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Background. Liver ischaemia-reperfusion injury (IRI) remains a problem in liver transplantation. Interleukin-4 (IL-4) has been
found to reduce liver IRI, but the exact mechanism remains unclear.Methods. Donor livers were infused with recombinant IL-4 or
normal saline during cold storage, and the hepatocellular apoptosis and the inflammatory response were detected. 1e effect of
IL-4 treatment on Kupffer cells (KCs) polarization and expression of the STAT6-JMJD3 pathway was evaluated in vivo and
in vitro. KCs in donor livers were depleted by clodronate liposome treatment or JMJD3 was inhibited by GSK-J4 before liver
transplantation to determine whether the protective effect of IL-4 treatment was dependent on KCs. Results. IL-4 treatment
decreased sALT and sAST levels and alleviated hepatocellular apoptosis and inflammation at 6 h after liver transplantation. IL-4
treatment induced KCs alternatively activated (M2) polarization in vitro and in vivo, and the expression of STAT6 and JMJD3 was
increased. JMJD3 knockdown abolished KCs M2 polarization and reduced the antiapoptotic and anti-inflammatory effects
induced by IL-4 treatment in vitro. In addition, the protection of IL-4 treatment against IRI induced by liver transplantation was
significantly reduced after the depletion of KCs or the inhibition of JMJD3 in donor livers. Conclusions. IL-4 treatment-induced
KCs M2 polarization was dependent on the STAT6-JMJD3 pathway and protected liver grafts from IRI after liver transplantation.

1. Introduction

With better disease control in patients before liver trans-
plantation (LT), refined operative techniques, better organ
preservation, and immunotherapy, the survival rate of re-
cipients has improved by 60% in the last 20 years. LT has
become one of the most important treatments for patients
suffering from end-stage liver diseases, such as hepatic
failure, liver cirrhosis, and hepatic malignancies [1]. How-
ever, liver ischaemia-reperfusion injury (IRI) remains in-
evitable and is one of the major reasons for increased liver
injury during LT, which contributes to approximately 10%
of early graft failure after transplantation [2]. Liver IRI is a
dynamic process with complicated mechanisms, such as
sterile inflammation, oxidative stress, hepatocyte apoptosis,

and activation of Kupffer cells, which begins during hepatic
ischaemia and is further strengthened during reperfusion
[3]. However, despite obvious clinical improvement, the
mechanisms that are responsible for liver IRI are not well
understood, and further studies and new strategies to al-
leviate liver IRI are needed.

Kupffer cells (KCs), which account for 80–90% of all
macrophages in mammalian organisms, play a key role in
maintaining liver homeostasis in normal and pathological
conditions, including liver IRI [4]. During the early stage of
liver IRI, KCs are stimulated by damage-associated mo-
lecular patterns (DAMPs), high mobility group box 1
(HMGB1), and lipopolysaccharide (LPS) and then initiate
excessive inflammation by releasing inflammatory cytokines
and reactive oxygen species (ROS), which result in a positive
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feedback loop that increases the inflammatory cascade and
leads to serious liver damage [5, 6]. Depending on the cell
phenotype, macrophages can be divided into proin-
flammatory classically activated (M1) and anti-inflamma-
tory alternatively activated (M2) macrophages [4]. M1
macrophages are characterized by the upregulation of
proinflammatory cytokines, chemokines, and prostaglan-
dins, such as IL-6, TNF-α, and IL-1β, to eliminate pathogens
and facilitate the T helper type 1 (11) response. M2
macrophages are involved in the T helper type 2 (12)
response and secrete IL-10 and TGF-β to reduce inflam-
mation and promote tissue repair and they have been ob-
served in spinal cord damage [7], wound skin healing [8],
and acute renal injury [9]. Recently, multiple studies have
shown that polarizing KCs to M2 phenotype contributes to
increased liver transplantation tolerance and reduced IRI
[5, 10]. 1erefore, inducing M2 KCs may be essential to the
treatment of liver IRI after liver transplantation.

Interleukin-4 (IL-4), mainly produced by 12 cells,
B cells, basophils, eosinophils, and NKT cells, is the pro-
totypical direct inducer of M2 macrophages [11]. IL-4
phosphorylates STAT6, which translocates into the nucleus
and regulates the expression of specific M2 macrophage
genes. Jumonji domain containing 3 (JMJD3), also known as
KDM6b, one of the Jumonji C (JmjC) domain protein family
members, catalyses the demethylation of trimethylated ly-
sine 27 on histone H3 (H3K27me3) [12], which is located on
the promoter and/or enhancer of some genes and suppresses
their transcriptional activity [13]. After stimulation with IL-
4, STAT6 induces the expression of JMJD3 by directly
binding to its promoter, and JMJD3 then decreases the
H3K27me3 of M2 marker genes such as Chi3l3, Rentnla,
Ym1, and Arg-1 [14, 15]. 1erefore, we hypothesised that, in
a rat liver transplantation model, IL-4 treatment could in-
duce KCs M2 polarization through STAT6-JMJD3 pathway
and alleviate inflammatory response and IRI after liver
transplantation.

2. Materials and Methods

2.1. Animals and Liver Transplantation Models. Sprague
Dawley rats (SD) (male, 250–300 g) were purchased from
ChongqingMedical University Experimental Animal Centre
(Chongqing, China). All rats were housed in an SPF level
room at 24°C and 60% humidity with a 12 h light/dark cycle,
and food and water were freely provided. Experiments were
performed with the approval of the Animal Care and Use
Committee of the Second Affiliated Hospital of Chongqing
Medical University. Orthotopic liver transplantation was
performed according tomodifiedKamada’s two-cuff technique
[16]. All surgical procedures followed the aseptic principle. 1e
liver grafts were preserved in 4°C UW solution for 18h prior to
the further liver transplantation.1e success rate of establishing
a liver transplantation model was 100%. Details of the surgery
can be found in our previous publication [17].

2.2. Donor Treatment. 1e rats were randomly divided into
the Sham group (n� 6), Liver Transplantation group

(LT, n� 6), Liver Transplantation+Normal Saline treatment
group (LT+NS, n� 6), Liver Transplantation+ IL-4 treatment
group (LT+ IL-4, n� 6), Liver Transplantation+Clodronate
liposome treatment group (LT+CL, n� 6), and Liver
Transplantation +GSK-J4 treatment group (LT+GSK-J4,
n� 6). In the Sham group, the rats received an abdominal
incision and exposure of the liver vascular. In the LT group,
the rats received liver transplantation with no additional
treatment. In the LT+NS group, the livers of donor rats
were continuously infused with NS via portal vein (PV)
cannulation using a syringe pump for 1 h at the beginning of
cold storage. In the LT + IL-4 group, the livers of donor rats
were continuously infused with recombinant rat IL-4
(Protech, USA) in a dose of 5 ng/kg/min via portal vein (PV)
cannulation using a syringe pump for 1 h at the beginning
of cold storage. In the LT+CL group, the donor rats
were injected intraperitoneally with 50mg/kg CL (78-BI,
Shanghai, China) 24 h before liver transplantation. In the
LT +GSK-J4 group, the donor rats were injected intraper-
itoneally with 5mg/kg GSK-J4 (MCE, USA) for 3 consec-
utive days before liver transplantation. For tissue and serum
examination, the rats were sacrificed 6 h after liver trans-
plantation, which was the peak of hepatocellular damage in
this model, and serums and liver tissues were collected and
stored at −80°C.

2.3. Liver Function and Histological Examination. Serum
alanine transaminase (sALT) and aspartate aminotransfer-
ase (sAST) were measured by an autoanalyser (Beckman
CX7, USA). Liver tissues were fixed with 10% formalin,
embedded in paraffin, sectioned at 5 µm, placed on glass
slides, stained with haematoxylin and eosin, and observed by
microscopy. 1e severity of IRI was graded using the Suzuki
criteria [18].

2.4. KCs Isolation and Culture. KCs were isolated from the
liver by collagenase type IV (Sigma, USA) digestion and
discontinuous density gradient centrifugation [19]. 1e
purified KCs were cultured in RPMI 1640 containing 10%
FBS and 1% streptomycin and penicillin.

2.5. Western Blot Analysis. KCs or liver tissue homogenates
were lysed in RIPA lysis buffer (Beyotime, China). 1e
concentration of total protein was measured by a BCA kit
(Beyotime, China). A total of 30 µg of protein sample was
loaded and electrophoresed in 12.5% or 7.5% sodium
dodecyl sulfate polyacrylamide gels and transferred to
polyvinylidene fluoride membranes. 1e membranes were
blocked with 5% skim milk at room temperature for 1 h and
then incubated with JMJD3 (Introverge, USA), H3K27me3,
STAT6, p-STAT6, P65, p-P65, BCL-2, BaX, cleaved caspase3,
and GAPDH (CST, USA) primary antibodies at 4°C over-
night. Next, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibody at room temper-
ature for 1 h and stained with enhanced chemiluminescence
reagents.
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2.6. Cell Immunofluorescence. 1e cultured KCs from liver
allografts were fixed in 4% paraformaldehyde for 20min,
treated with 0.4% Triton X-100 for 5min, and then blocked
with 3% BSA at 4°C overnight. 1e samples were incu-
bated with JMJD3 antibody at 4°C overnight and then
incubated with fluorescein isothiocyanate (DyLight488)–
labelled goat anti-rabbit IgG (1 : 200) in darkness for 1 h.
Images were taken by fluorescence electron microscopy
(Olympus DX51, Japan).

2.7. Flow Cytometry (FCM) and Flow Imaging. KCs were
collected and suspended as single cells (1× 106/ml) with PBS.
Anti-F4/80-FITC and anti-CD206-PE (Bioscience, USA)
were used to stain the KCs in darkness for 2 h, and then the
cells were washed 3 times with PBS and resuspended in
500 µl PBS. Flow cytometric data were acquired using Amnis
Flowsight (Millipore, USA) and analysed by FlowJo 7.6.5
software.

2.8. Quantitative Real-Time Polymerase Chain Reaction.
Total RNA was extracted from KCs lysed in TRIzol (Takara,
Dalian, China) and then reverse-transcribed into cDNA by
using the PrimeScript™ RT reagent Kit with gDNA Era-ser
(Takara, Japan). 1e PCR assay was performed on a Bio-Rad
CFX ConnectTM Real-Time System (Bio-Rad, Hercules,
CA, USA). 1e following primers were used: Retnla
(forward: 5′-GTCCCCAATGACAGCCCCTTTC-3′, re-
verse: 5′-CCACCCAGCACCACACTGATTG-3′); iNOS
(forward: 5′-AGCAGGCACACGCAATGATGG-3′, re-
verse: 5′-GGACACCATGAGCACGGAAAGC-3′); TNF-
α (forward: 5′-CGCCACGAGCAGGAATGAGAAG-3′,
reverse: 5′-GGAAGCGTACCTACAGACTATC-3′); IL-
1β (forward: 5′-AAATGAACCGAGAAGTGGTGTT-3′,
reverse: 5′-TTCCATATTCCTCTTGGGGTAGA-3′); IL-
6 (forward: 5′-GTTCTCTGGGAAATCGTGGA-3′, re-
verse: 5′-TGTACTCCAGGTAGCTA-3′); and GAPDH
(forward: 5′ -TCAACGGGGGACATAAAAGT-3′, re-
verse: 5′-TGCATTGTTTTACCAGTGTCAA-3′). 1e rela-
tive expression was calculated using the ΔΔCq method.

2.9. TdT-Mediated dUTPNick End Labelling (TUNEL) Assay.
Apoptotic cells were detected by using the Apoptosis De-
tection Kit III, FITC (Keygen, China), following the in-
struction. Briefly, liver sections were treated with
proteinase K for 30 minutes at 37°C and then treated by
biotin-11-dUTP and TdT enzyme for 60 minutes at 37°C
after being washed by PBS. 1ese sections were further
incubated by Streptavidin-Fluorescein for 30 minutes at
37°C. Images were obtained under a fluorescence micro-
scope (Olympus DX51, Japan).

2.10. siRNA Transfection in KCs. Lipo8000™ transfection
reagent (Beyotime, China) was used to transfect JMJD3
siRNA to KCs according to the instruction. 1e concen-
tration of siRNA was 20 µm. Transfected KCs were incu-
bated with new culture medium for further treatment.

Western blot was conducted to determine the silencing
efficiency.

2.11. Hoechst33342 and Propidium Iodide (PI) Staining.
Apoptotic Cell Hoechst33342/PI Detection Kit (Keygen,
China) was used to detect the late apoptotic and necrotic
cells according to the instruction. Briefly, hepatocytes were
stained with Hoechst33342 (10 μg/mL) for 15 minutes at
37°C, then washed by PBS, and stained by PI (5 μg/mL) for
15 minutes at 37°C. 1e Hoechst and PI were excited at 352
and 488 nm, respectively. Hoechst33342 positive cells (blue)
and PI-positive cells (red) were observed under a fluores-
cence electron microscopy (Olympus DX51, Japan).

2.12. Cell Viability Assay. Cell viability was measured using
the Cell Counting Kit-8 (CCK8) (MCE, USA) according to
the instruction. Briefly, KCs in 96-well plates were incubated
with 100 μL medium containing 10 μL CCK8 reaction liquid
at 37°C for 2 h.1e absorbance at 450 nm was determined by
a microplate spectrophotometer.

2.13. Statistical Analysis. All the data were presented as the
mean± SD. GraphPad Prism 7 software was used for all
statistical analyses. 1e differences of gene expression,
protein expression, liver function test, counting of TUNEL-
positive cells, and counting of PI-positive cells across
multiple parameters were analysed by one-way analysis of
variance (one-way ANOVA test) followed by a Bonferroni
post hoc test. Value of p< 0.05 was considered statistically
significant differences.

3. Results

3.1. IL-4 Treatment on Donor Livers Alleviated IRI after Liver
Transplantation. To explore whether IL-4 treatment could
attenuate rat liver IRI after liver transplantation (LT), liver
and serum samples were collected at 6 hours after liver
transplantation, the peak of hepatocellular damage in this
model [20]. Compared with the Sham group, Liver Trans-
plantation caused obvious liver injury (Figure 1(a)). In the
IL-4 + LT group, IL-4 treatment showed attenuated areas of
sinusoidal congestion, hepatocellular necrosis, vacuoliza-
tion, and neutrophil infiltration as compared with the LT
and LT+NS groups (Figure 1(a)). 1ese results were con-
sistent with Suzuki’s histological grading of hepatocellular
damage (Figure 1(b)) and the depressed sALT and sAST
levels (Figures 1(c) and 1(d)). 1erefore, recombinant rat
IL-4 treatment on the donor livers during cold storage al-
leviated liver IRI at 6 h after liver transplantation.

3.2. IL-4 Treatment onDonor Livers Suppressed Apoptosis and
Inflammation Induced by IRI. As apoptosis and sterile in-
flammation play a key role in liver IRI after liver trans-
plantation, we measured the hepatocellular apoptosis and
inflammatory response at 6 h after liver transplantation in
the Sham, LT, LT+NS, and LT+ IL-4 groups. TUNEL
staining showed that liver transplantation caused obvious
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hepatocellular apoptosis compared with the Sham group
and that IL-4 treatment significantly suppressed hepa-
tocellular apoptosis compared with the LT and LT +NS
group (Figures 2(a) and 2(b)). Moreover, the results of
Western blot showed that the expression of proapoptotic
proteins Bax and cleaved caspase3 was decreased and the
expression of antiapoptotic protein Bcl2 was dramatically
increased in the LT + IL-4 group (Figure 2(c)). To evaluate
the inflammatory response, qRT-PCR was applied to
detect the mRNA levels of IL-1β, IL-6, and TNF-α in liver
tissues. 1e results showed that IL-4 treatment decreased
the levels of these inflammatory factors compared with the
LT and LT +NS groups at 6 h after liver transplantation
(Figure 2(d)). Consistent with these results, IL-4 treat-
ment also decreased the protein levels of IL-1β and p-p65
(Figure 2(e)). 1ese results confirmed that IL-4 treatment
on liver donors during cold storage attenuated liver ap-
optosis and inflammatory responses at 6 h after liver
transplantation.

3.3. IL-4 Treatment Induced KCs M2 Polarization and In-
creased the Expression of JMJD3 In Vivo. KCs play a key role
in the regulation of homeostasis and immunity at the early
stage of liver IRI. To determine whether the treatment of
donor liver with IL-4 had an impact on KCs polarization,
KCs were isolated from allografts at 6 h after liver
transplantation. Compared with the LT and LT +NS
groups, the ratio of M2 KCs was dramatically increased in
the LT + IL-4 group as indicated by the result of FCM

(Figure 3(a)). 1e mRNA levels of M2-specific marker
genes, including Arg-1 and Retnla, were upregulated, and
M1-specific marker genes, including TNF-α and iNOS,
were downregulated (Figure 3(b)). Moreover, the protein
level of Arg-1 also significantly increased in the LT + IL-4
group (Figure 3(c)). 1ese results showed that IL-4
treatment on liver donors induced KCs M2 polarization.
1e STAT6-JMJD3 pathway plays a key role in M2
macrophage polarization [14]. To investigate KCs M2
polarization through the STAT6-JMJD3 pathway, STAT6,
JMJD3, and H3K27me3 in KCs were detected. We found
that the phosphorylation status of STAT6 (p-STAT6) and
JMJD3 were increased in the LT, LT +NS, and LT + IL-4
groups, but were dramatically increased in the LT + IL-4
group (Figure 3(d)). H3K27me3, which is specifically
catalysed by JMJD3 to H3k27me2/1, was decreased
(Figure 3(d)). Cell immunofluorescence also demon-
strated the same results (Figure 3(e)). According to these
results, we thought that IL-4 treatment on liver donors
activated the STAT6-JMJD3 pathway in KCs and induced
KCs M2 polarization.

3.4. IL-4 Treatment-Induced KCs M2 Polarization Was De-
pendent on STAT6-JMJD3 Pathway In Vitro. To further
confirm whether the KCs M2 polarization induced by IL-4
was dependent on the STAT6-JMJD3 pathway, KCs iso-
lated from rats were treated with IL-4. We found that IL-4
could significantly induce the expression of JMJD3 at a
dose of 15 ng/ml for 12h as indicated by the results of
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Figure 1: IL-4 treatment on donor livers alleviated IRI after liver transplantation. (a, b) Representative images of haematoxylin and eosin
staining of liver grafts at 6 h after liver transplantation (original magnification, ×200) and Suzuki’s histological grading of liver IRI (n� 6/
group). (c, d) Levels of sAST and sALT were measured at 6 h after liver transplantation (n� 6/group). Data are shown as mean± SD,
∗p< 0.05 vs. the Sham group, #p< 0.05 vs. the LT+ IL-4 group.
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Western blot (Figures 4(a) and 4(b)). JMJD3 in KCs was
knocked down by using RNA interference (siRNA-
JMJD3) (Figure 4(c)). IL-4 treatment led to an elevated
expression of Arg-1 and the ratio of M2 KCs (Figures 4(c)
and 4(d)) which were dramatically blocked by JMJD3
knockdown. As1517499, an effective STAT6 inhibitor,
abolished the elevated expression of p-STAT6 and JMJD3
induced by IL-4. However, JMJD3 knockdown had little
impact on p-STAT6 induced by IL-4 treatment (Figure 4(e)).
1e changes in H3K27me3 were opposite to that of JMJD3
(Figure 4(e)). Taking together, these observations suggested
that IL-4-induced KCsM2 polarization was dependent on the
STAT6-JMJD3 pathway and the catalytic activity of JMJD3.

3.5. JMJD3 Knockdown Weakened the Anti-inflammatory
and Antiapoptotic Effects of IL-4 In Vitro. To investigate
the impact of JMJD3 knockdown on IL-4 treatment, LPS
was used to induce sterile inflammation in KCs. 1e pro-
tein expression of IL-1β and p-p65 increased in LPS-
treated KCs, which was attenuated by IL-4 pretreatment
(Figure 5(a)). However, the anti-inflammatory effect of IL-
4 was partly blocked by JMJD3 knockdown (Figure 5(a)),
because IL-4 treatment on donor livers alleviated hepa-
tocellular apoptosis (Figures 2(a)–2(c)). To determine
whether IL-4-induced M2 KCs participated in this process,
the supernatants of KCs were collected and used to
stimulate primary hepatocytes. 1e result of Western blot
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Figure 2: IL-4 treatment on donor livers suppressed apoptosis and inflammation induced by IRI. (a, b) Representative images of TUNEL-
stained hepatocellular apoptosis in liver grafts at 6 h after liver transplantation (original magnification, ×200) and quantification of TUNEL-
positive cells (n� 6/group). (c) 1e protein levels of Bcl2, Bax, and cleaved caspase3 at 6 h after liver transplantation were tested by Western
blot. (d) 1e mRNA levels of proinflammatory factors (IL-1β, IL-6, and TNF-α) in the liver graft at 6 h after liver transplantation were
detected by qRT-PCR. (e) 1e protein expression level of IL-1β, p-p65, and p65. GAPDH served as an internal control and was used for
normalization. Data are shown as mean± SD, ∗p< 0.05 vs. the Sham group, #p< 0.05 vs. the LT+ IL-4 group.
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Figure 3: Continued.
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demonstrated that IL-4 pretreatment reduced LPS-
induced hepatocyte apoptosis, which was abolished by
JMJD3 knockdown (Figure 5(b)). Hoechst33342-PI
staining showed that the number of late apoptotic and
necrotic cells (PI-positive) was decreased by IL-4 treat-
ment, which was abolished by JMJD3 knockdown
(Figures 5(c) and 5(d)). JMJD3 knockdown also blocked
the IL-4-induced improvement of cell viability, as shown
by the CCK8 assays (Figure 5(e)).

3.6. Liver IRI Inhibition Induced by IL-4 Is due to KCs M2
Polarization. IL-4 treatment on donor livers alleviated liver
IRI and led to KCs M2 polarization. To further determine
that the protection against liver IRI induced by liver
transplantation was due to KCs M2 polarization, KCs in the
LT + IL-4 +CL group were depleted by clodronate liposome
(CL), and JMJD3 in the LT+ IL-4 +GSK-J4 group was
inhibited by the pretreatment of GSK-J4, an effective JMJD3
inhibitor which had been widely used [21]. HE staining
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Figure 4: IL-4 induced KCsM2 polarization was dependent on the STAT6-JMJD3 pathway in vitro. KCs were isolated from untreated livers,
and IL-4-treated KCs were pretreated with siRNA-JMJD3 or the STAT6 inhibitor As1517499. (a, b) KCs were incubated for the indicated
times or with different concentrations of IL-4 for 12 h; then the protein expression level of JMJD3 was detected by Western blot (n� 3/
group). (c, d) 1e ratio of F4/80+CD206+ KCs was measured by flow cytometry, and the expression of Arg-1 and JMJD3 was analysed by
Western blot (n� 3/group). (e) 1e protein expression levels of JMJD3, p-STAT6, and H3K27me3 were detected by Western blot. GAPDH
served as an internal control and was used for normalization (n� 3/group). Data are shown as mean± SD, ∗p< 0.05 vs. the control group,
#p< 0.05 vs. the IL-4 group, &p< 0.05 vs. the IL-4 +As1517499 group.
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Figure 5: JMJD3 knockdown weakened the anti-inflammatory and antiapoptotic effects of IL-4 in vitro. KCs and primary hepatocytes were
isolated from untreated livers. KCs were treated with 100 ng/mL LPS for 24 h with or without treatment of 15 ng/mL IL-4 for 12 h 1e
supernatant of the KCs was collected and used to stimulate primary hepatocytes. (a) 1e protein expression levels of IL-β, p-p65, p65, and
GAPDH were detected by Western blot. (b) 1e protein expression levels of Bcl2, Bax, cleaved caspase3, and GAPDH were detected by
Western blot (n� 3/group). GAPDH served as an internal control and was used for normalization (n� 3/group). (c) Representative images
of Hoechst33342 staining for late apoptosis and necrotic cells: hoechst333424 (blue) and PI (red). (d) Quantification of PI-positive stained
cells (n� 3/group). (e) Cell viability was detected by CCK8 (n� 3/group). 1e data are presented as the mean± SD, ∗p< 0.05 vs. the control
group, #p< 0.05 vs. the IL-4 + LPS group.
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showed that depletion of KCs abolished the protective effect
of IL-4 treatment, and inhibition of JMJD3 also obviously
blocked the protective effect of IL-4 treatment (Figure 6(a)).
1e Suzuki scores and sALT and sAST levels gave the same
results (Figures 6(b)–6(d)).

4. Discussion

Liver ischaemia-reperfusion injury (IRI) is an important
factor affecting the prognosis of liver transplantation, and
inhibiting liver IRI is an effective method to reduce acute
rejection and improve the survival rate after liver trans-
plantation [22]. In the present study, we found that infusion
of recombinant IL-4 in donor livers during cold storage
alleviated liver IRI. IL-4 treatment improved liver function
as well as decreased inflammation and hepatocellular apo-
ptosis. Mechanistically, infusion of recombinant IL-4 in the
donor livers promoted activation of STAT6-JMJD3 pathway
in KCs and polarized KCs to the M2 phenotype. Inhibition
of JMJD3 blocked the protective effect of IL-4 treatment in
vitro and in vivo.

1e liver harbours the largest proportion of macro-
phages among all solid organs, and the macrophages derived
from foetal liver and embryonic yolk are named KCs [23].
KCs have high phagocytic and lysosomal activity and can

remove potentially harmful endogenous and extracellular
compounds, such as dying red cells, microorganisms, and
metabolic waste. Perhaps because of their continuous ex-
posure to gut-derived antigens and bacterial endotoxins,
KCs exhibit a tolerogenic phenotype in the healthy livers
[24]. Similar to macrophages, KCs have been classified as
proinflammatory M1 KCs and anti-inflammatory M2 KCs
according to the differences in phenotype and secretion of
inflammatory cytokines [25]. In acute infection, overdose of
hepatotoxic drugs, and liver IRI, KCs are activated by
DAMPs via TLR3, TLR4, and TLR9 and polarized to the M1
phenotype, which induces proinflammatory cascades and
infiltration of monocytes, neutrophils, and T lymphocytes,
which exacerbate liver injury [26–28]. In our previous
studies, we found that blocking the M1 KC polarization or
promoting the KCs M2 polarization reduced liver IRI and
organ rejection [18, 29, 30].

IL-4 is a cytokine that is mainly produced by 12 cells,
mediates type 2 inflammation, and induces M2 macrophage
polarization [31], which is characterized by anti-inflammation
[32]. Some studies have shown that IL-4 deficiency exacer-
bates acute kidney injury and cerebral ischaemia injury,
with an increase in M1 macrophages and a decrease in
M2 macrophages [9, 33]. IL-4 is essential for tissue protec-
tion from acute organ injury. Kato et al. [34] found that
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Figure 6: Liver IRI inhibition induced by IL-4 is due to KCs M2 polarization. KCs in the donor livers were depleted by clodronate liposome
treatment, or donor liver JMJD3 was inhibited by GSK-J4 before liver transplantation. (a, b) Representative images of haematoxylin and
eosin staining of liver graft at 6 h after liver transplantation (original magnification, ×200) and Suzuki’s histological grading of liver IRI
(n� 6/group). (c, d) Levels of sAST and sALT were measured at 6 h after liver transplantation (n� 6/group). 1e data are shown as
mean± SD, ∗p< 0.05 vs. the Sham group, #p< 0.05 vs. the LT+ IL-4 group.
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administration of IL-4 before and after liver warm ischaemia-
reperfusion suppressed TNF-α, neutrophil cell accumulation,
and liver injury. Furthermore, in a rat liver transplantation
model, Wang et al. [35] suggested that IL-4 treatment on the
donor rat by intraperitoneal injections increased the im-
munosuppressive cells, including M2 macrophages and IDO-
expressing NK cells, and reduced IRI and acute rejection,
while IL-4 treatment on the recipients after liver transplan-
tation led to exacerbation of allograft injury and rejection.

Whether KCs were involved in this process and whether
the protection of IL-4 treatment on donor livers was de-
pendent on KCs have not been investigated yet. In the
present study, to investigate how KCs respond to IL-4,
recombinant IL-4 was infused into donor livers during cold
storage; therefore, IL-4 only affected cells in the donor livers
without promoting direct recruitment of bone marrow-
derived cells. Depletion of KCs in the donor livers by
clodronate liposome treatment decreased the protective
effect of IL-4, as indicated by the results of sALT, sAST, and
HE staining. 1erefore, the protection of IL-4 treatment
against liver IRI after liver transplantation was mainly de-
pendent on KCs in the donor livers.

Trimethylation of histone H3 lysine 27 (H3K27me3),
one of posttranslational modifications, is closely associated
with gene silencing. JMJD3, a member of the JMJC family,
has been reported to demethylate H3K27me3 and activate
gene expression. 1e role of JMJD3 in the regulation of
inflammation is complicated. JMJD3 can be activated by NF-
қB pathway induced by LPS and promote the expression of
inflammatory factors [36]. However, some studies have
found that STAT6-JMJD3 pathway plays an important role
in the M2macrophage polarization induced by IL-4 [14] and
chitin [37], which can suppress inflammatory response in
vitro. What role the STAT6-JMJD3 pathway plays when the
tissues or organs are under injures has not been reported. To
the best of our knowledge, our study is the first time to
document the beneficial impact of the STAT6-JMJD3
pathway in liver transplantation. We found that IL-4
treatment activated the STAT6-JMJD3 pathway in vivo and
in vitro. And JMJD3 knockdown decreased KCs M2 polar-
ization induced by IL-4 and reduced the anti-inflammatory
and antiapoptotic effects, which suggested that the protective
effect of IL-4 was dependent on JMJD3.

As TLR-4-NF-κB pathway in KCs is a classical signalling
pathway and is activated during liver IRI, which is the main
reason for sterile inflammation and hepatocellular apoptosis
[38], we also detected the impact of IL-4 on these in vivo and
in vitro. IL-4 treatment suppressed the inflammatory re-
sponse and cell apoptosis induced by IRI and LPS. We found
that the expression of JMJD3 was mainly induced by IL-4,
but not LPS. Treatment with IL-4 alleviated LPS-induced
inflammation, and this phenomenon was similar to those of
another report [39]. We hypothesised that IL-4 pretreatment-
induced KCs M2 polarization depended on STAT6-JMJD3
pathway, which then attenuated inflammatory response
caused by the following liver injury or LPS treatment in vivo
and in vitro. Ultimately, apoptosis induced by those factors
was suppressed. But, how STAT6 or NF-κB determines
the gene binding site of JMJD3 and whether JMJD3 can

regulate the polarization of KCs in a demethylase-independent
manner require further study.

5. Conclusion

1e present study showed that IL-4 treatment on donor
livers induced KCs M2 polarization and protected liver
grafts from IRI by regulating the inflammatory response and
hepatocellular apoptosis. 1e mechanism is related to the
activation of STAT6-JMJD3 pathway and suppression of
TLR-4-NF-κB pathway. 1e detailed process of how JMJD3
regulates the polarization of KCs requires further study.1is
study showed that IL-4 treatment on donor livers may
be an effective strategy and that STAT6-JMJD3 may be a
new therapeutic target for preventing liver IRI after liver
transplantation.
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and P.-A. Clavien, “Challenges to liver transplantation and
strategies to improve outcomes,” Gastroenterology, vol. 148,
no. 2, pp. 307–323, 2015.

[2] Z. Z. Yan, Y. P. Huang, X. Wang et al., “Integrated omics
reveals tollip as an regulator and therapeutic target for hepatic
ischemia-reperfusion injury in mice,” Hepatology, vol. 70,
no. 5, pp. 1750–1769, 2019.

[3] T. Konishi and A. B. Lentsch, “Hepatic ischemia/reperfusion:
mechanisms of tissue injury, repair, and regeneration,” Gene
Expression, vol. 17, no. 4, pp. 277–287, 2017.

[4] A. V. Elchaninov, T. K. Fatkhudinov, P. A. Vishnyakova,
A. V. Lokhonina, and G. T. Sukhikh, “Phenotypical and
functional polymorphism of liver resident macrophages,”
Cells, vol. 8, no. 9, p. 1032, 2019.

[5] P. Li, K. He, J. Li, Z. Liu, and J. Gong, “1e role of Kupffer cells
in hepatic diseases,” Molecular Immunology, vol. 85,
pp. 222–229, 2017.

[6] R. F. van Golen, T. M. van Gulik, and M. Heger, “1e sterile
immune response during hepatic ischemia/reperfusion,”
Cytokine & Growth Factor Reviews, vol. 23, no. 3, pp. 69–84,
2012.

BioMed Research International 11



[7] H. Nakajima, K. Uchida, A. R. Guerrero et al., “Transplan-
tation of mesenchymal stem cells promotes an alternative
pathway of macrophage activation and functional recovery
after spinal cord injury,” Journal of Neurotrauma, vol. 29,
no. 8, pp. 1614–1625, 2012.

[8] J. Gan, C. Liu, H. Li et al., “Accelerated wound healing in
diabetes by reprogramming the macrophages with particle-
induced clustering of the mannose receptors,” Biomaterials,
vol. 219, Article ID 119340, 2019.

[9] M.-Z. Zhang, X. Wang, Y. Wang et al., “IL-4/IL-13-mediated
polarization of renal macrophages/dendritic cells to an M2a
phenotype is essential for recovery from acute kidney injury,”
Kidney International, vol. 91, no. 2, pp. 375–386, 2017.

[10] L. Lu, H. Zhou, M. Ni et al., “Innate immune regulations and
liver ischemia-reperfusion injury,” Transplantation, vol. 100,
no. 12, pp. 2601–2610, 2016.

[11] S. Gordon and F. O. Martinez, “Alternative activation of
macrophages: mechanism and functions,” Immunity, vol. 32,
no. 5, pp. 593–604, 2010.

[12] S. Hong, Y.-W. Cho, L.-R. Yu, H. Yu, T. D. Veenstra, and
K. Ge, “Identification of JmjC domain-containing UTX and
JMJD3 as histone H3 lysine 27 demethylases,” Proceedings of
the National Academy of Sciences, vol. 104, no. 47,
pp. 18439–18444, 2007.

[13] E. T. Wiles and E. U. Selker, “H3K27 methylation: a pro-
miscuous repressive chromatin mark,” Current Opinion in
Genetics & Development, vol. 43, pp. 31–37, 2017.

[14] M. Ishii, H. Wen, C. A. S. Corsa et al., “Epigenetic regulation
of the alternatively activated macrophage phenotype,” Blood,
vol. 114, no. 15, pp. 3244–3254, 2009.

[15] P.-S. Liu, H. Wang, X. Li et al., “α-ketoglutarate orchestrates
macrophage activation through metabolic and epigenetic
reprogramming,” Nature Immunology, vol. 18, no. 9,
pp. 985–994, 2017.

[16] N. Kamada and R. Y. Calne, “A surgical experience with five
hundred thirty liver transplants in the rat,” Surgery, vol. 93,
no. 1 Pt 1, pp. 64–69, 1983.

[17] M.-X. Cheng, P. Huang, Q. He, Y. Chen, and J.-Z. Li, “Liver X
receptors activation attenuates ischemia reperfusion injury of
liver graft in rats,” Journal of Investigative Surgery, vol. 32,
no. 4, pp. 298–303, 2019.

[18] M.-X. Cheng, D. Cao, Y. Chen, J.-Z. Li, B. Tu, and J.-P. Gong,
“α-ketoglutarate attenuates ischemia-reperfusion injury of
liver graft in rats,” Biomedicine & Pharmacotherapy, vol. 111,
pp. 1141–1146, 2019.

[19] P. Z. Li, J. Z. Li, M. Li, J.-P. Gong, and K. He, “An efficient
method to isolate and culture mouse Kupffer cells,” Immu-
nology Letters, vol. 158, no. 1-2, pp. 52–56, 2014.

[20] S. Kageyama, K. Nakamura, B. Ke, R. W. Busuttil, and
J. W. Kupiec-Weglinski, “Serelaxin induces Notch1 signaling
and alleviates hepatocellular damage in orthotopic liver
transplantation,” American Journal of Transplantation,
vol. 18, no. 7, pp. 1755–1763, 2018.

[21] L. Kruidenier, C.-W. Chung, Z. Cheng et al., “A selective
jumonji H3K27 demethylase inhibitor modulates the proin-
flammatorymacrophage response,”Nature, vol. 488, no. 7411,
pp. 404–408, 2012.

[22] C. Peralta, M. B. Jiménez-Castro, and J. Gracia-Sancho,
“Hepatic ischemia and reperfusion injury: effects on the liver
sinusoidal milieu,” Journal of Hepatology, vol. 59, no. 5,
pp. 1094–1106, 2013.

[23] F. Tacke and H. W. Zimmermann, “Macrophage heteroge-
neity in liver injury and fibrosis,” Journal of Hepatology,
vol. 60, no. 5, pp. 1090–1096, 2014.

[24] C. Varol, A. Mildner, and S. Jung, “Macrophages: develop-
ment and tissue specialization,” Annual Review of Immu-
nology, vol. 33, no. 1, pp. 643–675, 2015.

[25] D. M. Mosser and J. P. Edwards, “Exploring the full spectrum
of macrophage activation,” Nature Reviews Immunology,
vol. 8, no. 12, pp. 958–969, 2008.

[26] X. Li, Y. Wu, W. Zhang, J. Gong, and Y. Cheng, “Pre-con-
ditioning with tanshinone IIA attenuates the ischemia/
reperfusion injury caused by liver grafts via regulation of
HMGB1 in rat Kupffer cells,” Biomedicine & Pharmaco-
therapy, vol. 89, pp. 1392–1400, 2017.

[27] J. D. Ellett, C. Atkinson, Z. P. Evans et al., “Toll-like receptor 4
knockout mice are protected from endothelial overactivation
in the absence of Kupffer cells after total hepatic ischemia/
reperfusion,” Liver Transplantation, vol. 17, no. 9,
pp. 1089–1098, 2011.

[28] W. A. Dar, E. Sullivan, J. S. Bynon, H. Eltzschig, and C. Ju,
“Ischaemia reperfusion injury in liver transplantation: cellular
and molecular mechanisms,” Liver International, vol. 39,
no. 5, pp. 788–801, 2019.

[29] Y. Liu, W. Zhang, Y. Cheng, C. Miao, J. Gong, and M. Wang,
“Activation of PPARc by Curcumin protects mice from is-
chemia/reperfusion injury induced by orthotopic liver
transplantation via modulating polarization of Kupffer cells,”
International Immunopharmacology, vol. 62, pp. 270–276,
2018.

[30] Z. Zhao, G. Pan, C. Tang et al., “IL-34 inhibits acute rejection
of rat liver transplantation by inducing kupffer cell M2 polari-
zation,” Transplantation, vol. 102, no. 6, pp. e265–e274, 2018.

[31] K. Bao and R. L. Reinhardt, “1e differential expression of IL-
4 and IL-13 and its impact on type-2 immunity,” Cytokine,
vol. 75, no. 1, pp. 25–37, 2015.

[32] L. Bosurgi, Y. G. Cao, M. Cabeza-Cabrerizo et al., “Macro-
phage function in tissue repair and remodeling requires IL-4
or IL-13 with apoptotic cells,” Science, vol. 356, no. 6342,
pp. 1072–1076, 2017.

[33] X. Liu, J. Liu, S. Zhao et al., “Interleukin-4 is essential for
microglia/macrophage M2 polarization and long-term re-
covery after cerebral ischemia,” Stroke, vol. 47, no. 2,
pp. 498–504, 2016.

[34] A. Kato, H. Yoshidome, M. J. Edwards, and A. B. Lentsch,
“Reduced hepatic ischemia/reperfusion injury by IL-4: po-
tential anti-inflammatory role of STAT6,” Inflammation
Research, vol. 49, no. 6, pp. 275–279, 2000.

[35] C. Wang, S. S. Tay, G. T. Tran et al., “Donor IL-4-treatment
induces alternatively activated liver macrophages and Ido-
expressing NK cells and promotes rat liver allograft acceptance,”
Transplant Immunology, vol. 22, no. 3-4, pp. 172–178, 2010.

[36] F. De Santa, M. G. Totaro, E. Prosperini, S. Notarbartolo,
G. Testa, and G. Natoli, “1e histone H3 lysine-27 demeth-
ylase Jmjd3 links inflammation to inhibition of polycomb-
mediated gene silencing,” Cell, vol. 130, no. 6, pp. 1083–1094,
2007.

[37] T. Satoh, O. Takeuchi, A. Vandenbon et al., “1e Jmjd3-Irf4
axis regulates M2 macrophage polarization and host re-
sponses against helminth infection,” Nature Immunology,
vol. 11, no. 10, pp. 936–944, 2010.

[38] J. Zhou, T. Qiu, T. Wang et al., “USP4 deficiency exacerbates
hepatic ischaemia/reperfusion injury via TAK1 signalling,”
Clinical Science, vol. 133, no. 2, pp. 335–349, 2019.

[39] M. K. Levings and J. W. Schrader, “IL-4 inhibits the pro-
duction of TNF-alpha and IL-12 by STAT6-dependent and
-independent mechanisms,” Journal of Immunology, vol. 162,
no. 9, pp. 5224–5229, 1999.

12 BioMed Research International


