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Abstract. Monocrotaline (MCT) administration induces liver 
injury in rodents that mimics the pathology of human sinu-
soidal obstruction syndrome. MCT-induced SOS models are 
used to investigate the mechanism of injury and optimize treat-
ment strategies. However, the processes underlying liver repair 
are largely unknown. Specifically, the role of macrophages, the 
key drivers of liver repair, has not been elucidated. The current 
study aimed to examine the role of macrophages in the repair 
of MCT-induced liver injury in male C57/BL6 mice. Maximal 
liver injury occurred at 48 h post-MCT treatment, followed by 
repair at 120 h post-treatment. Immunofluorescence analysis 
revealed that CD68+ macrophages were recruited to the injured 
regions after MCT treatment. This was associated with the 
decreased expression of genes related to a pro-inflammatory 
macrophage phenotype and the increased expression of those 
associated with a reparative macrophage phenotype during 
the repair phase. The results also revealed that stromal cell-
derived factor-1 (SDF-1) and its receptor C-X-C chemokine 
receptor-4 (CXCR4) were upregulated, and CD68+ macro-

phages were co-localized with CXCR4 expression. Treatment 
of mice with AMD3100, a CXCR4 antagonist, delayed liver 
repair and increased the expression of genes related to a pro-
inflammatory macrophage phenotype. In contrast, SDF-1 
treatment stimulated liver repair and increased the expression 
of genes related to a reparative macrophage phenotype. The 
results suggested that macrophages accumulate in the liver 
and repair damaged tissue after MCT treatment, and that the 
SDF-1-CXCR4 axis is involved in this process.

Introduction

Sinusoidal obstruction syndrome (SOS) is a progressive and 
potentially fatal complication of radiotherapy in patients 
preparing for hematopoietic stem cell transplantation and 
chemotherapy for liver metastasis of colorectal cancer (1-3). 
Severe SOS has a high mortality rate. SOS is considered to 
be related to radiation- or chemotherapy-induced damage to 
the liver microvasculature (1,4). Toxic doses of monocrotaline 
(MCT), a pyrrolizidine alkaloid present in plants of genus 
Crotalaria, have been used to induce SOS in rats for use as 
experimental models to study liver injury in vivo. MCT-induced 
liver injury is characterized by the formation of a gap at the 
surface of liver sinusoidal endothelial cells (LSECs), which 
leads to sinusoidal hemorrhage and centrilobular hepatocel-
lular necrosis. Sinusoidal destruction is accompanied by 
infiltration of the centrilobular regions by inflammatory 
cells (4,5). Once the liver is injured, it must be repaired and 
regenerated. Indeed, rats that survive have shown resolution of 
MCT-induced liver inflammation (4,5). Furthermore, hepatic 
tissue repair plays a critical role in determining the final 
outcome of chemical-induced hepatotoxicity (6). However, 
the process of liver repair during MCT hepatotoxicity and its 
underlying mechanism is largely unknown.

Macrophages play a critical role in liver repair following 
acute injury induced by chemicals and ischemia/reperfusion 
(I/R) (7-11). Recently, we showed that MCT-induced liver 
injury is associated with accumulation of macrophages (12). 
Typically, accumulation of macrophages at the site of injury 
promotes the recovery of damaged tissues. However, it is 
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unclear whether accumulated macrophages play a role in liver 
repair after MCT-induced liver injury.

C-X-C chemokine receptor type 4 (CXCR4) is a receptor for 
stromal cell-derived factor 1 (SDF-1) (13). CXCR4 signaling 
plays a crucial role in the mobilization and recruitment of 
progenitor cells from the bone marrow (BM), which stimu-
lates angiogenesis and recovery of ischemic tissue (13,14). In 
addition, SDF-1-CXCR4 signaling contributes to tissue repair 
after acute limb ischemia (15) and acute gastric ulcers (16) 
in mice by recruiting pro-angiogenic macrophages from the 
BM. Accumulating evidence suggests that SDF-1-CXCR4 
is involved in liver repair after acute injury (13,17). CXCR4 
blockade inhibits hepatocyte proliferation in mice treated with 
acetaminophen, indicating that CXCR4 signaling promotes 
liver regeneration (18). Recruitment of CXCR4-expressing 
hematopoietic progenitors in response to SDF-1 is an impor-
tant mechanism underlying the repair of liver tissue (19); of 
note, these findings indicate that the SDF-1-CXCR4 signaling 
pathway promotes tissue recovery from ischemia- or chem-
ical-induced injury via the accumulation of pro-angiogenic 
macrophages. In addition, CXCR4 also plays a role in the 
development of MCT-induced pulmonary arterial hyperten-
sion and vascular remodeling (20). Altogether, these above 
findings led us to investigate whether the SDF-1-CXCR4 axis 
contributes to liver repair in the context of MCT-induced liver 
injury through the recruitment of macrophages.

Here, we investigated the role of macrophages in liver repair 
after MCT-induced liver injury. Further, we examined whether 
SDF-1-CXCR4 axis contributes to macrophage accumulation 
and tissue repair in mice after MCT-induced hepatotoxicity.

Materials and methods

Animals. Male C57BL/6 WT mice (8-10-weeks-old) were 
purchased from CLEA Japan. Transgenic mice expressing 
green fluorescent protein (GFP) against a C57BL/6 background 
were kindly provided by Dr Okabe (Genome Information 
Research Center, Osaka University, Osaka, Japan). Mice were 
maintained on a 12 h light/dark cycle in a facility with constant 
humidity (50%±5%) and temperature (25±1˚C), and were 
provided with food and water ad libitum. All experimental 
procedures were approved by the Animal Experimentation 
and Ethics Committee of the Kitasato University School 
of Medicine (2019-036, 2020-103), and were performed in 
following the guidelines for animal experiments set down 
by the Kitasato University School of Medicine, which are in 
accordance with the ‘Guidelines for Proper Conduct of Animal 
Experiments’ published by the Science Council of Japan.

Animal procedures. Animals were fasted overnight and then 
injected intraperitoneally (i.p.) with 600 mg/kg MCT (Merck 
KGaA) dissolved in warm pyrogen-free saline (final concen-
tration, 2.0 mg/ml) to induce SOS (12). A total of 70 mice were 
used in this study. Mice were anesthetized with pentobarbital 
sodium (60 mg/kg i.p.) at 0 (n=8), 24 (n=8), 48 (n=8), 72 
(n=7), 96 (n=8), and 120 h (n=8) after MCT administration; 
approximately 500 µl of blood were collected from the heart 
of each mice. The levels of alanine transaminase (ALT) were 
measured using a Dri-Chem 7000 Chemistry Analyzer System 
(FujiFilm). Immediately after blood collection, the livers were 

excised and rinsed in saline. A small section of each liver 
was placed in 10% formaldehyde, and the remaining liver 
was frozen in liquid nitrogen and stored at -80˚C for further 
analysis. Afterwards, the animals were euthanized by cervical 
dislocation, and the death was verified by the lack of heartbeat, 
respiration and corneal reflex.

Mice received a daily i.p. injection of a CXCR4 antagonist 
(AMD3100; 10 mg/kg; Sigma-Aldrich; Merck KGaA) (n=4) in 
100 µl phosphate-buffered saline (PBS) (21) or vehicle (n=5). 
A group of mice received a daily i.p. injection of recombinant 
murine SDF-1α (20 µg/kg, R&D Systems Inc.) (n=5) (22) or 
vehicle (n=4). An identical volume of sterile PBS was used 
as the vehicle control. At 72 h, mice were anesthetized with 
pentobarbital sodium (60 mg/kg i.p.), and the blood and liver 
samples were collected. These mice were euthanized by 
cervical dislocation.

Histology and immunohistochemistry. Excised liver tissues 
were fixed immediately with 10% formaldehyde prepared 
in 0.1 M sodium phosphate buffer (pH 7.4). Sections (4 µm) 
were prepared from paraffin-embedded tissues and stained 
with hematoxylin and eosin (H&E). Images of H&E-stained 
sections were captured under a microscope (Biozero BZ-9000 
Series; Keyence Corporation).

Immunofluorescence analysis. Fixed liver samples were 
embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek 
USA, Inc.), frozen at -80˚C, and cut into 8 µm sections using 
a cryostat. The sections were incubated overnight at 4˚C 
with a rat anti-mouse CD68 monoclonal antibody (Bio-Rad 
Laboratories, Inc.), Cy3-labeled mouse anti-α smooth 
muscle actin (αSMA) (Sigma-Aldrich; Merck KGaA), a 
rat anti-mouse CXCR4 monoclonal antibody (Invitrogen; 
Thermo Fisher Scientific, Inc.), or rabbit anti-mouse SDF-1 
polyclonal antibody (Abcam). After washing with PBS, the 
sections were incubated for 1 h at room temperature with 
Alexa Fluor 488-conjugated donkey anti-rabbit IgG and 
Alexa Fluor 594-conjugated donkey anti-rat IgG (Molecular 
Probes; Thermo Fisher Scientific, Inc.). Stained sections were 
observed under a fluorescence microscope (Biozero BZ-9000; 
Keyence Corporation) and images were captured. Expression 
of CD68 in the liver tissues from ten fields per section at x400 
magnification was measured as fluorescence intensity using 
ImageJ software, version 1.50i (National Institutes of Health). 
The results were expressed as the average of CD68 fluores-
cence intensity per field.

Quantitative real-time RT-PCR. Total RNA was extracted 
from mouse tissues and homogenized in TRIzol Reagent 
(Life Technologies; Thermo Fisher Scientific, Inc.). Single-
stranded cDNA was generated from 1 µg of total RNA by 
reverse transcription using a ReverTra Ace qPCR RT kit 
(Toyobo Co., Ltd.), according to the manufacturer's instruc-
tions. Quantitative PCR was performed using TB Green 
Premix Ex Taq II (Tli RNaseH Plus; Takara Bio, Inc.). Gene-
specific primers used for real-time RT-PCR were designed 
using Primer 3 software (http://primer3.sourceforge.net/), 
based on data from GenBank. The primer sequences are 
listed in Table I. Data were normalized to the expression of 
glyceraldehyde-3-phosphate dehydrogenase in each sample.
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BM transplantation. BM transplantation was performed as 
previously described (10). Briefly, recipient mice (n=3) were 
treated with clodronate-loaded liposomes (200 µl/mouse; 
FormuMax Scientific, Inc.) to deplete the tissue macrophages 
48 h before irradiation. Following euthanasia via cervical 
dislocation under 4% isoflurane anesthesia, donor BM cells 
were harvested from male GFP+ transgenic mice (8 weeks old) 
(n=1). Mice were irradiated with 9.8 Gy using an MBR-1505R 
X-ray irradiator (Hitachi Medical Co.) fitted with a filter 

(copper, 0.5 mm; aluminum, 2 mm); the cumulative radiation 
dose was monitored throughout. Irradiated mice received 
donor BM-derived mononuclear cells (1x107 cells/200 µl PBS) 
via injection in the tail vein. Following euthanasia via cervical 
dislocation under 4% isoflurane anesthesia, liver tissues were 
also collected.

Statistical analysis. All results are presented as mean ± stan-
dard deviation (SD). All statistical analyses were performed 

Table I. Primers used for reverse transcription and quantitative PCR reactions.

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3')

HGF GGCTGAAAAGATTGGATCAGG CCAGGAACAATGACACCAAGA
EGF ATGGGAAACAATGTCACGAAC CATCTCTCCCAAGCACTGAAC
TNFα TCTTCTCATTCCTGCTTGTGG GATCTGAGTGTGAGGGTCTGG
IL-1β TACATCAGCACCTCACAAGCA CCAGCCCATACTTTAGGAAGA
IL-6 CAAAGCCAGAGTCCTTCAGAG TAGGAGAGCATTGGAAATTGG
Fizz1 TGCCAATCCAGCTAACTATCC CACACCCAGTAGCAGTCATCC
MR TTTGTCCATTGCACTTTGAGG TGCCAGGTTAAAGCAGACTTG
SDF-1 GCATCAGTGACGGTAAACCAG GCACAGTTTGGAGTGTTGAGG
CXCR4 CTCTGAAGAAGTGGGGTCTGG AAGTAGATGGTGGGCAGGAAG
CCR2 TTACCTCAGTTCATCCACGGC CAAGGCTCACCATCATCGTAG
Gapdh ACATCAAGAAGGTGGTGAAGC AAGGTGGAAGAGTGGGAGTTG

Figure 1. Liver injury after monocrotaline (MCT) treatment. (A) Time-dependent changes in ALT levels during MCT hepatotoxicity (n=7-8 mice per group). 
(B) Typical histological appearance of hematoxylin and eosin-stained liver sections were analyzed at 0, 48, 72 and 120 h post-MCT treatment (scale bars, 
100 µm). Expression of (C) HGF and (D) EGF mRNA in the livers of mice treated with MCT. Data are presented as the mean ± SD (n=5-6 mice per group). 
*P<0.05 vs. 0 h. MCT, monocrotaline; ALT, alanine transaminase; HGF, hepatocyte growth factor; EGF, epidermal growth factor.
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using GraphPad Prism software, version 8 (GraphPad 
Software). Data from two groups were compared using an 
unpaired two-tailed Student's t-test, and data from multiple 
groups were compared using one-way analysis of variance 
followed by Tukey's post-hoc test. A P-value <0.05 was consid-
ered statistically significant.

Results

MCT-induced liver injury and liver repair. ALT levels were 
measured from 0 h to 120 h after MCT administration (Fig. 1A). 
ALT levels increased significantly, reaching maximal levels at 
48 h post-MCT treatment before falling again and returning 
to normal levels at 120 h post-treatment. Histological analyses 
of the liver demonstrated minimal changes at 0 h after MCT 
treatment (Fig. 1B). At 48 h post-MCT treatment, significant 
hemorrhagic necrosis in the centrilobular regions of the liver 
was observed. At 72 h post-MCT treatment, hepatic necrosis 
around the central veins was clearly localized and the necrotic 
area was reduced, which was accompanied by cellular infiltra-
tion of the injured regions. Hepatic necrosis was diminished 
and changes were much less obvious at 120 h post-MCT 
treatment. These results suggest that MCT-induced liver 
injury peaks at 48 h, followed by liver repair from 72 h and 

resolution at 120 h post-MCT treatment. We also measured 
the expression of mRNA encoding tissue repair factors, 
hepatocyte growth factor (HGF) and epidermal growth factor 
(EGF) (Fig. 1C and D) (11). Expression levels of HGF and EGF 
mRNA increased during the repair phase (from 72 h to 120 h 
after MCT treatment). These findings suggest that the liver 
recovered from MCT-induced liver injury, as demonstrated by 
reduced ALT levels, diminished area of hepatic necrosis, and 
increased expression of growth factors.

Accumulation of macrophages during MCT hepatotoxicity. 
Because hepatic macrophages play an important role in 
stimulating liver repair after acute liver injury (ALI), we next 
examined the effects of MCT on the accumulation of macro-
phages in the liver. Immunofluorescence analysis revealed 
that CD68+ cells (macrophages) accumulated in the liver 
after MCT treatment (Fig. 2A). The fluorescence intensity of 
hepatic CD68 increased, peaking at 72 h after MCT treatment 
(Fig. 2B). These results suggest that accumulation of CD68+ 
cells is associated with liver repair after MCT-induced ALI.

Expression of mRNA encoding genes associated with a 
pro-inflammatory phenotype and a reparative macrophage 
phenotype. Next, we examined the expression of mRNA 

Figure 2. Accumulation of macrophages during MCT hepatotoxicity. (A) Immunofluorescence analysis of the macrophage marker CD68 (red) in the livers of 
mice treated with MCT. Nuclei are stained with DAPI (blue). Scale bars represent 100 µm. (B) Fluorescence intensity of CD68 in the livers of mice treated 
with MCT. Data are expressed as the mean ± SD (n=4 mice per group). *P<0.05 vs. 0 h. MCT, monocrotaline.
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encoding genes of a pro-inflammatory macrophage pheno-
type, tumor necrosis factor α (TNFα), interleukin (IL)-1β, 
and IL-6, and of a reparative macrophage phenotype, found 
in inflammatory zone 1 (Fizz1) and mannose receptor 
(MR). Expression of mRNA encoding TNFα, IL-1β, and 
IL-6 increased at 24 h and 48 h post-MCT treatment, and 
declined thereafter (Fig. 3A-C). Although the expression 
of mRNA encoding Fizz1 and MR did not change during 
the injury phase of MCT-induced hepatotoxicity, expres-
sion of Fizz1 increased at 72 h, and that of MR increased 
at 72, 96, and 120 h post-treatment (Fig. 3D and E). Thus, 

increased expression of mRNA encoding markers of repara-
tive macrophages is associated with increased numbers of 
these macrophages in the liver.

Involvement of SDF-1-CXCR4 in liver repair af ter 
MCT-induced liver injury. To investigate the role of CXCR4 
in the accumulation of macrophages during MCT-induced 
liver injury, we measured the expression of CXCR4 mRNA 
in the liver after MCT treatment. Expression of CXCR4 
mRNA was upregulated at 48 and 72 h after MCT treatment 
(Fig. 4A). Expression of mRNA encoding SDF-1, the ligand 

Figure 3. Changes in mRNA expression of encoding genes associated with a pro-inflammatory macrophage phenotype and a reparative macrophage phenotype 
during hepatotoxicity. mRNA expression of pro-inflammatory macrophage (A) TNFα, (B) IL-1β and (C) IL-6, and markers of reparative macrophages, 
including (D) Fizz1 and (E) mannose receptor in the livers of mice treated with MCT. Data are expressed as the mean ± SD (n=4-6 mice per group). *P<0.05 
vs. 0 h. MCT, monocrotaline; TNF, tumor necrosis factor; IL, interleukin; Fizz1, found in inflammatory zone 1; MR, mannose receptor.
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of CXCR4, also increased at 48 and 72 h post-MCT treat-
ment (Fig. 4B). To investigate the cellular source of CXCR4, 
we performed immunofluorescence analysis of CXCR4 
expression in liver tissues treated with MCT. Expression of 
CXCR4 co-localized with CD68+ cells accumulated in the 
injured regions at 72 h after MCT treatment (Fig. 4C), indi-
cating that macrophages are the main source of CXCR4. 
We also examined whether the accumulated macrophages 
were derived from the BM. Immunofluorescence analyses 
of GFP+ BM chimera mice revealed that both CD68+ 
cells and GFP+ cells were extensively accumulated in the 
injured centrilobular regions at 72 h post-MCT treatment, 
and that CD68+ cells partially co-localized with GFP+ 
cells (Fig. 4D), indicating that at least some of the macro-
phages were recruited from the BM. In addition, CXCR4+ 

cells accumulated in the centrilobular regions also partly 
co-stained with GFP+ cells in the liver at 72 h after MCT 
treatment, indicating that some of the CXCR4+ cells were 
derived from the BM (Fig. 4E).

To further investigate the cellular source of intrahepatic 
SDF-1, we performed immunofluorescence analysis of SDF-1 
in liver tissues treated with MCT for 72 h. SDF-1+ cells were 
accumulated around the central vein, and expression of SDF-1 
was co-localized with that of CD68, but not with that of αSMA 
(Fig. 4F), indicating that macrophages, and not hepatic stellate 
cells, are the main source of SDF-1 during the repair phase of 
MCT hepatotoxicity.

Blockade of CXCR4 delays liver repair after MCT-induced 
liver injury. To examine the functional relevance of CXCR4 

Figure 4. Macrophages expressing CXCR4 accumulate in the liver during the repair phase of MCT hepatotoxicity. Expression of mRNA encoding (A) SDF-1 
and (B) CXCR4 in the livers of mice treated with MCT. Data are expressed as the mean ± SD (n=4-6 mice per group). *P<0.05 vs. 0 h. Representative double 
immunofluorescence images showing (C) CD68 (red) and CXCR4 (green) or (D) GFP (green) in the livers of mice at 72 h post-MCT treatment. White triangles 
indicate merged cells. Scale bars represent 100 µm. (E) Representative double immunofluorescence images of CXCR4 (red) and GFP (green) in the livers of 
mice at 72 h post-MCT treatment. White triangles indicate merged cells. Scale bars represent 100 µm. (F) Representative double immunofluorescence images 
of SDF-1 (green) and CD68 (red) or αSMA (red) in the livers of mice at 72 h post- MCT treatment. CV, central vein. White triangles indicate merged cells. 
Scale bars, 100 µm. CXCR4, C-X-C chemokine receptor type 4; MCT, monocrotaline; SDF-1, stromal cell-derived factor-1; GFP, green fluorescent protein; 
αSMA, α smooth muscle actin; CV, central vein.
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during the repair phase of MCT hepatotoxicity, mice received 
an i.p. injection of AMD3100, a specific inhibitor of CXCR4. 
As shown in Fig. 5A, ALT levels at 72 h in mice treated 
with AMD3100 were higher than those in mice treated 
with vehicle. In addition, levels of EGF and HGF mRNA in 
AMD3100-treated mice were lower at 72 h post-MCT treat-
ment than those in vehicle-treated mice (Fig. 5B). Although 
the number of CD68+ cells, as indicated by the fluorescence 
intensity of CD68 in AMD3100-treated mice was not different 
from that in vehicle-treated mice, the level of C-C motif 

chemokine receptor 2 (CCR2) mRNA in AMD3100-treated 
mice was higher than those in vehicle-treated mice (Fig. 5C). 
During hepatic inflammation, CCR2 is primarily found in 
monocyte-derived macrophages, which are characterized 
as pro-inflammatory macrophages (9). Regarding CXCR4 
expression, there was no statistical difference in CXCR4 
levels between the two treatments. Furthermore, AMD3100 
increased the expression of mRNA encoding markers of 
pro-inflammatory macrophages (i.e., TNFα, IL-1β, and IL-6) 
and decreased the expression of mRNA encoding markers of 

Figure 5. Effect of AMD3100 on liver repair after MCT treatment. (A) ALT levels in mice treated with AMD3100 or vehicle at 72 h post-MCT treatment (n=4 
mice per group). (B) Expression of mRNA encoding HGF and EGF in the livers of mice treated with AMD3100 or vehicle at 72 h post-MCT treatment (n=3-4 
mice per group). (C) Fluorescence intensity of CD68 and mRNA expression of CCR2 and CXCR4 in the livers of mice treated with AMD3100 or vehicle at 72 
h post-MCT treatment (n=4 mice per group). (D) Expression of mRNA encoding TNFα, IL-1β, IL-6, Fizz1 and MR in the livers of mice treated with AMD3100 
or vehicle at 72 h post-MCT treatment (n=4-5 mice per group). Data are expressed as the mean ± SD. *P<0.05 vs. vehicle. MCT, monocrotaline; ALT, alanine 
transaminase; HGF, hepatocyte growth factor; EGF, epidermal growth factor; CCR2, C-C motif chemokine receptor 2; CXCR4, C-X-C chemokine receptor 
type 4; TNF, tumor necrosis factor; IL, interleukin; Fizz1, found in inflammatory zone 1; MR, mannose receptor.
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reparative macrophages (i.e., MR, but not Fizz1) at 72 h after 
MCT treatment (Fig. 5D). These results suggest that CXCR4 
plays a critical role in promoting liver repair after MCT 
administration, and that this repair is associated with a reduc-
tion in the expression of genes related to pro-inflammatory 
macrophage markers.

SDF-1 facilitates liver repair after MCT-induced liver injury. 
Finally, we examined whether SDF-1 affects liver repair after 
MCT treatment. SDF-1 reduced ALT levels at 72 h post-MCT 
treatment, which was associated with an increased expression of 

mRNA encoding EGF and HGF (Fig. 6A and B). The fluores-
cence intensity of CD68 in the liver of SDF-1-treated mice was 
lower than that in vehicle-treated mice, which was associated 
with the downregulation of mRNA encoding CCR2 (Fig. 6C). 
However, there was no statistical difference in CXCR4 mRNA 
levels between the two treatments. SDF-1 also decreased the 
expression of mRNA encoding TNFα, IL-1β, and IL-6, and 
increased the expression of mRNA encoding MR (but not 
Fizz1) (Fig. 6D). These results suggest that SDF-1/CXCR4 
plays a critical role in promoting liver repair after MCT 
administration.

Figure 6. Effects of SDF-1 on liver repair after MCT treatment. (A) ALT levels in mice treated with SDF-1 or vehicle at 72 h post-MCT treatment (n=4 mice 
per group). (B) mRNA expression of HGF and EGF in the livers of mice treated with SDF-1 or vehicle at 72 h post-MCT treatment (n=4-5 mice per group). 
(C) Fluorescence intensity of CD68 and mRNA expression of CCR2 and CXCR4 in the livers of mice treated with SDF-1 or vehicle at 72 h post-MCT treatment 
(n=4-5 mice per group). (D) mRNA expression of TNFα, IL-1β, IL-6, Fizz1 and MR in the livers of mice treated with SDF-1 or vehicle at 72 h post-MCT 
treatment (n=4-5 mice per group). Data are expressed as the mean ± SD. *P<0.05 vs. vehicle. SDF-1, stromal cell-derived factor-1; MCT, monocrotaline; ALT, 
alanine transaminase; HGF, hepatocyte growth factor; EGF, epidermal growth factor; CCR2, C-C motif chemokine receptor 2; CXCR4, C-X-C chemokine 
receptor type 4; TNF, tumor necrosis factor; IL, interleukin; Fizz1, found in inflammatory zone 1; MR, mannose receptor.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  668,  2021 9

Discussion

The objective of this study was to investigate the contribu-
tion of macrophages to liver repair after MCT-induced liver 
injury in a mouse model of SOS. We found that macrophages 
derived from the BM accumulated in the liver to repair 
damaged tissue. This was associated with increased hepatic 
expression of SDF-1 and CXCR4 during the repair phase. The 
SDF-1-CXCR4 axis plays a role in liver repair by recruiting 
macrophages with a reparative phenotype.

Initially, ALI induced by MCT was characterized by damage 
to the LSEC, including gaps in the surface of the LSEC and 
detachment of the LSEC from the sinusoidal wall (4,5). LSEC 
injury allows blood components to penetrate into the space of 
Disse, resulting in centrilobular hepatocellular damage associ-
ated with the accumulation of platelets and macrophages (12). 
Of note, we found that hepatic inflammation induced by MCT 
administration was resolved and that severe liver damage was 
repaired. Significant MCT-induced liver injury, as evidenced 
by increased levels of ALT and hepatic necrosis, were restored 
to normal levels. This was associated with increased expres-
sion of mRNA encoding TNFα, IL-1β, and IL-6 during the 
injury phase of MCT hepatotoxicity and increased expression 
of mRNA encoding Fizz1 and MR during the repair phase. 
In addition, expression of mRNA encoding hepatic trophic 
growth factors HGF and EGF increased during the recovery 
phase.

Macrophages are key drivers of recovery in liver tissues 
damaged by acute injury (9) caused by chemicals such as acet-
aminophen (7) and carbon tetrachloride (8). Upon liver injury 
induced by MCT, resident Kupffer cells in the injured regions 
are depleted (4). Macrophages sense liver injury, and mono-
cyte-derived macrophages accumulate at the site to replenish 
diminished Kupffer cells and repair damaged tissues (9). The 
results of the current study demonstrate that macrophages 
accumulate in injured regions during the repair phase of MCT 
hepatotoxicity, and that accumulated macrophages are, at least 
in part, derived from the BM. Based on the profiles of pro-
inflammatory and anti-inflammatory mediators in the liver 
after MCT treatment, reparative macrophages contribute to 
liver repair from acute MCT-induced liver injury.

It has been reported that, during MCT-induced inflamma-
tion, the co-administration of MCT and lipopolysaccharide 
increases ALT levels at 24 h post-treatment, which is associated 
with the upregulation of chemokine (C-X-C motif) ligand 16 
(CXCL16) in hepatocytes (23). Inhibition of the SDF-1-
CXCR4 axis suppresses the development of MCT-induced 
pulmonary hypertension, which is accompanied by an increase 
in CXCR4-expressing cells in the BM (20). These results indi-
cate that chemokines and their receptors are involved in the 
progression of MCT toxicity in the liver and lungs. In addition, 
the present study demonstrated that SDF-1-CXCR4 pathway 
contributes to promoting the resolution of hepatic inflamma-
tion and liver tissue recovery from acute MCT-induced liver 
injury. Although C-X-C chemokine receptors are essential for 
the regulation of immune cell recruitment to sites of inflam-
matory injury, it remains unknown whether C-X-C chemokine 
receptors other than CXCR4 play a role in MCT-mediated 
inflammation. Further studies are needed to clarify this in 
MCT-induced liver injury.

During ALI, SDF-1 plays an important role in the regenera-
tion by promoting hepatocyte proliferation. The SDF-1-CXCR4 
axis is essential for recruiting stem cells from the BM to sites 
of injury to promote tissue repair (13). In the liver environment, 
SDF-1 is produced by biliary epithelial cells, hepatic stellate 
cells, and LSECs (9,24,25). In this study, immunofluorescence 
analyses revealed that SDF-1 was expressed by macrophages, 
but not by hepatic stellate cells. In addition, CXCR4, the specific 
receptor for SDF-1, was expressed by macrophages, including 
BM-derived macrophages. Both CXCR4 and SDF-1 were 
upregulated after MCT treatment and during the repair phase. 
Pharmacological inhibition of CXCR4 by AMD3100 aggra-
vated MCT-induced liver injury, as evidenced by increased 
ALT levels and delayed liver repair (indicated by a reduction 
in hepatic levels of EGF and HGF). Although the number of 
accumulated macrophages in the liver did not differ between 
mice treated with AMD3100 and vehicle, increased mRNA 
levels related to the pro-inflammatory macrophage phenotype 
(i.e., TNFα, IL-1β, IL-6, and CCR2), and reduced levels of 
markers of a reparative macrophage phenotype (i.e., MR), 
suggesting that AMD3100 may promote accumulation of 
pro-inflammatory cells. Consistent with this, a previous study 
showed that CXCR4 blockade in mice inhibits hepatocyte 
proliferation after acetaminophen treatment, indicating that 
CXCR4 signaling promotes liver regeneration (18). In addition, 
AMD3100 leads to sustained hepatic inflammation induced 
by carbon tetrachloride injection, along with increased hepatic 
necrosis and increased numbers of infiltrating inflammatory 
cells (17). Furthermore, there was no statistical difference in 
CXCR4 levels between AMD3100 and vehicle, indicating 
that AMD3100 did not change the hepatic expression of 
CXCR4 at 72 h after MCT treatment. These results suggest 
that AMD3100 inhibits CXCR4-mediated signal transduction 
pathways (26) without affecting the expression of CXCR4 in 
the livers of mice treated with MCT.

In contrast, administration of SDF-1 accelerated liver 
repair after MCT-induced ALI, which was associated with 
the downregulation of genes related to a pro-inflammatory 
macrophage phenotype and upregulation of genes related to 
a reparative macrophage phenotype. SDF-1 administration 
also decreased the expression of CCR2, which is primarily 
found in pro-inflammatory macrophages (22), suggesting that 
SDF-1 reduced the accumulation of CD68+-cells characterized 
by pro-inflammatory macrophages. These results suggest that 
SDF-1 may be a key driver of liver repair after MCT admin-
istration. Previous studies suggest that binding of SDF-1 to 
CXCR4 plays a role in liver repair by recruiting hematopoietic 
stem cells to the site of injury in the liver (19). In addition, 
mice treated with a CXCR4 inhibitor are more susceptible to 
chronic liver injury (17). Similarly, upregulation of SDF-1 in 
the liver after partial hepatectomy increases mobilization of 
LSEC precursors from the BM to promote liver regeneration 
in rats (27). Taken together, these findings, including our own, 
indicate an important role for the SDF-1/CXCR4 axis in liver 
repair and regeneration in response to chemical-induced acute 
or chronic injury or partial hepatectomy.

Because SDF-1 recruits macrophages through CXCR4 
signaling, the administration of SDF-1 would upregulate 
CXCR4 expression in livers; however, the results showed that 
the levels of CXCR4 expression in SDF-1-treated mice did not 



OTAKA et al:  MACROPHAGES IN MCT HEPATOTOXICITY10

differ from those in vehicle-treated mice. The current study 
demonstrated that SDF-1 treatment attenuated liver injury at 
72 h after MCT treatment, which was associated with reduced 
accumulation of macrophages in the liver. Thus, it is specu-
lated that SDF-1 administration did not upregulate CXCR4 
expression at 72 h after MCT treatment.

However, others report that administration of recombinant 
SDF-1 decreases the proliferation of hepatocytes after hepatic 
I/R injury in mice (28). Furthermore, they found that treat-
ment of mice with AMD3100 resulted in increased hepatocyte 
proliferation and reduced necrosis after hepatic I/R. These 
results imply that the SDF-1-CXCR4 axis suppresses liver 
repair after hepatic I/R. Such discrepancy may be due to the 
different models and the different experimental protocols 
employed for pharmacological intervention.

In the current study, enhanced liver repair from MCT 
hepatotoxicity was associated with increased hepatic levels 
of EGF and HGF. Previously, we showed that EGF in macro-
phages plays a critical role in facilitating liver repair after ALI 
induced by hepatic I/R (29). Upregulation of HGF is related 
to liver recovery from acute chemical-induced liver injury (8). 
These results suggest that macrophages accumulate and 
repair tissues damaged by MCT by producing EGF and HGF; 
however, further studies are needed to confirm this.

In conclusion, this study showed that MCT-induced liver 
injury is repaired by the accumulation of macrophages in 
the injured region, and that the SDF-1/CXCR4 axis plays an 
important role in acute liver injury repair by recruiting repara-
tive macrophages. Thus, SDF-1 may be useful for improving 
recovery from MCT-induced ALI.
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