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Abstract

Background—Resveratrol, a natural polyphenol found in the skin of red grapes, is reported to 

have anti-inflammatory properties including protective effects against aging. Consequently, 

Resveratrol is a common nutritional supplement and additive in non-prescription lotions and 

creams marketed as anti-aging products. Studies in mice and with mouse bone marrow-derived 

mast cells (BMMCs) have indicated anti-allergic effects of Resveratrol. However, the effects of 

Resveratrol on human primary mast cells have not been reported.

Methods—Human mast cells were isolated and purified from normal skin tissue of different 

donors. The effect of Resveratrol on IgE-dependent release of allergic inflammatory mediators 

was determined using various immunoassays, Western blotting, and quantitative real-time PCR.

Results—Resveratrol at low concentrations (≤ 10 µM) inhibited PGD2 biosynthesis but not 

degranulation. Accordingly, COX-2 expression was inhibited but phosphorylation of Syk, Akt, 

p38, and p42/44 (ERKs) remained intact. Surprisingly, TNF production was significantly 

enhanced with Resveratrol. At high a concentration (100 µM), Resveratrol significantly inhibited 

all parameters analyzed except Syk phosphorylation.

Conclusions—Here, we show that Resveratrol at low concentrations exerts its anti-

inflammatory properties by preferentially targeting the arachidonic acid pathway. We also 

demonstrate a previously unrecognized pro-inflammatory effect of Resveratrol – the enhancement 

of TNF production from human mature mast cells following IgE-dependent activation.

General significance—These findings suggest that Resveratrol as a therapeutic agent could 

inhibit PGD2-mediated inflammation but would be ineffective against histamine-mediated allergic 

reactions. However, Resveratrol could potentially exacerbate or promote allergic inflammation by 

enhancing IgE-dependent TNF production from mast cells in human skin.
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1. Introduction

Resveratrol, a stilbenoid, is a natural polyphenol found predominantly in the skin of red 

grapes that has been studied extensively for its potential health benefits. Numerous studies 

have demonstrated protective properties of Resveratrol against inflammation, cardiovascular 

disease, cancer, and aging [1]. Consequently, Resveratrol has gained a reputation of being an 

elixir in red wine, and is a popular nutritional supplement and ingredient in over-the-counter 

skin care products. In human skin, Resveratrol was shown to protect against sun damage, 

enhance moisture and elasticity, reduce wrinkle depth and intensity of age spots, and 

protected keratinocytes from nitrous oxide-induced death [2–5].

Mast cells are the main effector cell type of IgE-mediated allergic reactions, and are 

important in innate immunity to parasitic and bacterial infections [6,7]. As such, mast cells 

are critical regulators of inflammation in skin [8], and are associated with dermatologic 

pathologies such as urticaria and atopic dermatitis [9]. The causative agents of allergic 

reactions are preformed mediators like histamine and serine neutral proteases stored in 

cytoplasmic granules that are released during degranulation, lipid mediators like 

Prostaglandin D2 (PGD2) that are biosynthesized from arachidonic acid [10], and de novo 

produced cytokines and chemokines [11]. Although mast cells can be activated by different 

methods, allergic reactions are mostly associated with crosslinking of the high affinity 

receptor for IgE, FcεRI, which induces a cascade of phosphorylation-dependent events 

initiated and regulated by receptor-proximal src kinases and spleen tyrosine kinase (Syk) 

[12–17]. In humans, two subsets of mast cells have been identified and characterized 

according to the expression of tryptase or chymase within cytoplasmic granules [18,19]. 

MCTC type cells express both tryptase and chymase and are the exclusive mast cell subset in 

skin, whereas MCT type cells express only tryptase and predominate in the lung. In addition, 

MCTC mast cells express complement factor 5a receptor (C5aR) whereas MCT cells do not 

[20], and skin mast cells express significantly less adenosine A3AR receptor compared to 

lung mast cells [21]. Thus, human mature mast cells are a heterogeneous group of tissue-

resident cells that can express distinct functional phenotypes whose activation can be 

differentially regulated.

Various studies have demonstrated that Resveratrol inhibited the release of allergic 

mediators from murine bone marrow-derived mast cells (BMMCs) [22–24] and protected 

mice against induced atopic dermatitis or asthma [25–27]. However, the direct target of 

Resveratrol or the mechanism by which it inhibits mast cell responses has not been 

identified although phospholipase Cγ1 or ERK in the FcεRI pathway have been suggested 

[24]. Moreover, the effect of Resveratrol on the IgE-dependent response from human mature 

mast cells taken directly from human tissue has not been reported. Given that Resveratrol is 

present in many skin lotions and creams, we investigated the effect of Resveratrol on FcεRI-

induced degranulation and production of PGD2 and cytokines from human mature mast cells 
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that were isolated and purified from normal skin tissue. Here, we report that Resveratrol at 

relatively low concentrations blocked expression of COX-2 and inhibited PGD2 production, 

but did not affect degranulation. Our study also revealed the unexpected finding that 

Resveratrol enhanced pro-inflammatory TNF production. Further, we show that Syk kinase 

is not a target of Resveratrol even at high concentrations.

2. Materials and methods

2.1 Isolation and purification of human skin mast cells

Human skin mast cells were isolated and purified from fresh surgical specimens of human 

skin tissue obtained from the Cooperative Human Tissue Network of the National Cancer 

Institute, as approved by the human studies Internal Review Board at University of South 

Carolina. The tissues were mechanically disrupted with surgical scissors and then digested 3 

× 1 h at 37°C with collagenase type II (Worthington Biochemical, Lakewood, NJ), 

hyaluronidase from bovine testes, and DNase I (Sigma-Aldrich, St. Louis, MO) in HBSS 

wash buffer (1× HBSS, 0.04% NaHCO3, 1% fetal bovine serum, 1% HEPES, 0.1% CaCl2) 

containing amphotericin B and Antibiotic/Antimycotic solution. After each digestion period, 

the samples were filtered through 40 µm nylon cell strainers. The filtered cells were 

collected by centrifugation, washed and re-suspended with wash buffer. After the final 

digestion, the collected cells were separated on Percoll by density centrifugation. The cells 

at the interface of buffer and Percoll layers were collected, washed and re-suspended at 

5×105 cells/ml in serum-free X-VIVO 15™ media (Lonza, Walkersville, MD) containing 

recombinant human stem cell factor (SCF, 100 ng/ml) (PeproTech, Rocky Hill, NJ). The 

cells were transferred onto 24-well plates and maintained under standard culture conditions 

(37°C, 5% CO2) with weekly media changes. Purity was assessed cytochemically by 

metachromatic staining with acidic toluidine blue. Greater than 95% purity was achieved by 

6 weeks of culture, and the mast cells were used in experiments after 8 weeks.

2.2 Viability Assay

Mast cell viability was determined by MTT reduction assay using the TACS® MTT Cell 

Proliferation Assay from Trevigen (Gaithersburg, MD) according to the manufacturer’s 

instructions. Briefly, human skin mast cells were plated in triplicate at 105 cells/well of a 96-

well plate in 100 µl X-VIVO media + SCF. Resveratrol or DMSO was added, and the cells 

were incubated for 24, 48, or 72 h under normal culture conditions (37°C, 5% CO2). MTT 

Reagent was added to the cells and incubated for an additional 4 h. Detergent was added and 

the plate was incubated overnight at room temperature. Absorbance values at 570 nm were 

acquired with a BioTek Synergy HT microplate reader (BioTek, Winooski, VT).

2.3 Mast cell activation

Sensitized human skin mast cells (106/ml) were activated by crosslinking FcεRI with the 

hapten 4-hydroxy-3-nitrophenylacetyl conjugated to bovine serum albumin at a 16:1 molar 

ratio (NP-BSA; Biosearch Technologies, Novato, CA) at 37°C. For sensitization, 106 

cells/ml were incubated in X-VIVO 15™ media or Tyrode’s buffer (135 mM NaCl, 1 mM 

MgCl2, 20 mM Hepes, 5 mM KCl, 1.8 mM CaCl2, 5.6 mM glucose; pH 7.4, 0.05% bovine 

serum albumin) containing 1 µg/ml chimeric human anti-NP IgE (human Fc + mouse Fab) 
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(clone JW8/1; AbD Serotec, Raleigh, NC) for 3 h at 37°C. After washing to remove 

unbound IgE, the mast cells were re-suspended at 106 cells/ml in X-VIVO 15™ media or 

Tyrode’s buffer, pre-treated with Resveratrol (Sigma-Aldrich, St. Louis, MO) or DMSO 

(vehicle) for 1 h at 37°C, and then activated with 100 ng/ml NP-BSA for the indicated 

amount of time.

2.4 β-Hexosaminidase and PGD2 assays

Human skin mast cells were activated with 100 ng/ml NP-BSA for 30 min at 37°C in 

Tyrode’s buffer. After the incubation period, the mast cells and buffer were separated by 

centrifugation (2000 rpm × 5 min), and the pelleted cells were lysed with an equal volume of 

1% Triton X-100. β-Hexosaminidase activity in supernatant and cell lysate was assayed by 

measuring the release of p-nitrophenol from substrate p-nitrophenyl N-acetyl-β-D-

glucosaminide (pNAG; Sigma-Aldrich, St. Louis, MO) as described [28,29]. In a 96-well 

plate, 5 µl of supernatant or lysate were mixed with 45 µl of 4mM p-Nitrophenyl N-acetyl-β-

D-Glucosaminide (pNAG) in citric acid buffer (pH 4.5) and incubated for 1 h at 37°C. The 

reaction was stopped by adding 150 µl of 0.2 M glycine, pH 10.7. Absorbance values at 405 

nm were acquired with a BioTek Synergy HT microplate reader (BioTek, Winooski, VT). 

Percent degranulation was calculated as percent release of β-hexosaminidase using the 

formula: % β-hex release = ((supernatant)/(supernatant + lysate)) × 100. PGD2 in the 

supernatant was measured with a commercial enzyme immunoassay kit (Cayman Chemical, 

Ann Arbor, MI) according to the manufacturer’s instructions.

2.5 Cytokine ELISA

Sensitized human skin mast cells were activated with 100 ng/ml NP-BSA for 3 h at 37°C in 

X-VIVO 15™ media containing SCF and 100 µg/ml soybean trypsin inhibitor (SBTI; 

Sigma-Aldrich, St. Louis, MO). After the activation period, the mast cells and media were 

separated by centrifugation (2000 rpm × 5 min). IL-6 or TNF in supernatant was quantified 

by enzyme-linked immunosorbent assay (ELISA) in a 384-well format as described [11]. 

Capture (purified) and detection (biotinylated) rat antibodies (BD Biosciences) used were: 

IL-6 (MQ2-13A5 and MQ2-39C3), TNF (MAb1 and MAb11). Serially diluted recombinant 

cytokine standards (BD Biosciences, San Jose, CA) were used to generate standard curves. 

After developing with the substrate for peroxidase 2,2’-azino-bis-3-ethylbenzthiazoline-6-

sulfonic acid (ABTS; Sigma-Aldrich, St. Louis, MO), absorbance values at 405 nm were 

obtained and cytokine concentrations in experimental samples determined with a BioTek 

Synergy HT microplate reader (BioTek, Winooski, VT) and Gen5 Data Analysis Software.

2.6 Quantitative RT-PCR

Cytokine and COX gene expression was determined from sensitized human skin mast cells 

activated with 100 ng/ml NP-BSA for 3 h or 30 min, respectively. RNA was isolated with 

the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was synthesized from 350 ng total 

RNA with the SuperScript™ III First-Strand Synthesis System (Life Technologies, Grand 

Island, NY). The kits were used according to the manufacturer’s instructions. The PCR 

reaction mix was composed of 2 µl of cDNA, 1 µl each of sense and antisense primers (10 

µM each) and 12.5 µl of iQ SYBR® Green Supermix (Bio-Rad, Hercules, CA) in a final 

volume of 25 µl. A hot-start PCR protocol (95°C × 5 min, (95°C × 30 sec, 55°C × 30 sec, 
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72°C × 30 sec) × 35 cycles, 95°C × 1 min, 55°C × 1 min) was performed on a CFX Connect 

Real Time PCR Detection System (Bio-Rad, Hercules, CA). Fold change in expression was 

determined by the 2ΔΔCt method. The oligonucleotide primers used were (5’-3’; forward and 

reverse): IL-6 (AGTGAGGAACAAGCCAGAGC and AAAGCTGCGCAGAATGAGAT), 

TNF (GACAAGCCTGTAGCCCATGT and TTATCTCTCAGCTCCACGCC), COX-1 

(TCTTGCTGTTCCTGCTCCTG and GTTGGAGCGCACTGTGAGTA), COX-2 

(ACTGCTCAACACCGGAATTT and CAAGGGAGTCGGGCAATCAT), and GAPDH 

(CAATGACCCCTTCATTGACC and TTGATTTTGGAGGGATCTCG).

2.7 Western blotting

Whole cell lysates were prepared from sensitized human skin mast cells (106/sample) that 

were activated with 100 ng/ml NP-BSA for 5 min at 37°C. Protein equivalents of 5×105 

cells/lane were separated by reducing SDS-PAGE and transferred onto nitrocellulose 

membranes. Two-color staining for Akt, p38 and p42/44 was performed using Odyssey 

Blocking Buffer (LI-COR Biosciences, Lincoln, NE), and Syk immunoblotting was 

performed with 5% non-fat dry milk in 25 mM Tris, pH7.4, 0.15 M NaCl, 0.1% Tween-20 

(TNT buffer) as previously described [30]. The primary antibodies used were: rabbit 

polyclonal anti-p38 MAPK, mouse monoclonal anti-phospho-p38 MAPK (Thr180/Tyr182)

(28B10), rabbit polyclonal anti-p44/42 (Erk 1/2), mouse monoclonal anti-phospho-p42/44 

(Erk1/2) (E10), rabbit polyclonal anti-Akt, mouse monoclonal anti-Akt (Thr308)(L32A4), 

rabbit polyclonal antibody against total Syk (Cell Signaling Technology, Danvers, MA), and 

mouse monoclonal antibody against human phospho-Syk (Tyr525) (R&D Systems, 

Minneapolis, MN). The secondary antibodies used were goat anti-rabbit IRDye 680RD and 

goat anti-mouse 800CW (LI-COR Biosciences, Lincoln, NE). The blots were scanned on an 

Odyssey® CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

2.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6.0c for Mac OS X, 

GraphPad Software, La Jolla California USA, www.graphpad.com

3. Results

3.1 Effect of Resveratrol on viability of human skin mast cells

To begin our studies, we sought to determine the effect of Resveratrol on viability of human 

skin mast cells. Mast cells were cultured without or with 1, 10 or 100 µM Resveratrol or 

DMSO for up to 72 hours under normal culture conditions (37°C, 5% CO2). Cell viability 

was determined by MTT assay at each 24 h interval (Figure 1). No significant loss of 

viability was observed. In fact, a very slight but statistically significant increase in cell 

viability was observed with Resveratrol at 10 µM for 24 h or 100 µM for 72 h compared 

with vehicle control. Thus, Resveratrol did not induce cell death.

3.2 PGD2 biosynthesis is more sensitive than degranulation to inhibition by Resveratrol

To determine the effect of Resveratrol on degranulation, human skin mast cells were 

sensitized with anti-NP IgE, pre-treated with a dose range of Resveratrol for 1 h then 

challenged for 30 min with 100 ng/ml NP-BSA. Degranulation was determined by β-
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hexosaminidase release assay. As shown in Figure 2A, Resveratrol dose-dependently 

inhibited FcεRI-induced degranulation. Mean percent degranulation ± S.E.M of control skin 

mast cells activated without Resveratrol was 48.5 ± 1.9% whereas that of mast cells pre-

treated with Resveratrol at the indicated concentration was: 55 ± 3% (3 µM), 52 ± 6% (6 

µM), 44 ± 9% (12.5 µM), 36 ± 17% (25 µM), 20 ± 12% (50 µM) and 10.5 ± 6% (100 µM). 

However, significant inhibition occurred only in mast cell pretreated with Resveratrol at 50 

µM (p<0.05) and 100 µM (p<0.0001). Thus, FcεRI-induced degranulation of human skin 

mast cells is resistant to inhibition with Resveratrol at concentrations below 50 µM, but 

significantly inhibited with higher concentrations.

Next, we determined the effect of Resveratrol on PGD2 production. IgE-sensitized skin mast 

cells were pre-treated with a dose range of Resveratrol for 1 h and then challenged for 30 

min with 100 ng/ml NP-BSA. PGD2 in the supernatant was measured with commercial 

enzyme immunoassay kit. The data showed a strong inhibitory effect of Resveratrol on 

PGD2 biosynthesis with significant inhibition achieved at all concentrations tested (Figure 

2B). Mast cells activated without Resveratrol pre-treatment produced 27,867 ± 9,099 pg/ml 

PGD2 whereas those pre-treated with the indicated amount of Resveratrol produced the 

following amount: 9,306 ± 2,276 pg/ml (3 µM), 5,325 ± 1,867 pg/ml (6 µM), 2,350 ± 914 

pg/ml (12.5 µM), 1,165 ± 676 pg/ml (25 µM), 291 ± 259 pg/ml (50 µM), and 31 ± 14 pg/ml 

(100 µM). Thus, FcεRI-induced PGD2 biosynthesis is highly sensitive to inhibition by 

Resveratrol.

3.3 Resveratrol augments FcεRI-induced TNF production from human skin mast cells

To evaluate the ability of Resveratrol to regulate pro-inflammatory cytokine production, 

IgE-sensitized human skin mast cells were pre-treated with 10 or 100 µM Resveratrol or 

DMSO for 1 h, and then challenged for 3 h with 100 ng/ml NP-BSA. Secreted IL-6 and TNF 

was measured using ELISA, and cytokine gene expression was determined by quantitative 

RT-PCR. Surprisingly, TNF production from mast cells pre-treated with 10 µM Resveratrol 

was significantly increased compared to that secreted from untreated mast cells (Figure 3A). 

Net TNF produced by control mast cells was 104 ± 31 pg/106 cells whereas mast cells pre-

treated with 10 µM Resveratrol produced 279 ± 66 pg/106 cells. In accordance with 

increased TNF secretion, FcεRI-induced expression of TNF mRNA in Resveratrol-treated 

mast cells was increased 2-fold compared to non-treated activated mast cells: 5 ± 1 fold 

increase (non-treated) versus 10 ± 2 fold increase (Resveratrol treated) (Figure 3B). In 

contrast, IL-6 production was not significantly affected by 10 µM Resveratrol although some 

inhibition was apparent (Figure 3C and D). Thus, the enhancing effect of 10 µM Resveratrol 

on TNF did not extend to IL-6. At 100 µM, Resveratrol strongly inhibited IL-6 production 

and secretion (Figure 3C and D), but did not significantly affect TNF (Figure A and B). In 

time course experiments, 10 µM Resveratrol enhanced FcεRI-induced TNF production at 3, 

6 and 24 h (Figure 3F), whereas IL-6 was inhibited at 24 h (Figure 3G). We also measured 

β-hexosaminidase activity in the sample supernatants to show that 10 µM Resveratrol had no 

affect on degranulation even with prolonged exposure, whereas 100 µM Resveratrol 

completely inhibited degranulation (Figure 3E). Thus, confirming our earlier finding (Figure 

2A). These data reveal a previously unrecognized ability of Resveratrol at low concentration 

to enhance FcεRI-induced TNF production from human skin mast cells.
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3.4 Resveratrol inhibits IgE-dependent COX-2 induction but not Syk phosphorylation

The finding that PGD2 biosynthesis was inhibited by Resveratrol at concentrations that did 

not affect degranulation (Figure 2) suggested that Resveratrol at relatively low 

concentrations preferentially inhibited the eicosanoid pathway downstream of FcεRI-

proximal signaling events. To determine if this was the case, we first investigated the effect 

of Resveratrol on expression of the cyclooxygenases COX-1 and COX-2, key enzymes 

involved in the conversion of arachidonic acid to prostaglandins [31,32]. Both COX-1 and 

COX-2 are involved in PGD2 biosynthesis. However, whereas COX-1 is constitutively 

expressed in mast cells, COX-2 expression is an inducible event following FcεRI 

stimulation. In fact, COX-2 is the only major enzyme involved in eicosanoid production 

whose expression is induced in mast cells following FcεRI crosslinking; thus, making it an 

ideal candidate target for Resveratrol. To this end, IgE-sensitized skin mast cells were pre-

treated with 1, 10 or 100 µM Resveratrol or DMSO for 1 h, and then challenged for 30 min 

with 100 ng/ml NP-BSA. Total RNA was isolated, and COX-1 and COX-2 expression was 

assessed by real time PCR. As expected, COX-1 expression was not affected whereas 

COX-2 expression was significantly increased after FcεRI crosslinking. Moreover, pre-

treatment with Resveratrol had no effect on the constitutive expression of COX-1 (Figure 

4A), whereas IgE-dependent COX-2 expression was significantly inhibited in skin mast 

cells pre-treated with 10 µM (p<0.05) or 100 µM Resveratrol (p<0.01) (Figure 4B). The fold 

increase ± SEM in COX-2 expression in FcεRI-activated control mast cells was 29 ± 5, and 

36 ± 5, 17 ± 4, or 1 ± 0.2, respectively, in mast cells pre-treated with 1, 10 or 100 µM 

Resveratrol. Interestingly, COX-2 expression appeared to be slightly increased in skin mast 

cells pre-treated with 1 µM Resveratrol although the difference was not statistically 

significant (p=0.2). Thus, FcεRI induced COX-2 expression was significantly inhibited by 

Resveratrol.

Our finding that high concentrations of Resveratrol were required to inhibit degranulation 

indicated that FcεRI-induced signals occurred normally with Resveratrol at low 

concentrations. To confirm this, we analyzed the effect of Resveratrol on Syk activation 

since degranulation is dependent on Syk activation [12,13,33]. Upon FcεRI crosslinking, 

Syk is rapidly recruited to ITAM residues on FcεRI γ chains where it is phosphorylated to 

propagate the cascade of signaling events [34]. Therefore, we analyzed the phosphorylation 

status of Syk at the activating tyrosine residue Y525 by SDS-PAGE and Western blotting. 

Whole cell lysates were prepared from IgE-sensitized human skin mast cells that had been 

pre-treated with 1, 10 or 100 µM Resveratrol or DMSO for 1 h and then activated for 5 min 

with 100 ng/ml NP-BSA. As expected, phosphorylated Syk was clearly detected in lysates 

from FcεRI-activated mast cells, but not in non-activated mast cells. Further, FcεRI-induced 

Syk phosphorylation was not affected in skin mast cells pre-treated with 1 or 10 µM 

Resveratrol (Figure 5) in accordance with the observation that Resveratrol at these 

concentrations did not affect degranulation (Figure 2A), which is dependent on Syk 

activation [13]. Interestingly, Resveratrol at 100 µM, a concentration that completely 

inhibited degranulation (Figure 2A), also did not significantly inhibit FcεRI-induced Syk 

phosphorylation (17 ± 5% versus 28 ± 6% in control cells; p=0.2) although an inhibitory 

trend was apparent. Thus, FcεRI-induced Syk phosphorylation was not inhibited with 

Resveratrol in human skin mast cells.
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To determine the effect of Resveratrol on downstream signaling processes, we analyzed the 

phosphorylation status of Akt, p38 and p42/44 (ERK1/2) following FcεRI cross-linking 

since these intermediate signaling molecules have been implicated in activation of various 

transcription factors and cytokine production by mast cells [17,35,36]. To do so, SDS-PAGE 

and Western blotting were performed using whole cell lysates prepared from IgE-sensitized 

human skin mast cells that were pre-treated with Resveratrol at 1, 10 or 100 µM for 1 h, and 

challenged for 5 min with 100 ng/ml NP-BSA. As demonstrated in Figure 6, FcεRI-induced 

phosphorylation of Akt was minimally inhibited with 10 µM Resveratrol whereas p38 or 

p42/44 phosphorylation was not affected. In contrast, 100 µM Resveratrol completely 

inhibited the phosphorylation of these signaling molecules. These data indicate that the 

observed increase in TNF production from human skin mast cells pre-treated with 10 µM 

Resveratrol (Figure 3) was not due to an increase in FcεRI-induced activation of Akt, p38 or 

p42/44.

4. Discussion

In this study, we investigated the effects of Resveratrol on IgE-dependent release of allergic 

and inflammatory mediators from mast cells that were isolated and purified from human 

skin tissue. Studies have shown that Resveratrol can inhibit mediator release from mouse 

mast cells [22–24]. However, there are currently no studies showing the direct effect of 

Resveratrol on human mature mast cells, and the mechanism or target of Resveratrol has not 

been identified. Here, we identified the COX-2 pathway leading to PGD2 biosynthesis as a 

target for inhibition by Resveratrol at low concentrations. In addition, we uncover the ability 

of Resveratrol to enhance the production of TNF from human skin mast cells, a previously 

unrecognized pro-inflammatory effect.

The finding that Resveratrol preferentially inhibited PGD2 production was corroborated by 

the observation that FcεRI-induced COX-2 expression but not Syk phosphorylation was 

inhibited by Resveratrol. In fact, Resveratrol failed to inhibit Syk phosphorylation even at an 

extremely high concentration (100 µM) that completely blocked downstream Akt, p38 or 

p42/44 phosphorylation. These findings provide the first evidence of preferential or selective 

inhibition of mediator release from human mature mast cells by Resveratrol at 

concentrations more likely to be achieved physiologically. In addition, these data 

demonstrate that FcεRI-proximal Syk is not a target of Resveratrol. Interestingly, 

Resveratrol is a non-hydroxylated analogue of naturally occurring piceatannol (3, 3’, 4, 5’-

trans-trihydroxystilbene), a widely used inhibitor of Syk [37]. The finding that FcεRI-

induced COX-2 expression was inhibited with a relatively low concentration of Resveratrol, 

while phosphorylation of receptor-proximal Syk or downstream signaling molecules Akt, 

p38 or p42/44 was not, indicates that Resveratrol selectively targeted the FcεRI-induced 

eicosanoid biosynthesis pathway to inhibit PGD2 production. These data suggest that 

Resveratrol as a therapeutic agent might protect against allergic effects mediated by PGD2 

but not against pre-formed mediators like histamine, which are stored in cytoplasmic 

granules and released during degranulation.

Our data showing that Resveratrol at a relatively low concentration (10 µM) enhanced rather 

than inhibited TNF production was surprising given its reported anti-inflammatory 
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properties. Resveratrol and other polyphenols have been shown to inhibit TNF and other 

cytokines from human mast cells. One study demonstrated that Resveratrol (10 or 50 µM) 

inhibited cytokine production from the human mast cell line HMC-1 following stimulation 

with phorbol ester (PMA) + ionomycin [38]. However, one critical difference from our 

study is that HMC-1 cells do not express FcεRI [39], and, thus, cannot be stimulated by 

IgE/Ag. Therefore, the signaling pathway(s) induced in HMC-1 transformed cells by PMA + 

iono are likely distinct from those initiated by FcεRI crosslinking in normal primary mast 

cells used in our study. The flavones, luteolin, quercetin, and baicalein (1 – 100 µM) have 

also been shown to inhibit TNF and other cytokines from human cultured mast cells, mast 

cell lines, or mouse BMMCs [40–43]. Recently, the novel flavone tetramethoxyluteolin 

(methlut; 1 – 100 µM), a structural analog of luteolin, was shown to potently inhibit TNF 

production from IgE/anti-IgE-activated human cord blood-derived mast cells or the LAD2 

mast cell line [44]. Our finding is supported by a recent study demonstrating an increase in 

plasma TNF levels in healthy subjects given oral Resveratrol (5g), and in vitro (10 or 30 

µM) from LPS-stimulated human peripheral blood mononuclear cells or monocytes pre-

treated with Resveratrol [45]. Despite the numerous studies performed in mice or with 

mouse mast cells, there are no reported pro-inflammatory effects of Resveratrol or other 

polyphenols on allergic responses. Our finding and that of Gualdoni et al. [45] are the first 

pro-inflammatory effects of Resveratrol on human primary immune cells to be reported. 

Therefore, the possibility exists that Resveratrol has different effects on human and mouse 

mast cells that have yet to be fully elucidated with regard to IgE-dependent responses. It is 

not currently known if the potentiating effect is specific to MCTC type mast cells in skin or 

if TNF production from MCT mast cells in lung is also enhanced. Nevertheless, it appears 

that in addition to its well-documented anti-inflammatory properties, Resveratrol has pro-

inflammatory effects in humans that could dampen its potentially healthful benefits for 

which it has garnered intense interest.

On the other hand, since Resveratrol is known to inhibit inflammation, it is possible that the 

increased amount of TNF induced by Resveratrol specifically from human skin mast cells is 

negated by Resveratrol’s overall anti-inflammatory properties. The observed increase in 

TNF reported here could also represent a localized response to Resveratrol in human skin 

particularly with regard to allergic inflammation. If so, this raises the issue of whether the 

overall physiological effect of Resveratrol is dependent on the route of delivery. This is 

particularly intriguing given that different methodologies to enhance the efficiency of topical 

administration of Resveratrol are currently being developed as a means to deliver the 

polyphenol [46–50]. Clearly, issues regarding route of delivery, solubility, and 

bioavailability will ultimately determine the efficacy of using Resveratrol or other 

polyphenols with limited solubility as therapeutic agents.

The mechanism by which Resveratrol enhances TNF production from human skin mast cells 

is not known. However, an effect on the NF-κB pathway is suspected since NF-κB is 

required for IgE-dependent TNF production from mast cells [51]. Indeed, enhanced TNF 

production by Resveratrol from LPS-stimulated human monocytes was associated with 

increased phosphorylation of p105, a component of the alternative pathway for NF-κB 

activation [45] suggesting that increased TNF production by Resveratrol could be due to 
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increased NF-κB transcriptional activity. However, Resveratrol or other polyphenols were 

shown to inhibit NF-κB activation in human cultured mast cells, LAD2 or HMC-1 mast cell 

lines, or various transformed cell lines including U937, Jurkat, HeLa [38,44,52]. One critical 

question that needs to be addressed is: If NF-κB activation is involved in Resveratrol-

induced enhancement of TNF production, how do we reconcile this with the observations 

that NF-κB is inhibited with Resveratrol? To answer this, additional studies are needed to 

determine the effect of Resveratrol on canonical and non-canonical NF-κB activation in 

human mature mast cells. Nevertheless, our finding that FcεRI-induced phosphorylation of 

p38 or p42/44, which are involved in cytokine production from FcεRI-activated mast cells, 

was not altered with Resveratrol at a concentration that enhanced TNF production suggests a 

target further downstream in the FcεRI pathway possibly NF-κB or other transcription 

factor(s).

Our study corroborates previous reports showing that high concentrations of Resveratrol 

inhibited mast cell degranulation and cytokine production. Here we show that Resveratrol at 

100 µM strongly inhibited degranulation, PGD2 and cytokine production. However, whether 

the inhibitory effect with high concentrations of Resveratrol is physiologically relevant is 

questionable. It is unknown if human skin can absorb 50 – 100 µM Resveratrol, the 

concentration range required to significantly inhibit degranulation, via topical application, 

but such high concentrations are unlikely to be achieved in tissues at least via oral route 

[53]. Moreover, our data demonstrates that Resveratrol did not induce a loss in viability of 

human skin mast cells even at high concentrations indicating that the inhibitory effect was 

not due to cell toxicity.

Overall, we demonstrate that Resveratrol at relatively low concentrations: (1) Preferentially 

inhibits the COX-2 pathway leading to PGD2 production; and (2) Enhances TNF production 

from FcεRI-activated human skin mast cells. Together, these findings suggest that 

Resveratrol as a potential treatment for allergic reactions would be mostly effective against 

arachidonic acid-derived lipid mediators rather than histamine, but could also exacerbate or 

promote mast cell-mediated allergic inflammation in the skin.
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PGD2 Prostaglandin D2

COX-1 cyclooxygenase-1

COX-2 cyclooxygenase-2

Syk spleen tyrosine kinase

TNF tumor necrosis factor

IL-6 interleukin-6
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Highlights

• Resveratrol targets the eicosanoid pathway for inhibition in human skin mast 

cells.

• Resveratrol at low concentration inhibits PGD2 biosynthesis but not 

degranulation.

• Resveratrol inhibits FcεRI-induced COX-2 expression but not Syk 

phosphorylation.

• Resveratrol enhances FcεRI-induced TNF production from human skin mast 

cells.
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Figure 1. Effect of Resveratrol on viability of human skin mast cells
Human skin mast cells were treated with 1, 10 or 100 µM Resveratrol or DMSO for 24, 48, 

or 72 h, and cell viability was determined by MTT reduction assay as described in Material 

and Methods. Absorbance values at 570 nm correspond to cell viability. Bars represent the 

mean ± SEM (n=3) of absorbance values obtained with mast cells isolated from normal skin 

tissue of different donors. *, p<0.05 by Student’s t-test comparing absorbance values from 

vehicle-treated cells to those treated with Resveratrol.
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Figure 2. Effect of Resveratrol on FcεRI-induced degranulation and PGD2 production from 
human skin mast cells
Dose-dependent effect of Resveratrol on Ag/IgE-induced degranulation (A) or PGD2 

production (B) from human skin mast cells sensitized with chimeric human anti-NP IgE and 

challenged with 100 ng/ml NP-BSA. Percent degranulation was determined by β-

hexosaminidase release assay. Calcium ionophore A23187 was used as a positive control for 

degranulation potential. Secreted PGD2 was measured by enzyme immunoassay. Data are 

expressed as the mean ± SEM of values obtained from independent experiments with mast 

cells from normal skin tissue of n=3 (A, degranulation) or n=5 (B, PGD2) different donors. 
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Values were compared to those obtained from mast cells that were activated without 

Resveratrol (NP-BSA only). Statistical significance was determined by one-way ANOVA 

followed by Dunnett’s multiple comparisons test. *, p<0.05, **; p<0.01, ***; p<0.001; and 

#, p<0.0001.
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Figure 3. Effect of Resveratrol on FcεRI-induced production of TNF and IL-6 from human skin 
mast cells
Human skin mast cells sensitized with anti-NP IgE were pre-treated with Resveratrol for 1 h 

and then challenged with antigen NP-BSA for 3 h (A – E), or 3, 6, or 24 h (F and G). 

Secreted cytokines in supernatant were measured by ELISA, and gene expression was 

assessed by quantitative RT-PCR. Fold change was determined by 2ΔΔCt method comparing 

to expression in non-activated mast cells (y=1, hatched line). Net secreted TNF (A, n=6) or 

IL-6 (C, n=5). Spontaneously released TNF was 8 ± 4 pg/106 cells, and IL-6 was 2 ± 2 

pg/106 cells. Fold change in TNF (B, n=7) or IL-6 (D, n=7) gene expression. β-
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hexosaminidase in media (E, n=6). Time course evaluation for TNF (F, n=3) or IL-6 (G, 

n=3). Data shown is expressed as mean ± SEM of values from skin mast cells from different 

donor tissue in independent experiments. Statistical significance was determined by one-way 

ANOVA followed by Sidak’s multiple comparisons test. *, p<0.5; ***, p<0.001; and #, 

p<0.0001.
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Figure 4. Effect of Resveratrol on COX-1 and COX-2 expression in human skin mast cells
Expression analysis of COX-1 (a, n=6) or COX-2 (b, n=5) in FcεRI-activated humans was 

performed by qRT-PCR in independent experiments with mast cells from different donor 

tissue. Fold change, expressed as mean ± SEM, was determined by 2ΔΔCt method comparing 

to expression in non-activated mast cells (y=1, hatched line). The data reflect the effect of 

Resveratrol on the constitutive expression of COX-1 and induction of COX-2. Statistical 

significance was determined by pairwise student’s t-test comparing to values from mast cells 

activated without Resveratrol pre-treatment. *, p<0.05; **, p<0.01.
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Figure 5. Effect of Resveratrol on FcεRI-induced phosphorylation of Syk in human skin mast 
cells
Phosphorylation of Syk (Y525) was determined by quantitative infrared Western blotting of 

whole cell lysates of sensitized mast cells pre-treated with 1, 10 or 100 µM Resveratrol or 

DMSO (vehicle), and activated for 5 min with 100 ng/ml NP-BSA. The blot shown (a) is 

representative of 3 independent experiments with mast cells from skin tissue of different 

donors. Percent phosphorylation expressed as mean ± SEM (b, n=3) was determined as the 

ratio of phosphorylated Syk (Y525) to total Syk using fluorescent signal values obtained 
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with an infrared imager. Statistical significance was determined by student’s t-test 

comparing to values from mast cells activated without Resveratrol pre-treatment. *, p<0.05.
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Figure 6. Effect of Resveratrol on FcεRI-induced phosphorylation of Akt, p42/44 and p38 in 
human skin mast cells
Phosphorylation of Akt (a), p42/44 (b, upper panel) and p38 (b, lower panel) was 

determined by quantitative infrared Western blotting of whole cell lysates of sensitized mast 

cells pre-treated with 1, 10 or 100 µM Resveratrol or DMSO (vehicle), and activated for 5 

min with 100 ng/ml NP-BSA. Fold induction of phosphorylation was determined from 

fluorescent signal values obtained with an infrared imager. The blots shown are 
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representative of 3 independent experiments with mast cells from skin tissue of different 

donor.
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