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Caffeic acid, morin hydrate and quercetin partially attenuate
sulfur mustard-induced cell death by inhibiting
the lipoxygenase pathway
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Abstract. Sulfur mustard (SM) is an alkylating agent, which
has been used as in chemical warfare in a number of conflicts.
As the generation of reactive oxygen species (ROS), and
adducts in DNA and proteins have been suggested as the
mechanism underlying SM-induced cytotoxicity, the present
study screened several antioxidant candidates, including
tannic acid, deferoxamine mesylate, trolox, vitamin C,
ellagic acid and caffeic acid (CA) to assess their potential as
therapeutic agents for SM-induced cell death. Among several
antioxidants, CA partially alleviated SM-induced cell death in
a dose-dependent manner. Although CA treatment decreased
the phosphorylation of p38 mitogen-activated protein (MAP)
kinase and p53, p38 MAP kinase inhibition by SB203580
did not affect SM-induced cell death. As CA has also been
reported as a 15-lipoxygenase (15-LOX) inhibitor, the role
of 15-LOX in SM-induced cytotoxicity was also examined.
Similar to the results observed with CA, treatment with
PD146176, a specific 15-LOX inhibitor, decreased SM-induced
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cytotoxicity, accompanied by decreases in the production of
tumor necrosis factor-a and 15-hydroxyeicosatetraenoic acid.
Furthermore, the present study investigated the protective
effects of two natural 15-LOX inhibitors, morin hydrate and
quercetin, in SM-induced cytotoxicity. As expected, these
inhibitors had similar protective effects against SM-induced
cytotoxicity. These antioxidants also reduced the generation
of ROS and nitrate/nitrite. Therefore, the results of the present
study indicated that the natural products, CA, quercetin and
morin hydrate, offer potential as adjuvant therapeutic agents
for SM-induced toxicity, not only by reducing inflammation
mediated by the p38 and LOX signaling pathways, but also by
decreasing the generation of ROS and nitrate/nitrite.

Introduction

Sulfur mustard (SM; 2,2'-dichlorodiethyl sulfide), commonly
known as mustard gas, is a potent bifunctional alkylating
agent (1), and was used as a chemical weapon during World
War I (1914-1918). Although more toxic chemical warfare
agents are currently available, mustard gas has remained the
chemical weapon of choice in modern warfare, as evidenced
by its use during the Iran-Iraq war between 1980 and 1988 (2).
SM is a reactive chemical causing skin, ocular and pulmonary
damage (1). Among these, the primary target organ of SM is
the skin, which exhibits erythema, hyperpigmentation, inflam-
mation, blistering and severe necrosis (1). As no effective
treatment for the vesicant-inducing properties of SM has been
established (3), the development of novel therapeutic agents for
SM-induced toxic symptoms is clinically urgent considering
the possibility of its use during future conflict.

Various molecules have been suggested to be involved in
the mechanism of SM-induced toxicity. Firstly, SM causes
DNA damage, which activates the poly (ADP-ribose) poly-
merase (PARP) nuclear protein (1,4). The increased activation
of PARP depletes NAD* and intracellular ATP levels, leading
to necrotic cell death. SM-induced DNA damage can also be
caused by its DNA adducts, which are formed predominantly
at the N7-position of guanine and the N1-/N3-position of
adenine (1). These DNA adducts eventually cause cell cycle
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arrest, leading to cell death. Secondly, SM induces apoptotic
cell death by increasing the expression levels of Fas receptor,
Fas ligands, tumor necrosis factor (TNF) receptor ligands
and TNF-a. SM also activates caspase-8 and its downstream
caspases, including caspase-3, -6 and -7 (1). Thirdly, endo-
plasmic reticulum stress with changes in calcium homeostasis
has also been reported to be induced by SM through the
modulation of calcium-calmodulin signaling (1,5). SM can
also alter signaling pathways, including p38 mitogen-ativated
protein (MAP) kinase and matrix metalloproteases (MMPs).
The SM-induced activation of p38 MAP kinase is involved in
cytokine release (6) and MMPs are important in SM-induced
skin blistering (1). Furthermore, SM activates nuclear factor
(NF)-kB signaling (7), and increases the generation of reac-
tive oxygen species (ROS) and nitric oxide, which depletes
glutathione (8). Therefore, antioxidants have been used as
therapeutic agents for SM-induced toxicity (9-11). However,
the therapeutic efficacy of antioxidants is not clinically satis-
factory and current treatments are only supportive.

Historically, therapeutic agents were predominantly obtained
from various plants, and natural selection and competition
among species led to the synthesis of secondary metabolites
with marked biological activities (12). Caffeic acid (CA), an
active component of propolis, which has anti-inflammatory and
anticarcinogenic properties (13), and inhibits 15-lipoxygenase
(LOX) (14). Several other natural 15-LOX inhibitors, including
quercetin (15), a flavonoid found in a number of vegetables and
fruits, and morin hydrate, a yellow substance found in oranges
and guava (16), have been reported previously.

LOX is an enzyme catalyzing the deoxygenation of
polyunsaturated fatty acids in lipids containing a cis,
cis-1,4-pentadiene structure, which generates the fatty acid,
hydroperoxide (17). LOX reactions can modulate signaling
pathways via the generation of leukotrienes or 12-hydroxye-
icosatetraenoic acid (12-HETE), but can also induce structural
or metabolic alterations inside the cell (17). In the present
study, it was demonstrated that CA, quercetin and morin
hydrate not only reduced SM-induced inflammatory cytokines
via 15-LOX inhibition, but also reduced SM-induced oxidative
stress and the generation of nitrate/nitrite.

Materials and methods

Materials. CA, tannic acid (TA), deferoxamine mesylate,
trolox, vitamin C, ellagic acid, N-acetyl-L-cysteine, quercetin,
morin hydrate, SB203580, PD146176 and 2',7'-dichlorofluores-
cein diacetate (DCF-DA) were purchased from Sigma-Aldrich;
Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
Antibodies detecting Thr183/Thr185-phosphorylated-c-jun
N-terminal kinases (JNKs; cat. no. 9255), JNKs (cat. no. 9252),
Thr180/Tyr182-phosphorylated-p38 (cat. no. 4511), p38, Serl
5-phosphorylated-p53 (cat. no. 9284), p53 (cat. no. 2524)
and cyclooxygenase 2 (COX2; cat. no. 12282), all purchased
from Cell Signaling Biotechnology (Beverly, MA, USA),
and inducible nitric oxide synthase (iNOS; cat. no. ab3523;
Abcam, Cambridge, MA, USA). 12-LOX (cat. no. sc-32939)
and 15-LOX (cat. no. sc-67143) antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH,;
cat. no. MAB374) antibody was purchased from EMD
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Millipore (Billerica, MA, USA). Anti-mouse-horseradish
peroxidase (HRP; cat. no. 115-036-003) and anti-rabbit-HRP
(cat.no. 111-035-003) antibodies were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). The SM was provided
from the Agency for Defense Development (Daejeon, Korea).

Cell culture. Normal human epithelial keratinocytes (NHEKS)
were purchased from ZenBio, Inc. (Research Triangle Park,
NC, USA). The NHEKSs were grown in KM-3 growth medium
(ZenBio, Inc.) in 5% CO, at 37°C. All experiments were
performed with NHEKSs at passages 3-5.

Measurements of TNF-a, interleukin-1f (IL-1$) and
15-hydroxyeicosatetraenoic acid (15-HETE). The NHEKSs
at 80% confluence were treated with 200 uM of SM with or
without antioxidants. After 18 h, the levels of TNF-a, IL-1p
and 15-HETE in the culture medium were measured using
TNF-a and IL-1f Human ELISA kits (AbFrontier, Seoul,
Korea) and a 15-HETE ELISA kit (Abcam, Cambridge, MA,
USA) according to the manufacturer's protocols.

Western blot analysis. The NHEKs were lysed using
RIPA buffer containing 50 mM Tris-CI (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, protease inhibitors and phosphatase inhibitors
(Sigma-Aldrich; Thermo Fisher Scientific, Inc.) and protein
levels were examined using Protein Assay Dye reagent
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
proteins (50 pg) were separated by SDS-PAGE on 8-15% SDS
polyacrylamide gels and transferred onto PVDF membranes
(Bio-Rad Laboratories, Inc.). The membranes were blocked
with the 5% skim milk for 1 h and incubated with primary
antibodies overnight at 4°C. The membranes were then incu-
bated with secondary antibodies for 1 h at room temperature.
The protein bands were detected on X-ray film using ECL
Western Blotting Detection reagents (GE Healthcare Life
Sciences, Little Chalfont, UK).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cell viability assay. Cell viability was determined using
an MTT assay. Briefly, 5x10* NHEKs were grown overnight
in 96-well plates, and were treated with 0-800 xM SM for
24 h with or without antioxidants (10 uM TA, 250 uM DFM,
250 uM Trolox, 100 mM vitamin C, 250 uM EA, 250 uM CA
and 10 mM NAC). Following treatment, MTT solution was
added (0.5 mg/ml final concentration), and incubated for 4 h
at 37°C with 5% CO,. The supernatant was discarded and
200 ul dimethyl sulfoxide was added. The production of solu-
bilized purple formazan crystals was quantified by exposure to
a wavelength of 540 nm.

Real-time cell electronic sensing (RT-CES). The NHEKSs
(5x10%) were incubated in 16 plastic wells with 16X microelec-
tronic sensor devices. At 5 h post-cell attachment, 200 uM SM
with or without 250 M CA, 100 uM quercetin or 250 M morin
hydrate, was added. Data was collected every 3 min using an
RT-CES system (ACEA Biosciences, San Diego, CA, USA).

ROS measurement and nitrate/nitrite assay. The NHEKs
treated with 200 uM SM with or without antioxidants
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Figure 1. CA treatment reduces SM-induced cell death. NHEKs were treated with SM for 24 h. Cell viability assays were performed with (A) various SM
concentrations (n=4) and with (B) 200 #M SM and the respective antioxidants (n=4). (C) Various concentrations of CA were co-incubated with SM, and a cell
viability assay was performed (n=4). (D) Western blots of NHEK lysates following 8 h treatment with SM with or without CA. The values are expressed as
the mean + standard error of the mean. “P<0.01; ““P<0.001. Four independent experiments were performed. NHEKS, normal human epidermal keratinocytes;
SM, sulfur mustard; TA, tannic acid; DFM, deferoxamine methylate; EA, elagic acid; CA, caffeic acid; NAC, N-acetyl cysteine; JNK, c-Jun N-terminal kinase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-, phosphorylated; O.D., optical density.

(250 uM CA, 100 uM quercetin or 250 xM morin hydrate)
for 8 h, following which the NHEKs were washed with phos-
phate-buffered saline (PBS) twice and incubated with 5 M of
DCE-DA for 30 min at 37°C in the dark. Following incubation,
the NHEKs were washed with PBS twice and fluorescence
intensity was detected with an excitation wavelength of
492 nm and emission of 530 nm. Total nitrate/nitrite levels in
the cell culture medium were quantified using a Nitrate/Nitrite
Colorimetric Assay kit (Cayman Chemical Co., Ann Arbor,
MI, USA) according to the manufacturer's protocol.

Statistical analysis. All experiments were repeated at least
three times independently, and values are presented as the
mean + standard error of the mean. Statistical significance
was calculated using Student's t-test using Prism 6.0 software
(GraphPad, San Diego, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

CA alleviates SM-induced cytotoxicity. To confirm the toxicity
of SM in NHEK cells, various SM concentrations were used

to treat NHEKSs for 24 h. As expected, SM treatment reduced
cell viability in a dose-dependent manner, and cell viability
was ~50% at the 200 yM concentration of SM (Fig. 1A). To
identify potential therapeutic candidates for SM-induced
cytotoxicity, several antioxidants were incubated with SM.
Among these, CA (250 xM) showed a protective effect against
SM-induced cytotoxicity (Fig. 1B). In addition, CA treat-
ment at concentrations >250 uM recovered cell viability in a
dose-dependent manner (Fig. 1C). As SM has previously been
reported to increase the phosphorylation of p38 MAP kinase
and p53 (1,18), the present study examined the MAP kinase
and p53 pathways following treatment with SM and CA. SM
treatment increased the phosphorylation of JINK1/2, p38 and
P53, as reported previously (1,18). CA treatment decreased the
SM-induced phosphorylation of p38 and p53, and increased
the phosphorylation of JNK 1/2 (Fig. 1D).

CA reduces SM-induced cytotoxicity via the inhibition of
LOX. To determine whether the p38 pathway is involved in
the protective effect of CA on SM-induced cytotoxicity, a p38
inhibitor (SM203580) was co-incubated with SM and CA.
p38 inhibition by SM203580 did not affect either SM-induced
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Figure 2. CA alleviates SM-induced cell death via the inhibition of 15-LOX. (A) Cell viability assay following co-treatment with 200 xM SM and CA or
the p38 mitogen-activated protein kinase inhibitor, SB203580 (n=4). (B) Representative western blots of normal human epidermal keratinocyte lysates
following co-treatment with SM (200 #M) and CA, and their quantification (n=4). (C) Cell viability assay following co-treatment with 200 xM SM and CA
or the 15-LOX inhibitor, PD146176 (n=4). (D) Real-time cell electronic sensing assay following co-treatment with 200 xM SM with or without PD146176.
These experiments were repeated at least four times with similar results. Data are expressed as the mean * standard error of the mean, "P<0.05. Four
independent experiments are shown. CA, caffeic acid; SM, sulfur mustard; LOX, lipoxygenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con

control; O.D., optical density.

cytotoxicity or CA-induced cell recovery (Fig. 2A). As CA
is also known as a LOX inhibitor (14), the present study
examined whether the expression levels of LOX are altered
upon SM treatment. Treatment with SM elevated the protein
expression levels of 12- and 15-LOX, which were abrogated
by CA treatment (Fig. 2B). In addition, treatment with the
specific 15-LOX inhibitor, PD146176, significantly increased
SM-treated cell viability, similar to the effects of CA (Fig. 2C),
which confirmed the role of 15-LOX in SM-induced cytotox-
icity. The RT-CES technique was used to confirm the improved
cell viability by PD146176, the results of which also showed
the protective effect of the 15-LOX inhibitor (PD146176)
against SM (Fig. 2D).

Other plant-derived LOX inhibitors, morin hydrate and quer-
cetin also reduce SM-induced cytotoxicity. To confirm whether
the LOX pathway is involved in SM-induced cytotoxicity, other
naturally obtained 15-LOX inhibitors, including morin hydrate
and quercetin (19), were co-incubated with SM. Treatment of
cells with morin hydrate and quercetin partially recovered
SM-induced cell death (Fig. 3A). Similarly, the RT-CES data
showed delayed cell death upon morin hydrate and quercetin
treatment (Fig. 3B). The reductions in the protein levels of 12- and
15-LOX by incubation with morin hydrate and quercetin were
confirmed using western blot analysis (Fig. 3C). Furthermore,
morin hydrate and quercetin reduced the phosphorylation of p38
MAP kinase (Fig. 3C). However, PD146176 and SB203580 did

not affect the expression levels of 12-LOX or 15-LOX, and only
SB203580 reduced SM-induced p38 phosphorylation (Fig. 3D).

LOX inhibition reduces SM-induced levels of TNF-a, but
not IL-13. SM is also reported to elevate inflammatory
cytokines, including TNF-a and IL-1 3 (6), thus, the present
study measured the levels of TNF-a and IL-13 upon SM treat-
ment with LOX inhibitors (CA, quercetin, morin hydrate and
PD146176) or the p38 inhibitor (SB203580). p38 inhibition by
SB203580 reduced the levels of TNF-a and IL-1f produced
by SM, whereas the LOX inhibitors exerted different effects
on cytokine production depending on their properties on the
p38 pathway (Fig. 4A and B). Although all four LOX inhibitors
reduced TNF-a levels, only CA, quercetin and morin hydrate,
which inhibited p38 MAP kinase (Fig. 3C), reduced the levels
of IL-1p produced by SM. PD146176, which did not reduce
SM-induced p38 phosphorylation (Fig. 3D), did not reduce the
levels of SM-induced IL-1p. All four LOX inhibitors decreased
the SM-induced production of 15-HETE, as expected, which
indicated effective LOX inhibition (Fig. 4C).

CA, quercetin and morin hydrate reduce the expression levels
of COX2 and iNOS. Finally, the present study examined COX?2
and iNOS signaling in SM-treated NHEKs. CA, quercetin
and morin hydrate reduced the expression levels of COX2
and iNOS (Fig. 5A), whereas SB203580 and PD146176 did
not affect the levels of COX2 or iNOS (Fig. 5B). In addition,
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Figure 3. Natural 15-LOX inhibitors, quercetin and morin hydrate, have
protective effects against SM-induced toxicity. (A) Cell viability assay
following co-reatment with SM (200 xM) and quercetin or morin hydrate
(n=4). (B) Real-time cell electronic sensing data of co-treatment with SM
(200 xM) and CA, quercetin or morin hydrate. Experiments were repeated
at least four times with similar results. (C) Representative western blots of
NHEK lysates following co-treatment with SM (200 #M) and quercetin
or morin hydrate, and (D) following co-treatment with SM (200 xM) with
PD146176 or SB203580. Data are expressed as the mean + standard error of
the mean. "P<0.05 and “P<0.01. Four independent experiments are shown.
NHEKSs, normal human epidermal keratinocytes; CA, caffeic acid; SM,
sulfur mustard; LOX, lipoxygenase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; Con control; O.D., optical density; p-, phosphorylated.
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Figure 4. 15-LOX inhibition reduces levels of TNF-a and 15-HETE inflam-
matory cytokines. Normal human epidermal keratinocytes were treated with
SM (200 M), antioxidants (CA, quercetin or morin hydrate) and specific
inhibitors of p38 (SB203580) and 15-LOX pathways (PD146176) for 24 h.
Expression levels of (A) TNF-a, (B) IL-1p and (C) 15-HETE were measured
(n=4). Data are expressed as the mean + standard error of the mean "P<0.05,
“P<0.01 and ""P<0.001. Four independent experiments are shown. LOX,
lipoxygenase; SM, sulfur mustard; CA, caffeic acid; TNF-a, tumor necrosis
factor-a; IL-1p3, interleukin -1, 15-HETE, hydroxyeicosatetraenoic acid.

CA, quercetin and morin hydrate attenuated nitrate/nitrite
and ROS generation (Fig. 5C and D). From these results, it
was concluded that CA, quercetin and morin hydrate reduced
COX2, iNOS and the generation of oxidative stress irrespec-
tive of the p38 and LOX pathway.

Discussion

Several mechanisms, including inflammation and oxidative
stress, have been reported to be involved in SM-induced cyto-
toxicity (6,8,20-22). For example, SM induces the production
of inflammatory cytokines via p38 MAP kinase (6). SM also
accelerates the release of arachidonic acids (21), which can be
converted to prostaglandins and leukotrienes (23). SM expo-
sure can also activate several signaling pathways, including
the NF-«kB and p53 pathway (1,22). In the present study, it was
found that the administration of CA, which has a LOX inhibi-
tory effect, reduced the inflammatory response and cytotoxicity
induced by SM. CA treatment decreased the phosphorylation
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Figure 5. CA, quercetin and morin hydrate reduce ROS and nitrate/nitrite
generation by SM. Representative western blots of normal human epidermal
keratinocyte lysates following treatment with SM (200 M) and (A) CA,
quercetin or morin hydrate, or (B) SB203580 or PD146176. (C) Total
nitrate/nitrite and (D) ROS generation were measured following co-treatment
with SM (200 #M) and CA or quercetin or morin hydrate antioxidants (n=4).
Data are expressed as the mean =+ standard error of the mean. “P<0.01 and
“"P<0.001. Four independent experiments are shown. CA, caffeic acid; SM,
sulfur mustard; LOX, lipoxygenase; ROS, reactive oxygen species; COX2,
cyclooxygenase 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
iNOS, inducible nitric oxide synthase; DCF, 2',7'-dichlorofluorescein.

of p38 MAP kinase and the elevation of LOX, resulting in
decreased production of inflammatory cytokines and cyto-
toxicity. Furthermore, all LOX inhibitors, including quercetin,
morin hydrate and PD146176, partially protected the NHEKSs
from SM-induced cell death. Several previous studies have
reported the involvement of LOX in cell death (24-27). In fibro-
blasts, 12-LOX activation leads to apoptosis, and the 12-LOX
product, 12-hydroperoxyeicosatetraenoic acid, directly induces
apoptosis in CHO-AT 1a cells (25). In addition, 12-LOX activa-
tion is important in oxidative stress-induced oligodendrocyte
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toxicity. CA treatment reduces p38 phosphorylation, which reduces the levels
of TNF-a and IL-1f. 15-LOX inhibition by CA attenuates the production
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SM-induced inflammation and cell death. CA, caffeic acid; LOX, lipoxy-
genase; COX2, cyclooxygenase 2; ROS, reactive oxygen species; iNOS,
inducible nitric oxide synthase; IL-1p, interleukin -18, TNF-a, tumor necrosis
factor-a; 15-HETE, hydroxyeicosatetraenoic acid.

death (26), and the activation of neuronal 12-LOX leads to the
production of peroxides and influx of Ca?*, ultimately leading
to cell death (27). Additionally, 12/15-LOX-derived lipid
peroxidation triggers apoptosis-inducing factor-mediated cell
death (24). The results of the present study suggested that the
LOX pathway was also involved in SM-induced cell death, and
that inhibiting the LOX pathway offers a potential therapeutic
target for SM-induced toxicity.

A crucial role of the 5-LOX/12-LOX/15-LOX pathway
in regulating the production of TNF-a and TNF-a-mediated
inflammation has been previously reported (28-30). In accor-
dance with these previous studies, the present study showed that
CA, quercetin and morin hydrate decreased the production of
TNF-a, not only by the p38 pathway, but also through the inhi-
bition of 15-LOX. However, unlike the production of TNF-a,
inhibition of the p38 pathway, but not of 15-LOX, reduced the
production of IL-1p. Furthermore, CA, quercetin and morin
hydrate reduced the generation of ROS and nitrate/nitrite.
As neither p38 inhibition nor 15-LOX inhibition affected the
generation of ROS or nitrate/nitrite, these effects may be derived
from their scavenging effects of free radicals (31-33).

Although the activation of MAP kinases, including p38
and JNK-1/-2, was induced by SM, CA treatment reduced the
phosphorylation of p38 MAP kinase, but not JNK-1/-2. In a
previous study, CA was reported to paradoxically increase
the phosphorylation of INK (34). As CA treatment did not
reduce SM-induced JNK phosphorylation, the precise role
of JNK activation in SM-induced cytotoxicity remains to be
elucidated.

Various mechanisms involved in SM-induced toxicity have
been reported (1) and current knowledge of the mechanism
underlying SM-induced toxicity is increasing. Although the
development of therapeutic agents against SM is complex due
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to the complexity of the mechanisms involved, a combina-
tional approach may lead to an effective treatment strategy for
SM-induced toxicity. The present study suggested that natural
LOX inhibitors, including CA, quercetin and morin hydrate,
can be used as early therapeutic agents for SM-induced toxicity
by reducing the early inflammatory responses, oxidative stress
and expression of COX2/iNOS induced by SM (Fig. 6).
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