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p-Coumaric Acid Attenuates
Lipopolysaccharide-Induced Lung Inflammation
in Rats by Scavenging ROS Production: an In Vivo
and In Vitro Study

Maryam Kheiry,' Mahin Dianat®,' Mohammad Badavi,' Seyyed Ali Mard," and Vahid Bayati’

Abstract— Lipopolysaccharide (LPS), known as lipoglycans and endotoxins found in the cell
wall of some type of Gram-negative bacteria, causes acute lung inflammation (ALI). p-
Coumaric acid (p-CA) possesses anti-inflammatory and anti-oxidative activities. The main
purpose of our research was to explore the effect of p-CA on LPS-induced inflammation. In
part I, 32 rats were divided into four groups: Control, LPS (5 mg/kg), p-CA (100 mg/kg), and
LPS + p-CA to investigate acute lung inflammation caused by LPS. In part II, the effect of
LPS-stimulated inflammatory response on A549 cells was investigated. The dosage of LPS
and p-CA which used in this part was 1 pg/ml and 20 mM, respectively. ALI rats showed an
elevation in antioxidant activity, TNF-alpha, IL-6, MDA, inflammatory parameters, and Nrf2
gene expression. Although pre-treatment with p-CA could return these changes approximate-
ly to normal condition in all two-part studies (in vivo and in vitro). The results of in vivo and
in vitro study showed that LPS induced lung inflammation. Pre-treatment with p-CA causes
modulating of oxidative stress in inflammatory condition in lung injury and A549 cell.
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INTRODUCTION

A major ligand for Toll-like receptor 4 (TLR4) is
lipopolysaccharide (LPS), which causes acute lung injury
(ALI), leads to serious inflammation in airway, and can
result in oxidative stress. Long-term exposure to inflam-
mation causes changes in the structure of alveolar walls
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and airway components [1, 2]. ALI is related to acute
respiratory infections with high rate of fatality [3].
Intratrachealy injection of LPS promotes inflammation
and stimulates inflammatory cytokines including TNF-
alpha and interleukin-6 which play an important role for
expression of adhesion molecules [4].

Nuclear factor erythroid-derived 2-like 2 (Nrf2), as an
important transcription factor, in pathological condition
maintained cellular antioxidant capacity, resulting in dis-
able or prevent NF- B signaling pathway. It was shown that
in Nrf2-deficient mouse, LPS leads to stimulation of TNF-
alpha and NF- B pathway in embryonic fibroblasts [5]. In
another study performed on Nrf2 knockout mice, cigarette
smoke and elastase increased the susceptibility to emphy-
sema [6]. In inflammatory diseases, accumulation of free
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radicals causes activation of inflammatory cytokines and
many other processes such as dilatation of local vascula-
ture, leukocyte migration, increased permeability, and
blood flow [7].

Epidemiological studies have shown that dietary fac-
tors, which are rich in herbs, fruits, and vegetable, have low
or no side effect for use in preventing human diseases and
reduce the risk of cardiovascular diseases [8]. p-Coumaric
acid (p-CA) as a flavonoid agent, is associated with pro-
tection effects against several pathological conditions such
as carcinogenesis [9], oxidative cardiac damage, athero-
sclerosis [10], neuronal injury [11], and anti-inflammatory
activities [12].

In the current study, the role of oxidative stress acti-
vation during TLR signaling in lung and cell culture was
investigated. Since anti-oxidant therapy can inhibit oxida-
tive stress, we investigated the anti-inflammatory effect of
p-coumaric acid as an antioxidant agent, against LPS-
induced lung injury involved in this pathway.

MATERIAL AND METHODS

Chemicals

LPS (E.coli, 055:B5), p-coumaric acid, xylazine, and
ketamine HCI were obtained from Sigma-Aldrich Co.,
USA, and Alfasan Co., Netherlands, respectively. Antiox-
idant assay and cytokine ELISA kits were obtained from
ZELLBIO and IBL (Germany). The material used in part
II: polyclonal anti-Nrf2 (Abcam, Cambridge, MA); Nrf2
primers for RT-PCR (Bioneer, South Korea); FBS
(HyClone Laboratories, Logan, UT); penicillin/
streptomycin and RPMI-1640 (Invitrogen, Burlington,
Canada);

Animals’ Treatments

Thirty-two Sprague-Dawley rats (male, 200-250 g)
were purchased from the Animal House in Ahvaz
Jundishapur University. The rats were divided into 4 groups
(n = 8): control (intrapretunaly injection of normal saline for
10 days + intratracheal instillation of normal saline in the
8th day), p-CA (intrapretunaly injection of p-CA100 mg/kg
for 10 days + intratracheal instillation of normal saline in
the 8th day), LPS (intrapretunaly injection of normal saline
for 10 days + intratracheal instillation of LPS 5 mg/kg in the
8th day), p-CA + LPS (intrapretunaly injection of p-CA
100 mg/kg for 10 days + intratracheal instillation of LPS in
the 8th day). To produce the effective dose of p-CA,
concentration-effect study (25, 50, and 100 mg/kg, ip)
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was done. In BALF, p-CA 25 mg/kg cannot decrease
inflammatory cell counts, also p-CA 50 and 100 decrease
inflammatory cell count level significantly (P <0.05) and
(P<0.001) respectively, p-CA at 100 mg/kg effectively
decreased inflammatory cell counts. Therefore, it was used
as an effective dose (Fig. 1). The experiments were carried
out in accordance with the ethical guidelines, and the pro-
tocol was approved by the Ethics Committee for Animals at
Ahvaz Jundishapur University of Medical Sciences, Ahvaz,
Iran (No: IR.AJUMS.REC.1396.275).

LPS Instillation

After anesthetizing the animals by xylazine and keta-
mine (ip), the normal saline (0.2 ml) containing 5 mg/kg of
E. coli lipopolysaccharide was instilled into the airways.
Control animals received saline by the same route.

Bronchoalveolar Lavage Procedure

In the end of treatments, the rats were placed on their
dorsal side, then their thoracic cavities were opened, and
their trachea was cannulated. One milliliter of PBS was
flushed into the lung (3 times) and then collected for
examination. The procedure was made in triplicate for
every sample. The BALF was centrifuged (4 °C,
4000 rpm, 10 min), and the supernatant was kept at —
80 °C for other examination [13]. Total cell count was done
in Neubauer chamber, and differential count was done on
air-dried slide stained by Wright-Giemsa. Under x 400
magnification, the total and differential leukocyte counts
were determined.

Determination of Cytokines in BALF

Interleukin-6 and TNF-« produced in BAL fluid su-
pernatant were determined by using ELISA kits (IBL,
Germany) as introduced by the manufacturer.

Histopathology of Lung Tissue

In all groups, the lung tissue from each rat was fixed
in 10% buffered formalin (overnight), then proceeded to
paraffin, tissues cut into 4 um sections, and stained with
H&E, then by using a light microscope, pathological
changes in the lung tissues were determined [14].

Levels of Antioxidant Enzymes and MDA in Lung
Tissue and A549 Cell

One hundred milligrams of lung tissue was homoge-
nized in PBS and then centrifuged (1000g, 10 min). Cell
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Fig. 1. Concentration-effect study (25, 50, and 100 mg/kg of p-CA, ip) in BALF: Data are expressed as the mean + SEM (n = 8 for each group). ***P < 0.001
vs. control group, P <0.001 and *P < 0.05 vs. LPS group. p-CA, p-coumaric acid.

samples (in part II) and supernatant of lung tissue were
used for measurement of antioxidant enzyme activities and
MDA by using ZellBio kits (Germany).

Expression of Nrf2 Gene in Lung Tissue and A549 Cell

The total RNA was extracted from lung tissue homog-
enates and cells (in part II) using RNeasy plus mini kit
(Qiagen Co., Netherlands). By spectrophotometry (Bio-
Photometer Plus; Eppendorf, Germany) at 260 and
280 nm, total RNA concentration and OD value was cal-
culated. Then 1 pg of the total RNA was used for synthesis
of the complementary DNA (cDNA synthesis kit, Qiagen,
USA). For determining levels of the Nrf2 mRNA and the
housekeeping gene glyceraldehyde-3 phosphate dehydro-
genase (GAPDH) in the lung tissues and A549 cell (in part
II), reverse transcription polymerase chain reaction (RT-
PCR) was used [15]. The primer sequences were used for
PCR analysis: Nrf2 (forward: GGTTTCTTCGGCTA
CGTTTC; reverse: CCTCCCAAACTTGCTCAATG)
and GAPDH (forward: GTATTG GGC GCC TGG TCA
CC; reverse: CGCTCCTGGAAGATGGTGATGG). In
A549 cells: GAPDH (forward: GCTCACTGTTCTCT
CCCTC,; reverse: GAGGTCAATGAAGGGGTCAT) and
Nrf2 (forward: GGTTTCTTCGGCTACGTTTC; reverse:
CCTCCCAAACTTGCTCAATG).

Part 11
Cell Culture and Treatments. The human alveolar epi-
thelial cell line (A549) was purchased from Pasteur

Institute at National Cell Bank of Iran (NCBI), and main-
tained in culture medium supplemented with 1% FBS. The
cells were divided into 5 groups: control (treated only with
DMEM), p-CA (treated with p-CA 20 mM for 2 h), LPS
(treated with LPS 1 pg/ml for 24 h), LPS + p-CA (treated
for 24 h with LPS 1 pg/ml + p-CA 20 mM for 2 h), H,O,
(100 uM) a famous oxidant, as positive control in selective
experiments [16]. Concentration effect of p-CA was down
through MTT assay (20, 40, 80, 160 mM).

MTT Reduction Assay. By using the MTT assay, cell
viability was determined. A549 cells were cultured with
density of 1-10° cells/ml, and after various treatments with
p-CA (20, 40, 80, 160 mM), the medium was removed.
Subsequently, the cells were incubated with MTT, and then
by using a microplate reader (Bio-Rad, CA, USA), the
optical density was read (OD) at 570 nm. We used the
following formula: Optical density test/optical density con-
trolx100. p-CA at 20 mM showed a larger OD value.

Flow cytometry for Reactive Oxygen Species. To deter-
mine the percentage of the reactive oxygen species in all
groups, we used an oxidant-sensitive fluorescent probe,
known as 5-(and 6)-carboxy-2',7'-dichlorodihydrofluorescein
diacetate (H2DCFDA). After various treatment of cells, and
removing the culture medium, the cells were washed with
PBS and incubated with 10M H2DCFDA at 37 °C for
30 min. Flow cytometric analysis was performed using a
flow cytometer (ELITE, Coulter, Hialeah, FL) after
trypsinizing the cells, washing, and resuspending in PBS (>
10,000 events acquired per sample) [16].
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Nrf2 Immunocytochemistry. Immunocytochemistry
was performed for Nrf2 localization in response to
LPS in A549 cells. A549 cells were cultured in 24-
well plates, and after various treatments, washing with
PBS, and fixing for 30 min with 4% paraformalde-
hyde, the cells were washed with PBS. Then,
permeabilizing and washing was done using Triton
X-100 for 10 min, blocking with PBS containing 2%
bovine serum albumin for 30 min. Then the cells were
incubated overnight with rabbit polyclonal anti-Nrf2
antibody (Abcam, Cambridge, MA). The cells washed
with PBS and incubated with FITC-labeled anti-rabbit
IgG for 1 h at room temperature in the dark. Finally,
after washing with PBS, to demonstrate cell nucleus
(blue stains), the cells were stained with DAPI
(Roche) for 30 min then observed under UV light
microscopy [16].

Statistical Analysis. Statistical comparisons were made
by the one-way ANOVA and followed by post hoc Tukey’s
test. Data are expressed as means + SEM; if p values were
lower than 0.05, data were considered statistically significant.

RESULTS

Levels of Inflammatory Cell Count in BALF

In BAL Fluid, LPS treatment significantly increased
the total cell count (P < 0.001), percentage of macrophages
(P <0.05), and polymorphonuclear leukocytes in LPS
group compared with control rat (P <0.001), which is
presented in Table 1. Pre-treatment of rats with p-CA
(100 mg/kg) significantly reduced LPS-enhanced total cell
numbers (P < 0.001) and percentage of macrophages (P <
0.05), lymphocyte, and neutrophil cell (P < 0.001).

Cytokine Activity in BALF

TNF-alpha and IL-6 are important cytokines for index
of lung inflammation. Levels of IL-6 and TNF-alpha in
BAL fluid were analyzed to evaluate the inflammatory
changes in all groups as presented in (Fig. 2); there was a
significant increase in IL-6 (P <0.001) and TNF-alpha
(P <0.001) in the LPS group. However, IL-6 and TNF-«
activity significantly decreased by pre-treatment of p-CA
in the LPS group compared with LPS alone.
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Histology of Lung Tissue in ALI

To investigate the effect of p-CA on histological changes
after treatment with LPS-induced inflammation in rats, sig-
nificant pathologic changes were observed in the lungs of
LPS-treated rats when the lung sections were stained with
hematoxylin and eosin. These changes included inflammato-
ry cell infiltration and rupture of air space. Pre-treatment with
p-CA (100 mg/kg) reduced these histopathological changes
compared with the control group (Fig. 3).

Levels of Antioxidant Enzymes and Lipid Peroxidation
in ALI

As shown in Fig. 4, MDA significantly increased in
the LPS-treated rats in comparison with the control group
(P <0.001). In groups receiving p-CA, the MDA levels
significantly decreased in lung tissue in comparison with
LPS alone (P <0.001). The activity of GSH, SOD, and
GPx in lung tissue of the LPS group was significantly
higher in comparison with controls (P <0.01). Pre-
treatment with p-CA in the LPS group leads to a significant
decrease in activity of antioxidant enzymes (P < 0.05 and
P <0.01).

RT-PCR for Nrf2 Gene Expression in Lung Tissue

As presented in Fig. 5, the expression of Nrf2 gene
significantly increased after 72 h in the LPS group com-
pared with the controls (P <0.01). In group receiving p-
CA, Nrf2 gene expression significantly decreased com-
pared with LPS alone (P <0.01).

Part I1

Toxicity of p-CA to A549 Cells. Cell viability was
assayed to evaluate the toxicity of p-CA to human alveolar
epithelial A549 cells. Treatment of A549 cells with 20, 40,
80, and 160 mM p-CA did not show any cytotoxic effect
on the viability in A549 cells in 20 and 40 mM concentra-
tions (Fig. 6).

ROS Production in A549. To investigate the effect of p-
CA on the ROS scavenging in A549 cells, the cells were
treated with LPS (1 pg/ml) in the presence and absence of
p-CA (2 h, 20 mM). By flow cytometry which used the
fluorescent probe H2ZDCFDA, ROS levels were deter-
mined in A549 cells. LPS leads to a significant production
of ROS (P <0.001). Pre-treatment with p-CA attenuated
LPS-induced ROS production (P <0.001), suggesting the
ability of p-CA to ROS scavenging (Fig. 7).

Nuclear Translocation of Nrf2 in A549 Cells. Nrf2 Nucle-
ar translocation was localized in cytoplasm of the control
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Table 1. Inflammation cell count in the BALF

Groups Total cell (x 10° uL) Macrophages (%) Lymphocytes (%) Polymorphonuclear leukocytes (%)
Control 125 +9.74 53+ 1.41 28.6 = 1.36 182 +1.8
p-CA 107.8 £4 52.8+091 24.6 £2.37 18.4 £2.75
LPS 840 + 43.01%** 59.4 + 1.69* 10 + 1.34%%* 30.8 £ 1.15%%**
LPS + p-CA 239.6 + 16.79" 522 + 1.49* 27.8 + 1.93"# 19.6 + 1.36"*

Airway inflammation was induced by intratracheal injection (i.t) of LPS 5 mg/kg on the 8th day. *P < 0.05 and ***P < 0.001 vs. control group (* P < 0.05,

# P < 0.001 vs. LPS group. Data are expressed as the mean + SEM (1 = 8)
p-CA p-coumaric acid
group. After treatment with LPS for 24 h and p-CA (2 h) for 2 h resulted in decreased Nrf2 mRNA expression
alone or with LPS and in H,O, (as a positive control) (P<0.01) (Fig. 9).
increased Nrf2 protein translocation in the nucleus com- Antioxidant Enzyme Activity and Lipid Peroxidation in Cell
pared with the control group (Fig. 8). Culture Supernatant. At the end of the experiment, MDA
Nrf2 Expression A549 Cells. The levels of Nrf2 level in the LPS group was significantly higher in compar-
mRNA expression were examined by RT-PCR analy- ison with the control group (P <0.001). In groups receiv-
ses. LPS treatment can increase expression of Nrf2 ing p-CA, there was a significant decrease in the MDA
(P<0.001), but the pre-treatment of p-CA (20 mM) levels in cells compared with LPS alone (P < 0.05). GSH,
SOD, and GPx activity in the LPS group significantly
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Fig. 2. Effect of p-CA (100 mg/kg) on TNF-« and IL-6 in tissue of LPS-treated rat:

expressed as the mean + SEM of (n = 8).

##4P < 0.001 vs. control group, P <0.001 vs. LPS group. Data are
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Fig. 3. Effect of p-CA (100 mg/kg) on histopathological examination in lung tissues in LPS-induced ALI. Lung sections were stained with hematoxylin and
eosin (H&E). Control: no inflammation, LPS treatment (5 mg/kg); infiltration of inflammatory cells (), LPS + p-CA (100 mg/kg); showed very low

inflammation (magnification x 200). Scale bars, 100 um.

increased compared with controls (P <0.01). These anti-
oxidant enzymes decreased significantly (P < 0.01) by pre-
treatment of p-CA in the LPS group, as shown in Fig. 10.

DISCUSSION

According to the results of this study, anti-
inflammatory effect of p-CA on acute lung injury (ALI)
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was shown as in in vivo and in vitro. We showed that
injection of LPS intratrachealy induced ALI in rats and
numbers of total cells and differential cell count including
macrophages and polymorphonuclear leukocytes also in-
creased the level of TNF-alpha and IL-6 which are pro-
inflammatory mediators, in the BALF of LPS rats com-
pared with controls. These findings are consistent with
other reports [17]. In the pathological inflammatory pro-
cess, TNF-alpha is produced by several cell types in the
airways, including mast cells, macrophages, and lympho-
cytes, and it induces airway smooth muscle cell
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Fig. 4. Effect of p-CA (100 mg/kg) on antioxidant enzymes and MDA levels in lung tissue of LPS-treated rat. ***P < 0.001 and **P < 0.05 vs. control group,
###P < 0.001, P < 0.01 and *P < 0.05 vs. LPS group. Data are expressed as the mean + SEM (n = 8).
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contractility. IL-6 has been shown to be elevated in several
inflammatory lung diseases, resulting in the generation of
reactive oxygen species (ROS) which causes damage to the
macromolecules such as DNA [18-20]. To assess the anti-
inflammatory effect of p-CA, we examined the p-CA effect
in the model of the LPS-induced inflammation in rats. In
group receiving pre-treatment with p-CA, the number of
pro-inflammatory macrophages and polymorphonuclear
leukocytes (Table 1) was reduced, and in the BALF of
LPS-treated rats, there was a decline in TNF-alpha, and
IL-6 level was seen (Fig. 2). Nowadays, the herbal

120 4

Cell Viability %

medicine exhibits various anti-inflammatory activity [21].
p-CA, a natural phenolic compound, has an important role
in reducing lung inflammation caused by LPS. Histopath-
ological results of this study showed a significant differ-
ence between the LPS group and the group pre-treated with
p-CA, with a significant decrease in inflammatory cell and
increase in alveolar air space. Oxidative damage and in-
duction of the matrix metalloproteinase are induced by
inflammatory agents such as leukocytes. According to the
findings of this study, the increase and activation of inflam-
matory cells and pro-inflammatory factors is a reason for
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Fig. 6. Effect of p-CA (20, 40, 80, and 160 mM) on cell viability. Cytotoxic effect of p-CA on A549 cells was measured by MTT assay. **P <0.01, ***P <

0.001 vs. control group. Data are expressed as the mean + SEM.
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Fig. 7. Effect of p-CA (20 mM) on LPS-induced reactive oxygen species (ROS) in cell sample (A549): **#P < 0.001 vs. control group, “*P < 0.001 vs. LPS

group. Data are expressed as the mean + SEM.

the inflammatory and degenerative processes in the lung
tissue.

We also demonstrated the ability of p-CA to reduce
the MDA level in lung tissue. Our results showed that LPS
treatment leads to increased oxidative stress via lipid per-
oxidation (MDA) after 72 h. p-CA significantly decreased
LPS-induced MDA production, compared with treatment
with LPS alone (Fig. 4). These results confirmed that p-CA
has a potential to reduce lipid peroxidation. Important
antioxidant enzymes such as SOD, CAT, and GPx protect
the lung from oxidative stress by decreasing hydrogen
peroxide [22]. Unexpectedly, increased SOD, GSH, and
GPx activity was observed in the LPS group, which
reflected an imbalance between oxidants and antioxidants,
as confirmed by Rahman et al. The increase of oxidants
(ROS) is proportional and parallel to an increase in its
substrate such as SOD, GSH, and GPx (Fig. 11). Pre-
treatment with p-CA leads to changes in levels of SOD,

GSH, and GPx which was similar to the controls, and this
alteration indicates the balance kept between antioxidants
and oxidants and another possibility is the direct effect of
p-CA in quenching and reducing free radicals.
Antioxidant capacity and lipid peroxidation are im-
portant indexes of the oxidative damage induced by free
radicals [23, 24]. Moura et al. (2012) showed the level of
SOD, CAT, and GPx increased in the cs group compared
with control rats (in acute inflammation caused by cigarette
smoke) and treatment with Euterpe oleracea Mart. Extract
leads to decrease antioxidant activity similar to control
group. Ben-Shaul et al. found that treatment with LPS
(ip) alone causes an approximately 20% increase in SOD
and catalase activity in heart compared with the control
group and apocynin decreased SOD and CAT level in heart
tissue after 24 h post LPS [25]. However, in another study,
different results have been reported. Shi et al., for example,
found bovine mammary epithelial cells stimulated with 1
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and 100 png/ml LPS showed a significantly lower antioxi- ALI mice. Hung-Te Hsu et al. showed propofol reduce
dant enzyme activity compared with the control group. oxidative stress induced by LPS through the Nrf2 pathway,
Chu et al. investigated the effect of the rosmarinic acid on which increased the total GSH and reduced the level of

LPS-induced ALI and showed SOD activity was lower in cellular ROS in A549 cells compared with the LPS-treated
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Fig. 9. Effect of p-CA (20 mM) on Nrf2 mRNA expression in cell sample (A549): inflammation was induced by 1 pg/ml LPS for 24 h. *#*P < 0.001 vs.
control group, P < 0.001 vs. LPS group. Data are expressed as the mean + SEM.
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Fig. 11. Schematic pathway of LPS-induced ALI via oxidative stress and protective role of p-coumaric acid (p-CA).

A549 cells. These different reports may be due to differ-
ences in the type of animal, cells, dosage, or test model.

In our study, LPS upregulated the Nrf2 expression in
the ALI group, and in rats that pre-treated with p-CA, Nrf2
expression was similar to controls in vivo (Fig. 5). Oxida-
tive damage is a marker of lung injury during respiratory
diseases. Under acute pathological conditions such as ALI,
the balance between oxidant and antioxidant systems
changes. Thus, anti-oxidant therapy is one of the strategies
for the treatment of ALI, and p-CA may be a potential
therapeutic candidate as an anti-inflammatory agent.

We tested our hypothesis in human airway epithelial
cells. LPS exposure led to ROS and MDA production, in
lung epithelial cells. Our results are consistent with a
previous study [16].

Alveolar epithelial cells (AEC) are considered as
a key defense against environmental pathogens be-
cause of the location of these cells during the onset
of a pathogen attack, which forms the inner layer of
the pulmonary airways and alveoli. Therefore, AEC
played a key role in inflammatory condition [26].

The injury of the pulmonary blood-air barrier is the
main pathophysiologic characteristic of ALI/ARDS
[27]. ROS production, MDA level, and antioxidant
enzyme activity in group treated with p-CA signifi-
cantly decreased compared with LPS alone.

When chemopreventive compounds or oxidative
stress affected the cells, Nrf2, the critical factor that regu-
lated cellular defense response, translocates into the nucle-
us and leads to expression of endogenous antioxidants and
phase II detoxifying enzymes [28].

We showed that in the absence of LPS, Nrf2 was
detected in the cytoplasm of A549 cells, but was detected
in the nucleus of A549 cells after exposure to LPS, H,O,
(which is an oxidant) or p-CA (Fig. 7). An increase in Nrf2
levels is associated with nuclear translocation of Nrf2 in
A549 cells. Treatment with p-CA for 2 h after LPS resulted
in translocation of Nrf2 to the nucleus. It seems that LPS
and H,0, elicit conformational changes in Nrf2/Keapl
complex, which leads to separation of Nrf2 from Keapl,
then Nrf2 translocates to the nucleus similar to what gets
done under conditions like oxidative stress and exposure to
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electrophilic compounds, which have the ability to modify
thiol groups of Keap1 or Nrf2 [29]. In addition, we report-
ed nuclear accumulation of Nrf2 in A549 cells treated with
p-CA plus LPS. One possible justification can be the
ability of p-CA to augmentation of Keapl or upstream
kinases of this pathway such as mitogen-activated kinases,
phosphatidyl inositol 3-kinase, and protein Kinase-C may
be involved in this process [30].

In conclusion, exposure to LPS increased Nrf2
expression, increased antioxidant capacity, and in-
creased lipid peroxidation in in vivo and in in vitro.
This indicates that the imbalance of oxidants and
anti-oxidants has caused injury. Treatment of A549
cells and rats with p-CA significantly restores this
change. It seems that p-CA prevents LPS-induced
ALI by reducing oxidative stress, inflammatory fac-
tors, and scavenging of ROS.

ACKNOWLEDGMENTS

The source of data used in this paper was from Ph.D
thesis of Mrs. Maryam Kheiry, a student of Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran.

1x(*ack)x(*indent) FUNDING INFORMATIONTHE AU-
THORS GRATEFULLY ACKNOWLEDGE THE HELP
AND FINANCIAL SUPPORT OF THE PERSIAN GULF
PHYSIOLOGY RESEARCH CENTER OF AHVAZ
JUNDISHAPUR UNIVERSITY OF MEDICAL SCIENCES
(NO. APRC-9606).

COMPLIANCE WITH ETHICAL STANDARDS

The experiments were carried out in accordance with
the ethical guidelines, and the protocol was approved by
the Ethics Committee for Animals at Ahvaz Jundishapur
University of Medical Sciences, Ahvaz, Iran (No:
IR.AJUMS.REC.1396.275).

Conflict of Interest. The authors declare that they have
no conflict of interest.

REFERENCES

1. Kang, P, K.Y. Kim, H.S. Lee, S.S. Min, and G.H. Seol. 2013. Anti-
inflammatory effects of anethole in lipopolysaccharide-induced
acute lung injury in mice. Life Sciences 93 (24): 955-961.

10.

11.

12.

13.

15.

16.

1949

Zuyderduyn, S., M. Sukkar, A. Fust, S. Dhaliwal, and J. Burgess.
2008. Treating asthma means treating airway smooth muscle cells.
The European Respiratory Journal 32 (2): 265-274.

Bellani, G., J.G. Laffey, T. Pham, E. Fan, L. Brochard, A. Esteban,
L. Gattinoni, F. van Haren, A. Larsson, D. McAuley, M. Ranieri, G.
Rubenfeld, B.T. Thompson, H. Wrigge, A.S. Slutsky, A. Pesenti,
LUNG SAFE Investigators, and ESICM Trials Group. 2016. Epi-
demiology, patterns of care, and mortality for patients with acute
respiratory distress syndrome in intensive care units in 50 countries.
Jama. 315 (8): 788-800.

Brun-Buisson, C., C. Minelli, G. Bertolini, L. Brazzi, J. Pimentel, K.
Lewandowski, J. Bion, J.A. Romand, J. Villar, A. Thorsteinsson, P.
Damas, A. Armaganidis, F. Lemaire, and ALIVE Study Group.
2004. Epidemiology and outcome of acute lung injury in European
intensive care units. Intensive Care Medicine 30 (1): 51-61.
Thimmulappa, R.K., H. Lee, T. Rangasamy, S.P. Reddy, M. Yama-
moto, T.W. Kensler, et al. 2016. Nrf2 is a critical regulator of the
innate immune response and survival during experimental sepsis.
The Journal of Clinical Investigation 116 (4): 984-995.

Ishii, Y., K. Itoh, Y. Morishima, T. Kimura, T. Kiwamoto, T. IIzuka,
A.E. Hegab, T. Hosoya, A. Nomura, T. Sakamoto, M. Yamamoto,
and K. Sekizawa. 2005. Transcription factor Nrf2 plays a pivotal
role in protection against elastase-induced pulmonary inflammation
and emphysema. Journal of Immunology 175 (10): 6968—6975.
Osburn, W.0., B. Karim, P.M. Dolan, G. Liu, M. Yamamoto, D.L.
Huso, and T.W. Kensler. 2007. Increased colonic inflammatory
injury and formation of aberrant crypt foci in Nrf2-deficient mice
upon dextran sulfate treatment. International Journal of Cancer 121
(9): 1883-1891.

Bayan, L., P.H. Koulivand, and A. Gorji. 2014. Garlic: a review of
potential therapeutic effects. Avicenna J Phytomed 4 (1): 1-14.
Lodovici, M., S. Caldini, L. Morbidelli, V. Akpan, M. Ziche, and P.
Dolara. 2009. Protective effect of 4-coumaric acid from UVB ray
damage in the rabbit eye. Toxicol. 255 (1-2): 1-5.

Pei, K., J. Ou, J. Huang, and S. Ou. 2016. p-Coumaric acid and its
conjugates: dietary sources, pharmacokinetic properties and biolog-
ical activities. Journal of the Science of Food and Agriculture 96 (9):
2952-2962.

Vauzour, D., G. Corona, and J.P. Spencer. 2010. Caffeic acid, tyrosol
and p-coumaric acid are potent inhibitors of 5-S-cysteinyl-dopamine
induced neurotoxicity. Archives of Biochemistry and Biophysics 501
(1): 106—-111.

Ekinci Akdemir, F.N., M. Albayrak, M. Calik, Y. Bayir, and 1.
Giilgin. 2017. The protective effects of p-coumaric acid on acute
liver and kidney damages induced by cisplatin. Biomed. 5 (2): E18.
Jiang, H., Y. Zhu, H. Xu, Y. Sun, and Q. Li. 2010. Activation of
hypoxia-inducible factor-1oc via nuclear factor-kB in rats with
chronic obstructive pulmonary disease. Acta Biochimica et
Biophysica Sinica 42 (7): 483-488.

Szabo, S., S.N. Ghosh, B.L. Fish, S. Bodiga, R. Tomic, G. Kumar,
N.V. Morrow, J.E. Moulder, E.R. Jacobs, and M. Medhora. 2010.
Cellular inflammatory infiltrate in pneumonitis induced by a single
moderate dose of thoracic x radiation in rats. Radiation Research
173 (4): 545-556.

Dianat, M., M. Radan, M. Badavi, S.A. Mard, V. Bayati, and M.
Ahmadizadeh. 2018. Crocin attenuates cigarette smoke-induced
lung injury and cardiac dysfunction by anti-oxidative effects: the
role of Nrf2 antioxidant system in preventing oxidative stress. Re-
spiratory Research 19 (1): 58.

Kode, A., S. Rajendrasozhan, S. Caito, S.-R. Yang, .L. Megson, and
1. Rahman. 2008. Resveratrol induces glutathione synthesis by acti-
vation of Nrf2 and protects against cigarette smoke-mediated oxida-
tive stress in human lung epithelial cells. American Journal of



1950

20.

21.

22.

23.

24.

Physiology. Lung Cellular and Molecular Physiology 294 (3):
L478-LL88.

Chu, X., X. Ci, J. He, L. Jiang, M. Wei, Q. Cao, M. Guan, X. Xie, X.
Deng, and J. He. 2012. Effects of a natural prolyl oligopeptidase
inhibitor, rosmarinic acid, on lipopolysaccharide-induced acute lung
injury in mice. Molecules. 17 (3): 3586-3598.

Kaulmann, A., and T. Bohn. 2014. Carotenoids, inflammation, and
oxidative stress—implications of cellular signaling pathways and
relation to chronic disease prevention. Nutrition Research 34 (11):
907-929.

Reuter, S., S.C. Gupta, M.M. Chaturvedi, and B.B. Aggarwal. 2010.
Oxidative stress, inflammation, and cancer: how are they linked?
Free Radical Biology & Medicine 49 (11): 1603-1616.

Thompson, L.P., and Y. Al-Hasan. 2012. Impact of oxidative stress
in fetal programming. Journal of Pregnancy 2012: 1-8.

Zhang, B., Z.-Y. Liu, Y.-Y. Li, Y. Luo, M.-L. Liu, H.-Y. Dong, Y.X.
Wang, Y. Liu, P.T. Zhao, F.G. Jin, and Z.C. Li. 2011.
Antiinflammatory effects of matrine in LPS-induced acute lung
injury in mice. European Journal of Pharmaceutical Sciences 44
(5): 573-579.

Pryor, W.A., and K. Stone. 1993. Oxidants in cigarette smoke
radicals, hydrogen peroxide, peroxynitrate, and peroxynitrite. An-
nals of the New York Academy of Sciences 686 (1): 12-27.
Khodir, A., H. Ghoneim, M. Rahim, and G. Suddek. 2016.
Montelukast attenuates lipopolysaccharide-induced cardiac injury
in rats. Human & Experimental Toxicology 35 (4): 388-397.
Juranek, ., and S. Bezek. 2005. Controversy of free radical hypoth-
esis: reactive oxygen species-cause or consequence of tissue injury?
General Physiology and Biophysics 24 (3): 263-278.

25.

26.

217.

28.

29.

30.

Kheiry, Dianat, Badavi, Mard, and Bayati

Ben-Shaul, V., L. Lomnitskil, A. Nyska, M. Carbonatto, S. Peano, Y.
Zurovskyl, M. Bergman, S.R. Eldridge, and S. Grossman. 2000.
Effect of natural antioxidants and apocynin on LPS-induced
endotoxemia in rabbit. Human & Experimental Toxicology 19
(11): 604-614.

Chuquimia, O.D., D.H. Petursdottir, M.J. Rahman, K. Hartl, M.
Singh, and C. Fernandez. 2012. The role of alveolar epithelial cells
in initiating and shaping pulmonary immune responses: communi-
cation between innate and adaptive immune systems. PLoS One 7
(2): €32125.

Matthay, M.A., and R.L. Zemans. 2011. The acute respiratory
distress syndrome: pathogenesis and treatment. Annu Rev Pathol-
Mech. 6: 147-163.

Kaspar, J.W., S.K. Niture, and A.K. Jaiswal. 2009. Nrf2: INrf2
(Keapl) signaling in oxidative stress. Free Radical Biology & Med-
icine 47 (9): 1304-1309.

Kensler, T.W., N. Wakabayashi, and S. Biswal. 2007. Cell survival
responses to environmental stresses via the Keapl-Nrf2-ARE path-
way. Annual Review of Pharmacology and Toxicology 47: 89—116.
Kim, S.H., JM. Lee, S.C. Kim, C.B. Park, and P.C. Lee. 2014.
Proposed cytotoxic mechanisms of the saffron carotenoids crocin
and crocetin on cancer cell lines. Biochemistry and Cell Biology 92
(2): 105-111.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	p-Coumaric...
	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	Chemicals
	Animals’ Treatments
	LPS Instillation
	Bronchoalveolar Lavage Procedure
	Determination of Cytokines in BALF
	Histopathology of Lung Tissue
	Levels of Antioxidant Enzymes and MDA in Lung Tissue and A549 Cell
	Expression of Nrf2 Gene in Lung Tissue and A549 Cell
	Part II


	RESULTS
	Levels of Inflammatory Cell Count in BALF
	Cytokine Activity in BALF
	Histology of Lung Tissue in ALI
	Levels of Antioxidant Enzymes and Lipid Peroxidation in ALI
	RT-PCR for Nrf2 Gene Expression in Lung Tissue
	Part II

	DISCUSSION
	References



