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AIBP protects drug-induced liver injury
by inhibiting MAPK-mediated NR4A1 expression

Tao Ma,1,2,7 Wei Huang,1,7 Yihong Ding,1,3,7 Ran Ji,4 Sijia Ge,1,2 Qingqing Liu,1,2 Yiheng Liu,1,2 Jing Chen,1,2

Yang Yan,1,2 Shushu Lu,1,2 Qiqi Ren,1,2 Yihui Fan,5,* Renfang Mao,6,* and Cuihua Lu1,8,*
SUMMARY

Drug-induced liver injury (DILI) is an important adverse drug reaction that can lead to acute liver failure or
even death in severe cases. AIBP is a binding protein of apolipoprotein AI involved in lipidmetabolism and
maintenance of oxidative respiration in mitochondria, but its role in DILI is unclear. By constructing AIBP
knockout mice, overexpressing and knocking down AIBP in cell lines, we established animal and cell
models of DILI. Usingwestern blotting and real-time qPCR assay,we explored the influence of AIBP in acti-
vation of mitogen-activated protein kinases (MAPK) signal pathways and possible targets. AIBP was
downregulated during hepatocyte injury. AIBP deficient mice develop severe liver injury and more sensi-
tive to drug-induced cell death. Overexpression of AIBP protects cells under APAP treatment. Further-
more, AIBP inhibits the activation ofMAPKpathways, throughwhichAIBP regulatesNR4A1. These results
suggest that AIBP is expected to become a valuable biomarker and therapeutic target in liver injury.

INTRODUCTION

Acute liver injury represents a prevalent clinical condition where the liver undergoes significant functional impairment within a short duration.1

This condition can be attributed to diverse factors, such as excessive drug intake, toxic exposure, immune stress, metabolic disorders, and

more.2 The liver plays a crucial role in maintainingmetabolic homeostasis, being involved in protein, lipid, and glucosemetabolism, as well as

the synthesis of most plasma proteins. However, factors like improper drug use and severe infections can trigger inflammatory responses,

oxidative stress, andmitochondrial dysfunction in the liver, resulting in protein misfolding and hepatocyte death.3 Among the causes of acute

liver injury, acetaminophen (APAP) is a prominent one, commonly used as an antipyretic and analgesic medication.4 Excessive intake of APAP

can lead to liver toxicity, making it a leading cause of acute liver failure in Western countries.5 This occurs because APAP undergoes meta-

bolism in the liver, producing a toxic metabolite called N-acetyl-p-benzoquinimide (NAPQI).6 NAPQI depletes intracellular reduced gluta-

thione (GSH), binds to proteins, and leads to mitochondrial dysfunction, oxidative stress, DNA damage, necrosis, and liver injury.7,8 But

the cellular protein involved in APAP toxicity are largely unexplored.

Apolipoprotein A-I binding protein (AIBP) is a lipid-associated protein that binds to HDL and facilitates the transfer of cholesterol from

HDL to surrounding tissues.9–11 This aids in removing excessive cholesterol from the bloodstream and transporting it back to the liver for

metabolism and elimination.12–14 On the other hand, AIBP was also an epimerase that can convert R-NADHX to biologically useful

S-NADHX which participates in metabolite repair, one part of a set of dedicated systems used by cells to rescue damaged metabolites.15,16

Therefore, it is also known as NAXE.17 Additionally, AIBP plays a role in regulating certain cell signaling pathways, including Notch, mitogen-

activated protein kinases (MAPKs) and NF-kB pathway, which is involved in processes such as cell proliferation, differentiation.18–20 Recently,

AIBP was reported to inhibit inflammation in adipocytes and macrophage by suppressing toll-like receptor 4 (TLR4)-mediated inflammatory

signaling pathways.21–23 However, whether AIBP contributes to liver injury and its underlying mechanism remains to be addressed.

The MAPK family plays a crucial role in transmitting signals from the cell surface to the nucleus, thereby regulating essential cellular pro-

cesses such as cell proliferation, differentiation, stress response, and apoptosis.24 Extensive research has demonstrated that the activation of

MAPK is a critical event in liver injury and regeneration.25 NR4A1(Nur77) is a member of the NR4A nuclear receptor family of intracellular tran-

scription factors, and a downstream regulatory target of the MAPK family, involved in the regulation of proliferation, differentiation, inflam-

mation, apoptosis, survival, and other cellular biological processes.26,27 High level of NR4A1 can inhibit tumor cell apoptosis and promote cell

proliferation.28–30 Studies have suggested that NR4A1 can enhance the expression of anti-apoptotic proteins in pancreatic b cells, inhibit
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Figure 1. Downregulation of AIBP upon liver injury in multiple conditions

(A) Serum AIBP protein levels were detected by ELISA in 60 healthy subjects and 101 patients with acute liver injury.

(B and C) Correlation between liver injury parameters and serum AIBP expression (Pearson correlation test was used).

(D) Serum alanine aminotransferase and aspartate aminotransferase levels of wild-type (WT) C57BL6J mice treated with APAP for 6,12,24 h (N = 5).

(E) Serum alanine aminotransferase and aspartate aminotransferase levels in WT mice treated with CCl4 (N = 5).

(F) Western blotting was performed to detect AIBP protein levels in the livers of three APAP-treated mice (top) and three random CCl4-treated mice (bottom).

(G) The real-time qPCR analysis of AIBP mRNA levels in the liver of APAP-treated mice and CCl4-treated mice.
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Figure 2. AIBP deficient mice develop severe liver injury under multiple conditions

(A) Serum alanine aminotransferase and aspartate aminotransferase levels of WT and AIBP knockout (KO) C57BL6J mice treated with APAP for 6,12, and 24 h.

(B) H&E staining of WT and KO C57BL6J mice treated with APAP for 24 h (Scale bar: 200um).

(C) Serum alanine aminotransferase and aspartate aminotransferase levels in WT and KO C57BL6J mice treated with CCl4 for 6, 12 and 24 h.

(D) H&E staining of WT and KO C57BL6J mice treated with CCl4 for 24 h (Scale bar: 200um).

(E) Survival of WT and AIBP KO mice treated with APAP (N = 10).

(F) Survival of WT and AIBP KO mice treated with CCl4 (N = 10).
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endoplasmic reticulum stress and reactive oxygen species (ROS) generation.31 However, the relationship between AIBP and NR4A1 is un-

known. Furthermore, how AIBP and NR4A1 regulate liver injury is also unclear.

In the current paper, we explored the role of AIBP in liver injury both in vivo and in vitro. We found that AIBP was downregulated in liver

injury. Mechanistically, in acute liver injury, AIBP inhibited the activation ofMAPKs and upregulated the expression of NR4A1, probably via the

ubiquitination pathway. These findings indicate that AIBP is a valuable biomarker and therapeutic target of liver injury.

RESULTS
AIBP is downregulated in human serum and animal DILI livers

To explore the expression of AIBP in drug-induced liver injury (DILI), we first detected the levels of AIBP in serum samples of 60 patients with

DILI and 101 healthy people by ELISA assay. As shown in Figure 1A, the expression of AIBP was significantly lower in DILI patients than that in

healthy people. Correlation analysis showed that the levels of AIBP was negatively correlated with ALT and AST in DILI patients (Figures 1B

and 1C), suggesting that AIBP may play an important role in DILI. Thus, we constructed an DILI model in C67BL/6J mice by intraperitoneal

injection of APAP andCCl4 to detect the expression of AIBP, and found that the serum levels of ALT andAST activities increased gradually in a

time-dependent manner after APAP and CCl4 injection (Figures 1D and 1E). Similarly, following APAP and CCl4 injection, the protein and

mRNA levels of AIBP decreased gradually with the prolongation APAP and CCl4 injection time (Figures 1F and 1G). These results suggested

that AIBP was downregulated in DILI and might play an important role in the development of DILI.

AIBP deficiency aggravated DILI induced by APAP and CCl4

In order to better understand the role of AIBP in the development of DILI, mouse strains with knockout of AIBP (KO) were constructed by

CRISPR/Cas9-mediated genome engineering. By intraperitoneal injection of APAP and CCl4, we found that compared with WT mice,

AIBP KO mice showed higher serum ALT and AST levels (Figures 2A and 2C). H&E staining further demonstrated severe liver damage in

AIBP KO mice than that in WT mice (Figures 2B and 2D). In addition, by monitoring the survival time of mice after APAP and CCl4 injection,

we found that compared with WT mice, knockout of AIBP gene significantly reduced the survival time of mice (Figures 2E and 2F). Taken

together, our results indicated that knockout of AIBP could exacerbate hepatocytes injury induced by APAP and CCl4, resulting in more se-

vere liver function damage and reduced survival time of mice.

Downregulation of AIBP increased cells sensitivity to APAP-induced injury in vitro

To explore the protective role of AIBP in cell injury induced by APAP in vitro, we first detected the expression of AIBP in HepG2, SMMC-7721,

and LO2 cells with or without APAP stimulation, and found that with the increase of APAP does, the expression of AIBP was significantly

decreased both in protein and mRNA levels (Figures S1A–S1C). However, we found that the proportion of dead cells in LO2 cells treated

with 20mM APAP was significantly higher than that in HepG2 and SMMC-7721 (Figure S1D), suggesting that LO2 cells were less tolerant

to APAP-induced cell injury. Thus, we established a stable AIBP knockdown cell line in SMM-7721 cells and a stable AIBP overexpression

cell line in HepG2 cells (Figures S1E and S1F).

Next, we further determined the effect of AIBP on APAP-induced cell injury. Propidium iodide (PI) staining results shown that compared

with the control group (sgVEC+NC), APAP stimulation (sgVEC+APAP) could induce cell death, and found that knockdown AIBP could signif-

icantly increase the proportion of cell death induced by APAP (Figure 3A). The flow cytometry further validated that downregulation of AIBP

could increase the percentage of apoptotic cells induced by APAP treatment (Figure 3B). In addition, trypan blue staining and CCK8 assay

also shown that downregulation of AIBP could significantly promote cell death and reduce cell viability (Figures 3C and 3D), and the number of

adherent cells was significantly reduced in AIBP knockdown group than that in control group (Figure 3E). Finally, western blotting results re-

vealed that knockdown AIBP could enhance the bax activation and caspase3 cleavage, as well as increased the expression of RIP3 and the

phosphorylation of MLKL induced by APAP (Figures 3F and 3G). However, the results of overexpression of AIBP in HepG2 cells were reverse

(Figure 4). These results suggested that ectopic expression of AIBP could regulate the sensitivity of cells to APAP.

Overexpression of NR4A1 ameliorated cells injury induced by APAP

In order to further explore the mechanism of AIBP protection against DILI, we examined the expression of several downstream targets of

AIBP, and found that overexpression of AIBP greatly increased the expression of NR4A1 in HepG2 cells (Figure 5A). Consistently, downex-

pression of AIBP also reduced the expression of NR4A1 in SMM-7721 cells (Figure 5B). However, the mRNA level of NR4A1 upon overexpres-

sion or downexpression of AIBP was minorly changed (Figures 5C and 5D), indicating AIBP might regulate NR4A1 expression post-transla-

tionally. Previous studies had shown that NR4A1 is a key gene for cell survival under stress,32,33 thus we speculated whether NR4A1 is involved
4 iScience 27, 110873, October 18, 2024
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Figure 3. AIBP deficient cells are sensitive to injury in vitro

(A–C) 7721 control and AIBP knockdown cell lines were treated with 10mM APAP for 24 h to detect cell death. (A) PI staining (red) to detect necrotic cells (Scale

bar: 100um). PI, propyl iodide. (B) Flow cytometry was used to detect apoptotic cells. The sum of Annexin-V single positive early apoptotic cells and Annexin-V

and PI double-positive late apoptotic or necrotic cells was the total apoptotic cells. (C) Trypan Blue staining was used to detect cell mortality, and C100 automatic

counter was used to label dead cells (Scale bar: 100um).

(D) The 7721 control and AIBP knockdown cells were treated with different doses of APAP (0, 5, 10, 20mM) for 24 h, and the cell viability was detected by CCK8.

(E) 24 h after APAP treatment of 7721 control and AIBP knockdown cells, microscopic images of residual cells were taken (Scale bar: 100um).

(F and G) The protein expressions of apoptosis markers BAX, Caspase3, Cleaved Caspase3, and necrosis markers RIP3, P-MLKL, and MLKL were detected by

western blotting after 24 h of the 7721 control and AIBP knockdown cells treated with APAP.
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in the cell injury process regulated by AIBP. Interestingly, immunofluorescence co-localization assay results showed that AIBP and NR4A1

proteins were co-localized in cytoplasm in SMM-7721 cells (Figure 5E). Furthermore, coimmunoprecipitation (coIP) assay result showed

that AIBP interacts with NR4A1 in SMM-7721 cells (Figure 5F). These results suggested that AIBP may regulate the expression of its down-

stream gene NR4A1 through post-translational modification.

To evaluate the potential effects of NR4A1 in cell injury regulated by AIBP, we up-expressed the expression of NR4A1 in HepG2 cells. PI

staining, trypan blue staining and CCK8 assay results shown that overexpression of NR4A1 also could significantly protect cell death and in-

crease cell viability (Figures 6A–6C), and the number of adherent cells was significantly increased in NR4A1 overexpression group than that in

control group (Figure 6D). Finally, western blotting results revealed that overexpression of NR4A1 could alleviate the bax activation and cas-

pase3 cleavage, as well as reduce the expression of RIP3 and the phosphorylation ofMLKL induced by APAP (Figures 6E and 6F). These results

suggested that overexpression of NR4A1 could ameliorate cells injury induced by APAP.

NR4A1 largely restore cell injury in the case of down-regulated AIBP

To further explore the relationship between NR4A1 and AIBP in cell injury, we constructed a stable cell line with overexpression of NR4A1 in

AIBP downregulated cells. PI staining results shown that compared with the control group (sgAIBP+VEC+APAP), overexpression of NR4A1

could significantly reduce the proportion of cell death in the case of downregulated AIBP (Figure 7A). Consistently, the percentage of

apoptotic cells was significantly reduced upon overexpression of NR4A1 in AIBP downregulated group (Figure 7B). In addition, trypan

blue staining and CCK8 assay further validated the partial rescue of cell injury caused by NR4A1 upregulated in the case of downregulated

AIBP (Figures 7C and 7D), and the remaining cells in NR4A1 upregulated group were increased (Figure 7E). Finally, the level of cleaved

caspase-3, Bax, RIP3, and p-MLKL was also partially restored in NR4A1 upregulated group (Figure 7F). In addition, by tail intravenous

Nr4a1 overexpressed AAV9, we found that Nr4a1 can partially restore by AIBP defects caused liver damage degree added (Figures S2A

and S2B). Taken together, these results suggested that overexpression of NR4A1 could partially reverse the cell damage caused by down-

regulation of AIBP.

AIBP protects liver injury by inhibiting MAPK signaling pathway

Previous studies have shown that AIBP could inhibit the activation of MAPK signaling pathway.20 In cell injury, we also determined the

effect of AIBP on MAPK signaling pathway. We first examined the protein and phosphorylation levels of genes associated with the

MAPK signaling pathway in cell injury induced by APAP at different doses. The results shown that the phosphorylation levels of ERK,

p38 and JNK increased gradually in the presence of increased concentration of APAP (Figures 8A and 8B). Interestingly, we found that

the phosphorylation of ERK, P38, and JNK was reduced upon AIBP overexpression (Figures 8C and 8D). Conversely, the level of phosphor-

ylation of ERK, P38, and JNK was increased upon AIBP knockdown (Figures 8C and 8D). In addition, we examined the level of phosphor-

ylation of ERK, P38, and JNK in DILI model mouse liver tissue. Consistently, the level of phosphorylation of ERK, P38, and JNK was

increased in AIBP deficient mice (Figures 8E and 8F). Next, we wonder whether inhibition of ERK, P38, and JNK activation could block

APAP-induced NR4A1 downregulation. HepG2 and SMMC-7721 cells were treated with ERK inhibitor GDC-0994, p38 inhibitor

SB203580 and JNK inhibitor SP 600125, and we found that inhibition of P38, JNK, and ERK activation greatly block APAP-induced down-

regulation of NR4A1 (Figures 8G and 8H). Furthermore, inhibition of P38, JNK, and ERK activation also partially block NR4A1 downregu-

lation in the case of downregulated AIBP (Figures 8I and 8J). These results demonstrated that AIBP protects liver injury may be through

inhibiting the activation of MAPK signaling pathway.

In order to further explore whether regulates NR4A1 through MAPK signaling pathway, we examined the expression and localization of

NR4A1 in response to cell injury. As shown in Figure 5C, immunofluorescence assays shown that the expression of NR4A1 is not only present in

the cytoplasm, but also expressed in the nucleus. And this was also confirmed by the nuclear/plasm separation assays (Figure S3A). Interest-

ingly, we found that the expression of NR4A1 in the nucleuswas reduced in HepG2 cells stimulatedwith APAP andwas increased in the case of

AIBP overexpression (Figures S3A and S3C). However, themRNA level of NR4A1 was upregulated in response to cell injury induced by APAP,

but was decreased upon overexpressingAIBP (Figure S3B). This opposite result suggested that AIBPmay regulateNR4A1 expression through

protein post-translational modification. As ubiquitination is themost commonprotein degradation pathway,MG132 was used to inhibit ubiq-

uitin degradation. In this study, we found that the expression of NR4A1 and ubiquitin was increased in MG132-treated HepG2 cells

(Figure S3D). These results indicate that NR4A1 is a protein that is degraded by ubiquitination. Next, we tested whether inhibition of

MAPK activation could block APAP-induced NR4A1 downregulation by ubiquitination. We found that inhibition of MAPK activation sup-

pressed APAP-induced downregulation of NR4A1 by inhibiting Ub generation (Figure S3E).
6 iScience 27, 110873, October 18, 2024
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Figure 4. In vitro overexpression of AIBP protects against drug-induced acute liver injury

(A–C) HepG2 control and AIBP overexpressed cell lines were treated with 10mM APAP for 24 h to detect cell death.

(A) PI staining (red) to detect necrotic cells (Scale bar: 100um). PI, propyl iodide.

(B) Flow cytometry was used to detect apoptotic cells. The sum of Annexin-V single positive early apoptotic cells and Annexin-V and PI double-positive late

apoptotic or necrotic cells was the total apoptotic cells.

(C) Trypan Blue staining was used to detect cell mortality, and C100 automatic counter was used to label dead cells (Scale bar: 100um).

(D) HepG2 control cells and AIBP overexpressed cells were treated with different doses of APAP (0, 5, 10, 20mM) for 24 h, and cell viability was detected by CCK8.

(E) 24 h after APAP treatment of HepG2 control and AIBP overexpressed cells, microscopic images of residual cells were taken (Scale bar: 100um).

(F and G) Protein expressions of apoptosis markers BAX, Caspase3 and Cleaved Caspase3 and necrosis markers RIP3, P-MLKL and MLKL were detected by

western blotting 24 h after APAP treatment of HepG2 control and AIBP overexpressed cells.
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AIBP reduces mitochondrial stress and protects mitochondrial function

It has been reported that mitochondrial damage and oxidative stress induced by JNK phosphorylation and mitochondrial shift may be the

core events of acute liver injury.25,34,35 As shown in Figure 9A, AIBP exists in the cytoplasm of SMMC-771 cells. And we further confirmed

that AIBP exists in the cytoplasm of SMMC-771 cells through nuclear/plasma separation assays (Figure 9B). NRF2 is the main transcription
Figure 5. AIBP enhances the expression of NR4A1

(A) Western blotting was used to detect NR4A1 protein expression in HepG2 control and AIBP overexpressed cell lines.

(B) Western blotting was used to detect NR4A1 protein expression in control and AIBP knockdown cell lines 7721.

(C) Real-time qPCR was used to analyze NR4A1 mRNA expression levels in HepG2 control and AIBP overexpressed cell lines.

(D) Real-time qPCR was used to analyze the mRNA expression level of NR4A1 in control and AIBP knockdown cell lines 7721.

(E) Confocal immunofluorescence showed that AIBP(Green) andNR4A1(Red) were colocalized in the cell cytoplasm in HepG2 cells. Nuclei were stainedwith DAPI

(Blue). Scale bar: 10um.

(F) Endogenous Co-IP assays were performed in HepG2 cells, IgG was used as control.

8 iScience 27, 110873, October 18, 2024



Figure 6. NR4A1 protects cellular liver damage induced by APAP

(A) PI staining (red) to detect necrotic cells (Scale bar: 100um). PI, propyl iodide.

(B) Trypan Blue staining was used to detect cell mortality, and C100 automatic counter was used to label dead cells (Scale bar: 100um).

(C) HepG2 control cells and NR4A1 overexpressed cells were treated with different doses of APAP (0, 5, 10, 20mM) for 24 h, and cell viability was detected by

CCK8.

(D) 24 h after APAP treatment of HepG2 control and NR4A1 overexpressed cells, microscopic images of residual cells were taken (Scale bar: 100um).

(E and F) After APAP treatment of HepG2 control and NR4A1 overexpressed cells for 24 h, western blotting detected the protein expressions of apoptosis

markers BAX, Caspase3, Cleaved Caspase3, and necrosis markers RIP3, P-MLKL, MLKL.
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Figure 7. NR4A1 can restore APAP-induced liver injury in the absence of AIBP

(A–C) 7721 knockdown AIBP cell line overexpressed control cells and NR4A1 cells were treated with 10mM APAP for 24 h to detect cell death.

(A) PI staining (red) to detect necrotic cells (Scale bar: 100um). PI, propyl iodide.

(B) Flow cytometry was used to detect apoptotic cells. The sum of Annexin-V single positive early apoptotic cells and Annexin-V and PI double-positive late

apoptotic or necrotic cells was the total apoptotic cells.

(C) Trypan Blue staining was used to detect cell mortality, and C100 automatic counter was used to label dead cells (Scale bar: 100um).

(D) Overexpressed control andNR4A1 cells in 7721 knockdown AIBP cell lines were treated with different doses of APAP (0, 5, 10, 20mM) for 24 h, and cell viability

was detected by CCK8.

(E) 24 h after APAP treatment of overexpressed control andNR4A1 cells from 7721 knockdown AIBP cell line, the residual cells were photographed bymicroscope

(Scale bar: 100um).

(F and G) Protein expressions of apoptosis markers BAX, Caspase3, Cleaved Caspase3, and necrosis markers RIP3, P-MLKL, andMLKL were detected by western

blotting after 24 h treatment with APAP in the overexpressed control and NR4A1 cells of the 7721 knockdown AIBP cell line.
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factor that reflects the antioxidant level of cells, and can promote the expression of antioxidant genes.36–38 In this study, we also detected the

expression of NRF2 in HepG2 cells transfectedwith control or AIBP overexpression plasmid. The result shown that the expression of NRF2was

increased in AIBP-overexpressed cells, while reduced in injury cells induced by APAP (Figure 9C). In addition, we found that the downregu-

lation of NRF2 induced by APAP was partially restored upon overexpression of AIBP (Figure 9C). Meanwhile, real-time qPCR assay also de-

tected the high transcription levels of NRF2 downstream antioxidant target genes, including NQO1, GSTA3, and AKR1C in overexpression of

AIBP cells (Figure 9D). Finally, we also detected the mitochondrial membrane potential in 7721 cells stimulated with APAP. As shown in Fig-

ure 9E, APAP could induce mitochondrial dysfunction (labeled by monomers of JC1 reagent), while was greatly reduced upon over-expres-

sion of AIBP. And found that the levels of ROS were increased upon APAP treatment, while were blocked by inhibitors of P38 and JNK (Fig-

ure 9F). Our results demonstrated that AIBP could stabilize mitochondrial oxidative respiration and protecting oxidative damage induced

by APAP.
DISCUSSION

DILI is a clinical and pathological term that refers to liver injury caused by various drugs, leading to liver dysfunction.1 The rapid progression of

DILI is one of the main causes of acute liver failure, and severe patients require liver transplantation or even lead to death.39,40 APAP excess is

one of the main causes of DILI, with apoptosis and necrosis as the main pathways of hepatocyte death.41 Therefore, revealing the underlying

mechanisms of toxicity mediated by APAP is a key to overcoming liver injury. In this work, we have taken up the challenge of identifying AIBP

perturbations in patients with DILI and investigated the effects bymodulating AIBP in a preclinical DILI model. Our findings suggest that AIBP

is a major mediator affecting liver injury. Because AIBP deficient mice show severe liver damage and much more sensitive to APAP-induced

death. Furthermore, the level of AIBP was significantly downregulated upon liver injury. Thus, AIBP not only plays critical roles in liver injury,

but also change significantly during the process. These results suggest a potential clinical application both as a biomarker or a therapeutic

target in liver injury.

Oxidative stress andmitochondrial damage are the core events of DILI4. The hepatotoxic products of APAP or CCl4 bind tomitochondrial

proteins, leading to inhibition of mitochondrial respiration and triggering mitochondrial damage and oxidative stress.6 In response to oxida-

tive stress,mitochondrial permeability changes occur, mitochondrial polarization, ATP production decreases, and free ROS increases.42 Even-

tually, loss of mitochondrial membrane potential leads to swelling and rupture of the mitochondrial membrane and the release of the endo-

nuclease. The endonuclease then translocates to the nucleus and cleaves nuclear DNA causing DNA damage. This eventually leads to cell

necrosis.4 Our results suggest that AIBP can reduce mitochondrial oxidative stress and protect mitochondrial function. Overexpression of

AIBP promoted the expression of antioxidant gene NRF2 and the expression of corresponding downstream antioxidant target genes.

AIBP maintains the stability of mitochondrial membrane potential during APAP liver injury. The relationship between AIBP andmitochondrial

function is relevant to MAPK, as the use of MAPK inhibitors partially reduces the generation of free ROS.

Death of hepatocytes is the typical attribution of oxidative stress induced acute liver injury. APAP or CCl4 could induce a significant in-

crease in hepatocyte death. In the present study, we found that APAP significantly increased the number of apoptotic and necrotic cells, while

AIBP significantly reduced hepatocyte apoptosis and necrosis. Consistent with the reduction of apoptotic and necrotic cells, the expression of

apoptosis-related protein Bax was downregulated, while the expression of necrosis-related protein RIP3 was downregulated in cells overex-

pressing AIBP. In addition to this, AIBP also improved the viability of APAP-poisoned cells and increased the number of surviving cells. In

animal models, APAP or CCl4 overdose, gene deletion of AIBP significantly aggravated liver injury and promoted liver cell death. These re-

sults indicated that AIBP was the key gene against DILI. Hepatocyte death caused by APAP is closely related to cellular oxidative stress mainly

caused by mitochondrial dysfunction. In the absence of AIBP, MAPK activation levels are elevated in favor of APAP-induced liver cell death,

which is mainly due to mitochondrial ROS production and oxidative stress. These results suggest that AIBP can significantly ameliorate APAP

or CCl4-induced liver injury by inhibiting oxidative stress-induced hepatocyte apoptosis and necrosis.

MAPK belong to a large family of serine-threonine kinases that form the major cellular signaling pathway from the cell surface to the nu-

cleus. There are three major MAPK subfamilies (ERK, p38, and JNK) involved in the regulation of a variety of cell biological processes,

including cell proliferation, apoptosis, and differentiation. Among them, ERK MAPK pathway has been proved to be one of the most impor-

tant pathways in cell proliferation, which is involved in themaintenance of cell growth anddifferentiation. p38 and JNKmay be associatedwith

inflammation, apoptosis, and growth.24 The interaction between JNK and mitochondria was crucial in promoting oxidative stress and
iScience 27, 110873, October 18, 2024 11
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Figure 8. AIBP inhibits P-JNK and P-38 activation during liver injury

(A and B) HepG2 (left, top) and 7721 (right, bottom) cells were treated with different doses of APAP (0, 5, 10, 20mM), and the protein expressions of P-ERK, ERK,

P-p38, p38, P-JNK, and JNK were detected by western blotting.

(C and D) APAP treated HepG2 overexpressing AIBP (left, top) and 7721 knockdown AIBP (right, bottom) cell lines, respectively, and western blotting detected

the protein expressions of P-ERK, ERK, P-p38, p38, P-JNK and JNK.

(E and F) Protein expression of NR4A1, P-ERK, ERK, P-p38, p38, P-JNK and JNK in WT and AIBP KOmice treated with APAP were detected by western blotting.

(G and H) 7721 (left) and HepG2 (right) cells were pretreated with ERK inhibitor GDC-0994, p38 inhibitor SB 203580 and JNK inhibitor SP 600125 for 6 h,

respectively, and then treated with APAP for 24 h. Western blotting was used to detect NR4A1 protein expression.

(I and J) Pretreatment 7721 control cells with ERK inhibitor GDC-0994, p38 inhibitor SB 203580 and JNK inhibitor SP 600125 were treated with AIBP knockdown

cells for 6 h, and then treated with APAP for 24 h. Western blotting was used to detect the protein expression of NR4A1.
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sustained JNK activation in the DILI study and is a central event in APAP-induced cell injury. APAP is metabolized by the liver to produce hep-

atotoxic active substanceNQPQI.6 The negatively chargedNAPQI directly binds tomitochondrial proteins and initiates a self-amplifiedmito-

chondrial ROS/ JNK/mitochondrial ROS cycle, which eventually leads tomitochondrial permeability changes and necrosis.42 In theAPAP

model, multiple molecules are involved in the activation of JNK, which leads tomitochondrial outer membrane permeability and cell death.41

In the present study, we confirmed that MAPK is activated in DILI. By using kinase inhibitors targetingMAPK, the inhibition of MAPK signaling

partially restored the cellular ROS production induced by APAP, clarified its malignant role in the process of DILI, and identified the down-

stream target gene NR4A1 negatively regulated by MAPK signaling.

Nuclear receptor subfamily 4A group member 1 (NR4A1) belongs to the nuclear receptor superfamily and is an inducible multiple stress

response factor.26 Themolecular structure of NR4A1 includes a transcriptional activation domain, a DNA-binding domain, and a ligand-bind-

ing domain, which can enhance the expression of some genes that are not ligand-bound.26 NR4A1 regulates a wide range of biological pro-

cesses, including apoptosis, autophagy, metabolism, inflammation, and survival.43,44 However, the role of NR4A1 in apoptosis remains

controversial. As a transcription factor, NR4A1 can enhance the expression of some anti-apoptotic factors.45 NR4A1 can promote mitochon-

drial dysfunction leading to mitochondrial oxidative stress and apoptosis.33 It is believed that the promoting or inhibiting effect of NR4A1 on

apoptosis is related to its localization in cells. NR4A1 in the nucleus functions as a transcription factor to promote the transcription of anti-

apoptotic genes, while NR4A1 in the cytoplasm inducesmitochondrial damage and aggravates apoptosis, whichmay be related to the phos-

phorylation of NR4A1.31 Numerous studies have shown that NR4A1 can be phosphorylated by upstream and downstream signaling mole-

cules of the MAPK family, such as ERK, p38, and JNK.46 Phosphorylated NR4A1 can induce apoptosis. Paradoxically, phosphorylation of

NR4A1Ser351 by AKT inhibits its mitochondrial localization and proapoptotic activity.47 Although our study suggests that NR4A1 plays a pro-

tective role in DILI against apoptosis, there are still many deficiencies in the understanding of its regulatory mechanism. We tend to think that

NR4A1 has a protective role when it acts as a transcription factor, and that MAPK can downregulate the protein expression of NR4A1, which

may be related to its kinase activity. These results suggest that our knowledge of NR4A1 is still very limited and that its paradoxical function

may be associatedwith a different tissue distribution. Further studies are needed to determinewhetherNR4A1 promotes or inhibits apoptotic

activity and whether NR4A1 phosphorylation affects its activity.

Taken together, our findings suggest that AIBP is essential for protecting against acute liver injury. AIBP deficient mice exhibited higher

levels of apoptosis and necrosis as well as inflammatory responses upon APAP or CCl4 stimulation, contributing to the poor survival of AIBP-

deficient mice after APAP or CCl4 treatment. Aberrant MAPK activation caused by AIBP deficiency caused hepatocyte death, while NR4A1

was necessary and sufficient to alleviate AIBP deficient hepatocyte injury, under APAP stimulation. Thus, our study reveals a role for AIBP in

acute liver injury, and provides a molecular explanation for the beneficial effects of the AIBP-MAPK-NR4A1 axis on acute liver injury.
Limitations of the study

In this study, we attempted to elucidate howAIBP inhibits MAPK activation and upregulates NR4A1 expression to protect the liver from drug-

induced hepatocyte death.Our results suggest that AIBP can inhibit cell oxidative stress, but AIBP how to play a role in apoptosis and necrosis

is not clear.
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Figure 9. AIBP reduces mitochondrial stress and protects mitochondrial function

(A) Overexpression of flag-labeled AIBP protein in 7721 cells, and immunofluorescence detection of AIBP cell localization (Scale bar: 100um).

(B)Control andFlag labeledAIBPproteinswereoverexpressed in7721cells, andnuclear andplasmaproteinswere isolated todetect theorganelle localizationofAIBP.

(C) APAP treated HepG2 overexpressed control cell lines and AIBP cell lines, and western blotting detected NRF2 protein expression.

(D) APAP treated HepG2 overexpressed control cell lines and AIBP cell lines, and real-time qPCR was used to analyze the mRNA expression levels of NQO1,

GSTA3 and AKR1C.

(E) APAP treated 7721 overexpressed control cell lines and AIBP cell lines, and JC1 reagent was used to detect the mitochondrial membrane potential of the

above cells (Scale bar: 20um).

(F) 7721 cells were pretreated with ERK inhibitor GDC-0994, p38 inhibitor SB 203580 and JNK inhibitor SP 600125 for 6 h and then treated with APAP for 24 h. Flow

cytometry was used to detect reactive oxygen species production.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GAPDH Monoclonal antibody proteintech Cat# 60004-1-Ig, RRID:AB_2107436

APOA1BP Antibody Novus Cat# NBP1-55934-0.1mg, RRID:AB_11017202

Bax Antibody Santa Cruz Cat# sc-7480, RRID:AB_626729

Caspase3 Antibody Cell Signaling Technology Cat# 9662, RRID:AB_331439

Cleaved-Caspase3 Antibody Abcam Cat# ab32042, RRID:AB_725947

RIP3 Polyclonal antibody proteintech Cat# 17563-1-AP, RRID:AB_2178659

Phospho-MLKL (Ser345) (D6E3G) Rabbit mAb Cell Signaling Technology Cat# 37333, RRID:AB_2799112

MLKL Monoclonal antibody proteintech Cat# 66675-1-Ig, RRID:AB_2882029

NR4A1 Polyclonal antibody proteintech Cat# 25851-1-AP, RRID:AB_2880269

Phospho-p44/42 MAPK (Erk1/2) (Thr202/

Tyr204) (D13.14.4E) XP� Rabbit mAb

Cell Signaling Technology Cat# 4370, RRID:AB_2315112

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb Cell Signaling Technology Cat# 4695, RRID:AB_390779

Phospho-p38 MAPK (Thr180/Tyr182) (28B10)

Mouse mAb

Cell Signaling Technology (Cat# 9216, RRID:AB_331296

p38 MAPK (D13E1) XP� Rabbit mAb Cell Signaling Technology Cat# 8690, RRID:AB_10999090

Phospho-JNK (Tyr185) Recombinant antibody proteintech Cat# 80024-1-RR, RRID:AB_2882943

Anti- JNK1+JNK2+JNK3 Rabbit pAb Servicebio GB114321-100

Lamin A/C Antibody Santa Cruz (Cat# sc-376248, RRID:AB_10991536

NRF2, NFE2L2 Recombinant antibody proteintech Cat# 80593-1-RR, RRID:AB_2918904

Chemicals, peptides, and recombinant proteins

GDC 0994 MedChemExpress HY-15947

SB 203580 MedChemExpress HY-10256

SP 600125 MedChemExpress HY-12041

APAP Sangon Biotech A506808

Experimental models: Cell lines

SMMC7721 BeNa Culture Collection BNCC338089

HepG2 BeNa Culture Collection BNCC338070

Software and algorithms

ImageJ ImageJ Software https://imagej.net/

Graphpad Prism 9 GraphPad Software https://www.graphpad.com/

Image Lab Image Lab Software https://www.bio-rad.com/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples

Serum samples were collected from the Affiliated Hospital of Nantong University. The collection of samples was approved by the ethics com-

mittee of the Affiliated Hospital of Nantong University and complied with the principles outlined in the Helsinki Declaration. All samples were

collected with the informed consent of the participants, and no compensation was provided to any participant. The samples included 60 pa-

tients with acute liver injury and 101 patients undergoing general physical examination.
Animal experiments

Wild-type (WT)micewere purchased from the Experimental Animal Center of NantongMedical University.AIBP knockout (KO)(Naxe�/�) mice

were provided by Dr. Fan and were generated from heterozygous intercrosses. All strains were maintained on a C57BL/6 background.
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8-week-oldMale mice were randomly assigned to the different treatment groups. Animal were fasted overnight, but allowed access to water,

prior to experiments.

APAP (Sangon Biotech, A506808) was dissolved in warm phosphate-buffered saline (PBS, 55�C) and cooled to 37�C before injection. The

dose of APAP chosen in this study was the same as those used in previous studies.41 The blood and liver tissue were collected at 6 h, 12 h and

24 h after the APAP exposure.

A 1:1 mixture of CCl4 (carbon tetrachloride) and olive oil was used to obtain 50% of experimental CCl4. Wild-type and AIBP�/� mice were

randomly divided into groups to induce acute liver injury by intraperitoneal injection of 50%CCl4 at 5 mL/g. Follow-up treatment was similar to

above.

The item was conducted according to animal use and feeding standards established by the Committee of the China Animal Protection

Association.

Cell culture and experimental conditions

Hepatocellular carcinoma HepG2, SMMC-7721 and human normal hepatocellular carcinoma HL-7002 (LO2) were kindly provided by BeNa

Culture Collection (BNCC, China). The cells were cultured with 10% fetal bovine serum (FBS, gibico, Australia), 1% penicillin-strep-tomycin

(NCM Biotech, China), and 10 mg/mL tetracycline hydrochloride(Sangong Biotech, China) in complete Dulbecco’s modified Eagle’s medium

(DMEM, HyClone, USA) in an incubator containing 5% CO2 at 37�C.
Cells for experiment were previously implanted in six-well plates. When the cells grew to 70% density, 4 mM CCl4 dissolved in DMSO

(dimethyl sulfoxide) and 10 mM APAP dissolved in PBS were added into the medium separately.

METHOD DETAILS

Plasmid transfection

Cells for transfectionwere previously implanted in six-well plates.When the cells grew to 70%density, themediumwas changed to serum-free

basal medium DMEM and transfected with Lipofectamine 2000 transfection reagent (Invitrogen, USA). Six h after transfection, DMEM was

replaced with DMEM complete medium containing only 10%FBS, and cells were screened 48 h later with purinomycin (Apexbio, USA) or

G418 sulfate (Sangong Biotech, China) according to their resistant genes.

sgRNA sequences used:

NAXE-sgRNA-1: CCGAGCGACAGGCGATGGTC,

NAXE-sgRNA-2: CCAGACCATCGCCTGTCGCT,

NAXE-sgRNA-3: TAAGTTGGTCCACGCTGAAC,

NAXE-sgRNA-4: CGTGGACCAACTTATGGAAC,

Vector: LentiCRISPRv2-puro.

NAXE-sgRNA-3 was used to knock down the expression of AIBP.

RNA extraction and real-time PCR

Total RNA was extracted from liver tissues and cells with TRIZOL reagent (Vazyme, China), and RNA content was detected by Nanodrop 8000

(ND, Thermo Fisher Scientific, USA). The cDNA synthesis kit (Vazyme, China) was used for RNA reverse transcription, followed by RT-qPCR

using the SYBER GREEN kit (Vazyme, China). 18s was used as an internal reference to mRNA. All the primers were synthesized by Shanghai

Sangong Biological Company (Sangong Biotech, China), and the primers sequence were shown as follow:

18s:GGGGATTGGTTTTGACGTTTTTGCG, AAGCATTAAATAAAGCGAATACATCCTTAT.

Naxe: ATTCCACAGCATCCTGAGTGTCTTG, GTGCCGTCAGTGAGATGAGTAAGTC.

NAXE: AGCGTGGACCAACTTATGGAACTG, AGCACAGACCAGACCATCTCCTC.

NR4A1: AAAATCCCTGGCTTCATTGAG, TTTAGATCGGTATGCCAGGCG.

NQO1: TCACCGAGAGCCTAGTTCC, TCATGGCATAGTTGAAGGAACG.

GSTA3: TCGACGGGATGAAACTGGTG, CAGATCCGCCACTCCTTCTG.

AKR1C: CATGCCTGTCCTGGGATTT, AGAATCAATATGGCGGAAGC.

Protein extraction and western blotting

Liver tissues and cells were lysed with RIPA lysis buffer (Beyotime, China) containing 1%phosphatase inhibitors (PhosSTOP, RocheDiagnostics

GmbH, Germany) and 2%protease inhibitor (cOmplete, Roche Diagnostics GmbH, Germany). The lysate was centrifuged at 12000 rpm at 4�C
for 10 min and the supernatant was collected. Protein samples were obtained by adding 5x loading buffer (Beyotime, China), mixing and

boiling at 100�C for 5 min. The protein was separated by SDS-PAGE and electrically transferred to PVDF membrane (Roche Diagnostics

GmbH, Germany). TBST containing 5% skim milk was then used to block the membrane at room temperature for 2h, and TBS to wash for

5min. The diluted primary antibody was incubated overnight. After three times of TBST washing for 10min, the specific secondary antibody

was incubated for 2h at room temperature. After three times of TBST washing, the bands were observed with an enhanced chemiluminescent

kit (NCMBiotech, China) by bioimaging system (Bio-Rad, USA). GAPDH was used as a protein internal reference, and the protein bands were

quantified using ImageJ.
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Used antibody

GAPDH(1:5000; proteintech, 60004-1-Ig), AIBP(1:1000; Novus, NBP2-30626), Bax(1:500; Santa Cruz, sc-7480), Caspase3(1:1000; Cell Signaling

Technology, #9662), Cleaved-Caspase3(1:500; Abcam, ab32042), RIP3(1:1000; proteintech, 17563-1-AP), P-MLKL(1:1000; Cell Signaling

Technology, #37333), MLKL(1:5000; proteintech, 66675-1-Ig), NR4A1(1:1000; proteintech, 25851-1-AP), P-ERK(1:1000; Cell Signaling Technol-

ogy, #4370), ERK(1:1000; Cell Signaling Technology, #4695), P-p38(1:1000; Cell Signaling Technology, #9216), p38(1:1000; Cell Signaling Tech-

nology, #8690), P-JNK(1:1000; proteintech, 80024-1-RR), JNK(1:1000; Servicebio, GB114321-100), Lamin A/C(1:500; Santa Cruz, sc-376248),

NRF2(1:1000; proteintech, 80593-1-RR).
PI staining of necrotic cells

Propyl iodide (PI, Beyotime, China) can penetrate the damaged cell membranes of dead cells and release red fluorescence after embedding

double-strandedDNA. After the induced cell injury, the cells were gently cleanedwith PBS and readdedwith 1 mg/ml propidium iodide in cell

culture solution. The cells were incubated at 37�C without light for 30 min, and were gently cleaned with PBS and observed with fluorescence

microscope. Hoechst 33342 (Beyotime, China) as a live cell control.
Apoptosis detection

The cell samples were collected for preparation of single-cell suspension, which was added with 5ul Annexin V-FITC and 10ul propidium io-

dide staining solution. After mixing, the cells were incubated at room temperature and protected from light for 20 min. The cells were sus-

pended every 5 min for full staining. Using FlowJo-10.6.2 quantitative results, Annexin V-positive cells were defined as early apoptotic cells

and Annexin V-PI double-positive cells were defined as late apoptotic or necrotic cells.
Trypan blue staining

Trypan Blue (RWD, China) can penetrate the cell membrane of dead cells and stain them blue, while living cells are colorless and transparent.

The cell samples to be tested were prepared as single-cell suspension, which was evenly mixed with 0.4% Trypan Blue solution at 1:1 and

added into the cell counting plate (RWD, China). An automatic cell counter (C100, RWD, China) observed cell components and counted

the proportion of dead cells and alive cells.
Cell viability test

Cell count kit 8 (CCK8, hanbio, China) measured cell viability. Cells were treated with different doses of APAP for 24 h and incubated with 10%

CCK8 reagent for 2 h. Then, Thermo Fisher Scientific (Thermo, USA), the absorbance value was measured at 510 nm to calculate cell viability.
Reactive oxygen species (ROS) detection

The DCFH-DA probe was diluted with DMEM at 1:1000 (Beyotime, China), and the sample cells were collected and suspended in the diluted

DCFH-DAprobe solution and incubated in an incubator at 37�C for 20min. Invert andmix every 5min tomake full contact between the probe

and the cells. The cells were washed with DMEM three times to remove the DCFH-DA that did not enter the cells. After PBS was suspended,

flow cytometry (FACSCalibur, BD, USA) detected fluorescence signals at 488nm excitation wavelength and 525nm emission wavelength.

Quantitative experiment results were obtained using FlowJo-10.6.2.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 9.0, GraphPad). All measurements are reported as meanG stan-

dard error of themean (SEM). Statistical analysis involved the utilization of either the Student’s t test or one-way analysis of variance (ANOVA).

Statistical significance was defined as p values < 0.05.
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