (22,25).

Understanding how AGE and LPS induce inflammation,
and how resveratrol exerts its effects, is important, not only
for potential insights into the biological causes of inflamma-
tion-related diseases but also to allow for the development
of pharmacological agents that have similar effects with
resveratrol. In the present study, the effects of AGE and LPS
on inflammatory cytokine production in a mouse J774 cell
line were investigated. The potential effect of resveratrol on
AGE- and LPS-induced inflammation in macrophages was
also examined.

Materials and methods

Cell culture and experimental conditions. Murine J774
macrophages were obtained from RIKEN BioResource Center
(Tsukuba, Japan) and cultured at 37°C until confluence was
reached in Dulbecco's modified Eagle's medium/F-12 (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with antibiotics including amphotericin B and gentamicin
(Sigma-Aldrich, St Louis, MA, USA), and 5% fetal bovine
serum (ICN Pharmaceuticals, Inc., Costa Mesa, CA, USA). The
J774 cells were seeded at a concentration of 2.5x10° cells/well
in a 24-well culture plate (Thermo Fisher Scientific Inc.).

To examine cytokine secretion, mRNA expression and
protein expression, cells were washed twice with PBS and
treated for 24 h with the following 7 groups: Different concen-
tratins of bovine serum albumin (BSA; 100,200, or 400 pg/ml;
BioVision, Inc., Milpitas, CA, USA), different concentrations
of AGE-BSA (100, 200, or 400 pg/ml; BioVision, Inc.), and
LPS (0.1 ug/ml; Sigma-Aldrich). BSA at the same concentra-
tion as each AGE-BSA treatment was used as vehicle control.
Supernatants were collected for ELISA (described in the
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western blotting section), RNA was collected for reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
using ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan)
according to the manufacturer's protocol, and cell lysates were
collected for western blot analysis using radioimmunoprecipi-
tation assay buffer (described later). Samples were stored at
-20 or -80°C before analysis.

In the experiments studying receptor inhibition in AGE- or
LPS-induced IL-6 secretion, J774 macrophages were stimulated
with either AGE or LPS in the absence or presence of either
RAGE antagonist (10 uM; FPS-XM1; Merck Millipore,
Darmstadt, Germany) or TLR4 inhibitor (10 xM; NBP2-26244;
Novus Biologicals, LLC, Littleton, CO, USA). To evaluate the
role of nuclear factor (NF)-«B, cells were pre-incubated for 1 h
at 37°C with an NF-xB activation inhibitor (150 nM; NF-xB
activation inhibitor I'V; Merck Millipore) prior to the addition of
AGE or LPS. To investigate the role of reactive oxygen species
(ROS), J774 macrophages were pre-incubated for 1 h at 37°C in
the absence or presence of N-acetyl-L-cysteine (I mM; NAC;
Wako Pure Chemical Industries, Ltd. Osaka, Japan) for 1 h and
subsequently treated with either AGE or LPS for 24 h at 37°C.

To investigate the effect of resveratrol, J774 macrophages
were pretreated with ethanol as a control solvent of resveratrol,
or resveratrol (2, 20, or 50 uM; Wako Pure Chemical Industries,
Ltd.) for 1 h at 37°C and subsequently stimulated with AGE or
LPS. To evaluate the role of AMPK and SIRT1 on resveratrol
function, cells were pretreated with resveratrol in the absence or
presence of 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR; 10 uM, Sigma-Aldrich), which is an AMPK activator,
or SIRT1 inhibitor Ex-527 (20 uM, Sigma-Aldrich), respectively,
for 1 h at 37°C and subsequently stimulated with LPS.

Determination of cytokines. After treatment as described
above, supernatants were collected in 1.5 ml tubes and stored
at -20°C. Levels of IL-6 and IL-1f3 were determined using a
mouse ELISA kit (DY406 and DY401; R&D Systems, Inc.,
Minneapolis, MN, USA) according to the manufacturer's
protocol. A total of 4 repeats were conducted for each group.
RT-gPCR.Total RNA was prepared using ISOGEN (Nippon
Gene Co., Ltd.) according to the manufacturer's protocol. RNA
extraction and cDNA production were performed a commer-
cial kit (ReverTra Ace; Toyobo Co., Ltd., Osaka, Japan) as
described previously (26). RT-qPCR was performed using the
CFX Connect Real Time PCR cycler (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) and a commercial kit (Thunderbird
SYBR gPCR Mix; Toyobo Co., Ltd.) to detect the expressions
of IL-6, IL-1p, and GAPDH mRNA. The following antisense
and sense primers were used: IL-6, forward 5'-ACAACCACG
GCCTTCCCTACTT-3' and reverse 5'-CACGATTTCCCA
GAGAACATGTG-3" IL-1B, forward 5"-TGAAGTTGACGG
ACCCCAAA-3" and reverse 5"-TGATGTGCTGCTGTGAGA
TT-3"; and GAPDH forward 5-TGTGTCCGTCGTGGATCT
GA-3' and reverse 5"-TTGCTGTTGAAGTCGCAGGAG-3'.
RT-qPCR was performed in duplicate with a final reaction
volume of 20 ul containing 10 xl SYBR-Green, 7.8 pl distilled
water, 0.1 xl 100 yM forward and reverse primers, and 2 ul
of cDNA template. The amplification program consisted of a
5 min denaturation at 95°C followed by 40 cycles of amplifica-
tion (95°C for 15 sec, 60°C for 30 sec, and 72°C for 20 sec).
Expression levels of each target gene were normalized to the
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corresponding GAPDH threshold cycle values using the 2-44%
comparative method (27).

Immunocytochemistry. To evaluate the expression of RAGE
and TLR4, J774 macrophages were washed twice with PBS
and blocked with 5% BSA in PBS for 1 h at room tempera-
ture. Cells were subsequently incubated with RAGE (1:1,000;
ab3611; Abcam, Cambridge, MA, USA) and TLR4 antibodies
(1:500; ab22048; Abcam) for 90 min at room temperature
followed by incubation for 1 h at room temperature with
a secondary Alexa 488-conjugated antibody (1:1,000;
cat. no. 4412; Cell Signaling Technology, Inc., Danvers, MA,
USA). The cells were covered with Vectershield and stained
with 4'6-diamidino-2-phenylindole (Vector Laboratories, Inc.,
Burlingame, CA, USA). The stained sections were exam-
ined using a fluorescence microscope (DMI6000B; Leica
Microsystems Inc., Buffalo Grove, IL, USA) and LAS AF
software (version 3; Leica Microsystems Inc.).

Western blot analysis. Lysates from the cell culture were
prepared using radioimmunoprecipitation assay buffer (RIPA
buffer; Wako Pure Chemical Industries, Ltd.). Cells were
subsequently washed with cold PBS and incubated with
RIPA buffer for 15 min on ice. Cell lysates were subsequently
transferred into 1.5 ml tubes and centrifuged at 12,000 x g for
20 min at 4°C. Supernatants were transferred to a fresh tube
and stored at -80°C before analysis. A total of 10 ug protein
was loaded per lane and separated by 10% SDS-PAGE. The
expression of NF-kB p65 and f-actin were analyzed using
SDS-PAGE. Lysates were transferred onto polyvinylidene
fluoride membranes and blocked for 1 h at room temperature
using Immunoblock (DS Pharma Biomedical Co., Ltd., Osaka,
Japan). Membranes were washed with TBST wash buffer
and incubated for 24 h at 4°C with anti-NF-xB p65 subunit
antibody (1:1,000; cat. no. MAB3026; Merck Millipore),
or anti-f-actin antibody (1:10,000; AC-74; Sigma-Aldrich),
followed by incubation for 1 h at room temperature with a
horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:1,000; NA934; GE Healthcare Life Sciences, Chalfont
UK). Immunoreactive bands were visualized with Western
BLoT Quant HRP Substrate (GE Healthcare Life Sciences)
using ImageQuant LAS 4000 (GE Healthcare Life Sciences).
Western blotting was performed in duplicate.

Statistical analysis. All data are expressed as mean + stan-
dard error of the mean. Differences between treatment
groups were identified using unpaired t-tests. Multiple group
comparisons were made using one-way analysis of variance
followed by Bonferroni's multiple comparison tests using
Statview version 5.0 (SAS Institute, Cary, NC, USA). P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

Effects of AGE and LPS on IL-6 and IL-1f in J774 macro-
phages. The effects of AGE or LPS on inflammatory
responses including IL-6 secretion and production from J774
macrophages were examined (Fig. 1A). IL-6 secretion was
significantly upregulated by treatment with =200 ug/ml AGE
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(P<0.05) or LPS (P<0.01), whereas the BSA vehicle had no
significant effect (Fig. 1A). Similarly, AGE and LPS treatments
also increased IL-6 mRNA expression of J774 macrophages
(AGE, P<0.05; LPS, P<0.01; Fig. 1B). Treatment with AGE
or LPS had no significant effect on IL-1p secretion (Fig. 1C),
whereas the expression of IL-1f mRNA was significantly
upregulated by AGE (P<0.05) and LPS (P<0.01; Fig. 1D).

Role of RAGE and TLR4 on AGE- or LPS-induced IL-6 secre-
tion. RAGE and TLR4 are two of the major receptors for AGE
and LPS, respectively (17,18). In the present study, it was first
confirmed via immunofluorescence that these two receptors
were expressed in J774 macrophages (Fig. 2A and B). To
investigate the receptor involved in AGE- and LPS-induced
IL-6 secretion, blocking reagents (RAGE antagonist or TLR4
inhibitor) were added to the J774 macrophages, followed by the
addition of either AGE or LPS, at 1 h following treatment with
the blocking reagent. The results revealed that AGE-induced
IL-6 secretion was significantly inhibited by pretreatment
with either the RAGE antagonist or TLR4 inhibitor (P<0.05;
Fig. 2C and D). Furthermore, LPS-induced IL-6 secretion was
significantly blocked by pretreatment with TLR4 inhibitor
(P<0.01; Fig. 2E).

Role of NF-kB and ROS on AGE- or LPS-induced IL-6
secretion. NF-kB is a key transcription factor for the induction
of inflammatory cytokines, such as IL-6 (28). Treatment with
AGE or LPS induced a notable upregulation of the NF-«B p65
protein content in J774 macrophages (Fig. 3A). Treatment with
an NF-«kB inhibitor significantly reduced the secretion of IL-6
induced by AGE (P<0.05; Fig. 3B) or LPS (P<0.01; Fig. 3C),
suggesting that both AGE and LPS stimulate IL-6 secretion in
an NF-kB-dependent manner.

It has previously been demonstrated that AGE and LPS
stimulate ROS production (16,29,30). Therefore, IL-6 secre-
tion induced by treatment with AGE or LPS suggests that
ROS production involves AGE- and LPS-induced inflam-
mation. To investigate the importance of ROS in AGE- and
LPS-induced inflammation, the effects of the antioxidant NAC
on J774 macrophages were investigated. Pretreatment with
NAC significantly inhibited IL-6 secretion from J774 macro-
phages treated with either AGE (P<0.05) or LPS (P<0.01;
Fig. 3D and E). These data indicate that ROS production is a
key factor in danger signal-induced IL-6 secretion in murine
macrophages.

Role of resveratrol in AGE- or LPS-induced IL-6 secretion.
J774 macrophages were treated with various concentrations
of resveratrol to check the inhibitory function for an inflam-
matory response. IL-6 secretion was significantly elevated
in the supernatants of LPS-treated J774 macrophages
compared with the control group (P<0.01; Fig. 4A). Cells were
treated with different doses of resveratrol, with ethanol as
a vehicle control, and resveratrol was found to significantly
decrease LPS-induced IL-6 secretion in a dose-dependent
manner (P<0.05; Fig. 4A). Furthermore, AGE-induced IL-6
secretion was significantly inhibited by treatment with
resveratrol (P<0.05; Fig. 4B). To further investigate the func-
tion of resveratrol, LPS was chosen as a stimulus due to the
greater inflammatory response to LPS compared with AGE.
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Figure 1. Effects of AGE and LPS on IL-6 and IL-1f from J774 macrophages. J774 macrophages were incubated for 24 h in the presence of either AGE or
LPS. (A) IL-6 levels in supernatant were determined using ELISA. (B) The IL-6 mRNA levels was assessed by RT-qPCR. (C) IL-1f levels in supernatant were
determined using ELISA. (D) The IL-1f mRNA levels was assessed by RT-qPCR. Data are expressed as the mean =+ standard error of the mean. n=4 for each
experiment. "P<0.05 and “P<0.01 vs. BSA, 7P<0.01 vs. control. AGE, advanced glycation end-products; LPS, lipopolysaccharides; IL, interleukin; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; BSA, bovine serum albumin.
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Figure 2. Role of RAGE and TLR4 on AGE- or LPS-induced IL-6 secretion. (A and B) J774 macrophages were stained with RAGE or TLR4 antibody with
4', 6-diamidino-2-phenylindole. (C-E) J774 macrophages were pre-incubated with or without RAGE antagonist or TLR-4 inhibitor for 1 h; cells were further
incubated for 24 h with or without AGE or LPS. IL-6 levels in supernatant were determined using ELISA. Data are expressed as the mean + standard error
of the mean n=4 for each experiment. 'P<0.05, “P<0.01. AGE, advanced glycation end-products; RAGE, receptor for AGE; TLR4, Toll-like receptor; LPS,

lipopolysaccharides; IL, interleukin; BSA, bovine serum albumin.

LPS treatment was also found to markedly increase the
level of intracellular IL-6 and mRNA expression of IL-6 in
J774 macrophages (Fig. 4C and D). Resveratrol treatment
significantly attenuated this increase (P<0.01; Fig. 4C and D),
suggesting that resveratrol attenuates LPS-induced
IL-6 transcription, production, and secretion in J774
macrophages.

It has been reported that resveratrol activates SIRT1 and
AMPK in cell culture and in vivo (22,25). In the present
study, the functional role of resveratrol was investigated using

Ex-527 and AICAR in LPS-induced IL-6 secretion. It was also
investigated whether the effect of resveratrol on LPS-induced
IL-6 secretion was dependent on SIRTI1. Treatment with
Ex-527+ethanol had no significant effect on LPS-induced IL-6
secretion from macrophages (Fig. 4E). Although resveratrol
treatment suppressed LPS-induced IL-6 secretion, Ex-527
treatment significantly reversed this effect (P<0.05; Fig. 4E).
Pretreatment with AICAR had a similar effect to treatment
with resveratrol, significantly inhibiting LPS-induced IL-6
secretion from macrophages (P<0.05; Fig. 4F). These data
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Figure 3. Role of NF-«B activation and ROS production on AGE- or LPS-induced IL-6 secretion. (A) J774 macrophages were incubated for 24 h in the absence
or presence of AGE or LPS. Representative results of NF-xB and B-actin immunoblots are displayed. (B and C) J774 macrophages were pre-incubated with
or without NF-«B inhibitor for 1 h; cells were further incubated for 24 h with or without AGE or LPS. (D and E) J774 macrophages were pre-incubated using
ROS inhibitors (NAC) for 1 h; cells were further incubated for 24 h with or without AGE or LPS. IL-6 levels in supernatant were determined using ELISA.
Data are expressed as the mean + standard error of the mean, n=4 for each experiment. "P<0.05, “P<0.01. NF, nuclear factor; ROS, reactive oxygen species;
AGE, advanced glycation end-products; LPS, lipopolysaccharides; IL, interleukin; NAC, N-acetyl-L-cysteine.

suggest that SIRT1 and AMPK serve a role in mediating the
benefits of resveratrol.

Discussion

There is increasing evidence that suggests both AGE and
LPS are associated with inflammation. Numerous studies
have indicated that AGE and LPS promote pro-inflammatory
mediator production, such as IL-6, IL-1p3, and TNFa, from a
variety of cell types including macrophages, placenta, chon-
drocytes, and endothelial cells (16,17,31-36). In the present
study, it was demonstrated that AGE and LPS increased IL-6
secretion following the induction of IL-6 mRNA expression
in J774 murine macrophage cell lines. It is well known that
LPS regulates macrophage polarization toward M1-type
inflammatory activity. Jin er al (37) reported that AGE
significantly promotes inflammatory cytokines and a surface
marker of M1-type macrophages, and does not affect M2-type

macrophage markers in mouse bone-marrow-derived macro-
phages. Therefore, both AGE and LPS enhance macrophage
differentiation into pro-inflammatory M1 phenotype.

IL-1pB is one of the major pro-inflammatory cytokines
produced by immune cells (38,39). Initially, a stimulus is
required to produce the precursor of IL-1f (pro-IL-10)
in the cells. IL-1p secretion is subsequently regulated by
caspase-1 (also known as an IL-1B-converting enzyme)
due to inflammasome activation, including that of NLRP3
inflammasomes (38,39). Although treatment with AGE and
LPS significantly upregulated IL-1f mRNA expression, these
stimuli had no effect on IL-1f secretion in J774 macrophages.
This suggests that AGE and LPS have roles in pro-IL-1f
production but not in inflammasome activation.

AGE and/or LPS bind to and signal through multivalent
receptors such as RAGE and/or TLRs (TLR2 and TLR4) (40,41).
In the present study, the expression of two major receptors,
RAGE and TLR4, was confirmed in J774 macrophages. These
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Figure 4. Role of resveratrol on AGE- or LPS-induced IL-6 secretion. (A-D) J774 macrophages were pre-incubated using EtOH or resveratrol for 1 h; cells
were further incubated for 24 h with or without AGE or LPS. IL-6 levels in (A and B) the supernatant and (C) intracellular were determined using ELISA. (D)
The IL-6 mRNA levels was assessed by reverse transcription-quantitative polymerase chain reaction. (E) J774 macrophages were pre-incubated using EtOH or
resveratrol with or without Ex527; cells were further incubated for 24 h with or without LPS. (F) J774 macrophages were pre-incubated using EtOH, resvera-
trol, or AICAR for 1 h; cells were further incubated for 24 h with or without LPS. IL-6 levels in supernatant were determined using ELISA. Data are expressed

as the mean + standard error of the mean. n=4 for each experiment. "P<0.05,

“P<0.01. AGE, advanced glycation end-products; LPS, lipopolysaccharides; IL,

interleukin; EtOH, ethanol; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; Resv, resveratrol; BSA, bovine serum albumin.

receptors were then blocked in turn to evaluate which receptor
was involved in the inflammatory effect. Blocking RAGE or
TLR4 abolished AGE-induced inflammation, and the TLR-4
inhibitor abolished LPS-induced IL-6 secretion in J774
macrophages. Similarly, using neutralization antibody or small
interfering RNA techniques, it was previously demonstrated
that AGE stimulated IL-6 secretion via RAGE and/or TLR4,
whereas LPS enhanced it via TLR4 (16,34,37,42).

NF-kB is a key component in inflammatory cytokine
production (28). AGE and LPS have been demonstrated to
significantly increase the release of IL-6, depending on NF-kB
activation in various types of cells in vitro. Liu et al (33)
demonstrated that stimulation with both AGE and LPS induces
nuclear translocation of NF-«xB. In the present study it was
confirmed that when NF-xB was inhibited, AGE and LPS

increased IL-6 secretion depending on NF-kB activation.
These findings suggest that both AGE and LPS directly induce
inflammation responses via the RAGE and/or TLR4-NF-«B
activation pathway.

ROS are commonly considered as harmful mediators of
acute inflammation (43,44). It is well understood that both
AGE and LPS significantly stimulate ROS production in
many types of cells (16,29,45,46), and the present authors have
previously demonstrated this (43,44). In the present study,
the experiments using ROS inhibitors confirmed that ROS is
essential for the induction of IL-6 secretion by either AGE or
LPS in J774 macrophages. In human THP-1 macrophages and
umbilical vein endothelial cells, AGE induces ROS generation
via the RAGE/NF-kB pathway (45,46) and LPS induces a
TLR4-dependent upregulation in ROS production (47). These



previous results and the results of the present study indicate
that ROS may be harmful mediators of inflammation.

Resveratrol has attracted wide attention due to its
anti-inflammatory, anti-aging and antioxidant effects in animal
models (22,24). It was previously reported that resveratrol
inhibits LPS-induced NF-«kB translocation and inflammatory
cytokine secretion in the murine Raw264.7 macrophage cell
line (48). In the present study, resveratrol was demonstrated
to significantly inhibit LPS- and AGE-induced IL-6 secretion
in J774 macrophages. Furthermore, resveratrol significantly
suppressed intracellular IL-6 production and IL-6 mRNA
expression, indicating that the beneficial role of resveratrol
in inflammatory responses is achieved via inhibitory control
at transcriptional levels, resulting in an attenuation of
pro-inflammatory cytokine production.

Resveratrol is known to stimulate SIRT1 and AMPK,
which have been shown to serve many similar functions as
energy sensors and in regulating the nutrient status and stress
response (22,25). SIRT1 activation by resveratrol improves
mitochondrial function and mitochondrial biogenesis, and
increases ATP production (25). Furthermore, in a study
using SIRT1 knockout mice and SIRT1 transgenic mice,
Price et al (25) demonstrated that SIRT1 is essential for
AMPK activation and resveratrol function. In the present
study, treatment with Ex527 (a SIRT1 inhibitor) canceled the
anti-inflammatory effect of resveratrol in J774 macrophages.
A previous study found that downregulation of SIRT1 expres-
sion resulted in the anti-inflammatory role of resveratrol being
eliminated in human amnion cells (49), and furthermore, a
reduction in SIRT1 activity has been demonstrated to induce
hyperacetylation of NF-kB (50). These data suggest that resve-
ratrol-induced SIRT1 has a pivotal role in regulating NF-kB
dependent pro-inflammatory mediator production.

AMPXK is a metabolic regulator that promotes insulin sensi-
tivity and fatty acid oxidation (22), and resveratrol activates
AMPK in cell culture and in vivo (25). Using AMPK knockout
mice, Yi et al (48) reported that AMPK is required for many
of the effects of resveratrol on metabolic function. The present
study demonstrated the importance of AMPK activation via the
inhibitory effect of treatment with AICAR (AMPK activator)
on IL-6 secretion in J774 macrophages. Yi et al (48) reported
that AICAR suppresses LPS-induced TNF-a secretion in the
Raw264.7 macrophage cell line, and that treatment with an
AMPK inhibitor (compound C) also decreases TNF-a secretion
in LPS-treated Raw264.7 macrophages. Similarly, a previous
study demonstrated that compound C decreases IL-6, IL-1{,
and TNF-a secretion in microglia (51). Therefore, Yi et al (48)
speculated the importance of the dual roles of AMPK in macro-
phage-derived inflammation. Further studies are required for a
detailed clarification of the functions of AMPK in macrophages.

A limitation of the present study is that it was not possible
to examine whether AGE and LPS induce excessive inflam-
matory responses resulting in pregnancy complications
in vivo, and whether resveratrol improves these pregnancy
complications. With respect to this, Furuya et al (52) reported
that resveratrol treatment suppresses inflammatory cytokine
production induced by LPS in mice, resulting in protection
against preterm birth. Also, resveratrol significantly reduces
accumulation and inflammation of macrophages induced
by LPS, resulting in the improvement of kidney function
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in vivo (53). Therefore, in future studies, the role of AGE, LPS,
and resveratrol in inflammatory responses associated with
pathophysiology of pregnancy should be examined in vivo.
Another limitation is that the effects of AGE and LPS on cells
associated with reproduction, such as trophoblast/placental
cells or uterus cells, were not studied, nor were the detailed
interaction of these cells with macrophages. Further investiga-
tions are required to clarify these mechanisms.

In conclusion, the results of the present study demonstrated
that exposure to AGE and LPS results in IL-6 production,
which is dependent on NF-kB activation and ROS production
through RAGE and/or TLR4, in a murine J774 macrophage
cell line. Additionally, resveratrol is effective in regulating
inflammatory responses associated with SIRT1 and AMPK
activation in macrophages.
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