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FAK inhibition delays liver repair after acetaminophen-
induced acute liver injury by suppressing hepatocyte
proliferation and macrophage recruitment

Qing Li1,2,3,4 | Qi Xu1 | Jialin Shi1 | Wei Dong5 | Junfei Jin1,2,3,4 |

Chong Zhang1,2,3,4

Abstract

Background: Overdose of acetaminophen (APAP), a commonly used

antipyretic analgesic, can lead to severe liver injury and failure. Current

treatments are only effective in the early stages of APAP-induced acute liver

injury (ALI). Therefore, a detailed examination of the mechanisms involved in

liver repair following APAP-induced ALI could provide valuable insights for

clinical interventions.

Methods: 4D-label-free proteomics analysis was used to identify dysregu-

lated proteins in the liver of APAP-treated mice. RNA-Seq, hematoxylin-

eosin staining, immunohistochemical staining, immunofluorescence staining,

quantitative PCR, western blotting, transwell were used to explore the

underlying mechanisms.

Results: Utilizing high throughput 4D-label-free proteomics analysis, we

observed a notable increase in proteins related to the “focal adhesion” pathway

in the livers of APAP-treated mice. Inhibiting focal adhesion kinase (FAK)

activation with a specific inhibitor, 1,2,4,5-Benzenetetraamine tetrahydro-

chloride (also called Y15), resulted in reduced macrophage numbers, delayed

necrotic cell clearance, and inhibited liver cell proliferation in the necrotic regions

of APAP-treated mice. RNA-Seq analysis demonstrated that Y15 down-

regulated genes associated with “cell cycle” and “phagosome” pathways in the

livers of APAP-treated mice. Furthermore, blocking extracellular matrix (ECM)-

integrin activation with a competitive peptide inhibitor, Gly-Arg-Gly-Asp-Ser
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(GRGDS), suppressed FAK activation and liver cell proliferation without

affecting macrophage recruitment to necrotic areas. Mechanistically, ECM-

induced FAK activation upregulated growth-promoting cell cycle genes, leading

to hepatocyte proliferation, while CCL2 enhanced FAK activation and subse-

quent macrophage recruitment via F-actin rearrangement.

Conclusions: Overall, these findings underscore the pivotal role of FAK acti-

vation in liver repair post-APAP overdose by promoting liver cell proliferation

and macrophage recruitment.

INTRODUCTION

Acetaminophen (APAP) is one of the most commonly
used antipyretic analgesic, but APAP poisoning is also a
leading cause of DILI and liver failure.[1] APAP-induced
acute liver injury (ALI) is mainly divided into the initial
injury phase and the subsequent repair phase.[2,3]

Hitherto, the mechanisms of APAP-induced hepatocyte
damage have been studied extensively.[2,4–7] After enter-
ing hepatocytes, APAP is rapidly metabolized into the
active product N-acetyl-p-benzoquinonimine, which is
conjugated and cleared by intracellular glutathione. When
excessive N-acetyl-p-benzoquinonimine cannot be con-
jugated and cleared by glutathione, it will form adducts
with intracellular proteins, thus leading to mitochondrial
damage, reactive oxygen species production, c-Jun
N-terminal kinase activation, opening mitochondrial per-
meability transition pores, releasing endonucleases that
cause DNA damage, and ultimately causing hepatocyte
necrosis.[2] Additionally, recent studies have shown that
ferroptosis, a form of regulated cell death, also plays
a role in APAP-induced liver injury.[8] Unfortunately,
N-acetyl cysteine (NAC), which restrains APAP-induced
hepatocyte cell death, is only beneficial for patients with
APAP poisoning within 8 hours after ingestion.[1]

Subsequently, the liver initiates a series of complex
repair processes, including clearing necrotic cells and
initiating liver cell proliferation.[2,9,10] Necrotic liver cells are
mainly cleared by granulocytes and macrophages, and
C-C motif ligand 2 (CCL2) mediates macrophage
chemotaxis toward the necrotic area through the C-C
motif chemokine receptor 2 (CCR2) pathway.[11,12] Epi-
dermal growth factor recepto, hepatocyte growth factor
receptor, β-catenin, NF-κB pathway is activated in APAP-
induced liver injury and is involved in the proliferation of
liver cells.[6,13,14] Interestingly, TGF-β and IL-11 were also
increased in APAP-induced liver injury while inhibited the
proliferation of liver cells.[15,16] Notably, blocking of TGF-β
and IL-11 accelerated liver repair and improved survival of
mice treated with a lethal dose of APAP. However, there
is no literature that comprehensively explores new
mechanisms or pathways that regulate liver repair after
APAP-induced liver injury at the proteomic level.

Focal adhesions are composed of extracellular
matrix (ECM), membrane receptors (integrins), focal
adhesion kinase (FAK), and intracellular skeleton
proteins, and play important roles in embryonic
development, immune response, morphogenesis,
and wound healing.[17] After binding to the ECM,
integrins recruit FAK, promote its aggregation, and
autophosphorylation, thereby activating downstream
signaling pathways.[18] Notably, FAK plays a central
role in the signal transduction of the focal adhesion
pathway. In addition, cytokines such as HGF and EGF
can also activate FAK.[19–21] At the cellular level, FAK
activation promotes cell survival, proliferation, adhe-
sion, and migration in different cell types.[22] Interest-
ingly, deletion of FAK in hepatocytes accelerates liver
proliferation after 2/3 partial hepatectomy in mice.[23]

Hitherto, the role of FAK in modulating liver repair after
APAP-induced liver injury remains unexplored.

Based on 4D-label-free proteomics analysis, we found
that proteins enriched in “focal adhesion” pathway were
upregulated in the liver of APAP-treated mice. Moreover,
blocking FAK activation by 1,2,4,5-Benzenetetraamine
tetrahydrochloride (Y15) not only decreased macrophage
recruitment to the necrotic area, delayed the clearance of
necrotic cells, but also inhibited proliferation of liver cells,
thus delaying liver repair after APAP-induced ALI.
Mechanistically, ECM activates FAK and promotes the
initiation of cell cycle in liver cells; CCL2 recruits
macrophage to the necrotic area in a p-FAK-dependent
manner. Our study suggests that enhancing FAK activa-
tion may serve as a novel therapy for APAP-induced ALI.

METHODS

Cell line

Mouse hepatocyte cell line alpha mouse liver 12 was
cultured in DMEM/F-12(1:1) medium containing 5% fetal
bovine serum (FBS, Gibco) and 40 ng/mL dexametha-
sone (MCE, Cat. #HY-14648). Mouse macrophage cell
line RAW264.7 was purchased from Guangzhou Cell-
cook Biotech Co., Ldt (Guangzhou, China) and cultured
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in DMEM medium containing 10% FBS. All cells were
cultured at 37 °C with 5% CO2.

ALI model and drug intervention

C57BL/6J mice were purchased from Hunan Slyke
Jingda Laboratory Animal Co. Ltd (Hunan, China) and
fed in the specific pathogen-free house. After water-only
fasting for 15 hours, male mice 6 to 7 weeks of age were
intraperitoneally injected with 300 mg/kg of APAP (MCE,
Cat. #HY-66005) to induce the ALI model. In parallel, the
mice injected with equivolumetric saline solution were
used as controls. For KC depletion, mice were injected
with clodronate liposome (Yeasen, Cat. 40337ES08)
3 days before APAP treatment. For blocking FAK
activation, ALI mice were intraperitoneally injected
with 30 mg/kg of Y15 (MCE, Cat. #HY-12444) at
10 and 26 hours after APAP exposure. For blocking
ECM-mediated integrin activation, ALI mice were intra-
peritoneally injected with 240 mg/kg of Gly-Arg-Gly-Asp-
Ser (GRGDS) (GL Biochem, China, 151842) or GRGES
(GL Biochem, 052654) at 10 and 26 hours after APAP
exposure. The mice were harvested at indicated time
points. Serums were collected for detecting the levels of
ALT and AST, and liver tissues were collected for
western blotting, hematoxylin-eosin (H&E) staining and
immunohistochemical (IHC) experiments. For survival
rate of APAP-treated mice, a lethal dose of APAP
(500 mg/kg) was used. All experiments involving animals
were carried out in accordance with the guidelines set
forth in the Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 1996) and
the ARRIVE (Animals in Research: Reporting In Vivo
Experiments) and received approval from the ethical
standards established by Guilin Medical College.

H&E, IHC, and double immunofluorescence
staining

Fresh samples of mice liver were collected, embedded in
paraffin, and cut into slices. Tissue slices were dewaxed
and then used for subsequent experiments. Liver tissue
pathomorphology was measured by H&E staining.
Hepatocyte cell death was detected by terminal deoxy-
nucleotidyl transferase (TdT) dUTP Nick-End Labeling
assay staining assay using the Servicebio Fluorescein
Tunel Cell Apoptosis Detection Kit (Servicebio, China),
according to the instructions. For IHC, antigen retrieval
was performed by microwave heating in EDTA buffer (pH
9.0) for FAK (1:250, abcam, ab40794), CD68 (1:1000,
abcam, ab283654), Ly6G (1:1000, abcam, ab238132),
and S100A9 (1:1000, abcam, ab242945) or in citrate
buffer (10 mM, pH 6.0) for Ki67 (1:800, CST, 12202).
After incubation with primary and secondary antibodies,
slices were stained using the chromogenic substrate

diaminobenzidine (CST, 8059S) and restained with
hematoxylin. Five random fields of images were recorded
under the microscope (DFC 7000T, LEICA).

Double immunofluorescence staining was performed
using the double-fluorescence IHC mouse/rabbit kit
(Immunoway, Suzhou, China) with anti-hepatocyte
nuclear factor 4 alpha (1:2000, abcam, ab201460) or
anti-CD68 (1:300, abcam) and anti-FAK (1:250, abcam,
ab40794) primary antibodies. Immunofluorescent
images were photographed using a laser confocal
microscope (AX+N-STORM, Nikon).

Proteomic and RNA-Seq analysis

To identify the differentially expressed proteins (DEPs)
that were involved in the repair phase of APAP-induced
ALI, total proteins extacted from 3 individual liver tissues
of saline-treated or APAP-treated mice were applied to
4D-label-free quantitative proteomics by Zhongke Xin-
sheng Biotechnology Co., Ltd (Zhejiang, China). To
identify the differentially expressed genes (DEGs) that
were affected by Y15, total RNAs extracted from 3
individual liver tissues of the saline-treated, APAP-treated,
and APAP+Y15–treated mice were applied to RNA-Seq
by Tsingke Biotechnology Co., Ltd. (Tianjin, China).

Rstudio was used for bioinformatics analysis. The
R Package “DEseq2” was used to construct a
differential expression analysis dataset. The criterion
of |log2FC| > 1 and false discovery rate< 0.05 was
used as a threshold to select DEGs or DEPs.
Hierarchical cluster of DEPs and DEGs was pre-
sented by heatmap using the R Package “pheatmap.”
Volcano plot showing the DEPs was conducted by
using the R Package “ggplot2.” The R Package
“clusterProfiler” was used to conduct kyoto encyclo-
pedia of genes and genomes (KEGG) pathways
enrichment analysis of DEPs and DEGs.[24]

Analysis of mRNA expression by qPCR

Total RNAs was isolated using RNA isolater Total RNA
Extraction Reagent (R401-01, Vazyme, China). Reverse
transcription of total RNAs was performed by the Tolo-
Script All-in-One RT EasyMix (TOLOBIO, Shanghai,
China). Then, the cDNAs were used to detect the mRNA
levels of target genes using the 2×Q3 SYBR quantitative
polymerase chain reaction Master mix Kit (TOLOBIO).
The sequences of primers are shown in Supplemental
Table S1, http://links.lww.com/HC9/B42.

Western blotting

Proteins extracted from cells or tissues were denatured,
and then separated on 4%–20% polyacrylamide gels
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and subsequently transferred to PVDF membrane
(Millipore, MA). After blocking with 5% skim milk powder
for 1 hour, the membrane was separately incubated with
anti-pFAK (1:10000, abcam, ab76244) or anti-FAK
(1:2000, abcam, ab40794) at 4 °C overnight and then
incubated with secondary antibodies at room tempera-
ture for 1 hour. After washing off the unbound anti-
bodies by Tris-buffered saline plus Tween-20 buffer, the
membrane was exposed using enhanced chemilum-
inescence substrate (ABclonal, China) and photo-
graphed by Tanon 5200 Chemiluminescence Imaging
System (Tanon, Shanghai, China).

Transwell assay

RAW264.7 cells (1.0×105) suspended in 100 μL serum-
free medium with or without 10 μM Y15 or 150 μg/mL
GRGDS were seeded in the transwell (5 μm, Corning)
and then put into the 24-well plates containing serum-
free medium with or without 20 ng/mL CCL2. After
12 hours, all transwells were taken out and fixed with
methanol, and stained with crystal violet. Five random
fields of transmigrated macrophages in each well were
photographed and counted.

F-actin staining

Twenty-four hours after seeding, RAW264.7 cells were
washed with PBS twice, fixed with 3.7% formaldehyde,
permeabilized with 0.1% Triton X-100, stained with Actin-
Tracker Red (1:100, Beyotime, China, C2203S) followed
by DAPI staining according to manufacturer’s instruction,
and then photographed using a laser confocal microscope.

Statistical analysis

Gray levels of protein expression in each lane were
calculated by Image-J software. All data were presented
the means±SEM using GraphPad Prism software
(version 9.0). Unless otherwise mentioned, paired
and unpaired t test were conducted to analyze the
differences between the 2 groups. The p-value<0.05
was considered significant. *, p<0.05; **, p< 0.01;
***, p<0.001; ****, p< 0.0001; ns, not significant.

RESULTS

Proteins enriched in “focal adhesion”
pathway are increased in APAP-induced
liver injury

To screen out the key proteins that participated in
the repair phase of APAP-induced liver injury,

4D-Lable-free proteomics was used to detect the
protein level in the liver of control mice (Ctrl) and mice
treated with APAP for 48 hours. By bioinformatic
analysis, a total of 188 DEPs, including 142 upregu-
lated and 46 downregulated proteins, were selected
(Figure 1A, B and Supplemental Dataset 1, http://links.
lww.com/HC9/B43). KEGG enrichment analysis of
upregulated proteins revealed “complement and coag-
ulation cascades” and “focal adhesion” as the 2
highest-ranked KEGG pathways (Figure 1C). The
roles of complement and coagulation cascades in
APAP-induced liver injury have been reported
previously.[9,10,25] Therefore, we focused on the poten-
tial function of focal adhesion in APAP-induced liver
injury. Upregulated proteins in the focal adhesion
pathway included FAK, a tyrosine kinase which plays
a central role in integrin-mediated signal transduction
(Figure 1D). IHC and H&E staining showed that FAK
expression gradually increased in the necrotic region
of APAP-treated mice (Figure 1E and Supplemental
Figure S1, http://links.lww.com/HC9/B42). More impor-
tantly, western blotting showed that total and phos-
phorylated FAK were also increased in the liver of
APAP-treated mice (Figure 1F). These results indicate
that FAK is activated in APAP-induced ALI and may be
involved in the process of liver repair.

Blocking FAK activation inhibits liver repair
after APAP administration

To evaluate the role of FAK during the process of
APAP-induced ALI, Y15, a specific small-molecule
inhibitor of FAK, was used to block the function of
FAK. It is worth noting that Y15 was given 10 and
26 hours after APAP administration, so Y15 was not
able to affect the initial injury phase of APAP-induced
ALI, including N-acetyl-p-benzoquinonimine formation,
glutathione depletion, and c-Jun N-terminal kinase
activation, which occurs within 9 hours after APAP
treatment in mice.[26] As shown by western blotting,
Y15 restrained APAP-induced increase of total and
phosphorylated FAK in the liver (Figure 2A). Interest-
ingly, Y15 did not impact the necrotic area in the liver
of APAP-treated mice (Figure 2B). However, Y15 did
not alter serum ALT and AST levels in the early phase
of APAP-induced ALI, but notably increased these
levels in the late phase (Figure 2C, D). Furthermore,
Y15 did not affect the number of terminal deoxynu-
cleotidyl transferase (TdT) dUTP Nick-End Labeling
assay-positive cells in the liver 14 hours post-APAP
treatment (Supplemental Figure S2, http://links.lww.
com/HC9/B42) but did increase this number at 24 and
36 hours post-treatment (Figure 2E), indicating that
Y15 did not influence the initial injury phase post-
APAP exposure. Given that cell death occurs before
the release of ALT and AST, and the clearance of
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these enzymes in the serum takes time, it is postulated
that Y15 delays the elimination of necrotic cells in the
livers of APAP-treated mice. Moreover, Y15 signifi-
cantly reduced the survival rate of mice when exposed

to a lethal dose of APAP (Supplemental Figure S3,
http://links.lww.com/HC9/B42). These results suggest
that FAK activation may play a critical role in liver
repair following APAP-induced ALI.
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Blocking FAK activation inhibits
hepatocyte proliferation and macrophage
recruitment

To explore the underlying mechanism by which FAK
activation mediated liver repair after APAP administra-
tion, we performed RNA-Seq to identify dysregulated
genes in the liver between Ctrl-treated and APAP-treated
mice or APAP-treated and APAP+Y15–treated mice
(Figure 3A and Supplemental Dataset 2, http://links.lww.
com/HC9/B44). Logically, FAK-induced genes were
those that were upregulated in the liver of APAP-treated
mice (APAP vs. Ctrl) but decreased in the liver of APAP

+Y15–treated mice (APAP+Y15 vs. APAP) (Figure 3B).
Luckily, 296 genes were sorted out and then applied to
KEGG enrichment analysis (Figure 3B). Among the
enriched pathways, “cell cycle” and “phagosome,” which
are involved in the proliferation of liver cells and removal
of necrotic cells, respectively, are involved in the process
of liver repair (Figure 3C–E). Moreover, double immuno-
fluorescence staining revealed that FAK was expressed
on hepatocyte nuclear factor 4 alpha–positive or CD68-
positive cells (Figure 3F), indicating that hepatocytes and
macrophages in the liver of APAP-treated mice
expressed FAK. Next, we validated the RNA-Seq results
by quantitative polymerase chain reaction. Indeed, Y15
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decreased growth-promoting cell cycle genes in the liver
of mice 36 or 48 hours after APAP treatment (Figure 4A).
Moreover, IHC staining showed that Y15 reduced the
number of Ki67+ cells and CD68+ macrophages in the
liver of APAP-treated mice (Figure 4B–E). To distinguish
peripheral blood monocyte–derived macrophages and
KCs, KCs were depleted using a single injection
of clodronate liposome (Supplemental Figure S4A,
http://links.lww.com/HC9/B42). Consistently, Y15 also

decreased the number of CD68+ cells in the liver of
KC-depleted mice following APAP exposure (Supple-
mental Figure S4B, http://links.lww.com/HC9/B42). How-
ever, Y15 had no effect on the recruitment of neutrophils
(Ly6G+) and S100A9+ inflammatory cells to the liver of
APAP-treated mice (Supplemental Figure S5, http://links.
lww.com/HC9/B42). IHC and H&E staining indicated
that the increased macrophages were predominantly
located in the necrotic areas of APAP-treated mice
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(Supplemental Figure S6, http://links.lww.com/HC9/
B42). Taken together, these findings suggest that
FAK activation may play a crucial role in liver cell
proliferation and the recruitment of peripheral blood
monocyte–derived macrophages to the necrotic areas
of APAP-treated mice, thereby facilitating liver repair
post-APAP-induced injury.

Blocking integrin activation inhibits liver
cell proliferation without affecting
macrophage recruitment

ECM-integrin ligation is the most important way to
activate FAK and plays a vital role in disease progression.
Notably, several ECMs and integrins were dramatically
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increased in the liver of APAP-treated mice (Figure 5A).
Therefore, a competitive peptide inhibitor, GRGDS, was
used to block the interaction between ECMs and
integrins.[27,28] As expected, GRGDS decreased the level
of p-FAK and FAK in the liver of APAP-treated
mice (Figure 5B, C). However, GRGDS had no effect
on serumALT, AST levels, and necrotic area in the liver of

APAP-treated mice (Figure 5D, E). Interestingly, GRGDS
decreased the number of Ki67+ cells while did not affect
the number of CD68+ cells in the liver of APAP-treated
mice (Figure 5F, G). These results suggest that ECM/
integrins-mediated FAK activation promotes the prolifer-
ation of liver cells without affecting macrophage recruit-
ment after APAP-induced liver injury.
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F IGURE 6 ECM-integrins-FAK axis plays a vital role in hepatocyte proliferation in vitro. (A, B) Adhesive cells had higher p-FAK level and
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ECM-integrins-FAK axis plays a vital role in
hepatocyte proliferation in vitro

To further demonstrate the role of ECM/integrins/FAK
axis in mediating hepatocyte proliferation, we
detected growth-promoting cell cycle genes under
different conditions in vitro. Cells easily attach to
tissue culture-treated plates (adhesive cells) while
remain suspended in ultralow attachment plates
(nonadhesive cells). Compared with nonadhesive
cells, adhesive cells had elevated p-FAK levels and
increased expression of several growth-promoting cell
cycle genes in alpha mouse liver 12 cells, a murine
hepatocyte cell line (Figure 6A, B). In addition, both
Y15 and GRGDS decreased p-FAK levels and
growth-promoting cell cycle genes in adhesive alpha
mouse liver 12 cells (Figure 6C–F). These results

suggest that ECM/integrin-mediated FAK activation is
required for hepatocyte proliferation.

Different roles of integrin and FAK activation
in macrophage recruitment in vitro

As shown above, Y15 but not GRGDS impaired
macrophage recruitment to necrotic areas in the liver of
APAP-treated mice, so we explored the underlying
mechanism in vitro. CCL2 is a well-known chemokine
that recruits macrophages to injured tissues. Interest-
ingly, CCL2 increased p-FAK levels in RAW264.7 cells, a
mouse macrophage cell line (Figure 7A). Moreover,
CCL2-induced FAK activation could be blocked by Y15,
but not by GRGDS (Figure 7B). Consistently, CCL2-
directed macrophage migration was inhibited by Y15, but
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not by GRGDS (Figure 7C). F-actin rearrangement is
required for cell movement during chemotaxis, therefore,
we explored whether Y15 and GRGDS affected CCL2-
induced F-actin rearrangement. As expected, CCL2
induced a dramatic F-actin rearrangement, morphology
change and increased pseudopods formation in
RAW264.7 cells, which was blocked by Y15, but not by
GRGDS (Figure 7D). These results suggest that CCL2-
induced chemotaxis of macrophages is dependent on
FAK activation while ECM-integrin ligation may not be
involved in CCL2-induced chemotaxis of macrophages.

Collectively, these data demonstrate that FAK
activation is required for liver repair after APAP-induced
liver injury and suggest enhancing FAK activation as a
potential therapy for APAP overdose.

DISCUSSION

In this article, we found that FAK was activated following
APAP-induced ALI. Increased ECM/integrin-activated
FAK and promoted the proliferation of liver cells.
Additionally, FAK activation was required for CCL2-
induced recruitment of macrophages to the necrotic
area (Figure 8). Our study discovers a key role of FAK
activation in promoting liver repair after APAP overdose

and suggests modulating FAK activation as a potential
therapy for APAP overdose.

The molecular mechanisms by which APAP over-
dose causes hepatocyte cell death have been
explored extensively.[2] Based on these findings,
NAC, which prevents hepatocyte cell death, becomes
the mainstay of therapy for patients with APAP
overdose. However, NAC is only effective when given
within 8 hours for humans after ingestion of excessive
APAP and 4 hours for mice.[29,30] Moreover, prolonged
NAC treatment even delayed liver repair due to
decreased proliferation of liver cells.[31] Encourag-
ingly, several studies demonstrated the existence of
molecules that exacerbated liver injury and delayed
liver repair after ALI and blocking or removal of
these molecules efficiently mitigated liver injury.
Liver regeneration was inhibited in mice treated
with a high dose of APAP compared to those with
low dose of APAP.[13] Larsen et al[32] reported that
high-volume plasma exchange significantly enhanced
the outcome of transplantation-free patients with
acute liver failure. Inhibition of TGF-β signaling
promoted the regeneration of hepatocytes, thus
promoting survival of mice given a lethal dose of
APAP.[15] When administered at 6 and 24 hours after
APAP ingestion, engineered FGF19, which increased
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the proliferation of hepatocytes, was more efficient
than NAC in reducing the mortality of mice given a
lethal dose of APAP.[33] Even when administered
10 hours after APAP ingestion, a neutralizing IL11RA
antibody significantly improved the survival of mice
treated with a lethal dose of APAP by promoting the
regeneration of liver cells.[16] These studies strongly
suggest that enhancing the proliferation of liver cells is
a promising strategy to treat patients with APAP
poisoning.

In our study, we found that FAK was increased and
activated in the liver of APAP-treated mice, and block-
ing FAK activation significantly decreased the prolifer-
ation of liver cells. Even though the role of FAK in
promoting cell proliferation has been well studied, we
found that FAK activation was required for the regen-
eration of liver cells following APAP exposure for the
first time. Blocking FAK activation decreased growth-
promoting cell cycle genes, including Ccnd1, Ccne2,
etc., both in vitro and in vivo, suggesting FAK activation
is required for cell cycle initiation during liver repair.
Increased ECM expression was at least partially
responsible for FAK activation and proliferation of liver
cells since blocking ECM-integrin interaction by
GRGDS decreased p-FAK level, expression of growth-
promoting cell cycle genes, and number of Ki67+ cells
in vitro or in vivo. In addition, we found that Y15 was
more efficient than GRGDS in decreasing Ki67+ cells in
liver of APAP-treated mice. This is reasonable because
of the following facts. First, EGF and HGF can promote
hepatocyte proliferation after injury,[2,34] and their
cognate receptors epidermal growth factor recepto
and hepatocyte growth factor receptor are activated in
the liver following APAP exposure in mice.[13] Second,
plasma HGF level is increased in patients with APAP
overdose.[35] Third, although ECMs are primary ligands
for integrins that activate FAK,[22] EGF and HGF can
also activate FAK through their cognate receptors to
some degree.[36,37] Therefore, we speculate that ECM,
together with EGF and FGF, promote proliferation of
liver cells following APAP poisoning in a p-FAK-
dependent manner. Recently, Matchett et al[38] uncov-
ered a novel ANXA2+ migratory hepatocyte sub-
population that mediates wound closure following
APAP-induced liver regeneration. They also demon-
strated that wound closure occurs prior to hepatocyte
proliferation, indicating an uncoupling of these 2
processes. Furthermore, FAK activation plays a
role in mediating cell migration;[39] additional experi-
ments will be necessary to further investigate its role in
facilitating wound closure after APAP-induced liver
regeneration.

Removal of dead cells is necessary for liver repair
after injury.[2] Macrophages are the primary phagocytes
that are recruited to the necrotic area and participate in
debris removal and liver regeneration following liver
injury.[11,12] Moreover, macrophages may also promote

the proliferation of liver cells by secreting HGF, IL-6, and
TNF-α.[40,41] Herein, we observed a strong negative
correlation between the number of macrophages and
dead cells. This was evidenced by increased TUNEL+

positive cells and a decreased number of CD68+

macrophages in APAP+Y15 mice compared with APAP
mice at the repair phase. It is well known that CCL2-
CCR2 signaling drives the recruitment of macrophages
to necrotic areas or inflamed tissues.[42] The molecular
mechanisms of chemotaxis mediated by chemokines
and its cognate receptors have been extensively
studied. Briefly, the binding of chemokines to chemo-
kine receptors activates and dissociates heterotrimeric
G-proteins (Gαβγ), thus activating downstream PI3K
and Rho family of small GTPases, which leads to actin
polymerization and pseudopod formation.[43,44] Herein,
we found that CCL2 activated FAK and induced F-actin
rearrangement and pseudopods formation, which could
be blocked by Y15 but not GRGDS, suggesting FAK
activation is required for CCL2/CCR2-mediated chemo-
taxis. However, how FAK is activated by CCL2/CCR2
needs further investigation.

Taken together, we found a vital role of FAK inmediating
liver repair after APAP-induced ALI. FAK is activated by
ECM and promotes the proliferation of liver cells. Addition-
ally, FAK is activated by CCL2 and its activation is required
for CCL2-mediated chemotaxis ofmacrophages to necrotic
area of the liver in APAP-treated mice.

DATA AVAILABILITY STATEMENT
All data supporting the findings of this study are
available within the paper and its supplementary
information. The raw proteomic datasets (Supplemental
Dataset 1, http://links.lww.com/HC9/B43) and raw RNA-
Seq datasets (Supplemental Dataset 2, http://links.lww.
com/HC9/B44) in this study can be found in online
repository. The names of the repository and accession
number(s) can be found at https://doi.org/10.6084/m9.
figshare.25634505.

AUTHOR CONTRIBUTIONS
Chong Zhang conceived the project. Junfei Jin and Wei
Dong supervised the project. Qing Li, Qi Xu, and Jialin
Shi performed the experiments and analyzed the data.
Chong Zhang and Junfei Jin provided the fund support.
Chong Zhang and Qing Li wrote the manuscript with
editing input from all authors.

FUNDING INFORMATION
This study was supported in part by Special Project
Guangxi Science and Technology Base and Talent
(GUIKE AD20238031), the Natural Science Foundation
of Guangxi (2020GXNSFDA238006), Guangxi Natural
Science Foundation of China (2024GXNSFAA010040),
the Special Fund of the Central Government Guiding
Local Scientific and Technological Development by
Guangxi Science and Technology Department

FAK INHIBITION DELAYS LIVER REPAIR | 13

http://links.lww.com/HC9/B43
http://links.lww.com/HC9/B44
http://links.lww.com/HC9/B44
https://doi.org/10.6084/m9.figshare.25634505
https://doi.org/10.6084/m9.figshare.25634505


(GuikeZY21195024), National Natural Science Founda-
tion of China (82260499), the third batch of Lijiang
Scholar Award in Guilin (2022-5-07), the Science and
Technology Planned Project in Guilin (20210102-1), the
Medical High Level Talents Training Plan in Guangxi
(G202002005), the Construction Fund of Guangxi Health
Commission Key Laboratory of Basic Research in
Sphingolipid Metabolism Related Diseases (the Affiliated
Hospital of Guilin Medical University, ZJC2020005), and
grant from MOE Key Laboratory of Gene Function and
Regulation.

CONFLICTS OF INTEREST
The authors have no conflicts to report.

ORCID
Qing Li https://orcid.org/0000–0003–3357–3254
Qi Xu https://orcid.org/0009–0004–0287–5748
Jialin Shi https://orcid.org/0009–0004–8794–1424
Wei Dong https://orcid.org/0000–0001–9099–0770
Junfei Jin https://orcid.org/0000–0002–9918–0966
Chong Zhang https://orcid.org/0000–0002–6283–
484X

REFERENCES
1. Chidiac AS, Buckley NA, Noghrehchi F, Cairns R. Paracetamol

(acetaminophen) overdose and hepatotoxicity: Mechanism,
treatment, prevention measures, and estimates of burden of
disease. Expert Opin Drug Metab Toxicol. 2023;19:297–317.

2. Bhushan B, Apte U. Liver regeneration after acetaminophen
hepatotoxicity: Mechanisms and therapeutic opportunities. Am J
Pathol. 2019;189:719–29.

3. Jaeschke H, Williams CD, Ramachandran A, Bajt ML. Acetamin-
ophen hepatotoxicity and repair: The role of sterile inflammation
and innate immunity. Liver Int. 2012;32:8–20.

4. Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA, Kaplowitz
N. c-Jun N-terminal kinase plays a major role in murine
acetaminophen hepatotoxicity. Gastroenterology. 2006;131:
165–78.

5. Furuta K, Yoshida Y, Ogura S, Kurahashi T, Kizu T, Maeda S,
et al. Gab1 adaptor protein acts as a gatekeeper to balance
hepatocyte death and proliferation during acetaminophen-
induced liver injury in mice. Hepatology (Baltimore, Md). 2016;
63:1340–55.

6. Sun Y, Li TY, Song L, Zhang C, Li J, Lin ZZ, et al. Liver-specific
deficiency of unc-51 like kinase 1 and 2 protects mice from
acetaminophen-induced liver injury. Hepatology (Baltimore, Md).
2018;67:2397–413.

7. Chen D, Ni HM, Wang L, Ma X, Yu J, Ding WX, et al. p53 up-
regulated modulator of apoptosis induction mediates acetamin-
ophen-induced necrosis and liver injury in mice. Hepatology
(Baltimore, Md). 2019;69:2164–79.

8. Yamada N, Karasawa T, Kimura H, Watanabe S, Komada T,
Kamata R, et al. Ferroptosis driven by radical oxidation of n-6
polyunsaturated fatty acids mediates acetaminophen-induced
acute liver failure. Cell Death Dis. 2020;11:144.

9. Kopec AK, Joshi N, Cline-Fedewa H, Wojcicki AV, Ray JL,
Sullivan BP, et al. Fibrin(ogen) drives repair after acetamin-
ophen-induced liver injury via leukocyte alphaMbeta2 integrin-
dependent upregulation of Mmp12. J Hepatol. 2017;66:787–97.

10. Groeneveld D, Cline-Fedewa H, Baker KS, Williams KJ, Roth
RA, Mittermeier K, et al. Von Willebrand factor delays liver repair

after acetaminophen-induced acute liver injury in mice. J
Hepatol. 2020;72:146–55.

11. Dambach DM, Watson LM, Gray KR, Durham SK, Laskin DL.
Role of CCR2 in macrophage migration into the liver during
acetaminophen-induced hepatotoxicity in the mouse. Hepatology
(Baltimore, Md). 2002;35:1093–3.

12. Holt MP, Cheng L, Ju C. Identification and characterization of
infiltrating macrophages in acetaminophen-induced liver injury. J
Leukocyte Biol. 2008;84:1410–21.

13. Bhushan B, Walesky C, Manley M, Gallagher T, Borude P,
Edwards G, et al. Pro-regenerative signaling after acetamin-
ophen-induced acute liver injury in mice identified using a
novel incremental dose model. Am J Pathol. 2014;184:
3013–25.

14. Bhushan B, Chavan H, Borude P, Xie Y, Du K, McGill MR, et al.
Dual role of epidermal growth factor receptor in liver injury and
regeneration after acetaminophen overdose in mice. Toxicol Sci.
2017;155:363–78.

15. Bird TG, Müller M, Boulter L, Vincent DF, Ridgway RA, Lopez-
Guadamillas E, et al. TGFβ inhibition restores a regenerative
response in acute liver injury by suppressing paracrine senes-
cence. Sci Transl Med. 2018;10:eaan1230.

16. Widjaja AA, Dong J, Adami E, Viswanathan S, Ng B, Pakkiri LS,
et al. Redefining IL11 as a regeneration-limiting hepatotoxin and
therapeutic target in acetaminophen-induced liver injury. Sci
Transl Med. 2021;13:eaba8146.

17. Mishra YG, Manavathi B. Focal adhesion dynamics in cellular
function and disease. Cell Signal. 2021;85:110046.

18. Mitra SK, Schlaepfer DD. Integrin-regulated FAK-Src signaling in
normal and cancer cells. Curr Opin Cell Biol. 2006;18:516–23.

19. Pongchairerk U, Guan JL, Leardkamolkarn V. Focal adhesion
kinase and Src phosphorylations in HGF-induced proliferation
and invasion of human cholangiocarcinoma cell line, HuCCA-1.
World J Gastroenterol. 2005;11:5845–2.

20. Jiang X, Sinnett-Smith J, Rozengurt E. Differential FAK
phosphorylation at Ser-910, Ser-843 and Tyr-397 induced by
angiotensin II, LPA and EGF in intestinal epithelial cells. Cell
Signal. 2007;19:1000–10.

21. Huang K, Gao N, Bian D, Zhai Q, Yang P, Li M, et al. Correlation
between FAK and EGF-Induced EMT in Colorectal Cancer Cells.
J Oncol. 2020;2020:5428920.

22. Dawson JC, Serrels A, Stupack DG, Schlaepfer DD, Frame MC.
Targeting FAK in anticancer combination therapies. Nat Rev
Cancer. 2021;21:313–24.

23. Shang N, Arteaga M, Chitsike L, Wang F, Viswakarma N, Breslin
P, et al. FAK deletion accelerates liver regeneration after two-
thirds partial hepatectomy. Scientific reports. 2016;6:34316.

24. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler
4.0: A universal enrichment tool for interpreting omics data.
Innovation (Camb). 2021;2:100141.

25. Ganey PE, Luyendyk JP, Newport SW, Eagle TM, Maddox JF,
Mackman N, et al. Role of the coagulation system in
acetaminophen-induced hepatotoxicity in mice. Hepatology
(Baltimore, Md). 2007;46:1177–86.

26. Jaeschke H, Adelusi OB, Akakpo JY, Nguyen NT, Sanchez-
Guerrero G, Umbaugh DS, et al. Recommendations for the use
of the acetaminophen hepatotoxicity model for mechanistic
studies and how to avoid common pitfalls. Acta pharmaceutica
Sinica B. 2021;11:3740–55.

27. Rossi E, Sanz-Rodriguez F, Eleno N, Düwell A, Blanco FJ,
Langa C, et al. Endothelial endoglin is involved in inflammation:
role in leukocyte adhesion and transmigration. Blood. 2013;121:
403–15.

28. Zhang C, Wu M, Zhang L, Shang LR, Fang JH, Zhuang SM.
Fibrotic microenvironment promotes the metastatic seeding of
tumor cells via activating the fibronectin 1/secreted phospho-
protein 1-integrin signaling. Oncotarget. 2016;7:45702–14.

14 | HEPATOLOGY COMMUNICATIONS

https://orcid.org/0000-0003-3357-3254
https://orcid.org/0000-0003-3357-3254
https://orcid.org/0000-0003-3357-3254
https://orcid.org/0009-0004-0287-5748
https://orcid.org/0009-0004-0287-5748
https://orcid.org/0009-0004-0287-5748
https://orcid.org/0009-0004-8794-1424
https://orcid.org/0009-0004-8794-1424
https://orcid.org/0009-0004-8794-1424
https://orcid.org/0000-0001-9099-0770
https://orcid.org/0000-0001-9099-0770
https://orcid.org/0000-0001-9099-0770
https://orcid.org/0000-0002-9918-0966
https://orcid.org/0000-0002-9918-0966
https://orcid.org/0000-0002-9918-0966
https://orcid.org/0000-0002-6283-484X
https://orcid.org/0000-0002-6283-484X
https://orcid.org/0000-0002-6283-484X
https://orcid.org/0000-0002-6283-484X


29. Ferner RE, Dear JW, Bateman DN. Management of paracetamol
poisoning. BMJ (Clinical research ed). 2011;342:d2218.

30. James LP, McCullough SS, Lamps LW, Hinson JA. Effect of
N-acetylcysteine on acetaminophen toxicity in mice: relationship
to reactive nitrogen and cytokine formation. Toxicol Sci. 2003;75:
458–67.

31. Yang R, Miki K, He X, Killeen ME, Fink MP. Prolonged treatment
with N-acetylcystine delays liver recovery from acetaminophen
hepatotoxicity. Crit Care. 2009;13:R55.

32. Larsen FS, Schmidt LE, Bernsmeier C, Rasmussen A, Isoniemi
H, Patel VC, et al. High-volume plasma exchange in patients with
acute liver failure: An open randomised controlled trial. J
Hepatol. 2016;64:69–78.

33. Alvarez-Sola G, Uriarte I, Latasa MU, Jimenez M, Barcena-
Varela M, Santamaria E, et al. Engineered fibroblast growth
factor 19 protects from acetaminophen-induced liver injury and
stimulates aged liver regeneration in mice. Cell Death Dis. 2017;
8:e3083.

34. Paranjpe S, Bowen WC, Mars WM, Orr A, Haynes MM,
DeFrances MC, et al. Combined systemic elimination of MET
and epidermal growth factor receptor signaling completely
abolishes liver regeneration and leads to liver decompensation.
Hepatology (Baltimore, Md). 2016;64:1711–24.

35. Hughes RD, Zhang L, Tsubouchi H, Daikuhara Y, Williams R.
Plasma hepatocyte growth factor and biliprotein levels and
outcome in fulminant hepatic failure. J Hepatol. 1994;20:106–1.

36. Long W, Yi P, Amazit L, LaMarca HL, Ashcroft F, Kumar R, et al.
SRC-3Delta4 mediates the interaction of EGFR with FAK to
promote cell migration. Mol Cell. 2010;37:321–32.

37. Ma PC, Tretiakova MS, Nallasura V, Jagadeeswaran R, Husain
AN, Salgia R. Downstream signalling and specific inhibition of

c-MET/HGF pathway in small cell lung cancer: Implications for
tumour invasion. Br J Cancer. 2007;97:368–77.

38. Matchett KP, Wilson-Kanamori JR, Portman JR, Kapourani CA,
Fercoq F, May S, et al. Multimodal decoding of human liver
regeneration. Nature. 2024;630:158–65.

39. Chuang HH, Zhen YY, Tsai YC, Chuang CH, Hsiao M, Huang
MS, et al. FAK in cancer: From mechanisms to therapeutic
strategies. Int J Mol Sci. 2022;23:1726.

40. Michalopoulos GK. Liver regeneration. J Cell Physiol. 2007;213:
286–300.

41. D’Angelo F, Bernasconi E, Schäfer M, Moyat M, Michetti P,
Maillard MH, et al. Macrophages promote epithelial repair
through hepatocyte growth factor secretion. Clin Exp Immunol.
2013;174:60–72.

42. Guillot A, Tacke F. Liver macrophages: Old dogmas and new
insights. Hepatol Commun. 2019;3:730–43.

43. Lämmermann T, Kastenmüller W. Concepts of GPCR-controlled
navigation in the immune system. Immunol Rev. 2019;289:205–31.

44. Wang Y, Chen CL, Iijima M. Signaling mechanisms for
chemotaxis. Dev Growth Differ. 2011;53:495–502.

How to cite this article: Li Q, Xu Q, Shi J, Dong
W, Jin J, Zhang C. FAK inhibition delays liver
repair after acetaminophen-induced acute liver
injury by suppressing hepatocyte proliferation and
macrophage recruitment. Hepatol Commun.
2024;8:e0531. https://doi.org/10.1097/
HC9.0000000000000531

FAK INHIBITION DELAYS LIVER REPAIR | 15

https://doi.org/10.1097/HC9.0000000000000531
https://doi.org/10.1097/HC9.0000000000000531

