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Resveratrol Induces Catalytic Bioscavenger Paraoxonase
1 Expression and Protects Against Chemical Warfare
Nerve Agent Toxicity in Human Cell Lines
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Abstract Current advances in enzyme bioscavenger prophylactic therapy against chemical warfare nerve agent
(CWNA) exposure are moving towards the identification of catalytic bioscavengers that can degrade large doses of
organophosphate (OP) nerve agents without self destruction. This is a preferred method compared to therapy with the
purified stoichiometric bioscavenger, butyrylcholinesterase, which binds OPs 1:1 and would thus require larger doses for
treatment. Paraoxonase-1 (PON-1) is one such catalytic bioscavenger that has been shown to hydrolyze OP insecticides
and contribute to detoxification in animals and humans. Here we investigated the effects of a common red wine
ingredient, Resveratrol (RSV), to induce the expression of PON-1 in the human hepatic cell line HC04 and evaluated the
protection against CWNA simulants. Dose-response curves showed that a concentration of 20 mM RSV was optimal in
inducing PON-1 expression in HC04 cells. RSV at 20 mM increased the extracellular PON-1 activity approximately 150%
without significantly affecting the cells. Higher doses of RSV were cytotoxic to the cells. Resveratrol also induced PON-1 in
the human lung cell line A549. RSV pre-treatment significantly (P¼ 0.05) protected the hepatic cells against exposure to
2� LD50 of soman and sarin simulants. However, lung cells were protected against soman simulant exposure but not
against sarin simulant exposure following RSV treatment. In conclusion, these studies indicate that dietary inducers,
such as RSV, can up-regulate PON-1, a catalytic bioscavenger, which can then hydrolyze and protect against CWNA-
induced toxicity, providing a prospective new method to protect against CWNA exposure. J. Cell. Biochem. 103: 1524–
1535, 2008. � 2007 Wiley-Liss, Inc.
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Organophosphorous (OP) chemical warfare
nerve agents (CWNAs) inhibit post-synaptic
acetylcholinesterase (AChE), which prevents
the hydrolysis of the neurotransmitter acetyl-
choline (ACh) leading to hypercholinergy,
seizures/status epilepticus, and potentially
death. In addition to the central nervous system
(CNS), CWNAs also inhibit AChE in the
circulatory and respiratory systems, as well as
variety of other bodily systems. Blood and
plasma cholinesterase, such as human butyr-
ylcholinesterase (BChE) levels play an impor-
tant role in OP-induced toxicity and have been
previously used to determine exposure to
CWNAs [Magnotti et al., 1987a,b,c; Kropp and
Richardson, 2003a,b; Bajgar et al., 2004a,b;
Gordon et al., 2005]. In general, more than
60% inhibition of blood AChE is required to
produce CNS seizures [Maxwell et al., 1987;
Ehrich et al., 1995]. Therefore, a key strategy

� 2007 Wiley-Liss, Inc.

Abbreviations used: CWNA, chemical warfare nerve agent;
OP, organophosphate; AChE: acetylcholinesterase; ACh,
acetylcholine; BChE, butyrylcholinesterase; RSV, resvera-
trol; PON-1, paraoxonase-1; HDL, high density lipoprotein;
FBS, fetal bovine serum; DMSO, dimethylsulfoxide;
p-NPA, para-nitrophenylacetate; T-PER, tissue protein
extraction reagent; CNS, central nervous system; LD50,
median lethal dose; GD, soman; GB, sarin
Bryan F. Curtin and Karthik I. Seetharam contributed
equally to this work.

*Correspondence to: Madhusoodana P. Nambiar, PhD,
Research Chemist, Department of Biochemical Pharmacol-
ogy, Division of Biochemistry, Walter Reed Army Institute
of Research, Silver Spring, MD 20910.
E-mail: Madhusoodana.nambiar@na.amedd.army.mil

Received 14 October 2006; Accepted 18 July 2007

DOI 10.1002/jcb.21543



to protect against CWNA exposure is prophy-
lactic treatment with purified human plasma
cholinesterase.

Current investigations with purified enzyme
show that use of cholinesterases (AChE and
BChE) as bioscavengers is the most prominent
method for protection against organophosphate
(OP) intoxication [Doctor et al., 1991]. At
present, human plasma butyrylcholinesterase
is being developed as a prophylactic therapy for
nerve agent exposure [Doctor and Saxena,
2005]. It is known for most CWNAs that 1–
2 mol of OP inhibits 1 mol of cholinesterase
[Raveh et al., 1989; Doctor et al., 1991; Doctor
and Saxena, 2005]. As a result, a large dose of
the bioscavenger is required to protect against
median lethal dose (LD50) exposure to nerve
agents. A more effective strategy is therapy
with enzymes that can rapidly hydrolyze large
amounts of CWNAs in the blood before they
reach the brain and other vital organs. Contin-
uous efforts are underway to obtain a catalytic
bioscavenger that can more effectively protect
against lethal CWNA exposure.

Human serum paraoxonase (PON-1) (EC
3.1.8.1) is a polymorphic enzyme which hydro-
lyzes OP insecticides and contributes signifi-
cantly to the detoxification of several OPs in
animals and humans [Mackness et al., 1998].
Interspecies differences in PON-1 activity cor-
relate well with observed LD50 values for OPs
[Davies et al., 1996b]. Administration of exter-
nal PON-1 protects against OP poisoning in
rodents [Li et al., 1995a]. PON-1 has also been
shown to hydrolyze nerve agents soman and
sarin, and is being considered as a catalytic
bioscavenger [Geldmacher-von Mallinckrodt
et al., 1984]. Veterans with Gulf War Syndrome
and neurological problems had very low levels of
PON-1 activity [Haley, 2003]. Recently, it was
shown that intravenous administration of
naked PON-1 DNA expresses the enzyme and
protects mice against the nerve agent challenge
[Fu et al., 2005a]. Neurological symptoms were
reduced in the animals, indicating that PON-1
hydrolyzed soman in the blood and decreased
the amount that reached the brain. Thus, PON-
1 therapy could be used to increase the thresh-
old for CWNA toxicity, extend the so-called
‘golden hour’ (first 1 h after lethal attack), and
protect military and civilian personnel at risk of
exposure.

Paraoxonase-1 is mainly synthesized in the
liver and secreted to the blood, where it

associates exclusively with high density lip-
oproteins (HDLs) [Mackness and Walker,
1988b; Hassett et al., 1991b]. Although PON-1
protein is not readily detectable in other tissues,
PCR techniques show that PON-1 mRNA is
present in many other tissues, including the
lungs [Primo-Parmo et al., 1996c]. The secreted
blood PON-1 protein is 355 amino acids long and
retains its hydrophobic leader sequence with
the exception of the methionine, which is a
structural requirement for PON-1’s association
with HDL. PON-1 knockout mice with no
plasma or liver paraoxonase activity showed a
dramatic increase in the sensitivity to chlor-
opyriform oxon [Shih et al., 1998]. PON-1
administered to knockout mice to restore
plasma enzyme showed protection against
chloropyriform oxon [Costa et al., 2003d]. These
results indicate that PON-1 can be used to
catalytically bioscavenge nerve agents and
protect against their cytotoxicity.

Dietary polyphenolic compounds such as
quercetin increase the levels of PON-1 mRNA
and activity [Gouedard et al., 2004a]. Secreted
PON-1 activity and mRNA levels are also
increased by fenofibric acid [Gouedard et al.,
2003]. PON-1 activity was increased nearly
threefold by the red wine ingredient resveratrol
in animals [Gouedard et al., 2004b]. These
dietary compounds may be useful to protect
against low-dose exposure to CWNAs, or to
reduce the prophylactic therapeutic doses of
PON-1 for protection against lethal CWNAs.
Here, we investigated the effect of resveratrol
on PON-1 expression in human liver and lung
cell lines, and studied the protective effect
against analogs of the chemical warfare agents
soman and sarin.

MATERIALS AND METHODS

Cell Lines and Cell Culture

The mouse liver cell line HC04 was obtained
by a Cooperative Research and Development
Agreement from AFIRMS, Bangkok, Thailand.
The human lung cell line A549 was obtained
from American Type Culture Collection (Man-
assas, VA). Both cell lines were cultured in
RPMI-1640 Medium (Quality Biological, Inc.,
Gaithersburg, MD) with 2 mM L-glutamine,
100 mg/ml streptomycin, 100 U/ml penicillin,
and Earle’s balanced salt solution adjusted to
contain 1.5 g/L sodium bicarbonate, 0.1 mM
non-essential amino acids, 1.0 mM sodium
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pyruvate, and 10% fetal bovine serum (FBS,
Quality Biological, Inc., Gaithersburg, MD).
The cells were cultured at 378C in an incubator
with humidified air and 5% CO2.

Depletion of Paraoxonases From
Fetal Bovine Serum

To minimize the interference during tran-
scriptional induction and the enzyme assay,
endogenous serum PON-1 in the fetal bovine
serum was depleted using heat inactivation
[Simeon and Pavkovic, 1993]. In brief, 50 ml of
FBS was thawed to room temperature from
frozen storage. The thawed FBS was then
incubated at 558C overnight. The incubated
FBS was then filter-sterilized by passing it
through 0.22 mm filters. PON-1 depletion was
verified by comparing the results of the
enzyme assay. This method of heat-inactivation
removed nearly 97.3% PON-1 activity (control
FBS PON-1 activity 219.2� 4.3 DOD/min, Heat
inactivated FBS, 5.9� 0.4, n¼ 10) of the FBS
without altering the overall protein amount.

Analysis of the Effect of Dietary Inducers
on PON-1 Activity

Cells were plated (2� 104 cells/well/ml) in 48-
well tissue-culture plates (Costar) using PON-1
depleted FBS medium. Resveratrol (RSV,
Sigma Chemical Co., St Louis, MO) was diluted
in dimethylsulfoxide (DMSO) and various doses
of RSV were added to the cells and incubated for
different time periods as indicated in each
experiment. DMSO diluted similarly was added
as a vehicle to the control wells. In order to rule
out whether the effect of RSV was due to its anti-
oxidant properties, ascorbic acid (10 mM), a
general anti-oxidant, was also tested for its
effects on PON-1 induction.

Paraoxonase-1 (PON-1) Microassay

Paraoxonase-1 activity and expression was
determined using methods adopted from [Fur-
long et al., 1989] and [Mueller et al., 1983]. For
the PON-1 assay, an increase in optical density
was monitored at 405 nm for 5 min in a reaction
mixture containing 20ml enzyme, 10ml of 50 mM
para-nitrophenylacetate (p-NPA), 160 mL of
0.1 M Trizma (TRIS) buffer, and 10 ml calcium
chloride (CaCl2) for a final volume of 200 ml. This
reaction mixture produces a color change
directly related to the amount of PON-1 present

in the tested sample. Culture supernatant
(20 ml) at the end of the incubation was used as
the source of extracellular enzyme.

Protein Determination

Cells were lysed using Tissue Protein Extrac-
tion Reagent (T-PER) (Sigma Chemical Co.).
Three hundred microliters of the reagent was
directly added to the cells and pipetted up and
down. Total protein content of the cell lysate
was determined by Bradford protein assay
(Sigma) using bovine serum albumin as a
standard. Ten microliters of the lysate was
added to 300 ml of reaction mixture and the
optical density was measured at 595 nm in a
microplate reader.

Organophosphate Treatment and MTT
Cytotoxicity Assay

The organophosphate nerve agent analog
simulants; isopropyl p-nitrophenyl methyl-
phosphonate (for GB) and pinacolyl p-nitro-
phenyl methylphosphonate (for GD) has been
tested for toxicity in H. attenuata [Lum et al.,
2003]. We synthesized these analogs in our lab
for this study. The structure of the simulants is
shown in Figure 1 and has been verified by NMR
Spectroscopy. For soman and sarin simulants
(soman-NO2 and sarin-NO2), the fluorine group
is replaced with a p-nitrophenyl group. These
simulants were diluted in PON-1 depleted
medium, added to the cells, and incubated for
2 days. Cell survival was quantified by incubat-
ing the cells for 5 h with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT,
5 mg/ml), which yields a blue formazan product
in living cells but not in dead cells or their lytic
debris [Mosmann, 1983]. The resulting colored
product was solubilized in DMSO and the
absorbance measured at 550 nm using a micro-
plate reader.

Cell Morphology Analysis by Microscopy

Cell morphology following RSV treatment or
organophosphate-induced toxicity was ana-
lyzed by phase contrast microscopy using an
Olympus microscope, model IX51.

Determination of Protection Against
Nerve Agent Simulants

To determine the protective effects of RSV,
cells were cultured as described above with
various doses of RSV. After 24 h, 2XLD50 of each
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soman and sarin OP surrogate was added to the
cells. After 48 h of OP incubation, the cells were
subjected to a MTT cytotoxicity assay. Fifty
microliters of 5 mg/ml MTT were added and the
cells were incubated for 2–4 h at 378C. The cells
were washed and solubilized in DMSO. The
resulting absorbance at 550 nm compared to
that of control cells indicated survivability and
protective effects.

Statistical Analysis

The statistical analysis of triplicates was
performed by Graphpad Prism 4.0 (San Diego,
CA). P-values less than 0.05 were considered
significant.

RESULTS

Depletion of Serum PON-1 by
Heat Inactivation

To reduce the background interference of
PON-1 found in the FBS supplement and to
determine accurate expression of PON-1 follow-
ing induction with dietary inducers, the serum
PON-1 was depleted using overnight heat
inactivation. PON-1 already present in the
serum could increase the background and mask
the results or exhibit feedback inhibition of
enzyme expression. This method of heat-inacti-
vation removed nearly 97.3% PON-1 activity
(control FBS PON-1 activity 219.2� 4.3 DOD/
min, heat inactivated FBS, 5.9� 0.4 DOD/min,
n¼ 10) of the FBS without altering the overall

protein amount, thus reducing the background
activity in our assays.

Resveratrol Upregulates PON-1 Expression in
Human Hepatic Cell Line HC04

HC04 cells incubated with 2, 5, 10, 20, 50, 100,
and 200 mM resveratrol that was added once at
the beginning of the incubation for 24 h. At 24 h,
microscopy of the culture plate showed that cell
morphology was not altered in RSV-treated
cells up to 20 mM compared to control vehicle
treated cells. However, RSV doses higher than
20 mM were cytotoxic to the cells (Fig. 2A). Many
of the cells were rounded and dead at doses
around 50 mM and higher at 24 h. A similar
result of cellular toxicity was obtained by MTT
cytotoxicity assay (Fig. 2E).

The extracellular PON-1 activity in the
culture supernatant was measured as described
in the Materials and Methods section. In RSV-
treated cells, the extracellular PON-1 level
gradually increased with the dose up to
200 mM at 24 h. Without cell death, the optimum
induction of PON-1 was approximately 1.5-fold
at 20 mM RSV treatment (Fig. 2B). Although
higher doses of RSV expressed more PON-1
activity, it was cytotoxic to HC04 cells. The
cellular protein level was slightly decreased
in cells incubated with 50–200 mM RSV
(Fig. 2C). Further incubation of the cells with-
out changing the medium for 48 h resulted in
no further increase in the extracellular PON-1
activity. Intracellular PON-1 activity deter-
mined after lysis of the cells incubated with

Fig. 1. The structures of soman and sarin simulants synthesized for PON-1 protection studies. Simulants of
soman and sarin were synthesized in our department. The structures of the simulants have been verified by
NMR Spectroscopy. For soman and sarin simulants (soman-NO2 and sarin-NO2), the fluorine group is
replaced with a p-nitrophenyl group.
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2–20 mM was increased very similar to the
extracellular PON-1 induction up to 20 mM
(Fig. 2D). MTT cytotoxicity assay revealed
that at higher concentrations RSV is cytotoxic
to cells and decreased the metabolic activity
(Fig. 2E). These data suggest that a concen-
tration of 20 mM PON-1 is suitable for protection
against nerve agent exposure.

To determine if resveratrol induction of PON-
1 activity is due to its anti-oxidant effects, the
cells were treated similarly with ascorbic acid
(10 mM), a general anti-oxidant. Ascorbic acid
did not show any significant effect on PON-1
induction (data not shown), indicating that the
effects of RSV were not due to its anti-oxidant
properties.

Fig. 2. Effect of resveratrol on the human liver cell line HC04. A:
Photomicrographs (20�) of HC04 control cells or cells treated
with various doses of RSV for 24 h. B: Extracellular PON-1
activity was determined by the microassay of 20 ml of the culture
supernatant. The effect of RSV on the PON-1 level was
determined to be significant (P<0.05). C: Cells were lysed with
T-PER, and the total cellular protein was measured by Bradford’s
dye binding assay. A slight decrease was noted, but this
difference was not found to be significant. D: After lysing the

cells, intracellular PON-1 activity was determined by the
microassay. All the assays were performed in atleast triplicates
and the data expressed as mean� SEM. Significant effect was
observed at the 2–20 mM doses (marked by asterisks, P<0.05).
E: MTT cytotoxicity assay of cells treated with RSV showing a
significant decrease in metabolic activity with increasing
concentrations of RSV (marked by asterisks, P<0.05). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Effect of Resveratrol on PON-1 Expression
in the Human Lung Cell Line A549

In vivo, PON-1 is expressed in liver cells
and secreted to the serum. Although PON-1 is
not expressed in other cells, it has been shown
that PON-1 mRNA is present in other tissues
such as lung cells. To determine whether
resveratrol can induce PON-1 in tissue culture
cells other than liver, human lung cells (A549)
cells were incubated with 2–200 mM resveratrol
for 24 h and assayed for PON-1 activity. The
basal level of PON-1 in A-549 cells was less than
HC04 liver cells. Extracellular PON-1 level
increased in RSV treated A549 cells at 24 h.
The optimum induction of PON-1 was approx-
imately 13–15% at 2–20 mM RSV treatment
(Fig. 3B) without any cell death. Although
higher doses of RSV induced PON-1, it was
cytotoxic and the cellular protein level slightly
decreased in cells incubated with 50–200 mM
RSV (Fig. 3C). These results suggest that RSV

induced PON-1 in human lung cells to a lesser
extent compared to liver cell lines.

Effect of the Nerve Agent Simulants on
HC04 and A549 Cells

To evaluate the protective effect of RSV
treatment against the cytotoxicity of chemical
warfare nerve agent exposure, we first deter-
mined the toxicity of simulants of soman and
sarin in HC04 cells. Starting from concentra-
tions of 2.164 mg/ml for soman-NO2 and
2.044 mg/ml for sarin-NO2 the cells were
incubated with serial two-fold dilutions of
sarin-NO2 and soman-NO2 for 2 days. Signifi-
cant cytotoxicity was evident with soman-NO2

and sarin-NO2 even at low concentrations
(0.01–0.05 mg/ml) by microscopy. Nerve agent
simulant-induced cytotoxicity in HC04 cells
was visible by floating dead cells and a reduc-
tion in the number of cells adhered to the cell
culture plate. The MTT cytotoxicity assay that

Fig. 3. Effect of resveratrol on human lung cell line A549.
A: Photomicrographs (20�) showing A549 cells that were treated
with various doses of RSV for 24 h. B: Extracellular PON-1
activity was determined by the microassay with 20 ml of the
culture supernatant. Significant increases were observed at all
doses (asterisks, P< 0.05). C: Cells were lysed with 1% Nonidet-
P40 and the total cellular protein was determined using
Bradford’s dye binding assay. All assays were performed in at

least triplicates and the data expressed as mean� SEM. No
significant change in Optical Density was observed. D: MTT
cytotoxicity assay of A549 cells treated with RSV showed a
decrease in metabolic activity with increasing concentrations of
RSV, significantly at 50–200 mM RSV (marked by asterisks,
P<0.05). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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determines metabolic survival yielded an LD50

of 0.068 mg/ml for soman-NO2 0.064 mg/ml for
sarin-NO2 in HC04 cells (Fig. 4A,B). Sarin-NO2

was albeit less toxic than soman-NO2. A similar
cytotoxicty result was also observed in the
human lung cell line (Fig. 4C,D).

Resveratrol Treatment Protects the Cells From
Soman-NO2 and Sarin-NO2 Induced Cytotoxicity

To determine whether the PON-1 induction
following RSV-treatment would protect the
cells against OP exposure, HC04 cells were
incubated with 2, 5, 10, and 20 mM resveratrol
for the optimal induction period of 24 h. Next,
2� LD50 of soman-NO2 and sarin-NO2 were
added to each of the wells containing RSV and
control cells and incubated for 2 days. Micro-
scopy results showed that the cells treated first
with 2–20 mM RSV followed by soman-NO2 or
sarin-NO2 survived and retained their original

cellular morphology (Cell 5A and 5B). Surviv-
ability was greatest at 20 mM RSV treated cells.
The protection of cells by RSV against nerve
agent simulant cytotoxicity was measured by
the MTT cytotoxicity assay and represented as a
percentage of control samples treated with RSV
alone. Consistent with the cellular morphology,
the cytotoxicity data shows that 2–20 mM RSV
significantly (P< 0.0001) protected the HC04
cells against nerve agent simulant exposure
(Fig. 5C). The protection was nearly 100% in
samples treated with 2, 5, 10, and 20 mM RSV
indicating that a small expression of PON-1 can
induce significant protection.

The protection of RSV-induced PON-1 was
also evaluated in the A549 human lung cell line.
As shown in Figure 6 cells treated with RSV
protected against the toxicity of soman-NO2

simulant. However, sarin-NO2 toxicity was not
protected by RSV treatment in A549 cells

Fig. 4. The cytotoxicity of soman and sarin simulants in HC04 and A549 cells. The cytotoxicity of nerve
agent simulants were measured by the MTT assay as described in the Materials and Methods section and
represented as the percent of control. A,B: Human liver cell line HC04; C,D: Human lung cell line A549. A,C:
Soman stimulant. B,D: Sarin stimulant. All the assays were performed in triplicates and the data is expressed
as mean� SEM.
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(Fig. 6B). The level of protection against soman-
NO2 protection correlated with the level of
expression of PON-1 (Figs. 6 and 3B). The
protection was optimum at 20 mM RSV treated
cells (Fig. 6B). The cell morphology was com-
pletely preserved in RSV treated A549 cells
exposed to soman-NO2 (Fig. 6A). Thus, induc-
tion of cellular PON-1 by RSV can bioscavenge
the organophosphate soman-NO2 and protect
against its toxicity in A549 lung cell line.

DISCUSSION

The major finding in this study is that the red
wine ingredient resveratrol induces paraoxo-
nase-1 expression in a human liver cell line,
HC04, and to a lesser extent in human lung cell
line A549, thus protecting against the cytotox-
icity induced by chemical warfare agent soman
and sarin simulants. As expected, the induction
of the enzyme was much higher in the liver cell
line compared to human lung cell line. Human

PON-1 is mainly synthesized in the liver
and secreted to the blood, where it associates
exclusively with high density lipoproteins
(HDLs) [Mallinckrodt et al., 1979; Mackness
and Walker, 1988a; Hassett et al., 1991a;
Adkins et al., 1993; Primo-Parmo et al., 1996b;
Boright et al., 1998; Cole et al., 2003; Costa
et al., 2003c, 2005b; Furlong et al., 2005].
Although PON-1 protein is not readily detect-
able in other tissues, PCR techniques show that
PON-1 mRNA is present in many tissues in the
body [Primo-Parmo et al., 1996a]. This obser-
vation could be the reason why RSV induces
PON-1 to a lower extent in the lung cell line.

Nearly 100% protection at the lowest dose of
RSV in the hepatic cell line indicates that a
small amount of PON-1 is sufficient for protec-
tion against lethal exposure to nerve agents, an
inherent property of a catalytic bioscavenger.
Thus, dietary inducers of PON-1 might be
sufficient to protect against low-dose exposure
to CWNAs. Since PON-1 also has anti-oxidant

Fig. 5. RSV protects HC04 cells from the cytotoxicity of nerve agent simulants. A: Photomicrographs (20�)
showing cells treated with various RSV and 2� LD50 of sarin for 24 h. B: Photomicrographs (20�) showing
cells treated with various doses of RSV and 2� LD50 of soman for 24 h. C: The protective effect of RSV was
measured against 2� LD50 of nerve agent simulant by the MTT cytotoxicity assay as described in the
Materials and Methods section. The protection was expressed as a percentage of control cells treated with
RSV but not treated simulants. All the assays were performed in triplicates and the data expressed as mean.
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properties, it should provide additional pro-
tection against stress and deployment-related
sickness under hostile conditions of war
[Aviram, 1999; Boemi et al., 2004].

It is not clear why resveratrol treatment of
lung cells did not protect against the sarin
simulant but protected against the soman
simulant. One possibility is that sarin is hydro-
lyzed to a lesser extent by PON-1 compared to
soman [La Du, 1996; Davies et al., 1996a;
Yamasaki et al., 1997; Costa et al., 1999c;
Furlong et al., 2000]. So the lower expression
of PON-1 and low catalytic activity against
sarin may not be adequate for protection. RSV
induced PON-1 at a lower concentration, how-
ever, it showed less protection against sarin
simulant in the lung cell line. On the other
hand, liver produces other bioscavengers such
as butyrylcholinesterase, carboxylesterase and

albumin. A marginal induction of these bio-
scvaengers may provide additive effect and
protect against sarin-NO2 toxicity. Preliminary
experiments with resveratrol did not reveal any
induction of BChE, AChE or carboxylesterase in
liver cells (Nambiar et al., unpublished work).
Further studies are required to understand the
molecular mechanism of this discrepancy. It is
interesting to note that the sarin simulant was
also not hydrolyzed by the induction of PON-1 in
the human lung cell line by fenofibrate, another
inducer of PON-1.

Protection against nerve agent by PON-1 in
human lung cells is important in lieu of the fact
that inhalation is predicted to be the major route
of exposure to chemical warfare agents during
war or terrorism. Removal of residual agent in
the airway is important in reducing systemic
absorption.

Transcriptional induction of bioscavengers
is an innovative new strategy for combating
organophosphorous chemical warfare agent
exposure. We have previously shown that
Trichostatin A, a histone deactylase inhibitor,
has been shown to transcriptionally induce
endogenous AChE expression and protect
neuronal cells from OP poisoning [Curtin et al.,
2005]. Induction of endogenous enzymes
will minimize the production of antibodies that
would otherwise be formed in response to the
complex structure and post-translational mod-
ification of the administered purified enzymes
from pooled human plasma. Also, the cost of
drug, labor, and treatment will be much lower by
using transcriptional inducers compared to
purified enzyme treatments. Another advantage
of using dietary transcriptional inducers is that
the elevated enzyme level can be maintained as
long as the inducer is present in the body and has
a non-invasive administration. Moreover, induc-
tion of intracellular PON-1 can protect against
the intracellular toxicity of OPs unlike purified
enzymes that may not be endocytosed into the
cells. While induction of cholinesterases is a
powerful tool to combat the loss of the enzyme
caused by CWNAs, it is only a 1:1 stoichiometric
effect, demanding a large dose of enzyme treat-
ment for protection. PON-1 acts catalytically
and is not self destructive, thus necessitating
only a small amount of induction for a significant
protective effect against CWNA exposure [Li
et al., 1995b; Costa et al., 1999b].

Resveratrol has been shown to induce PON-1
gene expression in mouse hepatocytes, and has

Fig. 6. RSV protects human lung A549 cells from the
cytotoxicity of soman simulants. A: Photomicrograph (20�) of
showing cells treated with various doses of RSV and 2� LD50

soman simulant. B: The protective effect of RSV was measured in
the nerve agent stimulant by the MTT cytotoxicity assay as
described in Materials and Methods section. The protection was
expressed as a percentage of control cells treated with RSV but
not treated simulants. All the assays were performed in triplicates
and the data expressed as mean.
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been credited for the cardio-protective effects
of red wine [Gouedard et al., 2004c]. While
resveratrol has been expressed, its protective
ability against chemical warfare nerve agents
has not been tested. Our results indicate that
RSV, which induces only a modest increase in
the amount of PON-1, can significantly protect
cells from CWNA-induced toxicity. Previous
studies indicate that RSV specifically induced
PON-1 at the transcriptional level [Gouedard
et al., 2004d]. Also, there is no significant
increase in the protein level in cells treated
with resveratrol, indicating that the protective
effect is not due to the possible expression of
other factors.

In order to rule out whether the effect of RSV
was due to its anti-oxidant properties, ascorbic
acid (10 mM), a general anti-oxidant was also
evaluated for PON-1 induction. Ascorbic acid
(10 mM), was shown to have no significant effect
on PON-1 induction (data not shown), indicat-
ing that the effects of RSV on PON-1 induction
were not due to its anti-oxidant properties.

The fact that RSV induces PON-1 by tran-
scriptional induction and protects against
CWNA exposure is supported by the observa-
tion that it needs more than a 6 h exposure for
detectable induction and 24 h for optimal
induction and protection against CWNA expo-
sure. Continuous addition of RSV at 6–12 h
intervals may further induce the PON-1 expres-
sion and protect against higher doses of nerve
agents.

Recently it has been shown that administra-
tion of naked PON-1 plasmid DNA to the tail
mice induced PON-1 expression [Fu et al.,
2005b]. These mice also survived soman expo-
sure indicating that PON-1 expression can
protect against nerve agents in animals. It has
also been reported that endogenous levels of
PON-1 or the presence of mutations in its gene
determine the threshold of OP toxicity [Li et al.,
1993; Costa et al., 1999a, 2003a,b, 2005a;
Worth, 2002]. Currently, we are in the process
of testing dietary PON-1 inducers for protection
against nerve agent exposure in a rat seizure
model using radiotelemetry instrumentation.

In summary, the activity of the chemical
warfare nerve agent catalytic bioscavenger
PON-1 can be induced by an ingredient of red
wine, resveratrol. The induced enzyme can
bioscavenge the nerve agent simulant and
protect the human hepatic cells from organo-
phosphate-induced cytotoxicity. Resveratrol

also induced PON-1 in the human lung cell
line A549 and protected against soman simu-
lant. Thus, dietary inducers of PON-1 such as
resveratrol could be used as novel pretreatment
for chemical warfare nerve agent exposure.
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