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Abstract
Signal transducer and activator of transcription 3 (STAT3) is a key mediator of the inflammatory
response by macrophages and other immune cell types. The naturally occurring polyphenol
resveratrol is associated with anti-proliferative and anti-inflammatory properties via mechanisms
implicating inhibition of STAT3 signaling. Here, we report that the small-molecule analogs of
resveratrol, RSVA314 and RSVA405, are potent inhibitors of STAT3. RSVA314 and RSVA405
inhibited both constitutive and stimulated STAT3 in HEK293 cells and lipopolysaccharide (LPS)-
activated RAW 264.7 macrophages, respectively. The small-molecule analogs inhibited STAT3
nearly 50 times more potently than did resveratrol (apparent IC50 ~ 0.5 μM). We further show that
RSVA405 interfered with the inflammatory response by RAW 264.7 cells upon LPS stimulation
by inhibiting IKK and IκBα phosphorylation and by decreasing the expression of several
cytokines, including the NF-κB target genes, tumor necrosis factor-α and interleukin-6.
Downstream activation of STAT1 upon LPS stimulation was also inhibited by RSVA405.
Consequently, RSVA405 significantly interfered with the phagocytotic activity and proliferation
of LPS-activated RAW 264.7 macrophages. Finally, we found that the effect of the two small-
molecule analogs on STAT3 phosphorylation could be prevented by inhibitors of protein tyrosine
phosphatases (PTPs), indicating that the small-molecules acted by promoting the
dephosphorylation of STAT3 by PTPs.
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INTRODUCTION
Signal transducer and activator of transcription 3 (STAT3) is a transcription factor member
of the STAT protein family [1]. STAT3 is activated during cytokine receptor signaling and
is implicated in the immune response. STATs are activated by tyrosine phosphorylation by
the JAK kinases and are inactivated by dephosphorylation by specific protein tyrosine
phosphatases (PTPs), including SHP-1, SHP-2, or T-cell PTP [2,3]. The role of STAT3 in

*Correspondence: Philippe Marambaud, The Feinstein Institute for Medical Research, Manhasset, NY, USA. Phone: (516) 562-0425,
Fax: (516) 562-0401, pmaramba@nshs.edu.

The authors declare no conflict of interest.

NIH Public Access
Author Manuscript
FEBS J. Author manuscript; available in PMC 2013 October 01.

Published in final edited form as:
FEBS J. 2012 October ; 279(20): 3791–3799. doi:10.1111/j.1742-4658.2012.08739.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inflammation is complex. It has been proposed that its sustained activation has essential
anti-inflammatory functions, whereas its transient activation promotes inflammation [2].
Upon activation, STAT3 translocates to the nucleus to activate the expression of several
inflammatory cytokines, including interleukin (IL)-1β and IL-6, the receptors of which
require STATs for intracellular signal transduction. Thus, STAT3 is critical for the
activation and amplification of the inflammatory response.

Macrophages can be activated by the endotoxin lipopolysaccharide (LPS), a molecule found
on the outer membrane of bacteria. LPS triggers stimulation of an array of signal
transduction pathways, which include the nuclear factor κ-light-chain-enhancer of activated
B cells (NF-κB). These signal transduction pathways control the production of several
cytokines, including tumor necrosis factor-α (TNF-α) and IL-6. LPS specifically binds Toll-
like receptor 4 (TLR4) to promote signal transduction via the activation of intracellular
pathways specific to two adaptor proteins, myeloid differentiation primary response gene 88
(MyD88) and Toll/IL-1R domain-containing adapter molecule 1 (TRIF) [4]. The MyD88-
dependent pathway activates IκB kinase (IKK), which in turn inactivates IκBα and triggers
NF-κB-dependent transcription [5–7]. The TRIF-dependent pathway activates the IKK-
related kinase TBK1 (TNF receptor-associated factor family member-associated NF-κB
activator-binding kinase-1) to engage another transcription factor, IRF3 [8,9].

Resveratrol (trans-3,4′,5-trihydroxystilbene) is a natural polyphenol found in red wine
associated with several biological functions [10,11]. We recently showed that this
polyphenol has anti-inflammatory properties in LPS-stimulated murine RAW 264.7
macrophages [12]. Resveratrol acted—at least in part—by interfering with TLR4
oligomerization upon receptor stimulation [12]. Recently, using a kinase screen analyzing 28
major phospho-proteins, we identified a series of structurally related small-molecule analogs
of resveratrol that are potent activators of AMP-activated protein kinase (AMPK), a kinase
critically involved in cellular energy homeostasis [13,14].This screen revealed that the
small-molecule analogs of resveratrol not only activate AMPK but also inhibit STAT3 in
our cell-based assay [13]. In this context, and because previous work indicates that
resveratrol is associated with STAT3 inhibitory and anti-proliferative properties both in
immune and cancer cells [15,16], we sought to determine whether the identified analogs of
resveratrol retained STAT3 inhibitory activity and interfere with the inflammatory response
in activated macrophages.

RESULTS
RSVA314 and RSVA405 inhibit LPS-induced STAT3 activity, intracellular signaling, and
cytokine response in activated RAW 264.7 macrophages

Previous studies from our laboratory indicated that 3 μM of the resveratrol analogs,
RSVA314 or RSVA405, inhibited the activating phosphorylation of STAT3 at Tyr705 in
HEK293 cells [13], suggesting that the two compounds inhibited constitutive STAT3.
Western blot (WB) analyses confirmed the effect of RSVA314 and RSVA405 on phospho-
Tyr705-STAT3 in HEK293 cells (Fig. 1A). We then assessed the effect of the most potent
compound, RSVA405,on stimulated STAT3 in LPS-activated RAW 264.7 macrophages.
The compound dose-dependently inhibited the LPS-induced increase of STAT3
phosphorylation at Tyr705 and Ser727, another phosphorylation site required for maximal
activation of STAT3 [17]. Total STAT3 levels were also slightly affected by RSVA405
treatment (Fig. 1B). The decrease of total STAT3 is expected if the inhibitory effect on
phospho-STAT3 is long enough to allow a transcriptional response, which is the case in this
study (24 hrs). Indeed, STAT3 in several immune cells, including macrophages, can bind to
its promoter to control its own transcription [18,19]. However, quantification of phospho-
STAT3 and total STAT3 levels revealed a robust and significant decrease of the ratio
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pSTAT3/STAT3, demonstrating that the effect on phospho-STAT3 surpassed and probably
preceded the effect on total STAT3 (Fig. 1C). In order to assess the anti-inflammatory
properties of RSVA405, we analyzed its effect on the increase of several inflammatory
markers in LPS-activated RAW 264.7 cells. RSVA405 inhibited the increase of
phosphorylation of IKKα/β and IκBα, indicating that this compound interfered with the
activation of the MyD88-dependent pathway by blocking NF-κB signaling in LPS-
stimulated macrophages (Fig. 1B). RSVA405 also inhibited TBK1 phosphorylation,
indicating that the TRIF-dependent pathway was also repressed (Fig. 1B).

We then assessed the effect of RSVA405 treatment on cytokine production in LPS-activated
RAW 264.7 cells. Using cytokine arrays, we found that 2 μM RSVA405 led to a robust
decrease of the levels of several cytokines and chemokines, including IL-6, IL-10, IL-27,
MCP-5 (C-C motif chemokine 12), and TIMP-1 (metalloproteinase inhibitor 1)(Fig. 1D). A
modest reduction in sICAM-1 (soluble intercellular adhesion molecule 1)and BLC (C-X-C
motif chemokine 13) levels were also observed, whereas IL-1α and I-TAC (C-X-C motif
chemokine 11) levels were increased in these conditions (Fig. 1D). Using ELISA, we
confirmed the inhibitory effect of RSVA405 treatment on LPS-stimulated IL-6 secretion in
RAW 264.7 cells(Fig. 1E). We further found that LPS-stimulated TNF-α secretion was also
significantly inhibited by RSVA405 treatment in RAW 264.7 cells (Fig. 1E). In line with
these results, we observed a strong inhibition by RSVA405 of the downstream effector
STAT1 in LPS-activated macrophages (Fig. 1B). The effect of RSVA405, however, was
relatively specific to the STAT pathway because its treatment did not affect the
phosphorylation levels of extracellular signal-regulated kinase 1 and 2 (ERK1/2) or p38
mitogen-activated protein kinase (MAPK) (Fig. 1B), two MAPKs required for signal
transduction in macrophages. Altogether these data show that RSVA405 inhibited LPS-
induced intracellular signaling and cytokine response in activated macrophages with an
apparent IC50 around 0.5–1μM(Figs. 1Cand1E).

RSVA405 inhibits the phagocytic activity of LPS-activated RAW 264.7cells
Using fluorescent red-labeled latex bead internalization and FACS analysis, we found that
phagocytic activity of LPS-activated RAW 264.7 cells was significantly inhibited by
pretreatment with RSVA405 (Figs. 2A and 2B).

RSVA405 inhibits RAW 264.7cell proliferation without affecting cell viability
To further characterize the response of RAW 264.7 cells to RSVA405 treatment, we
analyzed macrophage proliferation and cell viability. RSVA405 significantly lowered the
proliferation of non-activated and LPS-activated RAW 264.7 cells (Fig. 3A). Trypan blue
exclusion assay revealed no decrease in cell viability associated with RSVA405 treatment, at
concentrations as high as 2 μM (Fig. 3B), indicating that the effect of this compound on
activated macrophages is not due to cell toxicity. Flow cytometry analysis using propidium
iodide staining further indicated that RSVA405 treatment did lead to the appearance of a
subdiploid peak characteristic of the presence of an apoptotic cell population (Fig. 3C).
Together these results show that RSVA405 interfered with macrophage proliferation without
affecting cell viability.

RSVA314 and RSVA405 inhibit STAT3 activity by promoting the dephosphorylation of
STAT3 by PTPs

To gain insight into the mechanism by which RSVA314 and RSVA405 inhibit STAT3, we
then asked whether these compounds promote STAT3 dephosphorylation. Strikingly, we
observed that pretreatment with sodium orthovanadate, a general inhibitor of PTPs,
completely prevented the inhibitory effect of RSVA314 and RSVA405 on STAT3
phosphorylation in HEK293 cells, whereas the PTP inhibitor had no effect on the
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constitutive levels of phospho-STAT3 (Fig. 4A). Sodium orthovanadate also prevented the
effect of RSVA405 on phospho-STAT3 in LPS-activated RAW 264.7 macrophages (Fig.
4B). Pretreatment with NSC 87877, a specific inhibitor of SHP-1 and SHP-2[20], also
prevented the effect of RSVA405 on phospho-STAT3 in LPS-activated macrophages (Fig.
4B). Importantly, both sodium orthovanadate and NSC 87877 pre-treatment prevented the
inhibitory effect of RSVA405 on IL-6 and TNF-α secretion in LPS-activated RAW 264.7
macrophages (Figs. 4C and 4D). Thus, the small-molecules acted by promoting the
inactivating dephosphorylation of STAT3 by PTPs.

DISCUSSION
In the present study, we show that the two analogs of resveratrol, RSVA314and RSVA405,
inhibited both constitutive STAT3 in HEK293 cells and stimulated STAT3 in activated
RAW 264.7 macrophages, with a potency 50 times higher than resveratrol (apparent IC50 ~
0.5 μM). STAT3 has a critical role in cytokine-mediated inflammation and immunity. In this
context, the identification of potent STAT3 inhibitors that can modulate the immune
response is of interest. In the past few years, several direct and indirect STAT3 inhibitors
with anti-proliferative and anti-inflammatory effects have been identified [21,22], including
the natural compound resveratrol [1,16]. We found that RSVA405 interfered with the
signaling response, cytokine release, proliferation, and phagocytotic activity of LPS-
activated RAW 264.7 macrophages, indicating that this class of novel small-molecules may
be of therapeutic value to control inflammation. It is important to note, however, that the
small-molecules do not exclusively target STAT3. We previously reported that additional
protein kinases, such as AMPK, are modulated by RSVA314 and RSVA405in neuronal cells
and adipocytes [13,14]. It will be interesting to determine in future studies whether these
other protein targets are also modulated by the RSVA compounds in immune cells.

Our results also showed that IL-1α is robustly up regulated upon treatment with RSVA405.
IL-1α has been implicated in anti-proliferative properties in several cell systems [23,24],
suggesting that RSVA405 might exert its anti-inflammatory effect in macrophages in part by
up regulating IL-1α secretion.

Previous work from our laboratory indicated that RSVA314 and RSVA405 are not cytotoxic
in different cell lines, including in HEK293 cells [13]. In the present study, we confirmed
that RSVA405 did not affect viability of both quiescent and LPS-activated RAW 264.7
macrophages at concentrations efficiently inhibiting STAT3 phosphorylation. Furthermore,
previous in vivo studies performed in our laboratory demonstrated that oral administration
of RSVA405 at doses up to 100 mg/kg/day for 11 weeks is well tolerated in mice [14].
These results show that RSVA405 is not toxic in vitro and in vivo in mice and thus motivate
future studies aimed at determining whether these compounds have beneficial effects in
different pro-inflammatory mouse models.

In a recent study, we showed that RSVA405 has potent anti-adipogenic properties and can
lower the body weight gain observed in mice fed a high-fat diet (HFD) [14]. HFD mice
represent a model of obesity, a condition that leads to many symptoms of chronic low-grade
inflammation [25]. Notably, adipose tissue is infiltrated by macrophages that produce
elevated levels of various pro-inflammatory cytokines, such as IL-6 and TNF-α [26]. In the
present study, we showed that RSVA405 could potently lower IL-6 and TNF-α secretion in
response to LPS stimulation in macrophages. In subsequent studies, it will be interesting to
determine whether RSVA405 can reduce inflammation in pro-inflammatory mouse models
and whether STAT3 activity inhibition in adipose macrophages contributes to the beneficial
effect of RSVA405 observed in the HFD mice.
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In summary, we propose that the small-molecules RSVA314 and RSVA405 are novel potent
inhibitors of STAT3 with anti-inflammatory properties in RAW 264.7 macrophages.
Importantly, we found that effect of RSVA314 and RSVA405 on STAT3 phosphorylation
could be prevented by inhibitors of PTPs and SHP-1/2, indicating that these compounds did
not inhibit directly STAT3 but instead acted by promoting PTP-mediated dephosphorylation
of STAT3. These results motivate further in vivo studies aimed at determining whether
RSVA314 and RSVA405 have therapeutic value against conditions associated with
deregulated STAT3 activation and abnormal immune responses.

EXPERIMENTAL PROCEDURES
Materials and Antibodies

Antibodies directed against total STAT3, phospho-Tyr705 STAT3 (pSTAT3), phospho-
Ser727 STAT3(pSTAT3 (Ser)), total STAT1, phospho-Tyr701 STAT1 (pSTAT1), total
IKKα, phospho-Ser176/180 IKKα/β (pIKKα/β), total IκBα, phospho-Ser32 IκBα
(pIκBα), total TBK1, phospho-Thr202/Tyr204 ERK1/2 (pERK1/2), and phospho-Thr180/
Tyr182 p38 (pp38) were obtained from Cell Signaling Technology (Danvers, MA).
Antibody against phospho-Ser172 TBK1 (pTBK1) were from Epitomics (Burlingame, CA).
Anti-actin antibody was from BD Transduction Laboratories (San Deigo, CA). Synthetic
resveratrol (trans-resveratrol) and E. coli LPS were from Sigma-Aldrich (St. Louis, MO).
Sodium orthovanadate (Na3VO4) and NSC 87877 were from Calbiochem-EMD Millipore
(Billerica, MA). RSVA314 (N′-[4-(diethylamino)-2-hydroxybenzylidene]-2-
hydroxybenzohydrazide) and RSVA405 (N′-[4-(diethylamino)-2-hydroxybenzylidene]
isonicotinohydrazide) [13] were from Chembridge (Hit2Lead compounds # 5194489 and
5113025, respectively; San Diego, CA) and were dissolved in DMSO.

Trypan blue exclusion assay
Cells were incubated with 0.2% trypan blue for 5 min. Cells that did not take up the dye
(viable cells) and cells that took up the dye (dead cells) were counted using a
hemocytometer. For each sample four fields where counted and the numbers averaged. Each
treatment was done in triplicate.

Cell culture and cell treatments
Murine macrophage cell line RAW 264.7 and HEK293 cells were maintained in DMEM
plus 10% FBS, penicillin, streptomycin, at 37°C, 5% CO2. All cell lines were tested
negative for mycoplasma contaminants [27]. HEK293 cells were treated at confluence for
the indicated concentrations and incubation times. RAW 264.7 cells, at a density of 2 × 106

cells per 35-mm well, were treated with the different drugs and for the indicated
concentrations and incubation times. RAW 264.7 cells were stimulated with 10 ng/ml LPS
for the indicated incubation times.

Immunoblotting
Protein extracts were analyzed by WB using the antibodies listed above. Cell extracts
obtained in Laemmli buffer were resolved on SDS-PAGE, followed by electrotransfer to
nitrocellulose membranes. Following a blocking step in 5% milk in Tween-Tris-buffered
saline, membranes were incubated with primary and secondary antibodies. Membranes were
then developed and visualized with enhanced chemiluminescence from Thermo Scientific
Pierce, (Rockford, IL).
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ELISA and mouse cytokine array
Conditioned medium from RAW 264.7 cell cultures were collected and spun for 5 min at
14,000 × g at room temperature. Supernatants were analyzed for IL-6 and TNF-α levels by
ELISA (R&D duo kits, R&D systems, Minneapolis, MN) and for the production of selected
mouse cytokines and chemokines on membrane arrays (Proteome Profiler Mouse Cytokine
Array Panel A, R&D Systems), as per the manufacturer’s instructions.

Phagocytosis assay
RAW 264.7 cells (1.0 × 106 cells/ml) were incubated with fluorescent red-labeled latex
beads (10 μl of 2 μM beads in 2 ml DMEM, L3030, Sigma-Aldrich) for 2 hrs. Cells were
then detached and washed 4–5 times with ice-cold phosphate-buffered saline (PBS). Cells
were fixed with 3.7% formaldehyde and analyzed on BD FACSCalibur flow cytometer.

Propidium iodide staining
RAW 264.7 cells (1.0 × 106 cells/ml) were fixed and permeabilized with ice-cold ethanol.
Plates were washed twice and harvested by mechanical scraping with ice-cold PBS. Cells
were spun down at 500 × g for 5 min at 4°C and cell pellets were resuspended in 200 μl
PBS. Ice-cold 70% ethanol (1.8 ml) was then added drop by drop to the cell suspensions
under vigorous stirring. Cells were stained with propidium iodide/RNase staining solution
(0.1% Triton-X-100 in PBS, 100 μg/ml DNase-free RNase A, 40 μg/ml propidiumiodide)
for 1 hr. For each sample, 10,000 cells were analyzed on BD FACSCalibur

Statistical analyses
All data sets were analyzed using unpaired Student’s t-test.
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Abbreviations

STAT signal transducer and activator of transcription

LPS lipopolysaccharide

PTP protein tyrosine phosphatase

IL interleukin

NF-κB nuclear factor κ-light-chain-enhancer of activated B cells

TNF tumor necrosis factor

TLR Toll-like receptor

MyD88 myeloid differentiation primary response gene 88

TRIF Toll/IL-1R domain-containing adapter molecule 1

IKK IκB kinase

TBK1 TNF receptor-associated factor family member-associated NF-κB activator-
binding kinase-1
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Figure 1. RSVA314 and RSVA405 inhibit LPS-induced STAT3 activity, intracellular signaling,
and cytokine response in activated RAW 264.7 macrophages
(A) HEK293 cells were treated for 16 hrs with the indicated concentrations of RSVA314
and RSVA405, or with 40 μM resveratrol (RSV). Total protein extracts were then analyzed
by WB using antibodies directed against phospho-Tyr705 STAT3 (pSTAT3), total STAT3,
and actin. (B) RAW 264.7 cells pretreated for 16 hrs with the indicated concentrations of
RSVA405 were stimulated with LPS or not (Control) for 8 hrs. Total protein extracts were
then analyzed by WB using antibodies directed against the indicated proteins. (C)
Densitometric analysis and quantification of the ratio pSTAT3/STAT3 obtained from three
independent experiments performed as in (B). Histogram shows the mean ± S.D. (*, p<0.05;
**, p<0.01; ***, p<0.001), as compared to the pSTAT3/STAT3 ratio in the control group.
(D) Conditioned medium from RAW 264.7 cells pre-incubated for 16 hrs in the absence
(Control) or presence of 2 μM RSVA405 and then stimulated with LPS for 8 hrs, was
analyzed on cytokine arrays. PC, positive control corresponding to the reference spots on the
arrays. (E) Conditioned medium from RAW 264.7 cells treated as in (D) was analyzed by
ELISA for IL-6 and TNF-α secretion. Histograms show the mean ± S.D. (*, p<0.01; **,
p<0.001; n=3). N.D., not detected; CTRL, non-treated control.
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Figure 2. RSVA405 inhibits the phagocytic activity of LPS-activated RAW 264.7 cells
RAW 264.7 cells pretreated for 16 hrs with the indicated concentrations of RSVA405 were
stimulated with LPS or not (Control) for 8 hrs. Internalization of fluorescent red-labeled
latex beads were analyzed by flow cytometry. Shown are representative FACS analysis (A)
and mean fluorescence intensity (MFI) quantification (B).
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Figure 3. RSVA405 inhibits RAW 264.7 cell proliferation without affecting cell viability
RAW 264.7 cells pretreated for 16 hrs with the indicated concentrations of RSVA405 were
stimulated with LPS or not (CTRL, Control)for 8 hrs. Cell counts (A) and cell viability (B)
were determined by Trypan blue exclusion assay. Histograms show the mean ± S.D. (*,
p<0.05; **, p<0.01; ***, p<0.001; n=4). Cell cycle progression analysis was performed by
propidium iodide staining and flow cytometry (C).
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Figure 4. RSVA314 and RSVA405 inhibit STAT3 activity by promoting the dephosphorylation
of STAT3 by PTPs
(A) HEK293 cells were preincubated in the absence (−) or presence (+) of 2 μM RSVA314
or RSVA405for 16 hrs and then were treated with the indicated concentrations of sodium
orthovanadate (Na3VO4) for 4 hrs. Total protein extracts were analyzed by WB using
antibodies directed against the indicated proteins. (B) RAW 264.7 cells were preincubated in
the absence (−) or presence (+) of 2 μM RSVA405 for 16 hrs and then were treated or not
with LPS for 8 hrs in the presence of the indicated concentrations of Na3VO4 (only during
the last 4 hrs of treatment) or NSC 87877. WB analysis was then performed as in (A). (C
and D) Conditioned medium from LPS-activated RAW 264.7 cells treated as in (B) was
analyzed by ELISA for IL-6 and TNF-α secretion. Histograms show the mean ± S.D. (*,
p<0.05; **, p<0.001, as compared to the respective control (CTRL) conditions; n=3).
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