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Abstract

Background and Aims: Acetaminophen (APAP)-induced 
liver injury (AILI) has an increasing incidence worldwide. 
However, the mechanisms contributing to such liver injury 
are largely unknown and no targeted therapy is currently 
available. The study aimed to investigate the effect of BTF3L4 
overexpression on apoptosis and inflammation regulation in 
vitro and in vivo. Methods: We performed a proteomic anal-
ysis of the AILI model and found basic transcription factor 3 
like 4 (BTF3L4) was the only outlier transcription factor over-
expressed in the AILI model in mice. BTF3L4 overexpres-
sion increased the degree of liver injury in the AILI model. 
Results: BTF3L4 exerts its pathogenic effect by inducing an 
inflammatory response and damaging mitochondrial func-
tion. Increased BTF3L4 expression increases the degree of 
apoptosis, reactive oxygen species generation, and oxidative 
stress, which induces cell death and liver injury. The dam-
age of mitochondrial function by BTF3L4 triggers a cascade 
of events, including reactive oxygen species accumulation 
and oxidative stress. According to the available AILI data, 
BTF3L4 expression is positively associated with inflammation 
and may be a potential biomarker of AILI. Conclusions: Our 
results suggest that BTF3L4 is a pathogenic factor in AILI and 
may be a potential diagnostic maker for AILI.
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Introduction
Drug-induced liver injury (DILI) is a common cause of severe 
liver disease induced by medication exposure. Most DILI cas-
es occur following an accidental overdose of acetaminophen 
(APAP), which is one of the most widely and safely used an-
algesic and antipyretic drugs for the treatment of agnogenic 
or incapacitating high fever.1 APAP is safe at the therapeutic 
dosage level but an overdose can lead to hepatotoxicity and 
even acute liver failure, particularly in cases of high fever 
caused by COVID-19.2,3 However, owing to its insidious on-
set, fast progress, and lack of specific biomarkers, the diag-
nosis and treatment of DILI are challenging for clinicians. The 
diagnosis of DILI depends on clinical, biochemical, and histo-
logic information. N-acetylcysteine is the only clinical treat-
ment option for DILI caused by an APAP overdose. As APAP 
has limitations that include a narrow therapeutic window and 
adverse effects, new, effective approaches and studies of the 
mechanisms of DILI are urgently required.4,5

APAP-induced liver injury (AILI) is the predominant cause 
of DILI, and several studies have been conducted to explore 
its fundamental mechanisms.6–8 Excessive oxidative stress 
leads to mitochondrial dysfunction and c-Jun N-terminal ki-
nase (JNK) overactivation, which is considered to be the ma-
jor cause of APAP-induced cell death.6,9 APAP is absorbed in 
the gut, and most is metabolized in the liver by glucuronida-
tion and sulfation while some is neutralized by glutathione 
(GSH).10,11 However, APAP overdose causes GSH exhaustion. 
Subsequently, increased generation of reactive oxygen spe-
cies (ROS) facilitates the activation of a mitogen-activated 
protein kinase cascade that results in the phosphorylation 
of JNK. These changes inhibit electron transport and adeno-
sine triphosphate synthesis that promotes ROS production.12 
Furthermore, excess ROS tolerates JNK activation and leads 
to the permeabilization and lysis of the mitochondrial mem-
brane, which ultimately causes nuclear DNA fragmentation 
by originating intrinsic apoptotic pathways. The initiation of 
intrinsic apoptotic pathways aggravates hepatic cellular dam-
age by altering mitochondrial homeostasis and promoting in-
flammatory responses. These processes collectively lead to 
centrilobular cell death and liver injury.6,13,14

Transcription factors (TFs) are proteins that interact with 
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other proteins and play a significant role in the basic tran-
scription processes required for diverse biological functions.15 
Among these TFs, basic transcription factor 3 (BTF3) is a 
highly focused TF owing to its role in transcription activation. 
An increasing number of studies have shown an association 
between the function of BTF3 and the development of di-
gestive diseases.16,17 However, the association of the role of 
BTF3 with liver disorders is not completely understood. For 
instance, BTF3 is an oncogene in several digestive cancers. 
In pancreatic ductal adenocarcinoma, BTF3 is overexpressed 
and a key prognostic gene. Moreover, BTF3 overexpression is 
found in pancreatic ductal adenocarcinoma, which regulates 
several cancer-associated genes rather than acting as a di-
rect modulator of apoptosis, leading to poor prognosis.17 BTF3 
overexpression in colorectal cancer tissue is associated with 
poor patient survival as it influences the indicators of can-
cer including epithelial-mesenchymal transition, stem cell-like 
traits, proliferation, and migration.16 BTF3 is also involved in 
the development and progression of gastric cancer through the 
regulation of FOXM1 and JAK2/STAT3 signaling pathways.18 
BTF3 downregulation induces mitochondrial dysfunction and 
intrinsic apoptosis in mouse liver cell lines, demonstrating its 
ability to maintain the homeostasis of liver cells.19,20 However, 
few studies have assessed the specific mechanism through 
which the BTF3 family of TFs regulates diseases, whether they 
function in AILI, and what that activity is.

We tested the hypothesis that BTF3L4 overexpression ag-
gravates liver injury by upregulating the level of apoptosis 
and investigated whether the changes increase inflammation 
and necrosis in hepatic cells and lead to increased liver injury 
and illness. APAP was used to induce an AILI model of liver 
injury. Cells with BTF3L4 overexpression or BTF3L4 knock-
down were constructed. We conducted molecular studies of 
the effects of BTF3L4 overexpression on the key pathogenic 
factors that were involved in regulating apoptosis and inflam-
mation in vitro. We also assessed the pathogenic effects of 
BTF3L4-activated liver injury in an AILI model in mice, and 
explored the physiological significance of BTF3L4-induced 
apoptosis in a normal mouse cell line.

Methods

Mice
Wild-type C57BL/6 mice were purchased from the Experi-
mental Animal Center of The Fourth Military Medical Universi-
ty (Certificate No. SCXK2012-0007). A total of 48 male mice 
between 8–12 weeks of age were used for these studies. 
The mice, weighing 20±3 g, were randomly divided into six 
groups of six mice each, as follows: a control group treated 
with phosphate-buffered saline (PBS), an APAP group treated 
for 3 h, an APAP group treated for 6 h, an APAP group treated 
for 12 h, an APAP group treated for 24 h, and an APAP group 
treated for 48 h. Mice were housed in a 12-hour light/dark 
cycle and given a standard diet, and drinking water was pro-
vided ad libitum.

Animal and cellular models of APAP-induced acute 
liver injury
For an animal model APAP-induced acute liver injury, mice 
were fasted overnight (∼12 h) on new alpha-dry bedding 
before administration of 300 mg/kg APAP (30 µL/g body 
weight) or vehicle (warm PBS) by intraperitoneal injection 
as previously described.21 Feeding was resumed immediately 
after injection. Blood and liver samples were collected at 6, 
24, or 48 h after APAP administration. Blood was collected 
under isoflurane anesthesia, from the heart using a syringe 

containing heparin sodium (1% final concentration). Blood 
samples were centrifuged at 3,500 g for 15 m to obtain plas-
ma and were stored at −80°C. Livers were rinsed in PBS and 
fixed in either 10% neutral-buffered formalin or snap-frozen 
in liquid nitrogen.

For a cellular model of APAP-induced acute liver injury, 
alpha mouse liver 12 (AML-12) cells were treated with APAP 
at a final concentration of 30 µM (APAP in PBS) or vehicle 
(PBS) as previously described.22 AML-12 cells were obtained 
from the Type Culture Collection of Chinese Academy of Sci-
ences (Shanghai, China) and were cultured in Dulbecco’s 
Modified Eagle Medium supplemented with 10% fetal bovine 
serum, 1% penicillin-streptomycin at 37 °C with 95% air 
and 5% CO2.

Ethical approval of animal experiments
The study was approved by the Institutional Animal Care and 
Use Committee of the Fourth Military Medical University (No. 
IACU-20231007) following the ethical principles of animal 
welfare. A total of 48 C57BL/6 male mice were purchased 
from the Animal Center of the Fourth Military Medical Uni-
versity (Production License No. SCXK SHAN 2019-001). The 
experimental method involved intraperitoneal injection of 
APAP to induce liver injury in vivo. Euthanasia was performed 
by CO2 inhalation followed by cervical dislocation. Liver tis-
sue and serum were collected and weighed. After the experi-
ments, all mice were properly disposed of. All procedures were 
conducted following the guidelines established by the Animal 
Care and Use Committee, with efforts made to minimize ani-
mal discomfort and reduce the number of animals sacrificed.

Measurement of cellular thiobarbituric acid reactive 
substances (TBARS)
Measuring TBARS is a well-established method for screening 
and monitoring lipid peroxidation. Cell lysates were prepared 
from 2 × 107 AML-12 cells as previously described and not 
diluted before assaying. Colorimetric malondialdehyde assays 
were performed with TBARS assay kits (700870; Cayman, 
Ann Arbor, USA). AML-12 cells were collected and homog-
enized and culture medium was prepared as a sample blank 
before further use. Colorimetric standards, tricarboxylic acid 
assay reagent (10%), color reagent, and samples were added 
to each vial and vortexed. Each vial was boiled for 1 h and 
then incubated on ice for 10 m. After centrifuging the vials for 
10 m at 1,600 g at 4°C, they were kept at room temperature 
for 30 m and then 200 µL of the mixture from each vial was 
transferred to a plate for reading on a Multiskan FC Microplate 
Photometer (1410101; Thermo Fisher Scientific, Waltham, 
USA) for reading at a wavelength of 535 nm. The final ab-
sorbance value of samples was calculated from a standard 
curve plotted using real-time standards supplied with the kit.

Immunohistochemistry and immunofluorescence
Immunohistochemistry and immunofluorescence were per-
formed as previously described.23 The primary antibodies 
were anti-BTF3L4 (ab128870; Abcam, Waltham, USA) and 
anti-albumin (ab106582; Waltham, USA). Briefly, formalin-
fixed, paraffin-embedded liver tissue was sectioned, mounted 
on slides, and subjected to antigen retrieval in buffer accord-
ing to the manufacturer’s protocol; endogenous peroxidase 
activity was then blocked by incubating in 3% H2O2 for 15 m. 
The slides then were incubated with primary antibody over-
night at 4°C followed by a 1-h incubation with fluorescence-
labelled secondary antibodies (ab150075 and ab150113; Ab-
cam). For hematoxylin and eosin (HE) and TUNEL staining, 
paraffin-embedded liver sections were stained with In Situ 
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Cell Death Detection TUNEL Kits (11684809910; Roche-Mer-
ck, MercBasel, Switzerland). Stained sections were visualized 
and analyzed with a confocal laser scanning microscope (FV-
3000; Olympus, Tokyo, Japan).

CCK8 Assay
AML-12 cells were seeded into 96-well plates at a density of 
8,000 cells per well. Subsequently, 10µL of CCK8 reagents 
(HY-K0301; MCE, New Jersey, USA) were added to each well 
under light-free conditions. The plates were then incubated 
at 37°C and 5% CO2 for varying durations ranging from 1 to 
7 hours. Finally, the optical densities of the wells were meas-
ured at a wavelength of 450 nm using a microplate reader. All 
experiments were performed in triplicate.

Cell transfection
To knock down BTF3L4 expression in AML-12 cells, lentivi-
ral plasmid vectors encoding short hairpin RNAs (shRNAs) 
targeting BTF3L4 or negative control shRNA were generated 
and designated as shBTF3L4 and shNC, respectively.

Mouse BTF3L4 shRNA1: GCACGGTTATTCATTTCAACA; 
Mouse BTF3L4 shRNA2: GCTAACACCTTTGCAATTACT; Mouse 
BTF3L4 shRNA3: GCTTGGTGCTGACAGCTTAAC. For overex-
pression of BTF3L4 in AML-12cells, AML-12 cells were in-
fected with adenoviruses expressing BTF3L4(Ad-BTF3L4): 
ATGAATCAAGAAAAGTTAGCCAAACTTCAAGCTCAGGTCCGGA-
TAGGGGGCAAGGGTACAGCTCGCAGGAAGAAGAAGGTGGTA-
CATAGGACAGCTACTGCTGATGACAAAAAGCTTCAGAGTTCAC-
TAAAGAAACTGGCTGTGAACAATATAGCTGGTATTGAAGAGGT-
GAATATGATTAAAGACGATGGCACGGTTATTCATTTCAACAATCC-
CAAAGTCCAAGCTTCCCTCTCCGCTAACACCTTTGCAATTACTG-
GTCATGCAGAAGCCAAACCAATCACAGAAATGCTTCCTGGGA-
TATTAAGTCAGCTTGGTGCTGACAGCTTAACGAGCCTTAGAAA-
GTTAGCTGAACAGTTCCCACGGCAAGTATTGGATAGTAAA-
GCGCCCAAACCAGAAGACATCGATGAAGAGGATGATGAT-
GTTCCAGATCTTGTAGAAAATTTTGATGAAGCATCGAAAAAT-
GAAGCTAACGATTACAAGGATGACGACGATAAGGGAGATTA-
CAAGGATGACGACGATAAGATCGATTACAAGGATGACGACGA-
TAAGTAA, and Ad-NC as the control. The same protocol as 
described above was used for shRNAs against BTF3L4, Ad-
BTF3L4, and a negative control but synthesized by Tsingke 
Biotechnology Co, Ltd. (Beijing, China). Transfection of cells 
was conducted following the manufacturer’s instructions us-
ing Lipofectamine 3000 transfection reagent (Thermo Fisher 
Scientific). Efficiency of transfection was validated by real-
time quantitative polymerase chain reaction (qPCR), protein 
extraction and western blotting.

Transmission electron microscopy (TEM)
Mitochondrial ultrastructure in a cellular model of APAP-in-
duced acute liver injury was evaluated by TEM. The cell lines 
were harvested and fixed in 2.5% glutaraldehyde for 2 h at 
4°C, post-fixed in 1% osmium tetroxide for 1 h at 4°C, de-
hydrated, and embedded in epoxy resin. Ultrathin 60–80 nm 
sections were cut with an ultramicrotome (RMC/MTX; Elex-
ience, EM UC7 Ultramicrotome, Witzler in Hesse, Germany), 
mounted on copper grids, stained with 8% uranyl acetate 
and lead citrate, and observed with a JEM-1010 transmission 
electron microscope (JEOL, Tokyo, Japan). IMOD software 
(IMOD 4.10, University of Colorado Boulder, USA) was used 
to analyze images and delineate major cellular structures.

Flow cytometry
To determine ROS levels, cells were treated with 2′,7′-di-
chlorodihydro fluorescein diacetate in 10 µmol/L for 30 m at 
37°C in the dark, washed twice with PBS, and digested with 

trypsin. The level of apoptosis was determined by flow cyto-
metric assay of intensity of intracellular ROS fluorescence. 
We used cell cycle and apoptosis detection kits (C1052; Be-
yotime Biotechnology, Shanghai, China) to evaluate the cell 
cycle by flow cytometry. After staining with 500 µL propidium 
iodide solution at 37°C for 30 m, we performed flow cytom-
etry (FACSVerse flow cytometer; BD Biosciences, Franklin 
Lake, New Jersey, USA) and the percentages of cells in vari-
ous phases of the cell cycle were calculated with FlowJo soft-
ware (Treestar, Ashland, OR, USA).

RNA isolation and real-time reverse transcription
RNA was isolated from liver tissue and cellular samples with 
TRIzol reagent (ThermoFisher, Waltham, USA) following the 
manufacturer’s instructions. RNA concentration and quality 
were determined by Nanodrop 2000 (Thermo Fisher Scientif-
ic), and the complementary DNA was prepared as described 
above. qPCR was used to determine the mRNA levels of tar-
get genes using a Bio-Rad CFX384 touch real-time PCR de-
tection system (Bio-Rad, Hercules, USA) with Maxima SYBR 
green qPCR reagents (ISO13485; Abm, Vancouver, Canada). 
Mouse 18S ribosomal RNA was used for normalization.

The primer sequences used for the mRNA assays were: 
Mouse 18S forward, 5′-AGGGGAGAGCGGGTAAGAGA-3′;  
M o u s e  1 8 S  r e v e r s e ,  5 ′ - G G A C A G G A C TA G G C G -
GAACA-3′; Mouse IL-1β forward, 5′-GAAATGCCACCTTTTGA-
CAGTG-3′; Mouse IL-1β reverse, 5′-TGGATGCTCTCATCAGGA 
CAG-3′; Mouse tumor necrosis factor-alpha (TNF-α) for-
ward, 5′-GATCGGTCCCCAAAGGGATG-3′; Mouse TNF-α re-
verse, 5′-TTTGCTACGACGTGGGCTAC-3′; Mouse MCSFR for-
ward, 5′-GAAGCACCCTGACCACAAGA-3′; MCSFR reverse, 
5′-AGAGTGGGCCGGATCTTTGA-3′; Mouse BTF3L4 forward, 
5′-AGAAGGTGGTACATAGGACAGC-3′; and Mouse BTF3L4 re-
verse, 5′-CCGTGCCATCGTCTTTAATCAT-3′.

Protein extraction and western blotting
Nuclear and cytoplasmic protein extracts were prepared as 
previously described using nuclear and cytoplasmic protein 
extraction reagent kits (Beyotime Biotechnology) following 
the manufacturer’s instructions.23 The protein concentration 
was determined with bicinchoninic acid assay kits (Thermo 
Fisher Scientific). The proteins in samples of equal concen-
tration were separated by 10% and 15% sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis gels and transferred 
to a nitrocellulose membrane. After blocking, the membranes 
were incubated with primary antibodies at 4°C overnight. 
The next day, the membranes was incubated with the anti-
rabbit secondary antibody for 1 h at room temperature. The 
protein bands were detected by chemiluminescence and the 
intensity was calculated by densitometry. Primary antibodies 
and working dilutions are detailed in Supplementary Table 1.

Gene Ontology enrichment analyses
The APAP-induced model mice and normal mouse liver tis-
sue samples were submitted to Qinglian Biotech Co, Ltd, Bei-
jing, China for LC-MS/MS analysis. Enrichment analysis was 
conducted using Gene Ontology (GO) analysis to investigate 
biological processes, molecular function, and cellular com-
ponent. GEO dataset was downloaded from GEO database 
(https://www.ncbi.nlm.nih.gov/).

Statistical analysis
The data were reported as means±standard deviation. One-
way analysis of variance was used for multiple-group com-
parisons and the least significant difference t-test was used 
for internal group comparisons. The statistical analysis was 

https://www.ncbi.nlm.nih.gov/
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performed with SPSS version 19 (IBM Corp., Armonk, NY, 
USA). The threshold of statistical significance was p < 0.05. 
GraphPad Prism version 6.02 (La Jolla, CA, USA) was used to 
generate histograms.

Results

BTF3L4 is overexpressed in APAP-induced DILI pa-
tients and in an animal model
We performed proteomic analysis of four APAP-induced model 
mice and normal mouse liver tissue samples. Gene Ontol-
ogy cellular component enrichment of differentially expressed 
proteins identified the change of mitochondrial function as a 
core of physiological function altered in the AILI animal model 
(Fig. 1A). Among the upregulated proteins, BTF3L4 was the 
only one involved in regulating the activity of transcription, 
and it was overexpressed in all four paired APAP-induced 
mouse samples (Fig. 1B), with a 6.4-fold upregulation. First, 
the serum alanine aminotransferase (ALT) from different 
APAP-treated groups was determined. The mouse serum 
samples were collected at 6, 24, and 48 h after APAP treat-
ment. The APAP-induced increase of serum of ALT, a marker 
of liver injury, was significantly increased in mice 6 h after 
APAP treatment compared with the control. However, serum 
ALT levels were lower at 48 h than after 24 h (Fig. 1C). Results 
of the protein and mRNA assays of BTF3L4 in APAP-induced 
mouse samples are shown in Figure 1D and E, respectively. 
BTF3L4 was significantly upregulated in mouse liver tissue 
compared with the control 3 h after APAP treatment. High 
mobility group box-1 protein (HMGB1) is a nuclear protein 
that is released during necrosis of most cell types and acts as 
a damage associated molecular patterns (DAMP) to activate 
innate immune cells. It is considered as a tentative biomark-
er for DILI. We also observed a significantly elevated mRNA 
expression of Hmgb-1 in mouse liver tissue compared with 
controls 3 h after induction (Fig. 1F). Next, we analyzed the 
correlation between Btf3l4 and Hmgb1 mRNA expression in 
APAP-induced mouse model liver tissues. The mRNA level of 
Btf3l4 was positively correlated with Hmgb1 in APAP-induced 
mouse model liver tissue (Fig. 1G). Similarly, the increase in 
BTF3L4 mRNA was validated in several sequencing libraries 
from the (Gene Expression Omnibus) GEO database, includ-
ing GSE120652, GSE54257, and GSE80751 (Fig. 1H). BTF3L4 
was therefore consistently overexpressed in human APAP-in-
duced DILI and in the APAP-induced animal model. It has 
been reported that proliferating cell nuclear antigen (PCNA) 
was critically involved in regulating liver regeneration after 
liver injury.24 Thus, PCNA is considered a classical biomarker 
of the degree of liver injury. Increases in BTF3L4, PCNA, and 
HMGB1 mRNA were observed in AILI from GSE80751 (Fig. 
1I, J). In addition, we confirmed that BTF3L4 was highly cor-
related with HMGB-1 (Fig. 1K). The correlation coefficients 
were 0.74. The area under the receiver operating character-
istic curve was used to measure prognostic accuracy,25 and 
for BTF3L4 it was 0.788, suggesting that BTF3L4 may be a 
potential biomarker for the detection of AILI (Fig. 1L). There-
fore, the findings indicate that BTF3L4 may increase the risk 
of AILI by regulating inflammation.

BTF3L4 is positively correlated with hepatic injury in 
APAP-induced mouse model
To further assess the pathogenic effect of BTF3L4, we used 
a mouse model in which liver injury was induced by ad-
ministering a nonlethal 300 mg/kg dose of APAP, and we 
monitored mortality for 3 days. Survival decreased after 
administration of APAP, and was 80% at 48 h. Liver sam-

ples were collected from the mice at 6, 24, and 48 h after 
APAP treatment for evaluation of HE-stained tissues (Fig. 
2A). Expression of liver injury-related proteins and inflam-
matory cytokines was significantly increased 6 h after APAP 
treatment compared with controls (Fig. 2B). Moreover, in 
liver tissue from the APAP-induced model mice the trend 
of BTF3L4 expression was consistent with the trends of 
liver injury-related protein and inflammatory cytokine ex-
pressions (Fig. 2B). The immunohistochemical analysis of 
TUNEL staining (Fig. 2C, E) and area of liver necrosis (Fig. 
2A, D) also indicated much more severe responses in mice 
at both 6 and 24 h after APAP administration than seen in 
controls. Consistent with the above indicators of liver inju-
ry, the expression of BTF3L4 was positively correlated with 
the number of TUNEL+ cells in APAP-induced mouse model 
(Fig. 2F). In summary, BTF3L4 may enhance APAP-evoked 
liver damage in APAP-induced mouse model.

BTF3L4 regulates hepatic injury in AML-12 cells
To investigate the explicit function of BTF3L4 in normal hepat-
ocytes, we constructed an AMl-12 cell line stably expressing 
BTF3L4 (Fig. 3A). BTF3L4 expression promoted the degree 
of hepatocellular necrosis, apoptosis and inflammation, as 
shown by the quantitative analysis of related proteins and 
inflammatory cytokines (Fig. 3A, D–G). Conversely, knock-
down of BTF3L4 in AMl-12 cells by shRNA inhibited the de-
gree of hepatocellular injury-related protein expression com-
pared with shControl (Fig. 3A). Moreover, correlation analysis 
of BTF3L4 and liver injury-related protein or TNF-α protein 
expression showed that the protein expression of BTF3L4 
was positively correlated with liver injury-related protein in 
the AML-12 cell line (Fig. 3B, C). Overall, the results suggest 
that BTF3L4 regulated hepatic injury by necrosis, apoptosis, 
and inflammation in normal mouse hepatocytes.

Overexpression of BTF3L4 accelerates cellular injury 
in the APAP-induced cellular model
To address the potential impact of time on the ability of APAP 
to influence cell viability, AML-12 cells were cultured with me-
dia containing 30 mM APAP for 7 h. Subsequently, CCK8 as-
say showed that the cell viability dropped to 50% compared 
with control at the time of culturing with APAP after 3 h (Fig. 
4A). In agreement with previous research, the expression of 
liver injury-related and inflammation-related proteins signifi-
cantly increased after treating with APAP (Fig. 4B, C). We also 
found that the protein expression of BTF3L4 was positively 
correlated with liver injury-related proteins and inflammatory 
cytokines after 3 h of APAP treatment (Fig. 4D). To further 
define the role of BTF3L4 in APAP-induced cellular model, 
the AMl-12 cell lines of BTF3L4 overexpression or knockdown 
were cultured with media containing 30 mM APAP for 3 h. 
We observed that the expression of liver injury-related and 
inflammation-related proteins significantly increased in BT-
F3L4 overexpressing cells with 3 h of APAP treatment, but 
in BTF3L4 knockdown cells not all changes were significant 
at 3 h compared with controls (Fig. 4E, F). In BTF3L4 gene-
operated cells treated with APAP, the trend of BTF3L4 protein 
expression at 3 h was consistent with p-JNK expression. Ac-
cording to previous studies, p-JNK promotes increased mito-
chondrial ROS production and forms a self-sustaining activa-
tion loop to damage hepatic cells during AILI.6 In addition, 
BTF3L4 mediated the mRNA expression levels of IL-1β and 
TNF-α inflammatory cytokines in the APAP-induced cellular 
model after 3 h of APAP treatment (Fig. 4G). The level of 
BTF3L4 mRNA was positively correlated with levels of inflam-
matory cytokinesis in the APAP-induced cellular model after 3 
h of APAP treatment (Fig. 4H). Collectively, the data demon-
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Fig. 1.  BTF3L4 is overexpressed in acetaminophen-induced liver injury. (A) Proteomic analysis of four paired APAP-induced mouse models and normal mouse 
liver tissues. BTF3L4 was the only transcription factor among the upregulated proteins. (B) GO cellular component enrichment mitochondrial was the top changed cel-
lular component among APAP-induced mouse liver tissues. (C) Serum ALT of mice under APAP treatment at 6, 24, and 48 h (n=4) (D) BTF3L4 protein expression in 
APAP-induced mouse model and normal mouse liver tissue (n=4). (E) Btf3l4 mRNA expression in APAP-induced mouse model and normal mouse liver tissue (n=4). (F) 
Hmgb1 mRNA expression in APA- induced mouse model and normal mouse liver tissue (n=4). (G) Analysis of correlation between Btf3l4 and Hmgb1 mRNA expres-
sion in APAP-induced mouse model liver tissue. (H) Btf3l4 mRNA expression in several sequencing libraries from the GEO database. (I) BTF3L4, PCNA, and HMGB1 
mRNA expression in GSE80751 from GEO database. (J) Heat maps show the mRNA expression levels of BTF3L4 and HMGB-1, and PCNA in normal and drug liver 
samples. (K) Pearson correlation analysis of BTF3L4, HMGB-1, and PCNA in patients with AILI. (L) ROC curves and AUCs of BTF3L4, PCNA, and HMGB-1 in AILI. Data 
are means±standard error of the means. Paired two-tailed Student’s t-tests were used. BTF3L4, Basic Transcription Factor 3 Like 4; APAP, Acetaminophen; GO, Gene 
Ontology; ALT, Alanine aminotransferase; Hmgb1, High mobility group box-1 protein; GEO, Gene Expression Omnibus; PCNA, Proliferating cell nuclear antigen; AILI, 
Acetaminophen-induced liver injury; ROC, Receiver operating characteristic; AUCs, Area under the receiver operating characteristic curve.
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Fig. 2.  BTF3L4 protein expression is positively correlated with hepatic injury in APAP-induced mouse model of liver injury. (A) Hematoxylin and eosin stain-
ing of APAP-induced mouse model and normal mouse liver tissues. (B) Caspase-3, cleaved caspase-3, p-JNK, JNK and TNF-α protein expression in APAP-induced mouse 
model and normal mouse liver tissues. Quantitative analysis of caspase-3, cleaved caspase-3, p-JNK, JNK, and TNF-α protein expression in APAP-induced mouse model. (C) 
TUNEL staining of APAP-induced mouse model and normal mouse liver tissues. (D) Necrosis area of APAP induced mouse model and normal mouse liver tissues. (E) Number 
of TUNEL+ cells in APAP-induced mouse model and normal mouse liver tissues. (F) Analysis of correlation between BTF3L4 gene expression and TUNEL+ cell in APAP-
induced mouse model liver tissues. Data are means±standard error of the means. (B, D, E) Paired two-tailed Student’s t-tests were used. JNK, c-Jun N-terminal kinase; 
p-JNK, Phospho-c-Jun N-terminal kinase; TNF-α, Tumor Necrosis Factor-alpha; TUNEL, Terminal Deoxynucleotidyl Transferase-mediated dUTP-biotin Nick End Labeling.
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strated that increased BTF3L4 expression exacerbated AILI 
and promoted hepatic injury in the cellular model by inducing 
an inflammatory response and cell apoptosis.

A previous study reported that APAP was first metabolized 
in liver and generated reactive metabolites that bound to 
mitochondrial proteins to initiate mitochondrial damage and 
cause oxidative stress.17 Given the important pathogenic role 
of mitochondrial dysfunction in DILI, we evaluated whether 
BTF3L4 affected mitochondrial integrity in the APAP-induced 
cellular model.

Using TEM to analyze ultrastructural changes in the cel-
lular model, we found that the mitochondria were swollen 
and round and that the mitochondrial cristae were disrupted 
by APAP administration. Mitochondria were less swollen and 
had well-organized cristae in BTF3L4 knockdown cells than 
in control cells in the APAP-induced cellular model. The op-
posite results were seen in cells that overexpressed BTF3L4 
in the APAP-induced cellular model (Fig. 5A). Followed by 
the increased mitochondrial dysfunction, oxidative stress 
would further aggravate the accumulation of ROS, thus ac-
celerating the inflammatory cascade. Flow cytometric analy-
sis found a marked increase of ROS intensity in AML-12 cells 
overexpressing BTF3L4 (Fig. 5B). Importantly, we found 
that BTF3L4 regulated the levels of ROS, GSH, and TBARS 
in APAP-induced model cells (Fig. 5C–E). Together, the data 
showed that enhanced BTF3L4 expression in vitro disturbed 
mitochondrial morphology and increased the level of oxida-
tive stress in the APAP-induced cellular model.

Previous studies indicated an important role of TNF sign-
aling in switching damaged cells from survival toward cell 
death.26,27 Given that TNF can induce both apoptosis and cell 
death with features of necrosis,13,28,29 an increased degree of 
hepatic apoptosis may enhance the susceptibility to hepatic 

necrosis following the activation of TNF signaling in the cel-
lular model of APAP-induced hepatic injury. To determine the 
change in hepatic apoptosis by BTF3L4 in the APAP-induced 
cellular model, we performed TUNEL staining (Fig. 6A) and 
flow cytometry of AML-12 cells with BTF3L4 knockdown or 
overexpression in the APAP-induced cellular model (Fig. 6B). 
The results showed that BTF3L4 regulated hepatic injury by 
affecting the apoptosis level.

Discussion
The role of BTF3 in the development of digestive diseases 
by regulating apoptosis has been demonstrated recently.16–18 
BTF3 regulates apoptosis and mitochondrial homeostasis in 
the liver, and BTF3L4, a homolog of TBF3, may have a similar 
function in mediating apoptosis signaling in cells.19 However, 
whether BTF3L4 has a role in the development of digestive 
diseases and its explicit mechanism remains unclear. Here, 
we demonstrated four major findings. (1) BTF3L4 expression 
was increased and positively associated with inflammation in 
patients with liver injury caused by APAP. (2) BTF3L4 regulat-
ed inflammation and apoptosis in mouse hepatocytes (Sup-
plementary Fig. 1). (3) BTF3L4 overexpression aggravated 
liver injury by increasing the accumulation of ROS, oxidative 
stress, and degree of apoptosis in the AILI model. To the best 
of our knowledge, this is the first report to reveal that BTF3L4 
expression has a role in AILI at the molecular level.

Accumulation of ROS and mitochondrial dysfunction 
caused by APAP leads to liver injury, forming an inflamma-
tion cascade by continuously secreting pro-inflammatory cy-
tokines that recruit immune cells. HMGB1 is a nuclear protein 
released during necrosis of most cell types and acts as a dam-
age-associated molecular pattern to activate innate immune 

Fig. 3.  BTF3L4 regulates hepatic injury in AML-12 cell line. (A) Caspase-3, cleaved caspase-3, JNK, p-JNK, and TNF-α protein expression in overexpression and 
knockdown of BTF3L4 in AML-12 cell lines. (B) Analysis of correlation between BTF3L4 and p-JNK protein expression in APAP-induced mouse model liver tissues. (C) 
Analysis of correlation between BTF3L4 and cleaved caspase-3 protein expression in APAP-induced mouse model liver tissues. (D–G) Quantitative analysis of p-JNK, 
BTF3L4, cleaved caspase-3, and TNF-α protein expression in AML-12 cell cells overexpressing BTF3L4 or with BTF3L4 knockdown. Data are means±standard error of 
the means. Paired two-tailed Student’s t-tests were used. JNK, c-Jun N-terminal kinase; p-JNK, Phospho-c-Jun N-terminal kinase; TNF-α, Tumor Necrosis Factor-alpha.
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cells, and is considered a possible biomarker of AILI.30,31 By 
analyzing the protein expression and proteomic analysis of 
the AILI model, we found that BTF3L4 expression was highly 
increased in the AILI model. Consistent with the AILI model, 
analysis of GEO data found that BTF3L4 expression was in-
creased in patient liver tissue and had a proinflammatory role 
in the progression of AILI. Acting as a TF and a critical field of 
a nascent polypeptide-associated complex,32,33 BTF3L4 was 
predicted as an intracellular cytoplasmic-membrane protein 
that functions in the targeting and translocation of nascent 
polypeptides. It is also found in the nucleus as a TF. BTF3L4 is 
a homolog of TBF3 that participates in cellular inflammation 
by mediating apoptosis signaling in cells. However, unlike the 
overexpression of BTF3 in normal liver tissue, BTF3L4 was 
underexpressed in normal liver tissue. All the above findings 
indicate that BTF3L4 may participate in the pathogenesis of 
AILI by affecting inflammation.

In the normal liver, nearly all cells are in a state of low 
turnover with virtually no cell death.34 Apoptosis is a pro-
grammed cell death, which has only minimal effects on 
the surrounding cells.35 In contrast to apoptosis, necro-
sis has a critical role in APAP hepatotoxicity,36 inducing a 
major inflammatory response and subsequently damaging 
neighboring cells. TNF can induce a change from apoptosis 
to necroptosis, which results in cell death with features of 
necrosis.13 Given that various cytokines and stress signals 
can trigger apoptotic pathways leading to irreversible apo-
ptotic activation and ultimately cell death,37 it is plausible 
that apoptosis may contribute to AILI. Excessively damaged 
mitochondria induce injury in hepatocytes from survival 
to cell death, including the activation of intrinsic apoptotic 
signaling pathways and recruitment of inflammation-related 
immune cells.38 This process can activate the inflammatory 
cells in the liver, resulting in the production of large amounts 

Fig. 4.  Overexpression of BTF3L4 accelerates cellular injury in an APAP-induced cellular model. (A) The viability of AML-12 cells under APAP treatment is time 
dependent. (B) Caspase-3, cleaved caspase-3, JNK, p-JNK, and TNF-α protein expression in an APAP-induced cellular model. (C) Quantitative analysis of caspase-3, 
cleaved caspase-3, JNK, p-JNK, and TNF-α protein expression in an APAP-induced cellular model. (D) Analysis of correlation between BTF3L4 and liver injury-related 
protein expression in an APAP-induced cellular model. (E) Caspase-3, cleaved caspase-3, JNK, p-JNK, and TNF-α protein expression in AML-12 cells with BTF3L4 
overexpression or knockdown after 3 h of APAP treatment. (F) Quantitative analysis of caspase-3, cleaved caspase-3, JNK, p-JNK, and TNF-α protein expression in 
AML-12 cells with BTF3L4 overexpression or knockdown after 3 h of APAP treatment. (G) IL-1β and TNF-α mRNA expression in AML-12 cells with BTF3L4 overexpres-
sion or knockdown after 3 h of APAP treatment. (H) Analysis of correlation between BTF3L4 mRNA expression and inflammatory cytokines in AML-12 cells with BTF3L4 
overexpression or knockdown after 3 h of APAP treatment. Data are means±standard error of the means. (C–H) Paired two-tailed Student’s t-tests were used. IL-1β, 
Interleukin-1β; JNK, c-Jun N-terminal kinase; p-JNK, Phospho-c-Jun N-terminal kinase; TNF-α, Tumor Necrosis Factor-alpha.
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of inflammatory cytokines including TNF-α. Previous reports 
have demonstrated a significant increase in apoptosis level 
and mitochondrial dysfunction in the AILI models.6,39 In-
creased apoptosis may thus reduce hepatic injury by trig-
gering a switch to necroptosis through the activation of the 

TNF signaling pathway during AILI. Consistent with previous 
studies,40,41 we found that apoptosis was increased in AILI 
animal and hepatic models. In vitro, we demonstrated that 
the apoptosis and TNF-α levels were regulated by BTF3L4 
in normal liver cells without any treatment. Apart from the 

Fig. 5.  BTF3L4 mediates mitochondrial morphology in an APAP-induced cellular model. (A) Representative TEMs of mitochondria in AML-12 cells with BTF3L4 
overexpression or knockdown after 3 h of APAP treatment. The red arrows indicate the presence of mitochondria. (B)The level of ROS in AML-12 cells with BTF3L4 
overexpression or knockdown. (C) The level of ROS in AML-12 cells with BTF3L4 overexpression or knockdown after 3 h of APAP treatment. (D) The level of GSH in 
AML-12 cells with BTF3L4 overexpression or knockdown after 3 h of APAP treatment. (E) The level of TBARS in AML-12 cells with BTF3L4 overexpression or knockdown 
after 3 h of APAP treatment. Data are means±standard error of the means. (B–E) Paired two-tailed Student’s t-tests were used. TEM, Transmission Electron Microscopy; 
ROS, Reactive Oxygen Species; GSH, Glutathione.
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Fig. 6.  BTF3L4 mediates hepatic injury in an APAP-induced cellular model. (A) TUNEL staining of BTF3L4 overexpression and knockdown cell lines after 3 h of 
APAP treatment. (B) Cell cycle distribution in AML-12 cells with BTF3L4 overexpression or knockdown after 3 h of APAP treatment. TUNEL, Terminal Deoxynucleotidyl 
Transferase-mediated dUTP-biotin Nick End Labeling;
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physiological state, we also established that BTF3L4 overex-
pression increased apoptosis and TNF-α protein expression 
in the AILI cellular model. We also observed that BTF3L4 
was positively associated with apoptosis and inflammation 
in the AILI animal model. Overall, the results show that 
BTF3L4 overexpression may deteriorate liver injury and ac-
celerate the progression from apoptosis to necroptosis by 
regulating TNF-α levels.

N-acetyl-p-benzoquinone imine is the main metabolite of 
APAP, which damages mitochondrial proteins and enhances 
the formation of superoxide radicals in AILI progression.6 
These superoxide radicals are directly detoxified by GSH or 
scavenged by several antioxidant enzymes in hepatocytes, 
including catalase, GSH peroxidase, and peroxiredoxin.42 Fol-
lowing an APAP overdose, GSH is exhausted by the excess of 
free radicals, resulting in damage to mitochondrial morphol-
ogy and function. Damaged mitochondria cause liver injury 
by triggering an inflammatory cascade and generating ex-
cessive ROS.43 Consistent with a previous study,22 our find-
ings demonstrate a significant increase in ROS levels in the 
AILI cellular model. Our investigation also revealed deterio-
ration in mitochondrial morphology in hepatic cells subjected 
to APAP treatment, reflecting mitochondrial dysfunction to 
some degree. Subsequently, we found that BTF3L4 mediated 
ROS, GSH, and TBARS, the level of inflammatory cytokine 
mRNAs, and mitochondrial morphology in vitro. In AILI pro-
gression, oxidative stress caused by mitochondrial dysfunc-
tion may initiate several molecules and signaling pathways 
to aggravate liver injury. An excess of ROS triggers apopto-
sis-related signaling to activate JNK.44 Sustained activation 
of JNK increases mitochondrial ROS production and forms a 
self-sustaining activation loop. Because of the deterioration 
of mitochondrial integrity, a series of apoptosis-inducing fac-
tors are translocated to the nucleus, resulting in DNA frag-
mentation and subsequently necrosis.45 Given the function of 
BTF3L4 in regulating ROS accumulation and inflammation in 
the AILI model, BTF3L4 may play a pathogenic role in AILI by 
affecting mitochondrial function and mitochondria-mediated 
inflammation.

In conclusion, our results indicate that BTF3L4 regulated 
apoptosis and inflammation in normal hepatocytes and that 
enhancement of BTF3L4 promotes the accumulation of ROS, 
oxidative stress and apoptosis degree in the AILI model. The 
study provides evidence that BTF3L4 aggravates liver injury 
during the progression of AILI by deteriorating mitochondrial 
function and mitochondria-mediated inflammation. Further 
studies in different DILI models are required to better un-
derstand the mechanism of BTF3L4 in AILI using RNA se-
quencing. Our results suggest that BTF3L4 overexpression 
is involved in the pathogenesis of liver injury by mediating 
mitochondrial function and inflammation. BTF3L4 is a patho-
genic factor in AILI, and the use of BTF3L4 inhibitors may 
be a promising approach for the prevention and treatment 
of AILI.
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