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ABSTRACT
Background/Aims: Lipoxin A4 (LXA4), an anti-inflammatory lipid mediator, regulates leukocyte cellular activity and activates gene 
transcription. The therapeutic effect of LXA4 on liver fibrosis and its mechanism on the immune system are largely unknown. Because 
the regenerative capacity of hepatocytes in acute and chronic liver failure models of mouse increases by silencing MKK4, we aimed to 
investigate the effect of parenteral administration of LXA4 on the genes responsible for regeneration of liver, namely MKK4, MKK7, and 
ATF2, and visualize the therapeutic effects in an experimental model.
Materials and Methods: Fibrosis was induced in mice by administration of thioacetamide (TAA). LXA4 was administered during the last 
two weeks of fibrosis induction. The fibrosis level was measured by Knodell scoring. The liver function was measured by analyzing serum 
ALT, AST, and AP levels. Expression levels of genes responsible for liver fibrosis (TGF-α) and cell regeneration (MKK4, MKK7, and ATF2) 
have been measured by RT-PCR analysis. Inflammatory and anti-inflammatory cytokine levels were measured in serum samples and 
liver homogenates by Enzyme Linked Immunosorbent Assay (ELISA). Ultrathin sections were examined using a transmission electron 
microscope and analyzed.
Results: We observed significant healing in liver of the LXA4-treated group, histologically. This finding was in parallel with reduction of 
serum ALT, AST, but not AP levels. TGF-α and MKK4 expressions were significantly reduced in the LXA4-treated group. Administration 
of LXA4 caused significant elevation of IL-10 in systemic circulation; however, that elevation was not detected in liver homogenates. 
Nevertheless, significant reductions in TNF-α and IL-17 have been observed.
Conclusion: The anti-inflammatory effect of LXA4 maintains the regenerative capacity of liver during fibrosis in an experimental liver 
fibrosis model. LXA4 may be therapeutically beneficial in liver fibrosis.
Keywords: Lipoxin A4, liver fibrosis, immune response, MKK4, MKK7, ATF2

INTRODUCTION
Liver fibrosis is a common worldwide health problem which 
has significant morbidity and mortality rates (1,2). Chronic 
hepatitis C infection and alcoholic and non-alcoholic ste-
atohepatitis are among the main causes of liver fibrosis. 
Parasite infections, excessive iron and copper loading, bili-
ary obstruction, and overdose of drugs may be considered 
as other causes of liver fibrosis (3). Due to its extraordinary 
self-renewal capacity, fibrosis slowly progresses in the vast 
majority of patients. If fibrosis is not treated, cirrhosis as-
sociated with organ shrinkage and nodule formation can 
occur, resulting in organ failure and death (1).

Fibrosis is a result of chronic liver damage resulting from 
excessive accumulation of various extracellular proteins, 
especially type I collagen. In later periods of fibrosis, liv-
er contains six times more extracellular proteins includ-
ing collagens (I, III, and IV), fibronectin, undulin, elastin, 
laminin, hyaluronan, and proteoglycans. Excessive ac-
cumulation of these extracellular proteins results in a 
patho-physiological damage that disrupts the normal 
structure of the liver (4-6). The primary cell types respon-
sible for accumulation of extracellular proteins following 
fibrotic stimulation are active hepatic stellate (Hepatic 
Stellate Cell, HSC) and Kupffer cells. There are strong ev-
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idences that lipid peroxidation and reactive oxygen spe-
cies also play a key role in the initiation and development 
of fibrosis. Furthermore, immune system cells such as 
lymphocytes and polymorphonuclear cells migrating to 
the region activate HSCs for more collagen release. Ac-
tive HSCs secrete inflammatory chemokines, state cell 
adhesion molecules, and regulate the activation of lym-
phocytes. Thus, a vicious cycle of mutual stimulation be-
tween inflammatory and fibrogenic cells arises (7-9).

Today, there are several anti-fibrotic drugs used in the stan-
dard treatment of liver fibrosis. However, the use of these 
drugs is limited because some of them are not effective 
enough on active HSCs, some are specific for only one prod-
uct of fibrotic reaction, and some have adverse side effects. 
In order to be a therapeutic agent against fibrosis; an agent 
should be specific to liver, easily tolerated in long-term ap-
plications, and should effectively reduce the inflammatory 
process and excess collagen accumulation without affect-
ing the extracellular matrix protein synthesis (10-12).

Lipoxin A4 (LXA4) is biosynthesized from the metabolism 
of arachidonic acid and the major physiological lipoxin is 
formed in the mammalian system during inflammation. 
LXA4 not only regulates the cellular activities of leuko-
cytes by binding to a specific G-protein receptor, but 
also activates gene transcription, directly regulating the 
intracellular enzyme activity. It is known that LXA4 plays 
a role in the interaction between different cell types such 
as neutrophil-endothelial cells or neutrophil-platelets. 
In addition, it is also thought that LXA4 works as an en-
dogenous “braking signal” in inflammation. LXA4 reduc-
es the activation status of neutrophils and reduces the 
release of proinflammatory cytokines in different models 
of inflammation. More than that, it activates monocyte 
migration into the inflammatory tissue and regulates the 
inflammatory response process by blocking the survival 
signal to support neutrophil apoptosis (13,14).

In this study, we investigated histological, immunological, 
and ultrastructural effects of parenteral administration of 
LXA4 on liver fibrosis. In addition, the capacity of renewal 
of liver cells after treatment was detected by investigat-
ing expression levels of MKK4 and related genes ATF2 
and MKK7 in liver tissue.

MATERIALS AND METHODS

Reagents and mediums
Formaldehyde (Merck), ethanol (Sigma), xylene (Mer-
ck), and paraffin were used in routine tissue follow-up 

for histological examination. For histological evaluation; 
hematoxylin (Merck), eosin Y (Merck), glacial acetic acid 
(Merck), phosphotungstic acid (Merck), light green, Bou-
in fixative solution, 0.5% periodic acid (Merck), 1N hy-
drochloric acid, Coleman Schiff’s solution (1.0 g basic 
fuchsin, 200 mL of distilled water, 2.0 g potassium me-
tabisulphite, 10 mL of 1N hydrochloric acid, and 0.5 g of 
active carbon) were used.

Animals and establishment of experimental liver fibrosis
For experimental animal studies, male BALB/c mice 5-6 
weeks of age were used. Experimental animal studies 
started with the permission from the İnönü University 
Experimental Animal Production and Research Center 
(Ethics Committee Permission No: 2014/A-15) and the 
studies were carried out in accordance with ethical rules 
of practices of the center.

Experimental design
Liver fibrosis was induced by intraperitoneal administra-
tion of thioacetamide (TAA) (15). TAA was dissolved in a 
phosphate buffer solution (150 mM NaCl, 30 mM KCl, 15 
mM Na2HPO4, 2 mM KH2PO4, pH 7.4) (PBS, Sigma-Al-
drich) before being injected to animals. TAA at a concen-
tration of 100 mg/kg was administered intraperitoneally 
three days a week for 12 weeks. Experimental groups and 
the number of experimental animals in each group were 
determined as follows. The healthy animal group consist-
ed of 10 animals. TAA and the liver fibrosis group con-
sisted of 10 animals (represented as TAA). Only LXA4 ad-
ministered group consisted of 10 animals (represented as 
LXA4), and liver fibrosis induced and LXA4 administered 
group consisted of 10 animals (indicated as TAA+LXA4). 
For a group other than these groups, phosphate salt buf-
fer solution, which is used to prepare the solutions, was 
given to healthy animals. Only biochemical and histolog-
ical parameters were examined on this group. LXA4 was 
prepared at 5 µg/kg concentration by diluting 5 (S), 6 (R), 
15 (R)-trihydroxy-7E, 9E, 11Z, 13E-eicosatetraenoic acid 
(15-Epi-LXA4) in ice-cold PBS. LXA4 was administered 
at 0.5 µg/0.1 mL/mouse (16,17) every two days in a week 
for 2 weeks, intarperitoneally. Because chronic fibrosis 
occurs at the end of 10 weeks, administration of LXA4 
was initiated at the last two weeks of fibrosis induction. 
Hence, TAA injections to experimental mice were contin-
ued during LXA4 injection. The experiment was ended the 
day after the last injection of LXA4.

Macroscopic and biochemical evaluations of liver
Liver weight/body weight ratio, liver macroscopic view, 
serum alanine transferase (ALT), AST, and AP level ana-
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lyzes were performed. ALT, AST, and AP levels in serum 
samples were studied in an automated system (Abbot 
Architect C8000) with quantitative tests. Normal range 
levels of ALT, AST, and AP in mice are 15-77 U/L, 54-298 
U/L, and 35-96 U/L, respectively (18,19).

Microscopic evaluations
In order to determine the histological damage and its 
level, liver sections were fixed in 10% neutral buffered 
formalin and sections of tissues were sliced in 5 µm size 
using a microtome (Leica RM2145) from paraffin blocks. 
Following that, samples were stained with Mayer’s H & 
E method. The formation of connective and supporting 
tissues was performed by Gomori’s one-step trichrome 
staining method.

Sections were examined by a blind researcher on a light 
microscope (Leica DFC280) and imaged on an image 
analysis system (Leica QWin). The Knodell scoring sys-
tem, which is frequently used in liver fibrosis, was fol-
lowed for numerical analysis of injury, inflammation level, 
and regeneration (20). Accordingly, the main criteria of 
evaluation were divided into fragmented necrosis, in-
tralobular degeneration, portal inflammation, and fibrosis 
main titles. For fragmented necrosis in these main titles, 
rating scale was none (0 points), light (1 point), medium 
severity (3 points), significant (4 points), medium sever-
ity and bridge necrosis (5 points), significant and bridge 
necrosis (6 points), and multi-lobe necrosis (10 points). 
For intralobular degeneration, the rating scale was none 
(0 points), mild (1 point), moderate (3 points), and signif-
icant (4 points). For portal inflammation, the rating scale 
was none (0 points), mild (1 point), moderate (3 points), 
and significant (4 points). For fibrosis, the rating scale 
was none (0 points), portal-distributed fibrosis (1 point), 
bridging fibrosis (3 points), and significant (4 points). His-
tological points were the sum of the four assessments 
listed above.

Ultrastructural analysis
For electron microscopic evaluation, the liver samples at 
2 mm3 volume were fixed in 2.5% glutaraldehyde for 3 
h buffered with 0.1 M NaH2PO4+NaHPO4 (pH 7.2-7.4), 
post-fixed in 1% osmium tetroxide (OsO4) for 2 h, and 
embedded in Araldite CY 212. Ultrathin sections (80 nm) 
were contrasted with uranyl acetate and lead citrate and 
examined using a Zeiss Libra 120 (Carl Zeiss NTS GmBH., 
Oberkochen, Germany) transmission electron microscope.

Liver homogenate preparation
Liver homogenates were prepared by mehanical distrup-

tion of 100 mg weighted liver for each sample after di-
gestion in collagenase IV (500 CDU/mL) (Sigma, St. Louis, 
MO, USA) in a Krebs-Ringer bicarbonate buffer contain-
ing 1% Triton-X-100. The homogenates were incubtaed 
for 12 h in an incubator at 37 °C with 5% CO2. Following 
that, homogenates were centrifuged and supernatants 
were analyzed for cytokine levels. Cytokine levels were 
presented as pg/100 mg.

Enzyme Linked Immunosorbent Assay (ELISA)
Th1 [interferon gamma (IFN-α), interleukin-2 (IL-2), tu-
mor necrosis factor-alpha (TNF-α)], Th2 [interleukin-4 
(IL-4) and interleukin-10 (IL-10)], and Th17 [interleu-
kin-17 (IL-17)] cytokine analyses were performed by 
ELISA according to manufacturer’s instructions (ebiosci-
ence, Austria).

Gene expression analysis
Recently, Wuestefeld et al. identified dual specific kinase 
MKK4 as a master regulator of liver regeneration and 
described the relationship between MKK4 and related 
genes MKK7 and ATF2 (21). Based on that, we investigat-
ed the level of liver regeneration in our study. Total RNA 
was extracted from mouse liver tissues using an RNeasy 
Plus Mini kit (Qiagen, Germany). RNA presence and quali-
ty were assessed using a nanodrop device (Maestro Nan-
oDrop; Taiwan). RNA isolations were repeated according 
to RNA/DNA ratios. In order to obtain cDNA, an RT2 HT 
First Strand Kit was used according to manufacturer’s 
instructions (Qiagen, Germany). The cDNAs obtained at 
the end of that process were stored at -20 °C until us-
age for real-time polymerase chain reaction (RT-PCR) 
assay. The RT-PCR assay was performed using an RT2 
SYBR Green qPCR Mastermix (Qiagen, Germany) accord-
ing to manufacturer’s instructions. Briefly, for each gene 
(ATF2, Map2k4, Map2k7, TGF-B, and GAPDH), PCR mix 
was prepared. For each sample, 12.5 µL RT2 SYBR Green 
Mastermix, 6.5 µL RNase free water, 1 µL RT2qPCR primer 
were pipetted. Following that, 5 µL cDNA for each gene 
was added to this mixture. RT-PCR conditions were de-
termined as 95°C for 10 minutes (1 cycle), 40 cycles of 15 
s at 95°C, and 30 s at 60°C in a RotorGene.

RNA samples were visualized using 1% agarose gel before 
and after heating the samples at 70°C to eliminate the arti-
fical genomic structure. PCR products were visualized on a 
2% agarose gel. A 100 bp standard DNA sample and 15 µL 
of PCR product with 3 µL of 6× loading dye for each gene 
were mixed and run on a 2% agarose gel for 30 minutes 
at 100 volts. Gel images were obtained and recorded on a 
KODAK Gel Logic 2200 Imaging System gel imaging device.
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Statistical analysis
Statistical analyses of data were peformed by using a 
two-tailed Mann-Whitney U test. We performed those 

analyses by using the Statistical Package for Social Sci-
ecnes (SPSS) 10.0 software program (SPSS Inc.; Chicago, 
IL, USA). The level of significance was set as p<0.05.

RESULTS
In our study, an experimental liver fibrosis model was es-
tablished by intraperitoneal (i.p) administration of TAA 
in mice. By using this model, the effect of LXA4, an an-
ti-inflammatory lipid intermediate product, on immune 
response and liver regeneration was investigated. We 
formed five different groups, according to our purpose. 
The groups along with their abbreviations are: healthy 
group-naive-; liver fibrosis induced group-TAA; liver fibro-
sis group, 5 µg/kg LXA4 injected group (i.p)-TAA+LXA4-, 
5 µg/kg LXA4 injected healthy animals group (i.p)-LXA4-. 
In addition to these groups, a group was created in which 
the phosphate buffer solution used for the dilution of 
both TAA and LXA4 was injected i.p.

Body weight/liver weight ratio was analyzed for each 
group. ALT, AST, AP, Th1/Th2, and Th17 cytokine levels 
were investigated in serum samples and liver homog-
enates. Expression levels of genes responsible for liver 
regeneration were investigated. Histological and ultra-
structural examinations were also established for each 
sample.

Body weight/liver weight and biochemical analysis
Development of liver fibrosis by TAA administration 
caused a significant reduction on body weight/liver 
weight ratio in TAA subjects compared to the control 
naive group. However, administration of LXA4 to fibrotic 
mice did not cause a significant elevation (Table 1).
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Table 1. Structural and functional impairments are evaluated by analyzing Body Weight/Liver Weight ratio and ALT, AST, AP levels in se-
rum samples of experimental liver fibrosis models. Body/Weight ratio of mice and ALT, AST and AP enzyme levels in serum samples were 
presented for healthy group (naïve); only Lipoxin A4-administered group (LXA4); following thioacetamide administration 3 via i.p route 3 
days a week for 12 weeks in the liver fibrosis group (TAA), lipoxin A4 administered in a fibrotic mice group (TAA+LXA4) and healthy animals 
administered PBS (naïve+PBS) used for Lipoxin A4 dilution.

Group Body Weight/Liver Weight ALT (U/L) (15-84 U/L)¶ AST(U/L) (54-298 U/L)¶ AP (U/L) (35-96 U/L)¶

Naive 20.271±1.34 29.40±8.58 139.80±29.32 33.18±7.62

LXA4 18.869±2.36 36.60±12.45 109.20±14.26 87.12±9.48

TAA 15.916±1.73* 255.56±71.04# 247.87±33.38ŧ 151.95±14.44$

TAA+LXA4 16.263±3.44 77.40±13.74 169.50±14.13 132.93±17.57

Naive+PBS 21.476±2.13 26.22±3.84 128.31±18.56 42.15±5.58

*, #and ŧsymbolize significant differences between the TAA and TAA+LXA4 group (p<0.05 for both evaluation). 
$symbolizes significant difference between the naive group and TAA group (p<0.05). 
¶Normal range of AST, ALT, and AP in serum of BALB/c mice (18).

Figure 1. a-h. The effect of LXA4 on mononuclear cell infiltration 
and inflammation induced by fibrosis in the liver was analyzed 

according to H&E staining. Figure shows representative histologic 
views of liver samples for each group named as naïve (a, b), only 
LXA4 administered group (c, d), fibrosis group (e, f), and LXA4 

administered fibrosis group (g, h). a, c, e, g, were at 20x and b, d, f, h 
were at 40x magnifications.

a

c

e

g

b

d

f

h



ALT, AST, and AP, which are markers related to liver 
function, were significantly increased in the TAA group 
compared to the naive group. LXA4 administration to the 

fibrosis group significantly reduced ALT and AST levels 
(Table 1).

Histological evaluation
Hematoxylin-eosin staining was used to determine the 
level of inflammation and fibrosis during histological eval-
uation of liver tissues (Figure 1a-h). Glycogen storage sta-
tus of liver, the distribution of cytoplasmic inclusions, and 
the presence of seroid pigment in liver cells were deter-
mined by Periodic Acid Schiff (PAS) staining (Figure 2a, c, 
e, g).The presence of connective tissue associated with 
the formation of fibrosis was determined by Gomori’s tri-
chrome staining method (Figure 2b, d, f, h).

Histological quantitative evaluation was performed by 
Knodell scoring. Accordingly, liver fibrosis induced by TAA 
caused significant erosive necrosis, inflammation, lobu-
lar necrosis, and fibrosis. LXA4 administration to fibrotic 
mice caused a significant reduction in inflammation, ero-
sional necrosis, lobular necrosis, and fibrosis parameters 
compared to the TAA group. In total evaluation, LXA4 in-
jection to TAA-induced fibrotic mice marked significant 
improvement in liver histology (Table 2).

Ultrastructural examinations on liver tissues demostrate 
intense collagen fibril deposition in Disse space and vac-
uolization and severe intracellular edema in the fibrosis 
group. Treatment with LXA4 caused an improvement in 
those parameters (Figure 3a-k).

Inflammatory and anti-inflammatory cytokine levels
Inflammatory (TNF-α,, IFN-g,, IL-2, IL-17) and anti-in-
flammatory cytokine (IL-4, IL-10) levels were detected 
in serum samples (Figure 4, 5) and liver homogenates 
(Figure 6) by ELISA. Serum TNF-α, IFN-g, and IL-2 levels 
were significantly elevated during fibrosis (Figure 4a-c). 
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Figure 2. a-h. The distribution of glycogen storage status in liver 
cells and the presence of seroid pigment in hepatocytes have 

been determined by Periodic Acid Schiff (PAS) staining (a, c, e, g). 
The formation of connective and supporting tissues associated 
with the formation of fibrosis has been determined by Gomori’s 

Trichrom staining (b, d, f, h). Figures show representative histologic 
views of naïve ((a, b), only LXA4-administered group, LXA4 (c, d); 

liver fibrosis group, TAA (e, f) and LXA4administered fibrotic mice, 
TAA+LXA4 (g, h).

a

c

e

g

b

d

f

h

Table 2. Quantitative analysis of histological evaluation of liver tissue after Knodell scoring. The values indicate the mean±standard error 
of the analysis results obtained from all subjects.

Groups

Pathologic Parameters

TotalErosion and Necrosis
Lobular Degeneration  

and Focal Necrosis Fibrosis Inflammation

Naive 0.0±0.0 0.1±0.1 0.0±0.0 0.2±0.15 0.3/53

LXA4 0.0±0.0 0.2±0.13 0.0±0.0 0.3±0.13 0.5/53

TAA 4.7±0.77# 2.3±0.36# 2.4±0.30# 2.7±0.30# 12.1/53#

TAA+LXA4 1.9±0.48 0.7±0.15 1.0±0.26 1.4±0.26 5/53

#symbolizes significant differences between the TAA group and TAA+LXA4 groups (p<0,05).



Interestingly, we did not observe an alteration on IL-17, 
the cytokine secreted by Th17 subgroup, during fibrosis 
(Figure 4d). There were no significant differences in IL-4 
and IL-10 levels, cytokines directing anti-inflammato-
ry response, between the fibrosis group and the healthy 
group (Figure 5a, b). LXA4 administration during fibrosis 
caused a significant reduction in levels of TNF-α, IFN-g, 
and IL-2. The most interesting result at this stage was 

observed in IL-10 cytokine level analysis. In the TAA+LXA 
group, IL-10 was signficiantly higher than in the fibrosis 
group. Additionally, injection of LXA4 into healthy sub-
jects did not alter IL-10 levels (Figure 5b).

In case of cytokine levels in liver homogenates, we ob-
served a completely different cytokine network in com-
parison to serum samples. While the TNF-α level signifi-
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Figure 3. a-k. Ultrastructural views of liver tissues in naïve (a, b); only LXA4-administered, LXA4 (c, d); liver fibrosis group, TAA (e, f, g, h), and 
LXA4-administered fibrotic mice, TAA+LXA4 (i, j, k) groups. Scale bars represent 2 mm in all figures. Figure3a, nucleus of hepatocyte (n), 
mitochondria (arrow). Figure 3b, nucleus of hepatocyte (N), mitochondria (white arrow), sinusoid (S), space of Disse (black arrow), and bile 
canaliculi (arrow head). In Figure3c, nucleus of hepatocyte (N), mitochondria (arrow). In Figure3d, nucleus of hepatocyte (N), mitochondria 

(white arrow), space of Disse (black arrow), bile canaliculi (arrow head). Figure3e, nucleus of hepatocyte (N), mitochondria (white arrow), 
intracellular edema (aster). In Figure3f, nucleus of hepatocyte (N), mitochondria (arrow), intracellular edema (aster). In Figure3g, nucleus 

of hepatocyte (N), intracellular edema (aster), intracellular vacuole (V), and electron-dense granules (arrow). In Figure 3h, nucleus of 
hepatocyte (N), mitochondria (white arrow), collagen fibrils in space of Disse (black arrow), sinusoid (S), sinusoidal endothelial cells (arrow 
head), and erythrocyte (E). In Figure3i, nucleus of hepatocyte (N), mitochondria (white arrow), space of Disse (black arrow), bile canaliculi 
(arrow head). Figure3j, nucleus of hepatocyte (N), mitochondria (arrow). Figure3k, TAA+lipoxin: Nucleus of hepatocyte (N), mitochondria 

(white arrow), space of Disse (black arrow).

a

c

e

i j k

g

b

d

f h



cantly decreased in the LXA+TAA group, that level was 
still significantly high in comparison to the naive group 
(Figure 6a). TAA-induced an elevation on IL-17 level in liv-
er; however, LXA4 administration reduced that elevation 
significantly (Figure 6d). Interestingly, we did not observe 
significant elevation on anti-inflammatory cytokines IL-4 
and IL-10 in comparison to other groups (Figure 6e, f).

Expression levels of genes responsible for degeneration 
and regeneration in liver fibrosis
After RNA isolation, samples were run in 1% agarose gel to 
visualize 28S and 18S RNA in isolates (Supplemental Figure 

1). Properties of primers used in the RT-PCR procedure for 
TGF-b, MKK4, and MKK7 are provided in Table 3. Products 
of RT-PCR were also run in 2% agarose gel to visualize the 
specific bands (Supplemental Figure 1). Transforming growth 
factor-beta (TGF-α) plays a pivotal role in the sequence of 
events leading to end stage chronic liver diseases. Liver fibro-
sis caused an elevation on TGF-α expression in liver in com-
parison to the naïve group. The TGF-α expression level was 
significantly lower than in liver of fibrotic mice (Figure 7a).

We did not observe a significant alteration on ATF2 and 
MKK7 expression during fibrosis in comparison to the 
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Figure 4. a-d. Inflammatory cytokine (TNF-α, IFN-g, IL-2, IL-17) (4a-4d) levels in serum samples of animals in each group. The data 
represent the mean±SD for five animals in two separate experiments. 

*symbol represents significant difference between the naïve and TAA group in existing figures. #symbol represents significant difference 
between the TAA and TAA+ LXA4 group in existing figures. 

p<0.01 for IFN-g between the naïve and TAA group.

a

c

b

d



naïve group. The most prominent data was observed on 
MKK4 expressions in the LXA4+TAA group in compari-
son to fibrotic mice. However, MKK4 expression was still 
significantly higher in the LXA4+TAA group than in the 
control group (Figure 7b-d).

DISCUSSION
In our project, we investigated the therapeutic effect of 
LXA4, a lipid intermediate, on liver fibrosis in mean of histo-
logical, molecular, and immunological parameters. The level 
of liver tissue injuries, biochemical parameters that inform 
about liver function, the levels of cytokines which direct 
inflammatory and anti-inflammatory responses in the sys-
temic circulation, expression levels of the genes responsible 
for liver cell degeneration and regeneration were analyzed.

The TAA model is often used to form chronic liver fibrosis 
in experimental animals. Pathologic similarities between 
TAA fibrosis formation in rodents and human liver fibro-
sis are widely observed in liver. In this sense, it is stated 
that there is more validity and ease of use than the mod-
els applied by using other chemicals (22,23). Therefore, 
the TAA liver fibrosis model that we used throughout 
our study is both ethical and scientifically appropriate, to 
make the data obtained from our study more valuable.

In our study, we have demonstrated that LXA4 adminis-
tration reduced mononuclear cell infiltration in TAA-in-
duced liver fibrosis, significantly decreasing degeneration 
and necrotic formation, but that effect could not be re-
duced in the healthy control level. Zhang et al. (24) in-
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Table 3. Properties of primers for target and house-keeping genes.

Gene Reference segment number Reference position Band size (bp)

Tgfb1; Transforming growth factor, beta 1 NM_011577.1 1526 63

ATF2; Activating transcription factor 2 NM_009715.3 3556 92

Map2k7; Mitogen-activated protein kinase kinase 7 NM_011944.3 539 93

Map2k4; Mitogen-activated protein kinase kinase 4 NM_009157.4 1019 89

Gapdh; Glyceraldehyde 3-phosphate dehydrogenase NM_008084.2 309 140

Figure 5. a, b. Anti-inflammatory cytokine (IL-4 and IL-10) (5a, 5b) levels in serum samples of animals in each group. The data represent the 
mean±SD for five animals in two separate experiments. 

#symbol represents significant difference between the TAA group and TAA+LXA4 group. p=0.032 for IL-10 between the TAA and 
TAA+LXA4 group.

a b



vestigated the effect of LXA4 receptor agonist BML-111 
on liver during CCl4 induced fibrosis. They observed that 
BML-111 administration histologically reduced hepatic 
necrosis and inflammation in the liver in both preventive 
and protective aproaches. Additionally, they observed 
that preventive use of BML-111 was more effective than 
the protective one in healing the inflammation histolog-
ically in liver.

Many enzymes are present in the liver, those which are 
primarily present at a high concentration in the circula-
tion during liver fibrosis and are routinely used in diag-
nosis. In general, two types of liver specific enzymes are 

measured in the serum. The first ones are those elevated 
during increased permability and/or necrosis and the sec-
ond ones are those elevated during cholestasis. In our ex-
periment, we measured ALT, which is particularly useful 
in measuring hepatic necrosis for small animals, AST, and 
AP which is one of a number of cholestatic enzymes (25). 
We observed elevation of three enzymes during fibrosis in 
serum samples. After LXA4 treatment, we detected sig-
nificant reduction in only ALT and AST levels; the AP lev-
el was higher than normal range values for mice. Despite 
treatment with LXA4, maintenance of serum AP levels 
may be related to an intrahepatic biliary obstruction or 
transport defects.
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Figure 6. a-f. Inflammatory (6A-6D) and anti-inflammatory (6E, 6F) cytokine (TNF-α, IFN-g, IL-2, IL-17 and IL-4, IL-10, respectively) levels 
in liver homogenates of animals in each group. The data represent the mean±SD of five animals in two separate experiments.

*symbol represents significant difference between the naive group and TAA group where it exists. 
#symbol represents significant difference between the TAA and TAA+LXA4 group. 

p=0.017 for mTNF-a between the naïve and TAA group, p=0.021 for mIFN-g between the naïve and TAA group, p=0.024 for mIL-17 
between the naïve and TAA group, p=0.037 for mIL-17 between the TAA and TAA+LXA4 group.
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We did not observe a significant elevation on anti-inflam-
matory cytokine levels in contrast to results of systemic 
circulation. Alteration on the level of IL-17 in serum and 
liver tissue can be explained by accumulation of IL-17 
producing cell resources, especially Th17 cells and IL-17 
producing non-immune cells such as biliary epithelial 
cells, to enhance and sustain Th17 type response in the 
liver (26). Recently, in our laboratory we observed that 
regulatory immune response in spleen acting by expan-
sion of Treg and Breg cells during chronic fibrosis in the 
liver. That is probably to modulate the inflammatory im-
mune response in liver (27). Elevation of IL-10 but not IL-
4, because its production is controlled by IFN-g secretion, 
can be explained by the expansion of those Treg cells in 
spleen. The inflammatory cytokine view in liver homog-

enates can also be related with the alteration on MKK7 
expression level because MKK7 may be required for po-
larized differentiation of Th cells into Th1 lineage (28).

It is known that lipoxins have potent anti-inflammatory 
properties in many inflammatory disorders such as ne-
phritis, inflammatory bowel diseases, and arthritis. They 
show that effect by inhbiting leukotriene function, leu-
kocyte migration, natural killer cell function, tumor ne-
crosis factor induced production of chemokines, expres-
sion of chemokine receptors and adhesion molecules 
and pathogen induced IL-12 production (29-31). How-
ever, there is still a conflict about the anti-inflamamtory 
mechanism of LXA4. Although a group of scientists role 
that effect on antigen presenting cells, another group ex-
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Figure 7. a-d. Expression levels of genes (ATF2, MKK7, MKK4) responsible for regeneration of hepatocytes and expression level of TGF-α 
gene that elevates during fibrosis in liver. As TGF-α expression level elevates during fibrosis, we used that gene as a positive control to show 

the fibrosis at the molecular level. The data represent the mean±SD of 2^ (-Avg.(Delta(Ct)) values in two separate experiments. 
*symbol represents the significant elevation of TGF-α in the TAA group in comparison to the TAA+LXA4 group. 

#symbol represents the significant reduction at MKK4 expression level in the TAA+LXA4 group in comparison to the TAA group.

a

c

b

d



plains that as a switch of Th1 response to Th2 by the help 
of IL-10. Machado et al. has observed that LXA4 shows its 
anti-inflammatory effect by inducing expression of sup-
pressor of cytokine signaling (SOCS)-2 molecule which 
is expressed in dendrtitic cells (DC). They observed that 
SOCS-2 deficient DCs are hyperresponsive to microbial 
stimuli and durable to inhibitory actions of LXA4 (32). In 
parallel to Machado’s observation, Posselt et al. deter-
mined that SOCS-2 deficient DCs highly express IL-1α 
and IL-10 (33). Lia et al. (34) investigated the role of LXA4 
in prevention of acute rejection. They observed that LXA4 
attenuates acute rejection by shifting Th1/Th2 cytokine 
balance and concerning that they detected significant el-
evation on IL-10 expression and IL-10 level in serum sam-
ples of LXA4 injected liver transplanted rats.

The c-Jun NH2-terminal protein kinases (JNK) also called 
as stress activated protein kinases are members of mito-
gen-activated protein kinase (MAPK) family, which func-
tion on regulation of a wide range of cellular functions. 
JNKs are activated by activation of protein kinases that 
include two dual specificty MAP kinase kinases (MKK4 
and MKK7). Activation of MKK4 and MKK7 after phos-
phorylation by MKKKs, then results in the activation of 
JNK by dual phosphorylation. MKK7 is a specific activator 
of JNKs, whereas MKK4 phosphorylates both JNK and 
p38 MAPKs. Both mechanisms may operate in parallel 
to allow diferent types of responses for the same MAPK 
signaling pathway (28). Recently, Wuestefeld et al. have 
proved that MKK4, MKK7, ATF2, JNK1, and ELK1 are the 
key transcription factors that play a role in liver regen-
eration. They showed that stimulation of MKK7, ATF2, 
and ELK1 transcription factors and inhibition of MKK4 
are effective on hepatocyte regeneration in an experi-
mental fibrosis model (21). They had reached that result 
both by depleting and by causing deficiency on the MKK4 
gene. Their data indicate that MKK4 deficiency alone is 
not sufficient to cause hepatocyte proliferation since an-
other compensatory molecule “MKK7” activation causes 
signaling on JNK. In our study, we observed significant re-
duction on MKK4 expression in LXA4 treated fibrotic liver 
in comparsion to the fibrotic group That reduction was 
probably caused by anti-inflammatory features of LXA4, 
especially inhibiton of chemokine receptor expression 
and leukocyte infiltration. MKK7 and MKK4 have several 
downstream target transcription factors activating tran-
scription factor 2 (ATF2) and Elk1 are the ones shared by 
both MKK signaling pathways. Activated ATF2 complexes 
stimulate the transcription of various genes, playing a role 
in imflammation such as cell adhesion molecules, proin-
flammatory cytokines, and chemokines. We observed no 

change on the expression levels of ATF2 between groups. 
These results lead to two different questions. First one 
is “why is the ATF2 expression not changing when there 
is an increase in the MKK4 expression during fibrosis?”, 
and the second one is “if there is no change in ATF2 
expression during fibrosis, what could be the soruce of 
the proinflammatory cytokines increase” in the liver? Al-
though we do not have evidences to prove our answers, 
we think there is an independent regulatory mechanism 
active on p38. However, Mendelson et al. has mentioned 
a selective down regulation mechanism by dephosphor-
ylation following oxidative stress in the liver. They ob-
served that MKP-1, which has high affinity for phosphor-
ylated p38 as a substrate, dephosphorylates p38 (35). If 
that is the case, other downstream targets ELK-1 or c-jun 
may be activated during fibrosis. Furthermore, expression 
of ATF2 can be downregulated by tissue specific miRNAs 
in which Lv et al. has demosntrated that microRNA-451 
targets ATF2 and inhibits the expression (36). MKK4 and 
MKK7 activity is increased following phosphorylation at 
Ser and Thr residues within a Ser-Xaa-Ala-Lys-Thr mo-
tif in the activation loop by multiple MKKKs, including 
MEKK1-4, apoptosis signal-regulated kinases (Ask1), and 
TGF-α activated kinase 1 (TAK1). MEKK1 can phosphor-
ylate both MKK4 and MKK7, whereas MEKK4 is a spe-
cific activator for MEKK4 (35). Although we observed 
non-significant reduction on the MKK7 expresion level in 
the TAA+LXA4 group, in order to understand whether or 
not MKK7 is activated alone, investigating the phosphor-
ylation status would be beneficial for future studies.

Despite the data shown in this study, some limitations 
should be addressed. First, in the model used in this 
study, inflammation in the liver was determined by mac-
roscopic, histological observations and also expression 
level of TGF-α at the molecular level. However, we did not 
investigate the HSCs and Kupffer cells at the molecular 
level. Second, As LXA4 is a natural metabolic product, it 
is also synthesized in its natural arachidonic acid metab-
olism. Because of that investigating the LXA4 levels in se-
rum and liver would be supportive data to understand the 
direct effect. Concerning that we only measured serum 
LXA4 levels in each group. We observed only significant 
elevation on the TAA group in comparison to naïve, and 
LXA4 treated groups (data not shown).

Further investigation is needed to fully elucidate the ef-
fects and therapeutic potential of LXA4 toward chronic 
liver fibrosis. Overall, the results of this study suggest that, 
LXA4 exerts therapeutic effect during liver fibrosis by re-
ducing infiltration of mononuclear cells in the liver and in-
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flammatory cytokines not only in systemic circulation but 
also in liver. We also showed that LXA4 elevates the regen-
erative capacity of liver by reducing MKK4 expression.
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Supplemental Figure 1. RNA samples were run in 1% agarose gel to identify 28S and 18S RNA bands (A). 100 bp DNA ladder (A), RNA 
sample w/o heating (B), and RNA sample heated at 70 °C for 1 minute (C). After RT-PCR, PCR products were run in 2% agarose gel with a 

100 bp DNA ladder. Column A1 and A2 represent 100 bp DNA ladder, B1 and B2; ATF2 (92bp), C1 and C2; MKK4 (89) bp), D1 and D2; MKK7 
(93 bp), E1 and E2; TGF-α1 (63 bp), F1 and F2; GAPDH (140 bp).
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