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A Novel Role of a Chemotherapeutic Agent in a Rat Model
of Endotoxemia: Modulation of the STAT-3 Signaling Pathway

Omnia S. Zaki,1,5 Marwa M. Safar,2,3 Afaf A. Ain-Shoka,2 and Laila A. Rashed4

Abstract— Sepsis caused by lipopolysaccharide (LPS) is a life-threatening disease accompa-
nied by multiple organ failure. This study investigated the curative effects of imatinib (IMA)
against hepatic, renal, and pulmonary responses caused by a single administration of LPS
(10 mg/kg, i.p.) in rats. Treatment with IMA (15 mg/kg, i.p.) 30 min after LPS antagonized
the LPS-induced boost of liver enzymes (ALT, AST), kidney functions (BUN, sCr) as well as
the elevated pulmonary vascular permeability and edema. IMA declined tissue contents of
NF-κB, STAT-3, P38-MAPK, TNF-α, IL-1β, and iNOS. It also amplified the anti-
inflammatory cytokine IL-10 as well as the Bcl-2/Bax ratio, a cardinal indicator of the anti-
apoptotic effect. Meanwhile, the rats exhibited marked reduction of the broncho-alveolar
lavage fluid (BALF) contents of TNF-α, IL-1β, IFN-γ, and neutrophil count; however, they
revealed prominent augmentation of the BALF content IL-10. In conclusion, these findings
suggest that IMA is endowed with anti-inflammatory, anti-oxidant, and anti-apoptotic prop-
erties and hence may provide a novel agent for the management of sepsis.
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INTRODUCTION

Sepsis is the major culprit behind systemic inflammato-
ry response syndrome (SIRS); an overwhelming life-threat-
ening disease [1]. SIRS is considered as one of the leading
causes of death worldwide especially in the intensive care
units [2]. Inevitably, it remains an important clinical problem
in the future, especially in light of the surge in the aging
population and the emerging antibiotic resistance. Various
sepsis models are used to preliminarily test potential thera-
peutic treatments prior to clinical trials. Exogenous adminis-
tration of a bacterial toxin, such as lipopolysaccharide, is the
most widely used experimental model of toxemia [3].

Endotoxic lipopolysaccharide (LPS) is the antigenic gly-
colipid product found in the outer membrane of all gram-
negative bacterial cell walls. It is a crucial malefactor behind
septic shock in humans and has the ability to initiate a vigorous
inflammatory response [4]. The effects of LPS in experimental
animals and those observed in patients with gram-negative
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bacterial infections are quite comparable [5]. Endotoxemia
results in fever, circulatory shock, disseminated intravascular
coagulation, and damage of numerous organs, including the
liver [6], kidney [7], and lung [8].

LPS displays its endotoxic activity by binding with its
specific exogenous ligand toll-like receptor-4 (TLR-4) that
belongs to the family of pattern recognition receptors (PRRs)
and plays a central role in host defenses against sepsis [9].
Cytokines are an important component of the Bhyper-
inflammatory^ response to severe infection and play a dev-
astating role in the progression of sepsis. Hence, elimination
or inhibition of several pro-inflammatory mediators including
tumor necrosis factor (TNF-α), interleukin (IL)-1β, IL-12,
IL-17, IL-18, interferon-γ (IFN-γ), and macrophage migra-
tion inhibitory factor improves survival in sepsis models [10].
Interestingly, this endotoxin triggers excessive production of
the signal transducers and activators of transcription (STAT)
protein family, specifically STAT-3, which is involved in the
upregulation of lipopolysaccharide binding protein, leading to
amplification of inflammation in sepsis [11].

Imatinib (IMA) is an antineoplastic agent which inhibits
different tyrosine kinases depending on the type of cancer. It
has been approved by theU.S. Food andDrugAdministration
as the first-line therapy for treating chronic myeloid leukemia
(CML) by blocking break point cluster region-abelson kinase
(bcr-abl) activity rather than non-specifically inhibiting and
killing all rapidly dividing cells [12]. IMA selectively and
competitively blocks the adenosine triphosphate (ATP) bind-
ing sites of several tyrosine kinases, including stem cell factor
receptor (c-Kit), abelson kinase (c-Abl), or platelet-derived
growth factor (PDGF), preventing substrate phosphorylation
which in turn inhibits cellular proliferation [13].

IMA has been reported to possess beneficial pharmaco-
logical effects as anti-inflammatory and anti-fibrotic effects in
humans [14] and in experimental animals [15].Moreover, this
drug hinders LPS-mediated phosphorylation of the regulatory
protein inhibitory kappa B (IκB), with subsequent prevention
of the transcription factor nuclear factor kappa B (NF-κB)
activation [16]. IMA is considered as an inimitable pharma-
cologic agent in the treatment of gram-negative sepsis and
sepsis-induced acute respiratory distress syndrome (ARDS)
[17]. It was reported that IMA rapidly resolves pulmonary
edema via attenuation of pulmonary endothelial barrier dys-
function caused by histamine, thrombin, and intratracheal
LPS [18, 19]. Furthermore, as protein kinases play a pivotal
role in renal inflammation and fibrosis, IMA has been dem-
onstrated to be a renoprotective drug in rats and ameliorates
renal fibrosis by inhibition of c-abl activity [20].

In an attempt to identify new drugs to counteract
SIRS, the current study was conducted to investigate the

efficacy of IMA in a LPS-induced sepsis model in rats,
addressing the modulation of TLR-4-induced inflamma-
tion, oxidative stress, and apoptotic signaling cascade.

MATERIALS AND METHODS

Animals

Adult male Wistar albino rats, weighing 120–180 g,
were used in the present study; they were purchased from
El Nile Pharmaceutical Company (Cairo, Egypt). The rats
were housed in plastic cages for at least 1 week for accli-
matization in the animal house at the Faculty of Pharmacy,
Cairo University. The animals were kept under controlled
environmental conditions during the experimentation peri-
od; constant temperature (25 ± 2 °C), humidity (60 ± 10%),
and alternating 12 h light-dark cycles. The standard pellet
diet and water were allowed ad libitum. The investigation
was approved by the Ethics Committee for Animal Exper-
imentation of Pharmacy, Cairo University (Permit number:
PT 599) and complies with the Guide for Care and Use of
Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

Experimental Design

The rats were divided into three groups with eight rats
each. Group 1 received normal saline and served as the
control group. The rest of the animals received LPS (ex-
tracted from Escherichia coli 0111:B4; Sigma, St. Louis,
MO) intraperitoneally in a dose of 10 mg/kg [21]. The rats
of the second group were left untreated while, group 3 was
given IMA (Novartis, Basel, Switzerland) intraperitoneally
[22] 30 min after LPS exposure as a single dose of 15 mg/
kg which was converted from mice (30 mg/kg) [23] to rats
according to the assumptions and constants of the paper by
[24]. In addition, when imatinib was injected alone, it
showed no changes, the same as compared to the control
group.

Broncho-alveolar lavage fluids (BALFs) were col-
lected from the right lung of each rat just before the
animal’s decapitation. Blood samples were withdrawn
from the retro-orbital plexus of each rat 24 h after LPS,
collected in heparinized capillary tubes [25] on ice, and
then centrifuged immediately at 3000 rpm for 20 min at
4 °C (Hettich Universal 32R, Germany). Serum was used
for the estimation of alanine aminotransferase (ALT), as-
partate aminotransferase (AST), serum creatinine (sCr),
and blood urea nitrogen (BUN). Each sample was divided
into several aliquots, one for each estimated parameter to
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avoid freezing and thawing. Serum aliquots were stored at
−20 °C until they were assayed later.

Immediately after collection of the blood samples, the
animals were sacrificed by decapitation; livers, kidneys,
and lungs were removed and washed with saline. A part of
each liver, the left kidney, and the left lung which was used
to determine lung water content were weighed and homog-
enized using a homogenizer (ART-MICCRA D-8, Germa-
ny) with ice-cold phosphate buffer saline (PBS) to prepare
(1:10 w/v) homogenate. Homogenates were centrifuged at
4000 rpm at 4 °C for 15 min, and the supernatants were
frozen at −80 °C until they were assayed later for estima-
tion of upstream inflammatory cytokines namely NF-κB,
STAT-3, and P38-mitogen-activated protein kinase (P38-
MAPK); downstream inflammatory cytokines namely
TNF-α, interleukin-1β (IL-1β), and inducible nitric oxide
synthase (iNOS); anti-inflammatory cytokine namely
interleukin-10 (IL-10); and apoptotic proteins namely
Bax and B-cell lymphoma 2 (Bcl2).

Isolation of Broncho-Alveolar Lavage Fluid (BALF)

The animals were anesthetized 24 h after LPS injec-
tion with an intraperitoneal injection of sodium pentobar-
bital (50 mg/kg). A thoracotomy was performed to expose
the lungs and the trachea; a cannula was inserted into the
trachea and secured using a silk suture, then 12 mL of
phosphate-buffered saline (0.9% NaCl-50 mM phosphate,
pH 7.4) was injected into the right lung via a syringe and
the tracheal cannula. The infusion was allowed to remain
for 30 s, retrieved, and then reinstilled for a total of three
washes with the same solution. An average of 9 mL BALF
was recovered from each rat [26]. BALFwas centrifuged at
800g, and the supernatant was stored at −70 °C immedi-
ately for detection of inflammatory cytokines namely TNF-
α, IL-1β, IL-10, and IFN-γ. The deposited cells were re-
suspended in 0.2 mL PBS, and the neutrophil cell counts
were determined on BALF smear slides that were stained
with Hemacolor (EMD Chemicals, USA).

Lung Water Content Estimation

The lungs were dissected immediately after anesthe-
sia by an intraperitoneal injection of sodium pentobarbital
(50 mg/kg). The left lung from each animal was washed
with normal saline to remove residual blood and weighed
to obtain the wet lung weight and then dried in a drying
oven at 80 °C for 12 h and weighed again to obtain the dry
lung weight. The values obtained were used to determine
the wet/dry weight ratios [27].

Biochemical Measurements in Serum

Liver and Kidney Functions

ALT, AST, sCr, and BUN levels were determined
according to the manufacturer’s prescripts using reagent
kits (Biodiagnostic Company, Egypt).

Biochemical Measurements in Liver, Lung, andKidney
Homogenates and BALFs

Cytokine Determination

IL-1β and TNF-α levels in the liver, lung, and
kidney homogenates and BALFs were determined
using commercial ELISA rat kits supplied by R&D
Systems (USA) according to the methods by [28] and
[29], respectively. IL-10 contents in the liver, lung,
and kidney homogenates and BALFs as well as IFN-
γ levels in BALFs were determined using commer-
cial ELISA rat kits supplied by MyBiosource (USA)
according to the methods by [30] and [31],
respectively.

Western Blot Analysis of Liver, Lung, and Kidney NF-κB,
P38-MAPK, and STAT-3 Protein Expressions

Proteins from the liver, lung, and kidney tissues were
extracted with lysis buffer (radioimmunoprecipitation as-
say (RIPA) buffer with protease and phosphatase inhibitor)
on ice for 30 min on a shaker. Cell debris was removed by
centrifugation at 16,000×g for 30 min at 4 °C. The super-
natant was transferred to a new tube for further protein
concentration determination analysis. The Bradford Pro-
tein Assay Kit (SK3041) for quantitative protein analysis
was provided by BIO BASIC INC. (Markham, Ontario,
Canada). A 20-μg protein concentration of each sample
was loaded with an equal volume of Laemmli sample
buffer. An aliquot of 7.5 μg protein of each sample was
boiled with Laemmli buffer at 95 °C for 5 min to ensure
that proteins were denatured, then each sample was loaded
into an individual lane in sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene (PVDF) membranes. The mem-
branes were blocked with blocking solution that was com-
posed of tris-buffered saline with Tween 20 (TBST) buffer
and 3% bovine serum albumin (BSA) for 1 h at room
temperature and incubated with primary antibody diluted
in TBSTagainst the blotted target protein overnight at 4 °C.
The blot was rinsed three to five times for 5 min with
TBST.
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After that, the incubation was done in the peroxidase-
conjugated secondary antibody (goat antirabbit IgG-HRP-
1 mg goat mab—Novus Biologicals) solution against the
blotted target protein for 1 h at room temperature. The blot
was rinsed three to five times for 5 min with TBST. Protein
bands were visualized using an enhanced chemilumines-
cence (ECL) system (Clar i ty™ Western ECL
substrate—BIO-RAD, USA). The chemiluminescent sig-
nals were captured using a CCD camera-based imager.
Image analysis software was used to read the band intensity
of the target proteins against the control sample by normal-
ization to β-actin on the ChemiDoc MP imager (BIO-
RAD, USA).

Quantitative Real-Time Polymerase Chain Reaction
(qPCR) for Liver, Lung, and Kidney iNOS, Bax, and Bcl2
Contents

Total RNA was extracted from the liver, kidney, and
lung tissues using the SV Total RNA Isolation System
(Promega, Madison, WI, USA), and the purity of the
obtained RNA was verified spectrophotometrically at
260 nm. The extracted RNAwas reverse transcribed into
complementary DNA (cDNA) using a reverse
transcriptase-polymerase chain reaction (RT-PCR) kit
(Stratagene, USA) according to the manufacturer’s instruc-
tions. To assess the expression of iNOS, Bax, and Bcl2
target genes, quantitative real-time PCR was performed
using SYBR Green PCR Master Mix (Qiagen, Germany)
as described by the manufacturer. Briefly, 25 μL of
QuantiFast SYBR Green Master Mix, 22.5 μL dH2O,
2 μL primer pair mix (5 pmol/μL each primer), and
0.5 μL cDNA in a final reaction volume of 50 μL were
used. The sequences of primers of iNOS, Bax, and Bcl2
genes and housekeeping gene β-actin are listed in Table 1.

PCRs included 10 min at 95 °C for activation of
AmpliTaq DNA polymerase, followed by 40 cycles at
95 °C for 15 s (denaturing) and 72 °C for 10 min

(annealing/extension). Data were expressed in cycle
threshold (Ct) where the increased fluorescence curve
passes across a threshold value. The relative expressions
of target genes were obtained using the comparative Ct

(ΔΔCt) method. The ΔCt was calculated by subtracting β-
actin Ct from that of the target gene whereas ΔΔCt was
obtained by subtracting the ΔCt of the reference sample
(internal control) from that of the test sample. The relative
expression ratios were calculated by 2−ΔΔCt [32].

Histopathological Examination

After fixation in 10% formol saline for 24 h, the liver
and kidney tissues were washed under tap water, then serial
dilutions of alcohol (methyl, ethyl, and absolute ethyl)
were used for dehydration. The specimens were cleared
in xylene and embedded in paraffin at 56 °C in a hot-air
oven for 24 h. Paraffin beeswax tissue blocks were pre-
pared for sectioning at 4 μm thickness by a slide micro-
tome. The obtained tissue sections were collected on glass
slides, deparaffinized, and stained by hematoxylin and
eosin (H&E) stain for examination through a light electric
microscope [33].

Statistical Analysis

Data were expressed as means ± standard error of the
mean (SEM) except BALF neutrophil count data that were
expressed as medians ± (range). Comparisons between
means were carried out using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test,
while comparisons between medians were carried out
using Kruskal-Wallis non-parametric one-way ANOVA
followed by Dunn’s multiple comparison test. Statistical
analysis was performed using GraphPad Prism software
(version 5); a probability level of less than 0.05 was ac-
cepted as statistically significant.

Table 1. Sequence of the Primers Used for Real-Time PCR

Parameter Primer sequence Gene bank accession number

iNOS Forward: 5′ GACTGTTGCTCCCCCTTACC 3′
Reverse: 5′ ACAAGTCACATCGCCTTCGT 3′

XM_006287537.1

Bcl2 Forward: 5′ ATCGCTCTGTGGATGACTGAGTAC 3′
Reverse: 5′ AGAGACAGCCAGGAGAAATCAAAC 3′

XM_008952707.2

Bax Forward: 5′ TTCAACTGGGGCCGCGTGG TT 3′
Reverse: 5′ GGAGAGGAGGCCTTCCCAGCC 3′

NM_007527.3

β-actin Forward: 5′ TGACGAGGCCCAGAGCAAGA 3′
Reverse: 5′ ATGGGCACAGTGTGGGTGAC 3′

XM_002751780.4
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RESULTS

Effects of IMA on Liver Enzymes and Kidney
Functions

Lipopolysaccharide-exposed rats exhibited marked
impairment in both liver and kidney functions, with serum
ALT-, AST-, creatinine-, and BUN-level elevation by 3.6-
fold, 3-fold, 3.6-fold, and 2.5-fold of normal values, re-
spectively. Treatment with IMA antagonized the increase
in ALT levels by 34.9% and reverted AST, sCr, and BUN
levels back to their normal levels (Fig. 1a, b).

Effects of IMA on Some Liver, Kidney, and Lung
Upstream Inflammatory Biomarker Contents

LPS administration caused eminent elevations of he-
patic NF-κB, STAT-3, and P38-MAPK levels by 12-fold,
9.5-fold, and 10.3-fold, respectively, as compared to the
control group. Treatment with IMA totally averted the
modification in NF-κB liver content while it hampered
the other aforementioned inflammatory mediators by
39% (STAT-3) and 66.7% (P38-MAPK) as compared to
the LPS group (Fig. 2a–c).

Protein expressions of kidney NF-κB, STAT-3, and
P38-MAPK contents were obviously raised up after LPS
administration as compared to control animals by 9.4-fold,
7-fold, and 8-fold, respectively. IMA normalized NF-κB,
STAT-3, and P38-MAPK kidney protein expressions (Fig.
3a–c).

Endotoxemia caused a spike in lung NF-κB, STAT-3,
and P38-MAPK protein expressions which amounted to
10.3-fold, 7.4-fold, and 7.8-fold, respectively, of the nor-
mal values. On the other hand, a dramatic depletion of lung
NF-κB (68.7%), STAT-3 (50.9%), and P38-MAPK
(51.9%) protein levels was observed in IMA-treated rats
as compared to the LPS group (Fig. 4a–c).

Effects of IMA on Some Liver, Kidney, and Lung
Downstream Inflammatory Biomarker Contents

Table 2 depicts the effects of IMA on some liver
downstream inflammatory biomarker contents. LPS-
subjected animals demonstrated a pronounced elevation
in TNF-α and IL-1β liver contents which reached 4.4-fold
and 3-fold, respectively, of the values of the normal ones.
On the contrary, LPS diminished IL-10 content (64.3%) as
compared to normal animals. These parameters were nor-
malized by IMA administration while it significantly in-
creased the IL-10 level (92.3%) as compared to the LPS
group.

Table 3 depicts that endotoxemic rats subjected to
LPS exhibited prominent elevations in the kidney TNF-α
(2.5-fold) and IL-1β (3.3-fold) contents as compared to the
control partners. On the other hand, a significant decrease
in kidney IL-10 content was revealed after LPS injection
by 46.9% as compared to the control animals. Notably,
IMA administration normalized both TNF-α and IL-1β as
compared to the control group. The IMA-treated group

Fig. 1. Effects of IMA on liver enzymes ALT and AST (a) and kidney functions sCr and BUN (b) in rats subjected to LPS. Each bar with a vertical line
represents the mean ± SEMof six to eight rats per group. Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s
multiple-comparison test; P < 0.05). LPS, lipopolysaccharide; IMA, imatinib.
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showed an increment in IL-10 content, but it did not
markedly affect the IL-10 level as compared to LPS.

Table 4 depicts the effects of IMA on some lung
downstream inflammatory biomarker contents. The
TNF-α and IL-1β lung contents were significantly aug-
mented by 3.9-fold and 3.7-fold, respectively, after LPS
exposure as compared to the control animals, while LPS

hampered lung IL-10 content markedly by 51.2% as
compared to the normal counterparts. IMA caused
prominent reductions in the lung TNF-α (32.2%) and
IL-1β (39.6%) contents as compared to the LPS group.
Inversely, IMA caused a significant increment in the
lung IL-10 content by 61% as compared to the LPS
group.

Fig. 2. Effect of IMA on liver contents of NF-κB (a), STAT-3 (b), and P38-MAPK (c) in rats subjected to LPS. The protein levels were quantified by western
blot analysis and normalized with their respective β-actin level. Each bar with a vertical line represents the mean ± SEM of six to eight rats per group.
Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05). LPS,
lipopolysaccharide; IMA, imatinib; NF-κB, nuclear factor-κB; STAT-3, signal transducers and activators of transcription-3; P38-MAPK, P38-mitogen-
activated protein kinase.

Fig. 3. Effect of IMA on kidney contents of NF-κB (a), STAT-3 (b), and P38-MAPK (c) in rats subjected to LPS. The protein levels were quantified by
western blot analysis and normalized with their respectiveβ-actin level. Each bar with a vertical line represents the mean ± SEMof six to eight rats per group.
Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05). LPS,
lipopolysaccharide; IMA, imatinib; NF-κB, nuclear factor-κB; STAT-3, signal transducers and activators of transcription-3; P38-MAPK, P38-mitogen-
activated protein kinase.
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Effects of IMA on Liver, Kidney, and Lung iNOS
Contents and Apoptotic Protein Ratios (Bcl2/Bax)

The liver, kidney, and lung contents of iNOS were
significantly augmented by 13.2-fold, 9-fold, and 8.4-fold,
respectively after LPS exposure as compared to control
animals. Notably, IMA administration normalized the liver
iNOS content as compared to the control group while it
caused prominent reductions of kidney (53.9%) and lung
(47.5%) iNOS contents as compared to LPS-subjected
animals (Fig. 5a–c).

A pronounced depletion of liver, kidney, and lung
Bcl2/Bax ratios was observed in LPS-exposed rats as

compared to control ones by 98, 77.8, and 97.7%, respec-
tively. On the contrary, IMA treatment significantly
boosted the liver Bcl2/Bax ratio by 8.7-fold as compared
to the LPS group. Notably, IMA did not cause significant
alterations in both kidney and lung Bcl2/Bax ratios as
compared to the LPS group (Fig. 6a–c).

Effect of IMA on BALF Inflammatory Biomarkers

Table 5 depicts the effect of IMA on BALF inflam-
matory biomarkers. Marked elevations in the BALF con-
tents of TNF-α (3.3-fold), IL-1β (3.1-fold), and IFN-γ (4-
fold) were observed after administration of LPS as com-
pared to the control group. Conversely, a significant de-
crease in BALF content of IL-10 was shown after LPS
administration by 48.7% as compared to the control ani-
mals. IMA caused significant lowering of TNF-α, IL-1β,
and IFN-γ contents as compared to the LPS group by 37.2,
50.6, and 52.5%, respectively. Normalization of the BALF
content of IL-10 was detected after treatment with IMA as
compared to the control group.

Effect of IMA on BALF Neutrophils Count Contents
and Lung Wet/Dry Ratios

Intraperitoneal administration of LPS caused signifi-
cant augmentation in the BALF neutrophil count (4-fold)
contents as compared to the control animals. Meanwhile, a
significant increment was revealed after LPS administration

Fig. 4. Effect of IMAon lung contents of NF-κB (a), STAT-3 (b), and P38-MAPK (c) in rats subjected to LPS. The protein levels were quantified by western
blot analysis and normalized with their respective β-actin level. Each bar with a vertical line represents the mean ± SEM of six to eight rats per group.
Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05). LPS,
lipopolysaccharide; IMA, imatinib; NF-κB, nuclear factor-κB; STAT-3, signal transducers and activators of transcription-3; P38-MAPK, P38-mitogen-
activated protein kinase.

Table 2. Effect of IMA on Liver Downstream Inflammatory Biomarker
Contents in Rats Subjected to LPS

Group Parameter

TNF-α
(pg/g tissue)

IL-1β
(pg/g tissue)

IL-10
(pg/g tissue)

Control (saline) 39.01 ± 2.04 42.99 ± 3.39 158.4 ± 10.36
LPS 172.5 ± 9.78* 135.4 ± 8.51* 56.45 ± 3.92*

LPS + IMA 69.33 ± 2.17@ 66.70 ± 10.43@ 108.5 ± 2.68*, @

Values are expressed as the mean ± SEM of six to eight rats per group
LPS lipopolysaccharide, IMA imatinib
* vs. the control group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)

@ vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)
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in the lung wet/dry weight ratios as compared to the control
animals by 1.3-fold. IMA administration normalized the
BALF neutrophils count content as compared to the control
group. IMA reduced lung wet/dry weight ratios by 31.8%
as compared to the LPS group (Fig. 7a, b).

Effect of IMA onLPS-Induced Pathological Changes of
the Liver and Kidney

The livers and kidneys, harvested 24 h after the LPS
injection, were subjected to H&E staining. The control
group showed normal histological structure of the central
vein and surrounding hepatocytes in the parenchyma (Fig.
8a) and normal histological structure of the kidney glomer-
uli and tubules at the cortex (Fig. 9a). In contrast, liver
tissues from the LPS-treated group showed severe conges-
tion in the central and portal veins with infiltration of few

inflammatory cells in the portal area (Fig. 8b). In addition,
kidney tissue of rats subjected to LPS showed congestion
in cortical blood vessels and glomerular tufts (Fig. 9b).
However, administration of IMA resulted in edema with
infiltration of few inflammatory cells in the portal area
(Fig. 8c). Kidney sections of the IMA-treated group
showed normal histological structure (Fig. 9c).

DISCUSSION

To the best of our knowledge, this is the first study
reporting the beneficial potentials of IMA against LPS-
induced sepsis in rats. The remarkable increase in liver
serum aminotransferase enzyme activities, ALT and AST,
as well as serum levels of sCr and BUN observed in the
endotoxemic rats indicates the extensive liver injury and
acute kidney injury (AKI) in harmony with previous re-
ports [7, 34]. Considerable amelioration of such hepatic
and renal damages was attained by treatment with IMA, as
verified by the normalization of both liver and kidney
enzyme functions. These results lend support to those of
[16] in mice subjected to LPS causing acute liver injury
and [35] in hypertensive rats with renal damage.

A main finding in this study is that IMA afforded
significant reductions of liver, kidney, and lung tissue NF-
κB, P38-MAPK, and STAT-3 protein expressions as com-
pared to the LPS-treated group. NF-κB is an important
regulator of immune response to infection; incorrect regu-
lation of NF-κB has been linked to inflammatory diseases
and septic shock [36]. Interestingly, it has been reported
that protein tyrosine kinase plays a role in induction of
cytokines and NF-κB in monocytes after LPS administra-
tion [37]. Among the mitogen-activated protein kinases
(MAPKs) identified, the P38-MAPK pathway plays a pri-
mary role in regulating the expression of inflammatory
cytokines [38]. It is well established that the stimulators
of P38-MAPK can augment the activity of NF-κB [39].

Hampering of the aforementioned inflammatory me-
diators by IMA could probably result in diminution of the
reactive oxygen species (ROS) generation. According to
[40], impairment of the anti-oxidant defense is considered
to be critically involved in LPS-induced toxic effects. It is
worthy to mention that the ROS cohort causes an increase
in the cellular ratio of oxidized/reduced thiol which regu-
lates NF-κB activation [41]. Notably, it has been demon-
strated that P38-MAPK stimulation by LPS leads to accu-
mulation of ROS, which leads to prolonged MAPK acti-
vation and cell death in a viscous cycle [42]. Additionally,

Table 3. Effect of IMA on Kidney Downstream Inflammatory Biomarker
Contents in Rats Subjected to LPS

Group Parameter

TNF-α
(pg/g tissue)

IL-1β
(pg/g tissue)

IL-10
(pg/g tissue)

Control (saline) 39.55 ± 2.42 38.51 ± 1.99 125.3 ± 4.80
LPS 99.78 ± 5.75* 125.4 ± 6.07* 66.53 ± 7.71*

LPS + IMA 62.13 ± 1.94@ 64.30 ± 13.16@ 92.70 ± 11.78*

Values are expressed as the mean ± SEM of six to eight rats per group
LPS lipopolysaccharide, IMA imatinib
* vs. the control group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)

@ vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)

Table 4. Effect of IMA on Lung Downstream Inflammatory Biomarker
Contents in Rats Subjected to LPS

Group Parameter

TNF-α
(pg/g tissue)

IL-1β
(pg/g tissue)

IL-10
(pg/g tissue)

Control (saline) 31.70 ± 1.33 36.15 ± 1.82 141.1 ± 4.44
LPS 122.1 ± 4.96* 134.3 ± 7.60* 68.9 ± 9.26*

LPS + IMA 82.73 ± 9.29*, @ 81.07±11.14*,@ 110.9 ± 4.17*, @

Values are expressed as the mean ± SEM of six to eight rats per group
LPS lipopolysaccharide, IMA imatinib
* vs. the control group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)

@ vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-
comparison test; P < 0.05)
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STAT activation by LPS plausibly occurs indirectly via
cytokines and/or ROS that are generated by LPS [43].

The present investigation elucidated that treatment
with IMA curbed the elevation of TNF-α, IL-1β, and
iNOScontents in liver, kidney, and lung tissues; this could
be explained in the light of the finding that this tyrosine
kinase inhibitor hinders LPS-mediated phosphorylation
of the regulatory protein IκB,with subsequent prevention
of the transcription factor NF-κB activation [16]. These
findings are linked to the fact that IMA suppression of
abelson kinase (c-Abl), a non-receptor tyrosine kinase,

phosphorylation was accompanied by reduced TNF-α
and IL-1β in mice [15]. Besides, IMA significantly di-
minished BALFTNF-α and IFN-γ levels and thismay be
attributed to the downregulatory effect of IMA on all T
helper 1 (Th1)-specific cytokines [44]. Additionally,
LPS-induced IFN-γ production in BALF plays a role in
the early edema development and contributes to later
lethal events. In a previous study, [45] challenged mice
with LPS given intraperitoneally and found that pretreat-
ment with a neutralizing anti-IFN-γ antibody inhibited
late (24 h) edema and lethal effects.

Fig. 5. Effect of IMA on the mRNA expression of liver (a), kidney (b), and lung (c) iNOS contents in rats subjected to LPS. Each bar with a vertical line
represents the mean ± SEMof six to eight rats per group. Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s
multiple-comparison test; P < 0.05). LPS, lipopolysaccharide; IMA, imatinib; iNOS, inducible nitric oxide synthase.

Fig. 6. Effect of IMA on the mRNA expression of liver (a), kidney (b), and lung (c) Bcl2/Bax ratios in rats subjected to LPS. Each bar with a vertical line
represents the mean ± SEMof six to eight rats per group. Asterisk, vs. the control group and at sign, vs. the LPS group (one-way ANOVA followed by Tukey’s
multiple-comparison test; P < 0.05). LPS, lipopolysaccharide; IMA, imatinib; Bcl2, B cell lymphoma 2.
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The current high lung wet/dry weight ratios, an index
of pulmonary edema, observed in the lung tissues of LPS-
treated rats indicated substantial lung damage via increas-
ing pulmonary vascular permeability [46]. Treatment with
IMA ameliorated the pulmonary edema by significant low-
ering of lung wet/dry weight ratios. Consistent with these
results, the IMA-treated mice were prominently protected
against LPS-induced lung edema formation [47]. The nor-
malization of the BALF neutrophil content observed in
IMA-treated rats indicated an anti-inflammatory role of
IMA. Hitherto, the downregulatory effect of IMA on neu-
trophils has been described by [47].

In this study, the IMA-treated group exhibited normal
IL-10 levels in liver, kidney, and lung tissues which could

be attributed to an IMA upregulatory effect on T-helper 2
(Th2) cytokines [44]. The anti-inflammatory IL-10 is
known to negatively regulate toll-like receptor signaling
and is a potent downregulator of cell-mediated immune
and pro-inflammatory responses in the LPS murine model
of sepsis [48]. IL-10 plays a role in inhibition of the
production of pro-inflammatory mediators TNF-α, IL-
1β, and nitric oxide (NO) produced by LPS in rats [49].
Furthermore, [50] conveyed that the protective effects
against LPS-induced acute lung injury (ALI) in mice are
related to reducing the BALF content of TNF-α, while
increasing IL-10 secretion and keeping the balance be-
tween inflammatory mediators and anti-inflammatory fac-
tors. On the contrary, a former study reported the elevation

Table 5. Effect of IMA on BALF Biomarkers Contents in Rats Subjected to LPS

Group Parameter

TNF-α (pg/mL) IL-1β (pg/mL) IL-10 (pg/mL) IFN-γ (pg/mL)

Control (saline) 36.03 ± 4.80 40.16 ± 3.89 121.6 ± 6.63 39.99 ± 1.92
LPS 120.5 ± 5.13* 125.5 ± 16.51* 62.38 ± 14.61* 165.4 ± 7.03*

LPS + IMA 75.67 ± 9.85*, @ 61.97 ± 2.55*, @ 87.60 ± 6.76@ 78.63 ± 12.02*, @

Values are expressed as the mean ± SEM of six to eight rats per group
LPS lipopolysaccharide, IMA imatinib
* vs. the control group (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05)
@ vs. the LPS group (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05)

Fig. 7. Effect of IMA on BALF neutrophils count content (a) and lung wet/dry weight ratios (b) in rats subjected to LPS. Each bar of neutrophils count
represents the median of six to eight animals ± (range) (Kruskal-Wallis followed by Dunn’s multiple-comparison test). Each bar of lung wet/dry ratios
represents the mean of eight animals ± SEM (one-way ANOVA followed by Tukey’s multiple-comparison test; P < 0.05). Asterisk, vs. the control group; at
sign, vs. the LPS group. LPS, lipopolysaccharide; IMA, imatinib.
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of BALF IL-10 after LPS administration in rats [51]. Based
on that, the precise nature of IL-10 following traumatic
injury, shock, and/or sepsis remains controversial. IL-10
also inhibits LPS-induced IFN-γ synthesis as observed
in vivo in the mice endotoxemia model [52].

The present work supported the idea that apoptosis is
a key element in the pathogenesis of sepsis where LPS
decreased the anti-apoptotic protein Bcl2 gene expression
and increased the apoptotic Bax gene expression in the
liver, kidney, and lung, reflecting a significant Bcl2/Bax
ratio reduction that promoted cellular apoptosis as com-
pared to control animals. These findings are in line with
previous studies of sepsis-induced rat liver [53], kidney
[54], and lung [55] injuries. This study showed that IMA
significantly increased the Bcl2/Bax ratio in liver and lung
tissues; however, it tended to amend the apoptotic protein
ratio in the kidney.

In corporation with the biochemical parameters, the
histological examination of liver and kidney sections of

IMA-treated animals resulted in edema with infiltration of
few inflammatory cells in the portal area with congestion in
the portal vein, and multiple focal necrosis in hepatic
parenchyma. Concerning kidney histopathology, the rats
subjected to IMA depicted normal kidney section histolog-
ical structure in agreement with the findings previously
described by [35]. In context, IMA had a potent inhibitory
effect on glomerular macrophage (MQ) accumulation and
diminished glomerulonephritis induced by the anti-
glomerular basement membrane antibody [56]. Contrari-
wise, LPS-treated rats showed severe congestion in the
portal and central veins as well as multiple focal necrosis
in the hepatic parenchyma in a diffuse manner and conges-
tion in the cortical blood vessels and glomerular tufts.

In conclusion, this study endorses a curative effect of
IMA in the LPS model of sepsis which might be attributed
to its anti-inflammatory, anti-oxidant, and anti-apoptotic
effects. These beneficial effects open up new horizons to
its therapeutic intervention in the SIRS condition.

 

Fig. 8. Photomicrographs of liver sections showing effects of IMA on the liver using hematoxylin and eosin (H&E) stain in rats subjected to LPS (×40):
a = Control group, b = LPS-treated group showed severe congestion in the portal and central veins (arrow), and c = LPS + IMA showed edema with few
inflammatory cells infiltration in portal area (arrow) with congestion in portal vein (arrow). Where, LPS; lipopolysaccharide, IMA; imatinib.

Fig. 9. Photomicrographs of kidney sections showing effects of IMA on the kidney using hematoxylin and eosin (H&E) stain in rats subjected to LPS (×40):
a control group, b LPS-treated group showing congestion in cortical blood vessels and glomerular tufts (arrows), and c LPS + IMA showing normal kidney
histological structure. LPS, lipopolysaccharide; IMA, imatinib.
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