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Role of mitogen-activated protein kinases and nuclear
factor-kappa B in 1,3-dichloro-2-propanol-induced hepatic injury

In-Chul Lee?, Sang-Min Lee”, Je-Won Ko, Sung-Hyeuk Park, In-Sik Shin,
Changjong Moon, Sung-Ho Kim, Jong-Choon Kim*
BK21 Plus Team, College of Veterinary Medicine, Chonnam National University, Gwangju 500-757, Korea

In this study, the potential hepatotoxicity of 1,3-dichloro-2-propanol and its hepatotoxic mechanisms in
rats was investigated. The test chemical was administered orally to male rats at 0, 27.5, 55, and 110 mg/
kg body weight. 1,3-Dichloro-2-propanol administration caused acute hepatotoxicity, as evidenced by an
increase in serum aminotransferases, total cholesterol, and total bilirubin levels and a decrease in serum
glucose concentration in a dose-dependent manner with corresponding histopathological changes in the
hepatic tissues. The significant increase in malondialdehyde content and the significant decrease in
glutathione content and antioxidant enzyme activities indicated that 1,3-dichloro-2-propanol-induced
hepatic damage was mediated through oxidative stress, which caused a dose-dependent increase of
hepatocellular apoptotic changes in the terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling assay and immunohistochemical analysis for caspase-3. The phosphorylation of mitogen-
activated protein kinases caused by 1,3-dichloro-2-propanol possibly involved in hepatocellular apoptotic
changes in rat liver. Furthermore, 1,3-dichloro-2-propanol induced an inflammatory response through
activation of nuclear factor-kappa B signaling that coincided with the induction of pro-inflammatory
mediators or cytokines in a dose-dependent manner. Taken together, these results demonstrate that
hepatotoxicity may be related to oxidative stress-mediated activation of mitogen-activated protein kinases
and nuclear factor-kappa B-mediated inflammatory response.
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1,3-Dichloro-2-propanol (1,3-DCP) is a semivolatile
organic liquid used in large volume as an intermediate
for epichlorohydrin synthesis and epoxy resin production.
It is also used as a precursor of 1,3-dichloropropene, a
soil fumigant, and of synthetic glycerol [1]. If the
chemical is released into air and wastewater, workers
may be exposed to 1,3-DCP during the manufacture and
use of this chemical. Exposure to 1,3-DCP may also
occur from ingestion of food because it is formed when
chloride ions react with lipid components under a variety
of conditions, including food processing, cooking and
storage [2,3].

#These authors contributed equally to this work.

The potential toxicity of 1,3-DCP has been investigated
extensively over the past several decades using both
short- and long-term animal studies [4-6]. The adverse
effects associated with 1,3-DCP in humans are hepato-
toxicity, irritation of mucous membranes, eyes, skin,
nausea and vomiting [7]. The acute oral LDy, of 1,3-
DCP ranged from 110 to 400 mg/kg in rats and from 25
to 125 mg/kg in mice, depending on the purity of 1,3-
DCP and the sex and strain of the rodents used [8].
Various experimental systems also demonstrated that
1,3-DCP is genotoxic, carcinogenic, neurotoxic, and
embryotoxic [3,9,10]. The toxicity of 1,3-DCP to rat
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hepatocytes is dependent on the glutathione (GSH)
status and cytochrome P450 (CYP) activity, particularly
CYP2EL. The postulated CYP metabolite 1,3-dichloro-
acetone (1,3-DCA) is identified as being responsible for
hepatocyte necrosis and other disorders [11,12]. A few
publications have reported on the mechanisms of 1,3-
DCP-induced hepatotoxicity. A single intraperitoneal
injection of 1,3-DCP at 110 mg/kg caused an increase in
malondialdehyde (MDA) level, a marker of lipid
peroxidation, a decrease in glutathione S-transferase
(GST) activity, and depletion of GSH [13]. Other
mechanisms of toxic action include DNA oxidation,
mitochondrial membrane potential breakdown, and
intracellular calcium and reactive oxygen species (ROS)
induction [14-16]. Recently, we have reported time-
course changes in oxidative stress and apoptotic changes
in 1,3-DCP-induced hepatotoxicity in rats [17]. However,
the inflammatory effects of 1,3-DCP on liver were not
evaluated in our previous study. In addition, the molecular
mechanism of hepatotoxicity and dose-response effects
on hepatic function are still not fully elucidated.

Therefore, the dose-related response of 1,3-DCP on
hepatic function and oxidant-antioxidant balance in
acute hepatic injury model is investigated. To elucidate
the possible mechanism underlying its hepatotoxic
effects, the histopathological and apoptotic changes with
mitogen-activated protein kinases (MAPKs) in liver
tissue were evaluated using immunoblotting. To evaluate
the inflammatory effects of 1,3-DCP, the abundance of
protein and mRNA levels of nuclear factor-kappa B
(NF-xB) and related inflammatory mediators or cytokines,
including inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (Cox-2), tumor necrosis factor-o
(TNF-a), interleukin-1B (IL-1pB), and IL-6 were also
investigated.

Materials and Methods

Animals and environmental conditions

Specific pathogen-free male Sprague-Dawley rats aged
6 weeks (170-180 g) were obtained from Samtako Co.
(Osan, Korea) and used after 1 week of quarantine and
acclimation. Animals were housed in a room maintained
at 23+3°C and relative humidity of 50+10% with
artificial lighting from 08:00 to 20:00 and 13 to 18 air
changes per hour. The rats were given sterilized tap
water and commercial rodent chow (Samyang Feed,
Wonju, Korea). The experimental procedure was approved

by the Institutional Animal Care and Use Committee of
Chonnam National University (approve number: CNU
IACUC-YB-2013-13). The animals were cared for in
accordance with the Guidelines for Animal Experiments
of Chonnam National University.

Test chemical and treatment

1,3-DCP (CAS No. 96-23-1; purity: 98%) was
purchased from Sigma Aldrich Co. (St. Louis, MO,
USA). The test chemical was dissolved in sterilized
saline prepared immediately before administration. The
application volume of 1,3-DCP was calculated based on
the recorded body weight of the individual animal. 1,3-
DCP was administered by oral gavage at a dose volume
of 10mL/kg body weight. The vehicle control rats
received an equivalent volume of saline. All animals
were sacrificed 12 h after 1,3-DCP administration.

Experimental groups and dose selection

Twenty-four healthy male rats were assigned randomly
to four experimental groups (n=6): three experimental
groups of 1,3-DCP receiving a single oral dose of 27.5,
55, and 110 mg/kg, respectively, and one control group.
The 1,3-DCP doses were selected according to previous
studies [5,17,18]. In a preliminary study, three groups of
3 male rats were exposed to 1,3-DCP at doses of 16.5,
50, and 150 mg/kg. 1,3-DCP at 150 mg/kg caused severe
systemic toxicity and 2 cases of death. At 50 mg/kg, the
male rats showed only an increase in serum aspartate
aminotransferase (AST) level. On the basis of these
results, 110 mg/kg of 1,3-DCP was selected as high
dose, and 55 and 27.5 mg/kg as medium and low doses,
using a scaling factor of 2 for evaluation of dose-
response effects. After dose selection, three groups of 3
male rats received orally 110 mg/kg and were sacrificed
at 12, 24, and 48 h. By evaluating AST levels, 12 h was
chosen as an end point time after 1,3-DCP administration.

Necropsy and serum biochemical analysis

At the scheduled termination (12 h after administration),
all rats were euthanized by carbon dioxide inhalation for
blood collection. Blood samples were drawn from the
posterior vena cava, and serum samples were collected
by centrifugation at 800xg for 20 min within 90 min
after collection. AST, alanine aminotransferase (ALT),
alkaline phosphatase (ALP), total cholesterol (TCHO),
total bilirubin (TBIL), triglyceride (TG), glucose (GLU),
albumin (ALB), and total protein (TP) were measured
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using an autoanalyzer (Dri-chem 4000i; Fujifilm Co.,
Tokyo, Japan).

Histopathology

A portion of the liver was dissected and fixed in 10%
neutral-buffered formalin solution. The fixed liver tissues
were processed routinely and were embedded in paraffin,
sectioned to 4 pum thickness, deparaffinized, and rehydrated
using standard techniques. 1,3-DCP-induced liver damage
was evaluated by assessing morphological changes in
liver sections stained with hematoxylin and eosin. All
observations were made manually with a light microscope
with x5, x10, 20, and %40 objective lenses and a x100
oil immersion lens in a blind manner.

Measurement of oxidative stress markers

The contents of MDA and GSH, and the activities of
catalase, glutathione reductase (GR), and GST were
assessed. Oxidative stress markers in liver were determined
by the methods of previous studies [17,19,20]. In brief,
a portion of frozen liver was homogenized in a glass-
Teflon homogenizer with 50 mmol/L. phosphate buffer
(pH 7.4) to obtain a 1:9 (w/v) whole homogenate. The
homogenates were then centrifuged at 11,000xg for 15 min
at 4°C to discard any cell debris, and the supernatant was
used to measure MDA and GSH concentrations.
Antioxidant enzyme activities were determined using
commercial assay kits according to manufacturer’s
protocols (Cayman Chemical, Ann Arbor, MI, USA).
Total protein contents of liver samples were determined
using the method of Lowry et al. [21] using bovine
serum albumin as standard.

Measurement of DNA fragmentation and immuno-
histochemical analysis for caspase-3

The fixed liver tissues were processed routinely,
embedded in paraffin, sectioned to 4 um thickness,
deparaffinized, and rehydrated using standard techniques.
The level of DNA fragmentation was determined using
a terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) assay performed according
to the manufacturer’s instructions (ApopTag Peroxidase
In Situ Apoptosis Detection Kit; Chemicon, Billerica,
MA, USA). The DNA fragmentation was visualized
with the chromogen 3,3-diaminobenzidine (DAB). The
apoptotic changes were detected using immunohisto-
chemical analysis for caspase-3 (anti Rabbit-Specific
HRP/DAB IHC Kit; Abcam, Cambridge, MA, USA)
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with anti-caspase-3 antibody (1:200; Cell Signaling
Technology, Beverly, MA, USA). The sections were
counterstained with hematoxylin before being mounted.
Each slide was examined manually with a light
microscope (Leica, Wetzlar, Germany) with x10 and
%20 objective lenses in a double-blind manner.

Hepatic nuclear protein isolation

Hepatic nuclear protein isolation was performed as
previously. In brief, the frozen liver tissue was cut into
small pieces and washed in ice-cold phosphate-buffered
saline (pH 7.4). Samples were homogenized in a hypotonic
lysis buffer (10 mmol/L. KCI, 10 mmol/L. HEPES,
0.1 mmol/L EDTA, 0.1 mmol/L EGTA) containing a
protease inhibitor and dithiothretiol. Nonidet P-40 was
added to a final concentration of 0.5% and the mixture
was centrifuged at 250xg for 15 min. The pellet was
resuspended in extraction buffer (20 mmol/L. HEPES,
pH 7.9, 500 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/LL DTT) and vigorously vortexed for
15 min on ice. The nuclear suspension was centrifuged
at 16,000xg for 30 min and the supernatant was stored
at —80°C for immunoblotting.

Immunoblotting

Liver tissue was homogenized (1:9, w/v) with a tissue
lysis/extraction reagent (Sigma-Aldrich) containing a
protease inhibitor cocktail (Sigma-Aldrich). Equal amounts
of protein (40 pg/well) from each sample were separated
by SDS-polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes (Whatman,
Maidenstone, UK). The membrane was blocked with
blocking buffer (5% skim milk) for 1h at room
temperature followed by an overnight incubation at 4°C
with appropriate primary antibodies. The following
primary antibodies and dilutions were used: anti-Lamin
B1 (1:1000 dilution; Santa Cruz Biotechnology, CA,
USA), p38 MAPK, phospho-p38 MAPK (p-p38 MAPK),
p44/42 MAPK (Erk1/2), p-Erk1/2, c-Jun amino-terminal
kinase (JNK), p-JNK, iNOS, Cox-2, NF-xB p65, TNF-
a, and B-actin (1:1000 dilution; Cell Signaling Technology,
Beverly, MA, USA). The membrane was washed three
times with Tris-buffered saline containing Tween 20
(TBST) and then incubated with horseradish peroxidase-
conjugated secondary antibodies (1:2000 dilution;
Sigma-Aldrich) for 1 h at room temperature. The blots
were washed thrice with TBST and then developed
using an enhanced chemiluminescence kit (Thermo
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Table 1. Primer sequences for gRT-PCR

Target genes Forward primer (5'—>3')

Reverse primer (3'>5')

IL-1B CCC TGC AGC TGG AGAGTG TGG
IL-6 CGA GCC CAC CAG GAACGAAAGTC
iNOS GAT TCA GTG GTC CAA CCT GCA
Cox-2 CCA GAG CAG AGA GAT GAA ATA CCA
TNF-o CCA GGA GAA AGT CAG CCT CCT
GAPDH AAC GGC ACA GTC AAG GCT GA

TGT GCTCTGCTT GAGAGGTGC T
CTG GCT GGA AGT CTC TTG CGG AG
CGA CCT GAT GTT GCC ACT GTT
GCA GGG CGG GATACAGTTC

TCA TAC CAG GGC TTG AGC TCA
ACG CCAGTAGAC TCCACGACAT

IL-1B: interleukin-18; IL-6: interleukin-6; iINOS: inducible nitric oxide synthase; Cox-2: cyclooxygenase-2; TNF-c: tumor necrosis factor-

alpha; and GAPDH: glyceraldehydes-3-phosphate dehydrogenase.

Scientific, Waltham, MA, USA). To determine protein
expression level, each band density was quantified using
TINA 20 Image software (Raytest Isotopenmessgeraete
GmbH, Straubenhardt, Germany).

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

Total RNA isolation was extracted by using TRI
reagent (Molecular Research Center, Cincinnati, OH,
USA) according to the manufacturer’s protocol. RNA
concentration was quantified using a NanoDrop ND-
1000 (Thermo Scientific). Reverse transcription of an
equal amount of target RNA was performed using a kit
(QuantiTect Reverse Transcription, Qiagen, Valencia,
CA, USA). The primer for each gene is presented in
Table 1. qRT-PCR was performed using iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
with a MyiQ2 thermocycler and the SYBR Green
Detection System (Bio-Rad). Specific primer pairs were
used to measure TNF-a, iNOS, Cox-2, IL-1p, and 1L-6
mRNA expression. The standard PCR conditions were
95°C for 15 min, 40 cycles at 95°C, 30 cycles at 60°C for
30 sec, and 72°C for 30 sec, as recommended by the
primer manufacturer. The threshold cycle (Ct; the cycle
number at which the amount of amplified gene of
interest reached a fixed threshold) was determined
subsequently. The relative values of the targets were
normalized to the endogenous glyceraldehyde-3-phosphate
dehydrogenase control gene and were expressed as 24
(fold), where AC, =C, of target gene—C, of endogenous
control gene and AAC, =AC, of samples for target gene
—AC, of the calibrator for the target gene.

Statistical analysis

The data are expressed as mean+standard deviation.
Statistical significance was determined using one-way
analysis of variance followed by the Dunnett’s multiple

comparison tests. The data were analyzed using GraphPad
InStat ver. 3.0 (GraphPad Software, Inc., La Jolla, CA,
USA). A P value<0.05 was considered significant.

Results

Effects of 1,3-DCP on acute hepatic damage

As shown in Table 2, serum ALP levels in the 1,3-
DCP groups increased significantly in a dose-dependent
manner compared with the control group. AST, ALT,
TCHO, and TBIL levels also showed a significant
increase, whereas GLU level exhibited a significant
decrease in the 110 mg/kg group. These parameters also
increased or decreased slightly in the 27.5 and 55 mg/kg
groups, although statistically insignificant.

Effects of 1,3-DCP on hepatic histopathology

The results of histopathological examinations are
shown in Figure 1. The control animals presented livers
with normal architecture (Figure 1A). However, liver
tissues from rats administered with 1,3-DCP showed
various histopathological alterations, characterized by
degeneration/necrosis of hepatocytes (eosinophilic cytoplasm
and pyknotic changes), vacuolization, inflammatory cell
infiltration, hemorrhage, and sinusoidal dilation (Figure
1B-1D). The incidence and severity of these histo-
pathological lesions were dose-dependent.

Effects of 1,3-DCP on lipid peroxidation, GSH, and
antioxidant enzyme activities

As presented in Table 3, the MDA level in the hepatic
tissues increased, while GSH content decreased in the
1,3-DCP groups in a dose-dependent manner. Antioxidant
enzyme activities including catalase, GR, and GST
showed a dose-dependent decrease in the 1,3-DCP
treated-groups.
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Table 2. Serum biochemical levels of male rats treated with 1,3-DCP

1,3-DCP (mgkg)

Items
0 275 55 110

No. of rats 6 6 6
AST (IU/L) 89+11¢ 96110 127128 2932+283*
ALT (IU/L) 3514 433 49+15 933+109**
ALP (IU/L) 13015 177+26* 189+28** 216+38**
TCHO (mg/L) 11224107 1160483 1225+125 1320+£180*
TBIL (mg/L) 0.40+0.05 0.45+0.06 0.47+0.05 0.9040.17**
TG (mg/L) 265421 275424 358431 150127
GLU (mg/L) 12513 126+13 120+14 79+15**
ALB (g/L) 3.9+0.2 41402 3.940.1 41104
TP (g/L) 5.6+0.2 5.5+0.2 5.310.2 5.5+0.4

1,3-DCP: 1,3-dichloro-2-propanol; AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; TCHO:
total cholesterol; TBIL: total bilirubin; TG: triglyceride; GLU: glucose; ALB: albumin; and TP: total protein. ®Values are expressed as
mean+SD. *P<0.05 versus control group. **P<0.01 versus control group.

Figure 1. Effects of 1,3-DCP on hepatic histopathology. Representative photographs of liver sections of (A) control showing normal
appearance and rats treated with 1,3-DCP at doses of (B) 27.5, (C) 55, and (D) 110 mg/kg showing various histopathological
alterations characterized by degeneration/necrosis of hepatocytes around the central vein region (open arrowheads), vacuolation
(closed arrows), inflammatory cell infiltration (open arrows), hemorrhage (asterisks), and sinusoidal dilation (closed arrowheads).
Hematoxylin and eosin stain. Bar=50 um (x200). 1,3-DCP: 1,3-dichloro-2-propanol.

Effects of 1,3-DCP on hepatocellular apoptotic changes
As shown in Figure 2, the control and the 27.5 mg/kg
groups showed few TUNEL-positive cells (Figure 2A,
2B) while there was a mild increase in the 55 mg/kg
group (Figure 2C). In the 110 mg/kg group, a marked
increase in the TUNEL-positive cells around the central
vein was observed (Figure 2D). To further confirm the
apoptotic changes caused by 1,3-DCP, an immunohisto-
chemical analysis for caspase-3 was conducted. Caspase-
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3-positive cells were seldom seen in the control and 27.5
mg/kg groups (Figure 2E, 2F). Only a few caspase-3-
positive cells were observed around the centrilobular
area in the 55 mg/kg group (Figure 2G), whereas
caspase-3-positive cells in the 110 mg/kg group were
markedly increased (Figure 2H).

Effects of 1,3-DCP on MAPKs-dependent pathways
The protein levels of phosphorylated-Erk1/2, JNK,
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Table 3. Lipid peroxidation, glutathione concentration, and antioxidant enzyme activities in the liver of male rats treated with 1,3-

DCP
1,3-DCP (mg/kg)
Items
0 275 55 110

No. of rats 6 6 6 6
MDA (nmol/mg protein) 0.49+0.02% 0.5240.05 0.58+0.05** 0.64+0.04**
GSH (nmol/mg protein) 3.89+0.29 3.6110.24 3.13+0.56** 2.8840.39**
Catalase (units/mg protein) 50+11 38+9* 35+5* 34+6.0**
GR (units/mg protein) 0.72+0.06 0.58+0.07** 0.5040.05** 0.49+0.04**
GST (units/mg protein) 154114 111+13** 92+18** 53+17**

#Values are expressed as mean+SD. *P<0.05 versus control group. **P<0.01 versus control group.
1,3-DCP: 1,3-dichloro-2-propanol; MDA: malondialdehyde; GSH: reduced glutathione; GR: glutathione reductase; and GST: glutathione

S-transferase.

and p38 MAPK in the 1,3-DCP groups were dose-
dependently increased (Figure 3A). The relative ratios of
phosphorylated-MAPKs/total MAPKs also exhibited a
dose-dependent increase in the 1,3-DCP-treated groups
(Figure 3B-3D).

Effects of 1,3-DCP on NF-kB activation and inflammatory
mediators

As shown in Figures 4 and 5, the rats receivingl,3-
DCP showed an increase in nuclear NF-«xB protein
levels in a dose-dependent manner (Figure 4). Similarly,
hepatic TNF-o, iNOS, and Cox-2 mRNA and protein
levels exhibited a dose-dependent increase (Figure SA-
5E). mRNA levels of the inflammatory cytokines IL-1f3
and IL-6 showed a dose-dependent up-regulation
(Figure 5F and 5G).

Discussion

Previous studies have demonstrated that 1,3-DCP
exposure has severe adverse effects on hepatic function
and histopathology [5,7,15,18]. Although it is well
known that 1,3-DCP has toxic effects on hepatic function
and structure, the action mechanisms are still poorly
understood. In this study, hepatocellular apoptotic changes
and apoptotic cell death were mediated by oxidative
stress-mediated MAPKSs pathway activation are demonstrated.
Changes in NF-kB-mediated inflammatory responses
following 1,3-DCP treatment were also confirmed.

Injury to the hepatocytes alters membrane permeability
and transport function, leading to leakage of serum
aminotransferases [22,23]. The marked elevation of AST
and ALT into the circulation indicates severe damage to
hepatocyte membranes [5]. 1,3-DCP at 110 mg/kg caused
a significant increase in serum AST and ALT levels,

indicating acute hepatotoxicity. In addition, increased
ALP, TCHO, and TBIL values and decreased glucose
level were observed in a dose-dependent manner. Histo-
pathological examination confirmed the hepatotoxic
effects, revealing massive hepatocellular degeneration/
necrosis, inflammatory cell infiltration, hemorrhage, and
sinusoidal dilation in accordance with previous studies
[5,15,18]. It is well established that CYP2E1-mediated
metabolism is involved in the hepatotoxicity of 1,3-DCP
to yield the hepatotoxic metabolites 1,3-DCA, leading to
glutathione depletion [12,14]. In addition, lipid peroxidation,
DNA oxidation, intracellular Ca*" increase, and generation
of excessive ROS are considered to be potentially
involved in 1,3-DCP-induced toxicity [13,14,16]. In this
study, a single oral dose of 1,3-DCP resulted in high
oxidative damage, as evidenced by a significant increase
in hepatic MDA concentration and significant decreases
in GSH content and GST, and catalase activities in liver
tissue.

ROS-driven oxidative stress results in the activation of
MAPKSs that mediate cellular responses to extracellular
signals. Oxidative stress caused by 1,3-DCP induced
apoptotic changes in B16F10 cells, which were mediated
by MAPKSs, particularly phosphorylation of JNK and
Erk [16]. In this study, male rats exposed to 1,3-DCP
showed a dose-dependent increase in the number of
TUNEL-positive cells around the centrilobular area in
the hepatic tissue. To further investigate the effects of
1,3-DCP on apoptosis, immunohistochemical analysis
for caspase-3 was conducted. Caspase-3 immunopositivity
was also increased around the centrilobular area in a
dose-dependent manner. 1,3-DCP-induced ROS initiates
apoptosis via MAPKs-mediated signaling in mouse
melanoma cells [16]. Thus, the expression of the
MAPKs pathway-related proteins in the liver was
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IHC for caspase-3

Figure 2. Effects of 1,3-DCP on hepatic cellular apoptosis. Representative photographs of TUNEL assay (A-D) and immuno-
histochemical analysis of caspase-3 (E-H) performed on liver sections. (A, E) Liver of control rats showed scant positive cells. The
rats treated with 1,3-DCP at doses of (B, F) 27.5, (C, G) 55, and (D, H) 110 mg/kg showed a dose-dependent increase in TUNEL-
and caspase-3-positive cells. Bar=50 um (x200). 1,3-DCP: 1,3-dichloro-2-propanol; and TUNEL: terminal deoxynucleotidyl

transferase-mediated dUTP nick end-labeling.

investigated by immunoblotting to further understand
the apoptotic cell death during 1,3-DCP intoxication. p-
Erk1/2, p-JNK, and p-p38 MAPK expression levels
exhibited a dose-dependent increase, well correlated
with the results of the TUNEL assay and the caspase-3
immunohistochemical analysis. Therefore, oxidative

Lab Anim Res | March, 2016 | Vol. 32, No. 1

stress-mediated MAPKs signaling activation may be
responsible for 1,3-DCP-induced hepatic cell apoptosis,
and involved in the deterioration of liver architecture and
hepatic dysfunction.

The role of NF-kB signaling and the related inflammatory
mediators have also been investigated. NF-kB is a pivotal
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Figure 3. Effects of 1,3-DCP on MAPKs-dependent pathways. Immunoblotting analysis of (A) MAPKs-related Erk, JNK, p38 MAPK
and its phosphorylated form protein levels in male rats treated with 1,3-DCP (loading control: B-actin). The bar graphs show relative
(B) p-Erkftotal Erk (t-Erk), (C) p-JNK/A-JNK, and (D) p-p38 MAPK/t-p38 MAPK ratios in hepatic tissues for 1,3-DCP-treated rats.
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propanol; MAPKSs: mitogen-activated protein kinases; Erk: p44/42 MAPK; and JNK: c-Jun N-terminal kinase.
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tissues for 1,3-DCP treated rats. Values are presented as meantSD (n=6). **P<0.01 versus control group. 1,3-DCP: 1,3-dichloro-2-
propanol; and NF-kB: nuclear factor-kappa B.
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Figure 5. Effects of 1,3-DCP on NF-«kB-related inflammatory mediators and cytokines. (A) Immunoblotting analysis of TNF-a,, Cox-
2, and iNOS expression and (B) its relative protein levels in the male rats treated with 1,3-DCP (loading control: B-actin). The bar
graphs show relative mRNA levels of NF-kB-related inflammatory mediator or cytokine, (C) iNOS, (D) Cox-2, (E) TNF-a, (F) IL-1B,
and (G) IL-6 mRNA levels for 1,3-DCP-treated rat (loading control: GAPDH). Values are presented as meantSD (n=6). **P<0.01
versus control group. 1,3-DCP: 1,3-dichloro-2-propanol; NF-kB: nuclear factor-kappa B; TNF-a: tumor necrosis factor-alpha; Cox-
2: cyclooxygenase-2; INOS: inducible nitric oxide synthase; IL-1: interleukin-1p; IL-6: interleukin-6; and GAPDH: glyceraldehydes-
3-phosphate dehydrogenase.

transcription factor implicated in the regulation of induce NF-kB activation [25]. NF-kB activation and
inflammatory and immune responses [24]. Among various ~ subsequent nuclear translocation induced by ROS are
stimuli, ROS are other common signaling molecules that  responsible for modulation of liver injury by affecting
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cytokine production and pro-inflammatory mediators
such as TNF-a, iNOS and Cox-2 [26,27]. In this study,
1,3-DCP caused nuclear translocation of NF-«B concurrent
with the induction of inflammatory mediators or cytokines
including iNOS, Cox-2, TNF-a, IL-1B, and IL-6.
Therefore, hepatotoxic effects of 1,3-DCP may be
attributed to inflammatory response mediated through
activation of NF-kB signaling and subsequent induction
of other inflammatory mediators.

In conclusion, the results of this study suggest that 1,3-
DCEP elicits its hepatotoxic effects by oxidative stress,
and that the effects may be related to activation of Erk1/
2-, INK-, and p38 MAPK-mediated apoptotic changes
and NF-kB signaling-mediated inflammatory responses.
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