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CD5L deficiency attenuate acetaminophen-induced liver
damage in mice via regulation of JNK and ERK signaling
pathway
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CD5 molecule like (CD5L), a member of the scavenger receptor cysteine-rich domain superfamily, plays a critical role in immune
homeostasis and inflammatory disease. Acetaminophen (APAP) is a safe and effective antipyretic analgesic. However, overdose may
cause liver damage or even liver failure. APAP hepatotoxicity is characterized by extensive necrotic cell death and a sterile
inflammatory response, in which the role of CD5L remains to be investigated. In this study, we found that the expression of CD5L
was increased in the livers of mice after APAP overdose. Furthermore, CD5L deficiency reduced the increase of alanine
transaminase (ALT) level, histopathologic lesion area, c-Jun N-terminal kinase (JNK)/extracellular signal-regulated kinase (ERK)
phosphorylation level, Transferase-Mediated dUTP Nick End-Labeling positive (TUNEL+) cells proportion, vascular endothelial cell
permeability and release of inflammatory cytokines induced by excess APAP. Therefore, our findings reveal that CD5L may be a
potential therapeutic target for prevention and treatment of APAP-induced liver injury.
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INTRODUCTION
Acetaminophen (APAP), one of the most widely used analgesic-
antipyretic in the United States, is safe at therapeutic doses.
However, excess of APAP is capable for leading to a centrilobular
hepatic necrosis [1]. N-acetyl-p-benzoquinoneimine (NAPQI), the
toxic product of APAP metabolized by the cytochrome
P450 system, is depleted by the hepatic reduced glutathione
(GSH) antioxidant system. The unconsumed NAPQI leads to APAP
protein adduct (APAP-AD) formation, which resulting oxidative
stress of hepatocyte mitochondria that occurs in the first few
hours [2]. Necrotic hepatocytes can activate the innate immune
system to mediate irreversible secondary damage [3]. Various
studies suggest that oxidative stress and proinflammatory factors
such as interleukin-6 (IL-6) activate the JNK signaling pathway [4]
and associated with ERK signaling pathway [5, 6].
CD5L, also termed as apoptosis inhibitor of macrophage (AIM),

is a soluble protein mainly produced by macrophages and
belongs to the scavenger receptor cysteine rich superfamily
[7, 8]. Recent studies have shown that it can also be produced by
other cells, such as Th17 cells [9], retinal epithelial cells [10] and
lung epithelial cells [11]. Early studies suggested that CD5L can
support macrophages survival [8]. Surprisingly, CD5L is found to
be associated with various diseases such as lipid metabolic disease
[12], hepatocellular carcinoma [13, 14], fungus induced peritonitis
[15], acute kidney injury [16] and myocardial infarction [17] in later

studies. Regarding the effect of CD5L in the liver disease, it has
been proved that CD5L plasma levels are upregulated in patients
with liver damage [18, 19]. In addition, CD5L is associated with the
hepatic fibrosis [20] and hepatocellular carcinoma [14]. However,
whether CD5L participates in the process of pathogenesis during
APAP-induced liver injury has not been addressed to date.
In this study, results showed that the expression of CD5L was

induced in the development of APAP-induced liver injury.
Furthermore, CD5L-deficient reduced APAP-induced liver injury
in mice by impairing the activation of JNK and ERK signaling
pathways.

RESULTS
CD5L deficiency attenuates APAP-induced liver injury in mice
To determine the role of CD5L in APAP-induced liver injury, male
WT mice fasted overnight were treated with 300 mg/kg of APAP
by intraperitoneal injection. CD5L mRNA level was increased two
folds in livers after APAP treatment for 1 h, and the peak occurred
at 3 h (Fig. 1A). Correspondingly, the CD5L protein level was
significantly upregulated within 24 h in a time-dependent manner
(Fig. 1B). Intriguingly, under physiological conditions, CD5L was
only expressed in the interstitium of liver tissue, while APAP
overdose induced its expression in liver parenchymal cells in the
necrotic area around the central vein besides the mesenchymal
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Fig. 1 CD5L deficiency alleviates APAP-induced liver injury in mice. APAP was intraperitoneally injected into wild-type (WT) mice (n= 5 for
each time point) at 300mg/kg, and the CD5L level in the liver at specified time point was detected by A q-PCR and B western blotting;
C Immunohistochemical staining of CD5L in liver sections of WT (n= 4 for each group) treated with PBS or APAP for 24 h, representative
images are shown; D The expression of CD5L in human liver tissue (www.proteinatlas.org); E The diagram of CRISP/Cas9 CD5L knockout
strategy; F The expression of CD5L protein in the liver of WT and CD5L-/- mice was detected by western blotting; G Immunohistochemical
staining of CD5L in liver sections of WT or CD5L−/− mice (n= 4 for each group), representative images are shown; H, I Serum ALT and liver H&E
staining at 8 h and 24 h after PBS or APAP injection in mice (n= 10 for each group). Necrotic area was measured by Image J. Representative
images are shown. Scale: 100 μm. The results are presented as means ± SD of at least three independent experiments. *P < 0.05; **P < 0.01;
***P < 0.001.
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cells (Fig. 1C). Correspondingly, human CD5L is expressed
abundantly in Kuffer cells and slightly in hepatocytes according
to the analysis from the website (www.proteinatlas.org) (Fig. 1D).
These results suggested that CD5L is associated with APAP-
induced liver injury.
To further determine the effect of CD5L on APAP-induced liver

injury, CRISPR/cas9 gene editing technology was applied to
construct CD5L gene knockout (CD5L−/−) mice successfully (Fig.
1E), in which CD5L expression proved to be absent in CD5L−/−

mice liver (Fig. 1F, G). After excessive APAP treatment, the
elevation of serum hepatic injury index ALT in CD5L−/− mice was
much lower than that in WT mice (Fig. 1H) at 8 h and 24 h.
Meanwhile, the lesion area caused by APAP in CD5L−/− mice was
much smaller than that in WT mice after treatment for 24 h,
although no difference was observed at 8 h (Fig. 1I). Consequently,
the results suggested that the absence of CD5L alleviated APAP-
induced liver injury.

CD5L deficiency reduces the activation of JNK and ERK
signaling pathways
Cytochrome P450 2E1 (CYP2E1) is recognized as the most
important enzyme for initiation of APAP-induced toxicity since
CYP2E1 knockout mice have a resistance to APAP-induced liver
injury [21]. CYP2E1 protein showed a transient increase at 1 h in
WT mice and had no change in CD5L−/− mice (Fig. 2A). We next
examined the changes of GSH and APAP-AD in liver tissue.
Although we found no difference in glutathione between the two
groups at different time points after APAP treatment (Fig. 2B), the
APAP-AD was less in the liver tissue of CD5L−/− mice after APAP
overdose (Fig. 2C). The phosphorylation levels of JNK and ERK
were dramatically lower in CD5L−/− mice than those in WT mice at
the first 3 h after APAP administration which is the critical timing
for APAP hepatotoxicity, while no significant difference of p-AKT
and p-NF-κB was observed (Fig. 2D). However, at 24 h after APAP
treatment, CD5L−/− mice exhibited weaker p-ERK, significantly
lower p-AKT, and a trend to lower p-NF-κB expression compared
to WT mice (Fig. 2E).

CD5L protein activates JNK and ERK signaling pathway in
mouse hepatocytes in vitro
To identify the role of CD5L protein in vitro, mouse bone marrow-
derived macrophages (BMDMs) and macrophage cell line
RAW264.7 cells were incubated with mouse CD5L protein (1 μg/
ml), respectively. The phosphorylation of NF-κB and AKT were
increased after the stimulation by CD5L in macrophages, while no
change of p-JNK and p-ERK was observed (Fig. 3). To determine
whether CD5L has effects on liver parenchymal cells other than
through inflammatory cells, mouse hepatocytes (the transforming
growth factor-α transgenic mouse hepatocyte, TAMH) were
treated with recombinant CD5L protein directly. The phosphoryla-
tion levels of AKT, ERK, JNK, and NF-κB proteins in TAMH cells were
all increased upon CD5L treatment (Fig. 3).

CD5L deficiency decreases the expression of inflammatory
factors in liver
The TUNEL assay was used to detect APAP-induced hepatocyte
necrosis, and the results showed that the ratio of TUNEL+ cells in
CD5L−/− mice liver tissue was decreased markedly (Fig. 4A). To
further explore the effect of CD5L on APAP-induced inflammation,
the expression level of inflammatory cytokines in the livers of
CD5L−/− and WT mice was examined. The concentration of IL-6
was much less in the serum of APAP treated CD5L−/− mice than
that in WT mice (Fig. 4B). At 8 h after receiving APAP injection, the
mRNA levels of inflammatory factor IL-1β, IL-6, MIP-1α, KC, and
MCP-1 were decreased and CCR2 was increased in CD5L−/− mice
compared to those in WT mice (Fig. 4C). Therefore, a lack of CD5L
leads to a reduction in APAP-induced hepatic inflammatory
response.

CD5L deficiency affects the infiltration of inflammatory cells
In order to further understand the effect of CD5L on the infiltration
of inflammatory cells, thioglycolate was injected into the
abdominal cavity of mice. After 2 days of treatment, there were
more peritoneal macrophages in CD5L−/− mice than that of WT
mice. Interestingly, the amounts of macrophages in the CD5L−/−

mice were less than that of WT mice at 4 days post treatment
although no statistical significance (Fig. 5A). In addition, there
were more neutrophils after 2 days of treatment than that of
4 days, but no difference between the two groups (Fig. 5A). We
concluded that CD5L knockout could affect the increase of
infiltration of macrophages in the abdominal cavity.
Previous studies have shown that neutrophils and macrophages

exert important roles in APAP-induced liver inflammation [22–24].
Flow cytometric analysis showed that the percentage of hepatic-
infiltrating neutrophils (CD11b+Ly6G+) was obviously lower in the
livers from CD5L−/− mice after APAP injection than those in WT
mice (Fig. 5B). Eight hours after APAP treatment, the percentage of
CD11b+Ly6Chigh (Ly6Chi) monocytes and CD11b+Ly6ClowLy6G-

(Ly6Clo) monocytes in the liver of CD5L−/− mice were higher than
those in WT mice. As for 24 h, the Ly6Clo monocytes were much
higher in CD5L−/− mice, and there was no significant difference
between the two groups in Ly6Chi monocytes (Fig. 5B). These data
demonstrate that CD5L deficiency can reduce the infiltration of
neutrophils and improve the infiltration of monocytes in the
APAP model.

CD5L deficiency enhances hepatocytes proliferation
It has been reported that neutrophils and macrophages contribute
to the tissue repair process [25]. Therefore, the expression of PCNA
was examined to observe the proliferation of liver cells. At 8 h after
APAP treatment there was few positive staining in the injured liver
tissues, while abundant positive nuclei were observed at 24 h.
Intriguingly, the proportion of positive cells in CD5L−/− mice was
significantly higher than that in WT mice at 24 h and 48 h,
although there was no difference at 72 h (Fig. 6A). This suggests
an increase in proliferation of hepatocytes in APAP-induced liver
injury following CD5L deficiency. Furthermore, the permeability of
CD5L−/− mice endothelial cells was weaker than that of WT after
liver injury (Fig. 6B), indicating that CD5L−/− mice had better
ability in the repair of damage.

DISCUSSION
APAP-induced hepatotoxicity is confirmed as a ‘two-hit’ process:
the oxidative stress of APAP metabolites and acute necrotic
inflammatory response [22]. The immunomodulatory effect of
CD5L is critical for the control of immune homeostasis [26]. In this
study, increased expression of CD5L was observed in the liver of
mice treated with excessive APAP. CYP2E1 is necessary to convert
APAP into toxic products and the damage caused by APAP can be
reduced after CYP2E1 knocked out [27]. There was a transient
increase of CYP2E1 protein in WT mice after APAP treatment for
1 h, while not observed in CD5L−/− mice. Meanwhile, consistent
GSH depletion prompt that it made no difference in the
detoxification ability of NAPQI between the two group mice.
Attenuated expression of CYP2E1, resulting in the reduction of
APAP-AD, was the cause of the reduced damage of CD5L−/− mice.
APAP-AD induces the production of reactive oxygen species

(ROS), which leads to continuous activation of JNK via several
pathways. Then the activated JNK translocate to the mitochondrial
membrane and further lead to hepatocyte death [4]. CD5L
deficiency attenuated JNK activation resulting in the weaker liver
damage. In addition, CD5L protein directly activates the JNK
signaling pathway in hepatocytes but not in macrophages, which
may play important role in promoting hepatocyte damage, exactly
as abnormal CD5L accumulation can also lead to kidney and
hepatocellular carcinoma cells injury [28]. Coinciding with the
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increased expression of p-JNK, CD5L also improved the level of
p-ERK in hepatocytes. APAP-induced hepatocyte necrosis is
accompanied by exposure of nuclear DNA fragments [29],
therefore, fewer TUNEL+ signals detected in the livers of injured
CD5L−/− mice indicate reduced necrotic cells.
In the present study, our experiments demonstrate that CD5L

protein can directly activate JNK and ERK signaling pathways in

hepatocytes. The presence of CD5L may contribute to the
promotion of mitochondrial oxidative stress by JNK in hepato-
cytes after APAP administration. CD5L deficiency reduces the
toxic substance produced by APAP metabolism at an early
stage, thereby attenuating the activation of JNK and ERK
signaling pathways to alleviate APAP-induced injury. The
detailed mechanism by which CD5L affects hepatocytes and

Fig. 2 CD5L deficiency inhibits the activation of JNK and ERK signaling pathways. A CYP-2E1 protein in the liver of each group was
examined by Western blotting at specified time point after administration. A representative blot and the means ± SD of three independent
analyses were shown; B, C Level of GSH and APAP-AD in liver at specified time point after administration. The levels of specific proteins in WT
and CD5L−/− mouse liver were detected by western blotting after treatment with PBS or APAP for 0,1,3 h (D) and 24 h (E). The phosphorylated
proteins were evaluated by western blotting analysis normalized to total proteins. A representative blot and the means ± SD of three
independent analyses. *P < 0.05; **P < 0.01; ***P < 0.001.
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macrophages in the APAP-induced liver injury requires further
investigation.
Numerous studies have shown that infiltrating neutrophils and

macrophages are involved in the process of acute liver inflamma-
tion in the mouse hepatitis model [30–33]. Upon APAP over-
dosage, neutrophils accumulate in the liver and mediate injury
and inflammation [30, 34, 35]. When the infiltration of neutrophils
is blocked, the hepatotoxicity can be significantly prevented.
Chemokines (KC and MIP-1α), which account for neutrophils
infiltration [36], were much lower in CD5L−/− mice. In thioglycolate
induced peritonitis, the acute inflammatory response peaks in
1–2 days and begins to subside in 3–4 days [37], and CD5L did not
influence the neutrophil recruitment in our results. Therefore, the
decreased neutrophils infiltration in the CD5L−/− mouse liver
might be due to the difference in activation of JNK signaling
pathway caused by APAP in the early stage.
Our previous study indicates that both resident and infiltrating

macrophages play important roles in liver blood vessel repair [38].
In aseptic peritonitis of mice, more macrophages were observed
after 2 days and fewer after 4 days in CD5L−/− mice than that in
WT mice, prompting that the knockout of CD5L gene seemed to
facilitate the recruitment of monocytes. It has been reported that
the number of resident macrophages in the liver is rapidly
reduced and bone marrow-derived monocytes infiltrate into the
liver after acetaminophen poisoning [39]. The phenotype and
function of monocytes depend on different microenvironments
[40]. The activation pathways of monocytes are divided into
classical and alternative activation. Classical activation into M1
macrophages (Ly6Chi) can release proinflammatory mediators to
promote inflammation, while alternative activation into M2
macrophages (Ly6Clo) can release anti-inflammatory mediators
that down-regulate inflammation and promote inflammatory
repair [41]. Our results showed that Ly6Clo monocytes were more

abundant in CD5L−/− mice. Combining with the results of PCNA
assay, we concluded that CD5L deficiency can promote the
enhancement of liver tissue repair ability by promoting the
increase of Ly6Clo monocytes.
As the hepatic vasculature represents a target of APAP-induced

liver injury [42], Evans blue assay was performed to evaluate
vascular permeability. CD5L deficiency relieved APAP-induced
hepatic sinusoidal vascular endothelial cell permeability. These
results indicated that the deletion of CD5L reduced the injury of
endothelial cells, and it might also be the reason for the
enhancement of repair.
In summary, our study identified that CD5L is involved in

hepatotoxicity caused by APAP overdose and may be involved in
injury repair. This discovery opened the door toward the research
of acute hepatitis treatment, additional efforts might lead to the
development of therapeutic targets for different stages of drug-
induced hepatitis.

MATERIALS AND METHODS
Animals
Experiments were performed with 6–8 weeks old male C57BL/6J WT
(Nanjing Biomedical Research Institute of Nanjing University). The mice
were housed in a temperature-controlled environment with a 12 h
light–dark cycle, and were allowed free access to water and food. All
animal procedures were approved by the Laboratory Animal Core Facility
of Nanjing Medical University.

Construction of CD5L deficient mice
To achieve precise editing of specific gene sites in the mouse genome,
we designed to knock out the Cd5l gene located in the C57BL/6J mouse
genome Chr3, grcm38.p3 by using the CRISPR/Cas9 gene knockout
technique. Cd5l gene consists of 6 exons. ATG initiation codon located in
exon 1, and TGA termination codon located in exon 6. The sgRNA direct

Fig. 3 CD5L protein activates mouse macrophages and hepatocytes in vitro. CD5L protein (1 μg/ml) was co-incubate with BMDMs,
RAW264.7 cells and TAMH cells, respectively. Cell proteins were collected at 0, 15, 30, 60, and 120min, and the protein levels were detected by
western blotting. The AKT, ERK, JNK, and NF-κB phosphorylation were evaluated using total ERK, NF-κB, AKT, and JNK as controls. The
representative results from three independent experiments are shown and the data are presented as means ± SD. *P < 0.05; **P < 0.01.
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Cas9 endonuclease cleavage of Cd5l gene and create a DSB (double-
strand break). Such breaks will be repaired, and result in the deletion of
exon2–5. The sgRNA sequence (5’ to 3’) and protospacer adjacent motif
(PAM) used are as follows, S1 (GGAAGGCACGAAGCCTCCAA, GGG); S2
(CTAGCCTCAAAGAACACCAT, GGG); S3 (AGAGCAGGTAAAGACGCCAC,
TGG); S4 (CCTTGAGATTTGTACAGAGC, AGG). CD5L KO mice were
generated by Nanjing Biomedical Research Institute of Nanjing
University.

In vivo induction of liver injury
The mouse model of APAP-induced liver injury was performed as
previously described [38]. Simply, 6–8 weeks old male WT or CD5L−/−

mice were fasted for ~16 h (overnight) by removing food and replacing
bedding to deplete glutathione levels, prior to intraperitoneal injection of
PBS or APAP (300mg/kg, Sigma-Aldrich, St. Louis, MO, USA) dissolved in
heated phosphate buffer saline (PBS, 60 °C). Mice were randomly assigned
to PBS group or APAP group.

Fig. 4 Lacking of CD5L reduces the level of inflammatory cytokines in the liver. A DNA fragmentation induced by APAP in mouse livers was
detected by TUNEL assay at different tine point after APAP treatment. Scale: 100 μm. B The serum IL-6 concentration of mice in the two groups
at 8 h after APAP treatment was measured by ELISA; C Q-PCR was used to detect mRNA levels of cytokines in the liver of WT and CD5L−/− mice
at 8 h after APAP treatment (n= 4 for each genotype at each time point). The results are presented as means ± SD of at least three
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Cell culture and treatment
The transforming growth factor-α transgenic mouse hepatocyte (TAMH cells, a
generous gift of Dr. Cynthia Ju, UTHealth, Houston, Texas) and RAW264.7 cells

were cultured in DMEM/F12 or DMEM medium supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin. Cell
lines were authenticated by Genetic Testing Biotechnology Corporation

Fig. 5 CD5L changes the infiltration of neutrophils and monocytes in mice. A Inflammatory cells isolated from mice at 2 and 4 days after
intraperitoneal injection of 4% thioglycolate were analyzed by flow cytometry for macrophages (CD11b+F4/80+) and neutrophils
(CD11b+Ly6G+) (n= 5 for each group at each time point); B Non parenchymal cells (NPCs) isolated from the liver of WT and CD5L−/− mice
after APAP treatment for 8 h and 24 h (n= 5 for each group at each time point) analyzed by flow cytometry. The expression of neutrophils
(CD11b+Ly6G+), CD11b+Ly6Chigh monocytes, and CD11b+Ly6Clow monocytes (from top to bottom) after APAP treatment for 8 h and 24 h. The
results are presented as means ± SD of at least three independent experiments. *P < 0.05; **P < 0.01.
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(Suzhou, China) using short tandem repeat markers profiling, and tested
negative for mycoplasma. Cells were cultured at 37 °C in a humidified 95% air,
5% CO2 atmosphere. The cells were starved for four hours in serum-free
medium before treatment, and stimulated with 1 μg/ml of CD5L protein for
specified duration to collect protein at each time point.

Serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) analysis
Blood was collected from the post-orbitalvenous plexus at 8 and 24 h after
APAP injection. The serum was separated by centrifugation and the levels

of AST and ALT in the serum were measured with an automated chemical
analyzer (MODULAR EVO 4200, Switzerland).

Immunohistochemical assays
The isolated liver tissues from the treated mice were fixed in 10% formalin for
24 h followed by processing and paraffin embedding. Sections (4μm) of
paraffin-embedded tissues were stained with hematoxylin and eosin (H&E).
Immunohistochemical (IHC) staining was performed using CD5L antibody
(#50020-T24, Sino Biological, Beijing, China), PCNA antibody (#13110, Cell
Signaling Technology, Beverly, MA, USA) and sheep anti-APAP polyclonal

Fig. 6 The proliferation of hepatocytes is increased in CD5L−/− mice. A Immunohistochemical staining of PCNA in WT and CD5L−/− mouse
liver at the indicated time point after PBS or APAP treatment (n= 5 for each group at each time point). Deeply stained nucleus indicates
positive results. The ratio of PCNA positive cells to total hepatocytes was calculated. Representative images are shown. Scale: 100 μm.
B Vascular endothelial permeability after APAP treatment for 24 h was determined by Evans Blue assay (n= 8 for each group). The results are
presented as means ± SD of at least three independent experiments. *P < .05; **P < 0.01.
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antibody (#0016-0104, Bio-Rad, Düsseldorf, Germany). Tissue sections stained
with specific antibodies were evaluated by light-microscopic (Olympus IX51,
Japan). Pathological images of tissue sections were analyzed by Image J
(1.51j8).

Western blotting
Total proteins were prepared from mouse livers or cultured cell samples
using STE buffer or RIPA lysis buffer containing protease and phosphatase
inhibitors cocktail (Roche, Basel, Switzerland). After protein quantification
with Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA), the lysate supernatants were heated in sodium
dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE) sample-
loading buffer. Protein extracts were separated on 8–15% SDS-
polyacrylamide gels and transferred to the PVDF membrane. After
blocking in 5% bovine serum albumin (BSA), the membrane was probed
with specific primary antibodies followed by horseradish peroxidase
conjugated antibody. The antibodies were used as follows: Phospho-ERK
(#4370), total ERK (#4695), Phospho-AKT (#9271), total AKT (#4691),
Phospho-JNK (#9251), total JNK (#9258), Phospho-NF-κB P65 (#3033), total
NF-κB P65 (#8242). All above antibodies are from Cell Signaling
Technology (Beverly, MA, USA). Anti-CD5L antibody (ab45408) is from
Abcam (Cambridge, UK). Antibodies are diluted in the proportion
indicated in the instructions.

Hepatic reduced glutathione (GSH) content measurement
Hepatic GSH was measured using a Glutathione Assay Kit (Sigma-Aldrich,
St. Louis, MO, USA) as followed by the manufacturer’s protocol.

Transferase-mediated dUTP nick end-labeling (TUNEL) assay
To measure the hepatic nuclear DNA strand breaks, paraffin sections were
stained with TUNEL method using an In Situ Cell Death Detection Kit, TMR
red (Roche, Basel, Switzerland) according to the manufacturer’s protocols.

Permeability assay using Evans blue dye
Mice were injected intraperitoneally with Evans blue dye (Sigma-Aldrich,
St. Louis, MO, USA) at a dose of 20 mg/kg 24 h after APAP treatment.
Four hours after administration, mouse liver tissues were perfused in situ
with Hanks’ Balanced Salt Solution (HBSS) to remove excess dye
remaining in the circulation. Livers were excised and placed in
formamide (4 mL/g tissue) and incubated at 45 °C for 16 h to allow dye
extraction. The supernatant was measured using spectrophotometry at
the wavelength of 630 nm. The amount of Evans blue dye in the tissue
was calculated from the standard curve of known Evans blue
concentrations.

Quantitative real-time PCR for mRNA expression analyses
Total RNA was extracted from liver tissues collected at 8 h and 24 h after
APAP injection using the Ultrapure RNA kit (Thermo Fisher Scientific,
Invitrogen, MA, USA) and transcribed into cDNA using the reverse
transcription kit (Thermo Fisher Scientific, Waltham, MA, USA). Subse-
quently, the resultant cDNA was amplified with the Maxima SYBR-Green/
Rox q-PCR Master Mix 2X kit (Thermo Fisher Scientific, Waltham, MA, USA)
using the Step One Plus Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). Primers used in the PCR-reactions were synthesized in
Invitrogen (Shanghai, China) as followed: GAPDH (CAT CAC TGC CAC CCA
GAA GAC TG, ATG CCA GTG AGC TTC CCG TTC AG); IL-1α (ACG GCT GAG
TTT CAG TGA GAC C, CAC TCT GGT AGG TGT AAG GTG C); IL-1β (TGG ACC
TTC CAG GAT GAG GAC A, GTT CAT CTC GGA GCC TGT AGT G); TNF-α (GGT
GCC TAT GTC TCA GCC TCT T, GCC ATA GAA CTG ATG AGA GGG AG); TGF-β
(TGA TAC GCC TGA GTG GCT GTC T, CAC AAG AGC AGT GAG CGC TGA A);
IL-6 (TAC CAC TTC ACA AGT CGG AGG C, CTG CAA GTG CAT CAT CGT TGT
TC); Mrc1 (GCT TCC GTC ACC CTG TAT GC, TCA TCC GTG GTT CCA TAG
ACC); Fizz1 (CCA ATC CAG CTA ACT ATC CCT CC, ACC CAG TAG CAG TCA
TCC CA); YM1 (CAG GTC TGG CAA TTC TTC TGA A, GTC TTG CTC ATG TGT
GTA AGT GA); MIP-1α (TGT ACC ATG ACA CTC TGC AAC, CAA CGA TGA ATT
GGC GTG GAA); KC (ACT GCA CCC AAA CCG AAG TC, TGG GGA CAC CTT
TTA GCA TCT T); MCP1 (TGT ACC ATG ACA CTC TGC AAC, CAA CGA TGA
ATT GGC GTG GAA); CCR2 (ATC CAC GGC ATA CTA TCA ACA TC, TCG TAG
TCA TAC GGT GTG GTG); CXCR4 (GAC TGG CAT AGT CGG CAA TG, AGA AGG
GGA GTG TGA TGA CAA A). The relative gene expression levels were
calculated using the comparative 2−ΔΔCt method.

Enzyme-linked immunosorbent assay (ELISA)
The concentration of IL-6 in the serum of mice was detected by ELISA kit
(Bio Legend, San Diego, CA, USA) as followed by the manufacturer’s
protocol.

Isolation of bone marrow-derived macrophages (BMDM)
The donor mice were sacrificed and leg bones were collected. The bone
marrow was washed out with RPMI medium, and cell suspensions were
filtered through a 70 µm cell strainer (BD Falcon, Bedford, MA, USA). The
red blood cells were lysed and removed after centrifugation. Then, the cells
were incubated in petri dish for three days with RPMI medium containing
10% FBS and 10 ng/ml macrophage colony-stimulating factor (M-CSF) at
37 °C in a humidified 95% air, 5% CO2 atmosphere. Each dish was
supplemented with 4ml of RPMI medium containing 10% serum and
M-CSF (14 ng/ml) and cultured for three additional days. Then these cells
were subjected to subsequent protein-related stimulation tests.

Isolation of liver non-parenchymal cells (NPCs)
LNPCs isolation was following a previously established method [33]. In
brief, after perfusion with HBSS containing ethylenebis (oxyethylenenitrilo)
tetraacetic acid (EGTA), the liver was excised and homogenized with HBSS
containing 0.5% FBS. The tissue was passed through a 100μm cell strainer
(BD Falcon, Bedford, MA, USA). Then, 30% percoll (Sigma-Aldrich, St. Louis,
MO, USA) was used to isolate liver NPCs. Red blood cells were further lysed
with red blood cell lysing buffer. Finally, these cells were resuspended in
HBSS containing 2% FBS for antibody staining.

Isolation of peritoneal immunocytes
Thioglycolate (BD Falcon, Bedford, MA, USA) was dissolved in ddH2O at a
rate of 4%, then cooled to 4 °C temperature after autoclaved sterilization at
121 °C for 20min, and each mouse was intraperitoneally injected with 3ml
thioglycolate solution. Two or 4 days later, the mice were intraperitoneally
washed with 10ml of cold PBS. Infiltrated inflammatory cells were
collected from the peritoneal lavage fluids by centrifugation.

Flow cytometry
Freshly isolated LNPCs were incubated with mouse Fc receptor blocker to
prevent non-specific binding. Then, the cells were incubated with various
staining antibodies, including APC Cyanine7conjugated anti-mouse CD45
(clone 30F11, #130-105-506; Miltenyi Research Inc. San Diego, CA), PE-
vio770 conjugate anti-mouse CD11b (clone M1/70, #25-0112-82,
eBioscience), APC conjugated anti-mouse F4/80 (clone BM8, #17-4801-82,
eBioscience), FITC-conjugated anti-mouse Ly6C (clone AL21, #553104, BD
Biosciences, San Jose, CA) or PE-conjugated anti-mouse Ly6G (clone RB6-
8C5, #561084, BD Biosciences).

Quantification and statistical analysis
All data were analyzed using GraphPad Prism software (version 8.0.2). Data
are expressed as mean ± SD. Comparisons between experimental groups
were conducted using ANOVA. For all experiments similar variances
between groups were observed. Normal distribution of samples was
determined. Differences were considered significant when p < 0.05. All the
experiments were repeated at least three times.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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