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Resveratrol, a dietary polyphenolic phytoalexin, is a functional
scavenger of peroxynitrite
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A B S T R A C T

Oxidant damage from reactive oxygen species (ROS) and reactive nitrogen species (RNS) is a major

contributor to the cellular damage seen in numerous types of renal injury. Resveratrol (trans-3,40 ,5-

trihydroxystilbene) is a phytoalexin found naturally in many common food sources. The anti-oxidant

properties of resveratrol are of particular interest because of the fundamental role that oxidant damage

plays in numerous forms of kidney injury. To examine whether resveratrol could block damage to the

renal epithelial cell line, mIMCD-3, cells were exposed to the peroxynitrite donor 5-amino-3-(4-

morpholinyl)-1,2,3-oxadiazolium chloride (SIN-1). Resveratrol produced a concentration-dependent

inhibition of cytotoxicity induced by SIN-1. To examine the mechanism of protection, resveratrol was

incubated with authentic peroxynitrite and found to block nitration of bovine serum albumin with an

EC50 value of 22.7 mM, in contrast to the known RNS scavenger, N-acetyl-L-cysteine, which inhibited

nitration with an EC50 value of 439 mM. These data suggested that resveratrol could provide functional

protection by directly scavenging peroxynitrite. To examine whether resveratrol was a substrate for

peroxynitrite oxidation, resveratrol was reacted with authentic peroxynitrite. Resveratrol nitration

products and dimers were detected using liquid chromatograph with tandem electrospray mass

spectrometry. Similar products were detected in the media of cells treated with SIN-1 and resveratrol.

Taken collectively, the data suggest that resveratrol is able to provide functional protection of renal

tubular cells, at least in part, by directly scavenging the RNS peroxynitrite. This property of resveratrol

may contribute to the understanding of its anti-oxidant activities.

� 2010 Elsevier Inc.Elsevier Inc. All rights reserved.
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1. Introduction

There is growing evidence both in vitro and in vivo to suggest
that the generation of reactive oxygen species (ROS) and nitric
oxide-derived reactive nitrogen species (RNS) play critical roles in
the development of diverse causes of acute kidney injury (AKI).
These include renal ischemia/reperfusion [1–3], transplant rejec-
tion [4], cisplatin nephrotoxicity [5,6], and sepsis-induced AKI
[7,8]. These findings have lead to increased efforts to test clinically
anti-oxidant therapeutic approaches to treating AKI [9,10].

Resveratrol (trans-3,40,5-trihydroxystilbene) is a phytoalexin
found naturally in many common food sources including grapes,
mulberries, and peanuts and reported to have numerous beneficial
Abbreviations: trans-resveratrol, trans-3, 40 ,5-trihydroxystilbene; SIN-1, 5-amino-

3-(4-morpholinyl)-1,2,3-oxadiazolium chloride; BSA, bovine serum albumin; NAC,

N-acetyl-L-cysteine; FBS, fetal bovine serum; DMEM, Dulbecco’s Modified Eagles

Medium; ROS, reactive oxygen species; RNS, reactive nitrogen species.
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effects on human health (reviewed in Ref. [11]). In addition to its
anti-cancer properties, resveratrol is anti-inflammatory, anti-aging,
and thought to improve overall cardiovascular health. While
resveratrol interacts with many important enzymes and receptor
signaling pathways, the anti-oxidant properties of resveratrol are of
particular interest because of the fundamental role that oxidant
damage plays in numerous pathological conditions. In rodents,
resveratrol preserves anti-oxidant enzyme activities such as
superoxide dismutase, glutathione peroxidase and catalase [12–
14]. It has also been shown in in vitro systems to scavenge
superoxide [15] and block oxidation of low-density lipoproteins
(LDL) by metals [15–17] and the RNS, peroxynitrite (ONOO�) [16],
generated in biological systems by the reaction of NO and
superoxide [18]. Collectively, these studies suggest that resveratrol
may have multiple activities that reduce cellular oxidative stress.

There is now substantial evidence that RNS like peroxynitrite
play an important role in many of the diseases and conditions
reported to be ameliorated by resveratrol [11,19] including those
in the kidney, where resveratrol has been shown to decrease lipid
peroxidation during cisplatin nephrotoxicity [20] and decrease the

http://dx.doi.org/10.1016/j.bcp.2010.06.027
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inflammatory response and RNS generation in glycerol-induced
renal injury [21]. While the interactions between resveratrol and
RNS have not been thoroughly studied, reports by Brito et al.
showing that resveratrol blocks oxidation of LDL by peroxynitrite
[16] and by Olas et al. showing that resveratrol blocks peroxyni-
trite-mediated oxidation and nitration of serum [22] and platelets
proteins [23] suggest that resveratrol may be capable of
detoxifying peroxynitrite.

In addition to lipid and protein oxidation, some of the toxic
effects of peroxynitrite are mediated by nitration of protein
tyrosine residues and inactivation of key enzymes, such as
superoxide dismutase [24]. Since phenols are substrates for
nitration by peroxynitrite [25], polyphenols like resveratrol may
effectively scavenge peroxynitrite and thereby reduce peroxyni-
trite toxicity. The goal of our study was to examine whether
resveratrol can act as a functional scavenger and protect renal cells
from the lethal effects of peroxynitrite. We also used analytical
approaches to examine, in detail, the reactions of resveratrol with
peroxynitrite to propose a mechanism of resveratrol’s RNS
scavenging activity.

2. Material and methods

2.1. Chemicals and reagents

trans-3,40,5-Trihydroxystilbene (trans-resveratrol) and 5-ami-
no-3-(4-morpholinyl)-1,2,3-oxadiazolium chloride (SIN-1) were
purchased from Cayman Chemical Company (Ann Arbor, MI).
Bovine serum albumin (BSA) fraction V and N-acetyl-L-cysteine
(NAC), were purchased from Sigma–Aldrich (St. Louis, MO).
Authentic peroxynitrite and degraded peroxynitrite were pur-
chased from Millipore (Temecula, CA). Fetal bovine serum (FBS)
was purchased from Thermo Fisher Scientific (Walthan, MA).
Dulbecco’s Modified Eagles Medium (DMEM):F12 medium was
purchased from Invitrogen Molecular Probes (Eugene, OR).

2.2. Reaction of resveratrol and peroxynitrite

A stock solution of resveratrol was dissolved in 100% ethanol
and then diluted in phosphate buffer (0.1 M, pH 7.4) to a final
concentration of 50 mM containing 0.2% ethanol. The concentra-
tion (�100 mM) of the peroxynitrite stock solution in 0.3 M NaOH
was determined prior to each reaction by measuring the
absorbance at 302 nm using a molar extinction coefficient of
1670 M�1 cm�1 [26]. Peroxynitrite in 0.3 M NaOH was diluted
1:100 with 0.3 M NaOH to yield final concentrations of 100 mM to
1 mM in the reaction solution. Additions of peroxynitrite to the
resveratrol solution were made under continuous vortexing and
incubated for 5 min. The addition of peroxynitrite did not change
the pH of the 0.1 M phosphate buffer.

2.3. Nitration of BSA

A solution of bovine serum albumin (1 mg/ml) containing
resveratrol (0–100 mM) was made by dissolving resveratrol in
100% ethanol followed by dilution with phosphate buffer contain-
ing BSA to the desired concentration. The concentration of
resveratrol was determined by measuring the absorbance at
312 nm using a molar extinction coefficient of 33,400 M�1 cm�1

[28]. Peroxynitrite was added under continual vortexing to the
solution at room temperature to obtain a final concentration of
1 mM. After 10 min, the reaction was then dialyzed for 24 h at 4 8C
against three changes of phosphate buffer (800 ml) using Slide-A-
Lyzer dialysis cassettes (Thermo Fisher Scientific, Rockford, IL).
Each condition within an experiment was performed in triplicate.
The nitrotyrosine content of BSA following dialysis was deter-
mined by measuring absorbance at 438 nm at pH 9.0 using a molar
extinction coefficient of 4300 M�1 cm�1 [27]. Protein concentra-
tion was determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Walthan, MA).

2.4. Cell culture

The mIMCD-3 cell line (obtained from American Type Culture
Collection, Manassas, VA) is a polarized inner medullary collecting
duct epithelial cell line derived from a mouse transgenic for the
early region of SV40 [Tg(SV40E)bri/7] [29]. Cultures were
maintained in DMEM:F12 Medium containing 5% FBS, 100 U/ml
penicillin and 100 mg/ml streptomycin at 37 8C in a humidified
atmosphere of 5% CO2. The mIMCD-3 cells were grown in 48-well
plates to a density of 80% confluence. This cell line has been used to
study the mechanisms of oxidant-induced injury to the renal
epithelium [30]. Experiments were performed on cells from
passages 10–17.

2.5. Assessment of cell viability

Cell viability was determined by measuring the percentage of
total lactate dehydrogenase (LDH) release from cells into the media
using the LDH Cytotoxicity Assay Kit (Cayman Chemical, Ann
Arbor, MI) as directed by the manufacturer. Cells (105) were seeded
in 48-well culture plates and grown to 80% confluence and then
treated with SIN-1 (5 mM) and varying concentrations of resvera-
trol (0–100 mM). Deactivated SIN-1 was prepared by incubating a
stock solution of SIN-1 in 0.1 M phosphate buffer (pH 7.4) for 36 h
at room temperature prior to use. After a 6-h incubation period
with cells, the supernatant (100 ml) was transferred to a new 96-
well plate. Cells were then treated with 0.1% Triton X-100 and
gently shaken on an orbital shaker according to the manufacturer’s
protocol to release intracellular LDH. Each condition within each
experiment was performed in triplicate. Total cellular LDH activity
was defined as LDH activity in the cell lysate plus LDH activity
released into the media after subtracting LDH activity contributed
by FBS.

2.6. LC/MS and LC/MS/MS analysis of reaction products

Prior to analysis, reaction products present in aqueous reaction
buffer or cell culture media were extracted with an equal volume
of ethyl acetate then dried with MgSO4. HPLC analyses were
performed using a Waters Acquity UPLC system (Waters Co.,
Milford, MA) with a Phenomenex Luna C18 column (150 mm �
2 mm, 3 mm, Torrance, CA), operating at a flow rate of 0.15 ml/min.
A mobile phase consisting of water (solvent A) and acetonitrile
(solvent B) was utilized. Gradient elution started from 30% B and
was increased linearly to 100% B over 10 min and maintained at
100% B for 1 min before returning to the initial conditions (30% B).
Total run time was 14 min. Injection volumes were 10 ml. A
Quattro Micro triple quadrupole mass spectrometer (Waters Co.,
Milford, MA) equipped with an electrospray interface was used for
all analyses. Negative ions were acquired in both full scan ([M�H]�

ions for resveratrol, mono-nitro, di-nitro, and dimer = m/z 227,
272, 317, and 453, respectively) and product ion modes with a
desolvation temperature of 350 8C, a source temperature of 100 8C
and a collision gas pressure of 0.00417 mbar. A UV detector (AD20;
Dionex Co., Sunnyvale, CA) was placed in-line with the mass
spectrometer to monitor column effluent using 346 nm detection.
Nitrogen was used as the desolvation gas (750 l/h). Full scans were
obtained using a cone voltage of 35 V and scanning from m/z 100–
600. Product ion scans were obtained using a cone voltage of 35 V,
collision energy of 25 eV and scanning from m/z 50–500. Product
ion mass spectra were acquired and the major transitions from
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Fig. 2. Effects of resveratrol on peroxynitrite-induced nitration. Peroxynitrite

produced nitration of BSA equivalent to 4.1 � 0.1 mol nitrotyrosine/mol BSA. Neither

resveratrol alone nor degraded peroxynitrite produced nitrated BSA. Resveratrol

significantly inhibited peroxynitrite-induced nitration in a concentration-dependent

manner. Data are mean � SEM (n = three independent experiments). *P < 0.05

compared to control; **P < 0.05 compared to control and ONOO� alone.
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molecular species were monitored: mono-nitroresveratrol (m/z
272! 225), di-nitroresveratrol (m/z 317! 254) and resveratrol
dimers (m/z 453! 265). The presence of multiple peaks with
similar mass spectra for each product were consistent with the
formation of isomeric mono-nitro, di-nitro, and dimeric species.

2.7. Statistical analysis

Nitration and cell viability data are presented at mean � SEM.
Data were analyzed by Prism 5c for Mac (GraphPad Software Inc., San
Diego, CA) and statistical differences were determined using a one-
way ANOVA followed by Newman–Keuls post-test. A P value <0.05
was considered significant.

3. Results

3.1. Effects of resveratrol on SIN-1 cytotoxicity in mIMCD-3 cells

The peroxynitrite generator, SIN-1 releases NO and superoxide
over time in equal molar amounts to generate ONOO� [31].
mIMCD-3 cells were exposed to SIN-1 (5 mM) for 6 h in the
absence or presence of varying concentration of resveratrol (Fig. 1).
SIN-1 caused a significant increase in LDH release. Deactivated SIN-
1 was without effect. Resveratrol (30 mM) alone also had no effect
on LDH release. However, resveratrol produced a concentration-
dependent inhibition of SIN-1-induced LDH release.

3.2. Effects of resveratrol on peroxynitrite-induced nitration of BSA

The findings that resveratrol prevented the cytotoxicity of the
peroxynitrite generator SIN-1, suggested that resveratrol may act
as a functional peroxynitrite scavenger. Peroxynitrite modifies
protein tyrosine residues through a nitration reaction to form
nitrotyrosine, which is considered to be a biomarker for ONOO�

oxidation [32]. To address the scavenging activity of resveratrol
more directly, the ability of resveratrol to block nitration of protein
tyrosine by peroxynitrite was assed by incubating authentic
peroxynitrite with BSA in the presence of varying concentrations of
resveratrol. Peroxynitrite (1 mM) produced approximately a 10-
fold increase in nitrotyrosine compared to degraded peroxynitrite

[(Fig._1)TD$FIG]

Fig. 1. Protective effects of resveratrol on peroxynitrite-induced cell death. The

peroxynitrite generator, SIN-1 produced significant LDH release, an indicator of cell

death, from mIMCD-3 cells at 6 h. Degraded SIN-1 was without effect. Resveratrol

produced a concentration-dependent protection against peroxynitrite-induced cell

death. Data are mean � SEM (n = three independent experiments). *P < 0.05

compared to control, Res (30 mM), SIN-1 (degraded) and SIN-1 + Res (30 mM).
(Fig. 2). The amount of nitrotyrosine generated corresponded to
4.1 � 0.1 mol nitrotyrosine/mol BSA and is consistent with values of
3–6 mol nitrotyrosine/mol BSA reported by others [27]. Resveratrol
produced a concentration-dependent inhibition of nitration. To
evaluate the potency of resveratrol to block nitration, a full
concentration–response curve for the inhibition of nitrotyrosine
formation was generated and compared against that of a known
peroxynitrite scavenger, NAC [33]. Concentration–response curves
Fig. 3. Comparison of the inhibitory effects of resveratrol and NAC on peroxynitrite-

induced nitration. Both resveratrol and NAC produced concentration-dependent

inhibition of peroxynitrite (1 mM)-induced nitration of BSA. Resveratrol

(EC50 = 22.7 mM; 95% confidence interval = 9.0–57.5 mM) was a more potent

inhibitor of nitration than NAC (EC50 = 439.3 mM; 95% confidence interval = 215–

894 mM). Data points are the mean � SEM from three independent experiments.
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Fig. 4. LC/MS/MS analysis of resveratrol-peroxynitrite reaction products. Increasing

ratios of ONOO�:resveratrol resulted in loss of resveratrol and the appearance of

isomeric mono- and di-nitroresveratrol and resveratrol dimers (panel A). Analysis

of product ions (panel B) showed that as the ONOO�:resveratrol ratios increased,

peak areas of the major product ion transitions for the resveratrol dimers and the

mono-nitroresveratrol isomers increased. The peaks for mono-nitroresveratrol

isomers (m/z 272! 225) and resveratrol dimers (m/z 453! 265) were observed at

all ONOO� concentration ratios. The peak for di-nitroresveratrol isomers ((m/z

317! 254)) was observed only for ONOO�:resveratrol ratios above 5. Data are

representative of three separate experiments.
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(Fig. 3) revealed that resveratrol (EC50 = 22.7 mM; 95% confidence
interval = 9.0–57.5 mM) was a more potent inhibitor of nitration than
NAC (EC50 = 439.3 mM; 95% confidence interval = 215–894 mM).

3.3. Covalent modification of resveratrol by peroxynitrite

Phenols such as tyrosine are known substrates for oxidation and
nitration by peroxynitrite. The finding that resveratrol blocked
nitration of BSA suggested that, as a polyphenol, resveratrol may
act as a competing substrate for oxidation by peroxynitrite. To
address this, resveratrol (50 mM) was reacted with varying
concentrations of peroxynitrite at pH 7.4 to yield reaction ratios
(ONOO�:resveratrol) from 0 (resveratrol alone) to 10. As the ratio
increased, the amount of resveratrol decreased. For example, with
a ONOO�:resveratrol ratio of 5, the resveratrol was completely
consumed. While unreacted resveratrol contained low levels of
dimers, no nitrated resveratrol was detected. Isomers of mono- (m/
z 272) and di-nitroresveratrol (m/z 317), as well as resveratrol
dimers (m/z 453), were detected following reaction with all
peroxynitrite concentrations (Fig. 4A and B). As the amount of
peroxynitrite in the reaction mixture increased, peak areas for the
daughter ions of the resveratrol dimers and the mono-nitror-
esveratrol isomers increased. Di-nitroresveratrol isomers were
observed only for peroxynitrite concentration ratios above 5.

3.4. Modification of resveratrol in mIMCD-3 cells treated with SIN-1-

treated.

Since resveratrol was shown to be oxidized and nitrated by
peroxynitrite concomitant with blocking the cytotoxicity of SIN-1,
we examined resveratrol reaction products in the media from cells
treated with SIN-1. LC/MS/MS analysis found mono- and di-
nitroresveratrol products as well as resveratrol dimers in the
media of cells treated with SIN-1 (5 mM, 6 h) but not in cells
treated with resveratrol alone. Representative chromatograms are
presented in Fig. 5. These data provide strong evidence that the
protective effects of resveratrol in SIN-1-treated cells were due to
the scavenging of peroxynitrite.

4. Discussion

It is clear from both in vitro and in vivo studies that resveratrol
has anti-oxidant properties [11]. While resveratrol can modulate
endogenous oxidant defenses, there is suggestive evidence that
resveratrol may also directly scavenge certain oxidants. RNS like
peroxynitrite play an important role in many of the diseases and
conditions reported to be ameliorated by resveratrol [11,19]. The
data are especially compelling in the kidney [34], where
resveratrol has been shown to decrease lipid peroxidation
products produced by cisplatin [20] and gentamicin [35], decrease
oxidative stress and injury caused by renal ischemia/reperfusion
[36] and lipopolysaccharide [14], and decrease the inflammatory
response and RNS generation in glycerol-induced renal injury [21].
Moreover, scavengers of peroxynitrite are known to be protective
in the kidney. For example, ebselen [37,38] and superoxide/
peroxynitrite decomposition catalysts such as Mn (III) meso-
tetrakis-(N-methlypyridinium-2-yl) porphyrin (MnTE-2-PyP) and
Mn (III) meso-tetrakis-(1,3-diethylimidazolium-2-yl) porphyrin
(MnTDE-2-ImP5+) [32,39] have been shown to be protective in
oxidative stress models of kidney injury [40,41] as well as in other
models of cardiovascular disease [42,43], sepsis [44] and
neuroinflammation [45].

Peroxynitrite is produced by the reaction of NO and superoxide
with diffusion-limited kinetics [46,47]. At physiological pH,
peroxynitrite is protonated to generate peroxynitrous acid
(ONOOH) or can react with CO2 to form nitrosoperoxycarbonate
(ONOOCO2

�). Both species can nitrate phenols, such as tyrosine
[48]. The appearance of 3-nitrotyrosine is considered a biomarker
for peroxynitrite-mediated oxidation of proteins [32,49] and has
been detected in the kidney following ischemia/reperfusion injury
[2] and sepsis [7].

Studies by Brito et al. [16] showing that resveratrol could block
oxidation of LDL by peroxynitrite and by Olas et al. showing that
resveratrol reduced peroxynitrite-mediated oxidation and nitra-
tion of serum proteins [22] and platelet proteins [23] led us to
examine the peroxynitrite scavenging activity of resveratrol. We
show here that resveratrol blocked nitration of BSA by authentic
peroxynitrite with an EC50 of approximately 20 mM. To our
knowledge this is the first reported EC50 value for resveratrol to
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Fig. 5. Analysis of resveratrol products in the media of mIMCD-3 cells treated with SIN-1. Resveratrol (50 mM) was incubated with mIMCD-3 cells in the absence or presence of

SIN-1 (5 mM) for 6 h. LC/MS/MS analysis (product ion scans) of media extracts showed peaks for at least two isomeric forms of mono-nitroresveratrol and resveratrol dimers.

No di-nitroresveratrol was observed. Data are representative of three independent experiments. The numerical superscripts above each integrated peak indicate retention

time (min) and relative intensity. The numerical entry to the right of each chromatogram indicates the scaling of maximum intensity.
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scavenge peroxynitrite and is in the concentration range most
often reported for the in vitro effects of resveratrol [50].
Resveratrol is a potent scavenger of peroxynitrite relative to the
thiol NAC, an anti-oxidant [32] shown to block peroxynitrite-
mediated protein nitration [33]. We found that resveratrol was
more that 20-fold more potent than NAC at blocking nitration of
BSA. Mn and Fe porphyrins can decompose peroxynitrite in a
catalytic manner while thiols like NAC and glutathione scavenge
nitrogen dioxide generated from peroxynitrite as a result of
peroxide bond homolysis [48]. However, to label resveratrol a true
peroxynitrite scavenger, it must effectively compete with cellular
targets of peroxynitrite [32].

We demonstrated here that resveratrol not only blocks protein
tyrosine nitration but also acts as a functional scavenger to prevent
peroxynitrite-medicated cell death. SIN-1 generates equimolar
ratios of superoxide and nitric oxide, which react to generate
peroxynitrite [31]. Using SIN-1 to test the functional scavenging
activity of resveratrol, we showed that resveratrol was able to
protect renal epithelial cells from SIN-1-induced cytotoxicity. The
finding that resveratrol protected against SIN-1 cytotoxicity in this
same concentration range that it blocked peroxynitrite-mediated
nitration further supports the scavenging of peroxynitrite as the
likely mechanism of cytoprotection. This was confirmed by the
observation that decomposed SIN-1 was not cytotoxic.
[(Fig._6)TD$FIG]

Fig. 6. Hypothetical pathway for nitroresveratrol and resveratrol dimer formation

by peroxynitrite.
Peroxynitrite scavengers react rapidly with peroxynitrite and/
or quench reactive intermediates [32]. To our knowledge, the
present studies are to the first to analyze resveratrol-peroxynitrite
reaction products. As a polyphenol, resveratrol has multiple
potential sites of nitration. Resveratrol could be nitrated via direct
reaction with peroxynitrous acid or via nitrogen dioxide. Analysis
of reaction products formed during the reaction of resveratrol with
authentic peroxynitrite at pH 7.4 identified isomeric forms of
mono- and di-nitro derivatives of resveratrol, as well as resveratrol
dimers. The formation of both dimers and mono-nitro derivatives
with similar concentration ratio profiles (see Fig. 4) is consistent
with the generation of a phenoxy radical intermediate (Fig. 6) via a
stepwise radical mechanism and nitration via the nitrogen dioxide
radical [48]. At lower ONOO�:resveratrol reaction ratios, mono-
nitration and dimerization were prominent, whereas higher
peroxynitrite concentrations were required for di-nitro resveratrol
formation. Importantly, a similar profile of products was detected
in the media from cells when SIN-1 was used as a peroxynitrite
generator. The experiments evaluating SIN-1 cytotoxicity in renal
epithelial cells were particularly important because they demon-
strated that the scavenging ability of resveratrol actually protected
the cells from the lethal effects of peroxynitrite.

Taken collectively, these data suggest that resveratrol may
provide functional protection in microenvironments where NO
and superoxide are produced simultaneously by competing with
peroxynitrite for endogenous targets. This activity may be
especially important in the kidney where even relatively low
levels of peroxynitrite generation can reduce renal epithelial cell
adhesion to the extracellular matrix proteins [51]. Thus, the ability
of resveratrol to directly scavenge peroxynitrite may help to
explain some of its protective effects reported in models of renal
diseases associated with induction of nitric oxide synthase,
superoxide generation, and peroxynitrite formation. These new
findings suggest another novel mechanism of action to explain the
anti-oxidant properties of this widely consumed neutraceutical.
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