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Abstract  Andrographolide (AP) has been shown 
to possess anti-inflammatory activities. In this study, 
the impact of AP in sepsis-induced acute liver injury 
(ALI) and the molecules involved were dissected. 
FKBP1A was predicted to be the sole target protein 
of AP that was also differentially expressed in the 
GSE166868 dataset. AP induced the protein expres-
sion of FKBP1A and suppressed that of NOTCH1 
in a dose-dependent manner. AP ameliorated ALI 
in mice induced by D-galactosamine and LPS and 
inhibited LPS-induced liver parenchymal cell injury 
in vitro. By contrast, the protective effect of AP was 
significantly lost after the knockdown of FKBP1A. 
As a positive control, the therapeutic effect of dexa-
methasone on ALI may be related to NOTCH1, 

which was not related to FKBP1A. NOTCH1 pro-
moted AK2 transcription in liver parenchymal cells, 
and FKBP1A inhibited endoplasmic reticulum (ER) 
stress by impairing NOTCH1/AK2 signaling. Resto-
ration of NOTCH1 significantly reversed the hepato-
protective effect of AP in ALI mice and LPS-induced 
liver parenchymal cell injury by activating the ER 
stress pathway. Therefore, AP-promoted FKBP1A 
expression inhibits ALI progression by blocking the 
NOTCH1/AK2-mediated ER pathway.
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Introduction

As demonstrated in the data published in 2020, the 
global incidence of sepsis-related deaths was 48.9 
million cases, constituting 19.7% of all global deaths 
(Cecconi et  al. 2018; Rudd et  al. 2020). Sepsis-
induced acute liver injury (ALI) is recognized as an 
independent predictor of mortality in the intensive 
care unit (ICU) (Sun et  al. 2020). The precise inci-
dence of sepsis-related liver dysfunction remains 
challenging to ascertain due to the absence of a defin-
itive and consensus definition, as well as the hetero-
geneity of the observation periods, and liver failure 
was observed in 12% of cases in a cohort of 1,342 
episodes of sepsis syndrome within 28 days following 
the onset of the disease (Nesseler et al. 2012). Sepsis 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10565-​025-​10007-9.

J. He 
Department of General Surgery, Huadong Hospital 
Affiliated to Fudan University, Shanghai 200040, 
P.R. China

Z. Huang · R. Zou (*) 
Department of Hepatobiliary Surgery, Hainan Cancer 
Hospital, Haikou 570000, Hainan, P.R. China
e-mail: zourui@hainmc.edu.cn

R. Zou 
Hainan Clinical Research Center for Liver Disease 
and Liver Critical Illness, Haikou 570000, Hainan, 
P.R. China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10565-025-10007-9&domain=pdf
https://doi.org/10.1007/s10565-025-10007-9
https://doi.org/10.1007/s10565-025-10007-9


	 Cell Biol Toxicol           (2025) 41:56    56   Page 2 of 18

Vol:. (1234567890)

is a particularly problematic condition in patients with 
liver cirrhosis due to the increased bacterial translo-
cation from the gut and impaired microbial defense 
that these patients experience and can induce acute on 
chronic liver failure, which was related to high short-
term mortality (Strnad et  al. 2017). The association 
between septic liver dysfunction and mortality has 
been a subject of considerable research interest, while 
the extant literature has yet to address the question 
of whether such dysfunction impacts long-term mor-
tality in cases of septic shock (Nesseler et al. 2016). 
The dysfunction of the liver is indicative of a critical 
event in multiple organ dysfunction syndrome, which 
is associated with the immunological, regulatory, and 
metabolic functions of liver parenchymal cells (Perez 
Ruiz de Garibay et al. 2022). Therefore, an in-depth 
exploration of the mechanisms of sepsis-induced ALI 
and the role of liver parenchymal cells in it have great 
significance for discovering new targets for the treat-
ment of patients in the ICU.

Andrographolide (AP) is a type of natural com-
pound identified as the primary bioactive constitu-
ent of the plant Andrographis paniculata with docu-
mented applications in the management of various 
health conditions associated with inflammation (Dai 
et  al. 2019; Low et  al. 2024). For instance, AP has 
been suggested to alleviate dextran sulfate sodium-
induced ulcerative colitis (Shu et  al. 2024), porcine 
pancreas elastase/lipopolysaccharide (LPS)-induced 
chronic obstructive pulmonary disease (Yu et  al. 
2024), atorvastatin-mediated zebrafish brain injury 
(Zhou et  al. 2024), and LPS-induced acute lung 
injury (Li et  al. 2024). It is imperative to acknowl-
edge the pivotal function of AP in the context of 
liver disease phenotypes, primarily through its anti-
inflammatory and antioxidant properties (Qin et  al. 
2023). In this study, we sought to further expound the 
molecular mechanism involved in this hepatoprotec-
tive effect. Based on an online prediction server and 
a GEO database (GSE166868), we obtained the only 
possible target protein of AP in ALI: FK506-binding 
protein 1a (FKBP1A, also known as FKBP12). It is 
an immunophilin protein that binds the immunosup-
pressant drugs FK506 and rapamycin, which can be 
used for treating organ transplant rejection and other 
diseases (Gant et  al. 2014). Interestingly, FKBP1A 
has been identified as a novel negative modulator of 
activated NOTCH1 in ventricular hypertrabecula-
tion (Chen et al. 2013). NOTCH1 expression in liver 

macrophages exhibited a strong correlation with 
LPS/D-galactosamine-induced ALI, and the induc-
tion of hepatocellular apoptosis was significantly 
mitigated in myeloid-specific NOTCH1 knockout 
mice. (Yang et  al. 2023). Furthermore, the promo-
tion of NOTCH1 levels was found at 3  h following 
the LPS challenge in RAW 264.7 cells, and disruption 
of the Notch signaling by DAPT has been shown to 
attenuate the LPS-induced inflammatory responses, 
with a concomitant improvement in experimen-
tal sepsis survival (Tsao et  al. 2011). However, the 
impact of FKBP1A-mediated NOTCH1 on liver 
parenchymal cells remains obscure. Lastly, adenylate 
kinase 2 (AK2), a gene closely related to unfolded 
protein response induction and the ensuing endo-
plasmic reticulum (ER) stress (Burkart et  al. 2011), 
was identified as the target of the transcription factor 
NOTCH1 in ALI. AP has also been recently reported 
to attenuate cardiac hypertrophy by suppressing ER 
stress (Tian et  al. 2023). This study was conducted 
to verify the hypothesis that AP can attenuate ER 
stress, thereby alleviating ALI in mice by restoring 
NOTCH1 and suppressing NOTCH1-mediated AK2.

Materials and methods

Cell culture and LPS treatment

Mouse primary liver parenchymal cells (CTCC-
D017-MIC, Meisen Cell, Jinhua, Zhejiang, China) 
were cultured using the liver parenchymal cell culture 
system (CTCC-008-PriMed, Meisen Cell) at 37  °C 
with 5% CO2.

Short hairpin RNA (shRNA) sequences of 
FKBP1A and AK2 (sh-FKBP1A #1 ~ #3; sh-AK2 
#1 ~ #3), the overexpression plasmids of NOTCH1 
(Vector-NOTCH1), and the respective controls (sh-
Scramble, Vector-NC) used for cell transfection were 
purchased from VectorBuilder (Guangzhou, Guang-
dong, China). The above plasmids (shRNAs) were 
transfected into liver parenchymal cells using Lipo-
fectamin2000 (11,668,500, Thermo Fisher), and the 
following assays were performed 48 h later.

To analyze the dose-dependent toxicity of AP 
on liver parenchymal cells, they were treated with 
graded concentrations of AP (0, 10, 20, 40, 60, 
80 μM; catalog number: V0768; InvivoChem, Guang-
zhou, Guangdong, China) for 6  h. Primary liver 
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parenchymal cells were incubated with LPS (500 ng/
mL) for 6  h in the presence or absence of AP to 
mimic ALI, and normal saline (NS)-treated primary 
liver parenchymal cells were used as a control (Liu 
et al. 2020).

Animals and treatments

The study protocols were approved by the Insti-
tutional Animal Care and Use Committee of the 
Huadong Hospital Affiliated to Fudan University 
(approval number: 2021K010, experimental animal’s 
use license: SYXK (Shanghai) 2020–0032). Male 
C57BL/6 mice (8-weeks, 22–25  g, catalog number: 
VSM10001) were purchased from Viewsolid (Beijing, 
China). Referring to a previous report (Zhang et  al. 
2020), sepsis-induced ALI was developed in mice 
by injection of 200 mg/kg D-galactosamine (G0500, 
Sigma-Aldrich Chemical Company, St Louis, MO, 
USA) and 3 mg/kg LPS (L2630, Sigma-Aldrich), i.p. 
NS-treated mice were used as controls. The animals 
were observed for survival (n = 8 for each group), and 
the surviving mice were euthanized by sodium pento-
barbital at 150 mg/kg (i.p.) 36 h after ALI modeling. 
Serum and liver tissues were collected. Five mice 
were randomly selected from each group.

Mice requiring AP treatment were gavaged with 
graded concentrations of AP (20, 50, 100  mg/kg) 
once daily for 8 consecutive days (Ye et  al. 2011). 
Immediately after the last gavage, the mice were 
injected with D-galactosamine and LPS to develop 
the ALI mouse model. The ER stress inhibitor tauro-
ursodeoxycholate (TUDCA, HY-19696, MedChem-
Express, Monmouth Junction, NJ, USA) was added to 
drinking water at a dose of 0.5 g/kg/day (same time as 
AP treatment) (Qin et al. 2017). For the positive con-
trol of AP treatment, 1 mg/kg dexamethasone (DEX, 
HY-14648, MedChemExpress) was injected subcuta-
neously into mice (Santos et al. 2001) 1 h before ALI 
modeling.

Gene expression manipulation was achieved by a 
single injection of 100 μL of the corresponding lenti-
virus into the tail vein of mice. The lentiviruses har-
boring sh-FKBP1A #1 (named LV-FKBP1AKD), the 
overexpression lentivirus of NOTCH1 (named LV-
NOTCH1OE), and the respective control viruses (LV-
NCKD, LV-NCOE) were obtained from VectorBuilder. 
Lentiviral titer was 109 TU/mL, and ALI modeling 
was performed 2 weeks after lentiviral injection.

Histology and immunohistochemistry (IHC)

Mouse livers were fixed with 4% paraformaldehyde 
(PFA, P0099, Beyotime, Shanghai, China), paraffin-
embedded, and sectioned at 4 μm. After being depar-
affinized and hydrated, staining was performed by 
hematoxylin–eosin (HE) staining solution in the HE 
Staining Kit (C0105S, Beyotime) for 5  min and by 
eosin staining solution for 1  min. Histopathological 
results were assessed microscopically on a scale of 0 
to 4 (Zhang et al. 2020a). The specific histopathologi-
cal score criteria are described in Table 1.

Liver sections were sealed with 10% goat serum 
(SBJ-SE-GO012, SenBeiJia, Nanjing, Jiangsu, China) 
for 1 h and treated with 3% H2O2 (H792073, Mack-
lin, Shanghai, China). The sections were incubated 
with primary antibodies (Table 2) and with the sec-
ondary antibody at room temperature (RM) for 1  h. 
Positive staining was visualized using the DAB HRP 
color development Kit (P0203, Beyotime), followed 
by hematoxylin counter-staining. The sections were 
viewed under a light microscope (Olympus Optical 
Co., Ltd., Tokyo, Japan), and positive staining was 
quantified by ImageJ software.

For dual-labeling immunohistochemistry, rabbit 
anti-FKBP1A or NOTCH1 was used, followed by 
re-probing with a secondary antibody for 1 h at RM 
in darkness. Live parenchymal cells were labeled by 
Alexa Fluor 488-coupled mouse anti-Cytokeratin 18 
(CK-18) at RM for 1 h in darkness, and the nuclei 

Table 1   Histopathological 
Scoring system of liver 
tissues

Score Description

0 No hepatocellular injury
1 Very few cells with hyperemia, vacuolization, or single cell necrosis
2 Few cells with hyperemia, vacuolization, or necrotic in < 30% of the area
3 Majority of the cells with hyperemia, vacuolization, or necrotic in < 60% of the area
4 Severe hemorrhage and necrotic in > 60% of the area
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of the cells were counter-stained by DAPI (C1006, 
Beyotime). After sealing, the sections were viewed 
under a fluorescence microscope.

Biochemical analysis

Cytokine concentrations in mouse serum samples 
or cell culture supernatant from liver parenchymal 
cells were examined using Mouse ALT ELISA Kit 
(CSB-E16539m), AST ELISA Kit (CSB-E12649m), 
TNF-α ELISA Kit (CSB-E04741m), and IFN-γ 
ELISA Kit (CSB-E04578m). All operations are car-
ried out according to the manufacturer’s (Cusabio 
Biotech, Newark, DE, USA) protocols.

Western blot analyses

Protein extracts of liver parenchymal cells were pre-
pared in RIPA lysis buffer (89,901, Thermo Fisher 
Scientific). After quantification, equal amounts of 
proteins (20 μg) were separated by 10%−12% SDS-
PAGE and transferred to a PVDF membrane. After 
being sealed with 5% BSA, the membranes were 
probed with primary antibodies (Table 2) overnight 
at 4 °C and with the secondary antibody at RM for 
1 h. Finally, target protein blots were visualized by 
enhanced chemiluminescence using the BeyoECL 
Plus kit (P0018M, Beyotime) and quantified by 
ImageJ.

CCK‑8 assay

Liver parenchymal cells were plated into 96-well 
plates at 5000 cells/well and subjected to the indi-
cated treatment (LPS or/and AP). Subsequently, 10 
μL of CCK-8 solution (C0037, Beyotime) was added 
to the cells, and incubation was continued for 2 h at 
RM. The relative viability of the cells was analyzed 
by reading the OD at 450 nm and normalizing to the 
control.

TUNEL assay

One-Step TUNEL Apoptosis Assay Kit (YT135, Bio-
lab, Beijing, China) was used. For liver parenchymal 
cells, the cells were treated with 4% PFA for 30 min, 
with PBS (C0221A, Beyotime) containing 0.3% Tri-
ton X-100 (QN0247, Biolab, Beijing, China) for 
5 min at RM, and with the TUNEL assay solution for 
1 h in darkness. After counter-staining the nuclei with 
DAPI and blocking with an anti-fluorescence quench-
ing blocking solution, the cells were viewed under a 
fluorescence microscope (Carl Zeiss, Oberkochen, 
Germany). For mouse liver sections, 20  μg/mL of 
DNase-free proteinase K (ST535, Beyotime) was sup-
plemented dropwise for a 30-min incubation at 37 °C. 
The remaining staining steps were the same as for cell 
staining.

RT‑qPCR

Total RNA was isolated from liver parenchymal cells 
using TRIzol (15596018CN, Thermo Fisher) and 

Table 2   List of antibodies used in this study

Antibodies Company Catalog number Dilution Application

FKBP1A ProteinTech Group 10,273–1-AP 1:200, 1:1000 IHC, WB
NOTCH1 (Cleaved Val1744) Thermo Fisher Scientific PA5-99,448 1:200, 1:2000 IHC, WB
CHOP ProteinTech Group 15,204–1-AP 1:500, 1:1000 IHC, WB
GRP78 ProteinTech Group 11,587–1-AP 1:500, 1:1000 IHC, WB
AK2 ProteinTech Group 11,014–1-AP 1:500, 1:2000 IHC, WB
HES1 Beyotime AF2167 1:200 IHC
Goat anti-rabbit IgG H&L (HRP) Abcam ab6721 1:1000, 

1:10000
IHC, WB

Alexa Fluor 647 labeled goat anti-rabbit IgG (H + L) Beyotime A0468 1:200 IHC
Alexa Fluor 488-coupled mouse anti-CK-18 Thermo Fisher Scientific MA5-18,157 1:200 IHC
β-actin ProteinTech Group 81,115–1-RR 1:5000 WB
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converted to cDNA using the HiScript II 1st Strand 
cDNA Synthesis Kit (R211-01, Vazyme, Nanjing, 
Jiangsu, China). The cDNA obtained from reverse 
transcription was subjected to a tenfold gradient 
dilution, followed by the qPCR reaction using AceQ 
qPCR SYBR Green Master Mix (Q121, Vazyme) on 
a Bio-Rad CFX96. At the end of the qPCR reaction, 
a calibration curve was made using the cDNA dilu-
tion log value as the X-axis and the corresponding Ct 
value as the Y-axis. According to the MIQE guide-
lines: minimum information for publication of quanti-
tative real-time PCR experiments (Bustin et al. 2009), 
amplification efficiency determined from the slope of 
the log-linear portion of the calibration curve, with 
PCR efficiency = 10–1/slope−1. The PCR efficiency 
of all primers used was greater than 90%. The gene 
expression was calculated using the 2−ΔΔ Ct method, 
and the primer sequences (OriGene Technologies, 
Beijing, China) are provided in Table 3.

ChIP assay

The Pierce Agarose ChIP Kit (26,156, Thermo Sci-
entific) was used. Liver parenchymal cells were 
cross-linked with 1% formaldehyde, and chromatin 
was sheared by proteinase K and micrococcal nucle-
ase. Immunoprecipitation was then performed with 
anti-NOTCH1 (1:200, MA5-35,256, Invitrogen Inc., 
Carlsbad, CA, USA) or normal rabbit IgG (1:200, 
Thermo Scientific), and immunoprecipitated DNA 
was collected and purified. The extent of AK2 pro-
moter enrichment was analyzed by qPCR.

Luciferase assays

An AK2 promoter luciferase reporter was gener-
ated by inserting the promoter fragment of AK2 into 
the pGL3-Basic vector (E1751, Promega Corpora-
tion, Madison, WI, USA). Liver parenchymal cells 
were plated into 96-well plates and cultured to 70% 

confluence. Overexpression DNA vectors and control 
vectors of NOTCH1 and AK2 promoter reporter were 
transfected into cells using Lipofectamin2000 for 
48  h. The Dual-Luciferases Reporter Assay System 
(E1910, Promega) was used for evaluation.

Quantification and statistical analyses

The sample size for the animal experiments (n = 8 
or 5/group) was based on a published report (Wu 
et  al. 2022). It was confirmed that the power of the 
test(1-β) was greater than 0.8 at α = 0.05 for all the 
selected sample sizes using post hoc analysis in 
Gpower software (v3.1.9.7). All data are presented 
as mean ± SEM. The difference between the two 
groups was tested by unpaired t-tests, and the differ-
ence between multiple groups was assessed by one-
way ANOVA, followed by Tukey’s or Dunnett’s post 
hoc test using GraphPad Prism 8.0.2 (GraphPad, San 
Diego, CA, USA). Differences between multiple 
groups were statistically significant when p < 0.05.

Results

AP promotes protein expression of FKBP1A in liver 
tissues of mice concentration‑dependently

Based on the chemical structure of AP (PubChem 
CID: 5,318,517) (Fig S1A), the target proteins of AP 
were predicted in SuperPred (https://​predi​ction.​chari​
te.​de/​index.​php) (Fig S1B). To screen for therapeutic 
targets in ALI, transcriptome differences in liver tis-
sues of mice with LPS-induced ALI were analyzed in 
the GSE166868 dataset (https://​www.​ncbi.​nlm.​nih.​
gov/​geo/​query/​acc.​cgi?​acc=​GSE16​6868), and genes 
that were significantly differentially expressed were 
screened at p < 0.05 (Fig S1C). The intersection of 
the two datasets revealed only one intersecting target: 
FKBP1A (Fig S1D). FKBP1A has been identified as 

Table 3   List of primers used in this study

Gene Forward primer (5’−3’) Reverse primer (5’−3’) Catalog number

NOTCH1 GCT​GCC​TCT​TTG​ATG​GCT​TCGA​ CAC​ATT​CGG​CAC​TGT​TAC​AGCC​ MP209021
AK2 TGA​AGG​CGA​CAA​TGG​ATG​CAGG​ GCA​TTT​CAG​CCT​GCC​TCA​CAGT​ MP200395
LASP1 AGC​AGA​TGA​CCT​CGT​CCT​ATGG​ CAT​CCT​GGA​AGG​AGA​CCT​CGTC​ MP207512
β-actin CAT​TGC​TGA​CAG​GAT​GCA​GAAGG​ TGC​TGG​AAG​GTG​GAC​AGT​GAGG​ MP200232

https://prediction.charite.de/index.php
https://prediction.charite.de/index.php
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166868
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166868
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a novel negative modulator of activated NOTCH1 
(Chen et  al. 2013). Therefore, we hypothesized that 
AP might ameliorate ALI by blocking NOTCH1 
signaling through enhanced protein expression of 
FKBP1A.

Mice were pretreated with a graded dose of AP 
(DEX was used for the positive control), and an ALI 
mouse model was subsequently developed by intra-
peritoneal injection of D-galactosamine and LPS. 
ALI modeling resulted in a certain number (2/8) of 
mice dying within 36  h. AP pretreatment prolonged 
the survival of ALI mice to a certain extent, in which 
none of the mice pretreated with 100  mg/kg AP or 
DEX died within 36 h after ALI modeling. Still, the 
difference was not significant (Fig S1E). On the one 
hand, this was because the number of mice in each 
group (n = 8) may be too small, and too many con-
founding factors caused by the multiple-group analy-
sis. On the other hand, even in the ALI group with the 
lowest survival rate, the 36-h survival rate was still 
75% (6/8), resulting in insufficient variability in the 
difference in survival rate between it and the groups 
with no mouse deaths. The increase of ALT and AST 
levels in serum samples of mice confirmed the occur-
rence of liver injury in ALI-modeled mice, and high 
doses of AP and DEX pretreatment were effective in 
exerting hepatoprotective effects (Fig S1F).

It was observed using HE staining that AP and 
DEX treatments significantly ameliorated D-galac-
tosamine and LPS-induced pathologic changes in 
liver tissue structure and lowered histopathological 
score (Fig. 1A). FKBP1A expression was downregu-
lated and the cleaved-NOTCH1 (notch intracellular 
domain) expression was enhanced in the liver tissues 
of ALI mice. AP treatment promoted intrahepatic 
FKBP1A (Fig.  1B) expression and blocked active 
protein expression of NOTCH1 (Fig. 1C) expression 
in a concentration-dependent manner. The positive 
control DEX also inhibited NOTCH1 expression, but 
this was not dependent on FKBP1A expression. IHC 
for HES1 also confirmed activation of NOTCH sign-
aling in ALI with elevated HES1 expression, which 
was suppressed by AP treatment (Fig. 1D).

Using the specific marker CK-18 for labeling 
of liver parenchymal cells (Du et  al. 2013), we 
observed attenuated expression of CK-18 in ALI 
mice, representing the onset of liver parenchymal cell 
injury, as well as a significant decrease in FKBP1A 
expression (Fig.  1E) and elevated expression of 

cleaved-NOTCH1 (Fig.  1F) in liver parenchymal 
cells. AP promoted FKBP1A expression in liver 
parenchymal cells in a concentration-dependent man-
ner, blocked NOTCH1 activation, and ameliorated 
liver parenchymal cell loss (Fig. 1E, F). The positive 
control DEX also inhibited NOTCH1 activation and 
ALI-induced hepatic parenchymal cell injury but did 
not affect FKBP1A expression. The dose of 100 mg/
kg was used in subsequent animal experiments, and 
liver parenchymal cells were used for in vitro assays.

AP‑induced FKBP1A ameliorates liver parenchymal 
cell injury by blocking NOTCH1 signaling

Mouse liver parenchymal cells were treated with AP 
at different doses, and AP was not significantly toxic 
to these cells until 60 μM concentration (Fig. S2).

Western blot assay detected a significant attenu-
ation of FKBP1A protein expression in LPS-treated 
liver parenchymal cells, and abnormal activation 
of NOTCH1 was observed. In contrast, the expres-
sion of FKBP1A was rescued by AP treatment and 
the expression of active NOTCH1 was inhibited 
(Fig.  2A). Cells were pre-transfected with shRNA 
sequences of FKBP1A and treated with LPS and AP. 
ShRNAs targeting FKBP1A downregulated FKBP1A 
expression and restored NOTCH1 expression in the 
cells (Fig.  2B). The sh-FKBP1A #1 with the best 
knockdown efficiency was used in the subsequent 
assays.

LPS treatment decreased the viability of liver 
parenchymal cells. AP attenuated LPS-induced cel-
lular injury, but the protective effect of AP was sig-
nificantly lost in cells knocked down with FKBP1A 
(Fig.  2C). The concentration of ALT and AST 
released from the cells was detected by ELISA 
(Fig. 2D). LPS increased the release of injury factors, 
which was ameliorated in AP-treated cells, and the 
knockdown of FKBP1A blocked the AP effect. Using 
the TUNEL assay, it was observed that AP amelio-
rated LPS-induced apoptosis, which was dependent 
on FKBP1A expression (Fig. 2E).

Knockdown of FKBP1A activates NOTCH1 and 
reverses the effect of AP on mice with ALI

The lentivirus of sh-FKBP1A #1 (named LV-
FKBP1AKD) was administrated via the tail vein 
and combined with AP (100  mg/kg) treatment and 
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Fig. 1   AP affects FKBP1A/NOTCH1 signaling in the liver 
parenchymal cells of ALI mice. (A) Modeling of ALI and 
AP or DEX treatment detected by HE staining (n = 5). IHC 
detection of FKBP1A (B), cleaved NOTCH1 (C), and HES1 
(D) in mouse liver tissues (n = 5). Changes in FKBP1A (E) 

and cleaved-NOTCH1 (F) expression in liver parenchymal 
cells (CK-18-positive) analyzed by dual-labeling IHC. Data 
are mean ± SEM, ****p < 0.0001, #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 by one-way ANOVA followed 
by Tukey’s (B-F) test
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ALI modeling (Fig.  S3A). LV-FKBP1AKD injection 
resulted in reduced survival in mice (Fig. S3B).

LV-FKBP1AKD successfully inhibited the protein 
expression of FKBP1A in liver tissues and promoted 
the expression of active NOTCH1 and HES1 as 

detected by IHC (Fig. 3A). Knockdown of FKBP1A 
increased hepatocyte necrosis and histopathological 
scores, as revealed by HE staining (Fig. 3B). ELISA 
detected that the knockdown of FKBP1A increased 
the concentrations of liver injury markers ALT, AST, 
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and inflammatory cytokines IFN-γ, and TNF-α in the 
serum of animals (Fig. 3C).

NOTCH1 mediates AK2 transcription in liver 
parenchymal cells

The downstream mechanisms by which NOTCH1 
acts as a transcription factor to promote ALI progres-
sion have not been investigated. We downloaded the 
top 50 target genes of NOTCH1 in hTFtarget (http://​
bioin​fo.​life.​hust.​edu.​cn/​hTFta​rget/#!/) and had them 
cross-screened with the differentially expressed genes 
in the GSE166868 dataset, and there were two inter-
secting targets: LASP1 and AK2 (Fig.  S4A). ChIP-
seq samples of mouse NOTCH1 were selected in the 
Cistrome Data Browser (http://​cistr​ome.​org/​db/#/) to 
predict NOTCH1 binding at the promoter regions of 
LASP1 and AK2 (Fig. S4B). We observed a specific 
enrichment of NOTCH1 around the AK2, but not the 
LASP1 promoter, suggesting that NOTCH1 may spe-
cifically regulate the transcription of AK2.

The overexpression plasmid of NOTCH1 was 
transfected in liver parenchymal cells, and NOTCH1 
overexpression promoted the expression of AK2 but 
had an insignificant effect on the LASP1 expres-
sion (Fig.  4A). The effects of LPS, AP treatment, 
and intervention of FKBP1A on AK2 expression in 
liver parenchymal cells were examined by RT-qPCR 
(Fig.  4B). LPS treatment induced AK2 expression 
in liver parenchymal cells, which was inhibited AP 
treatment, and knockdown of FKBP1A rescued AK2 
expression. ChIP-qPCR assays confirmed the binding 

ability of NOTCH1 to the AK2 promoter (Fig.  4C), 
while overexpression of NOTCH1 significantly 
enhanced the promoter transcriptional activity of 
AK2 (Fig. 4D).

AP‑mediated FKBP1A expression alleviates 
ALI‑induced ER stress

The expression of CHOP and GRP78 was elevated 
in liver tissues of ALI mice as detected by IHC, and 
the ER stress was inhibited by AP treatment in liver 
tissues and reversed by knockdown of FKBP1A 
(Fig.  5A, B). Meanwhile, significantly enhanced 
expression of CHOP and GRP78 in LPS-treated liver 
parenchymal cells was observed using western blot 
assays, and AP treatment inhibited the ER stress path-
way in an FKBP1A-dependent manner (Fig. 5C).

The ameliorating effect of AP on LPS-induced ER 
stress in the liver parenchymal cells was significantly 
reversed by overexpression of NOTCH1. In contrast, 
the NOTCH1-activated ER stress pathway was sig-
nificantly blocked by knocking down AK2 expression 
using shRNAs (Fig. 5D). sh-AK2 #1, which had the 
best knockdown effect, was chosen for subsequent 
experiments.

NOTCH1‑mediated AK2 reverses the protective 
effect of AP on liver parenchymal cells

CCK8 assay detected that NOTCH1 expression 
was detrimental to the cytoprotective effects of 
AP, whereas cell viability was rescued by knocking 
down AK2 (Fig.  6A). TUNEL assays observed that 
NOTCH1 expression led to enhanced apoptosis in 
liver parenchymal cells, while knockdown of AK2 
expression inhibited apoptosis in liver parenchymal 
cells (Fig.  6B). The overexpression of NOTCH1 
increased the levels of ALT and AST released by the 
cells as detected by ELISA. Again, knockdown of 
AK2 expression ameliorated the liver parenchymal 
cell injury (Fig. 6C, D).

Activation of NTOCH1 accentuates ALI in mice via 
the ER stress pathway

A lentivirus overexpressing NOTCH1 (LV-
NOTCH1OE) was injected into mice, and an ER 
stress inhibitor TUDCA was administrated into 
mice while receiving AP treatment (Fig.  S5A). 

Fig. 2   AP attenuates LPS-induced liver parenchymal cell 
injury in an FKBP1A-dependent manner. (A) The effect of 
LPS and AP treatment on the protein expression of FKBP1A 
and cleaved NOTCH1 in liver parenchymal cells was exam-
ined using western blot assays. (B) The effect of shRNAs tar-
geting FKBP1A on the protein expression of FKBP1A and 
cleaved NOTCH1 was examined using western blot assays. (C) 
Effects of LPS and AP treatment and combined knockdown 
of FKBP1A on liver parenchymal cell viability were assessed 
using CCK-8. (D) Effect of LPS and AP treatment and com-
bined knockdown of FKBP1A on ALT and AST release from 
liver parenchymal cells detected by ELISA. (E) Effect of LPS 
and AP treatment and combined knockdown of FKBP1A 
on apoptosis in liver parenchymal cells detected by TUNEL. 
Data are mean ± SEM (n = 3), **p < 0.01, ***p < 0.001, 
****p < 0.0001, ##p < 0.01, ###p < 0.001, ####p < 0.0001, 
&&p < 0.01, &&&p < 0.001, &&&&p < 0.0001 by one-way 
ANOVA followed by Dunnett’s (B) or Tukey’s test (A, C, D, 
E)

◂

http://bioinfo.life.hust.edu.cn/hTFtarget/
http://bioinfo.life.hust.edu.cn/hTFtarget/
http://cistrome.org/db/


	 Cell Biol Toxicol           (2025) 41:56    56   Page 10 of 18

Vol:. (1234567890)

LV-NOTCH1OE-treated mice showed death within 
36 h after ALI modeling, whereas no death of ani-
mals occurred in the remaining two groups within 
36 h (Fig. S5B).

The protein expression of cleaved-NOTCH1 
(Fig.  7A), HES1 (Fig.  7B), AK2 (Fig.  7C), CHOP 
(Fig.  7D), and GRP78 (Fig.  7E) in liver tissues 
was examined using IHC assays. LV-NOTCH1OE 

Fig. 3   FKBP1A expression is involved in the protective effect 
of AP against ALI. (A) The effect of LV-FKBP1AKD injec-
tion on the expression of FKBP1A, cleaved-NOTCH1, and 
HES1 in mouse liver tissues was examined using IHC stain-
ing (n = 5). (B) Structural changes in liver pathology caused by 

knockdown of FKBP1A detected by HE staining (n = 5). (C) 
Serum cytokine concentrations in mice with ALI caused by 
knockdown of FKBP1A were analyzed using ELISA (n = 5). 
Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by 
unpaired t-test
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significantly increased NOTCH1 expression in 
mouse liver tissues, thereby upregulating HES1, 
AK2, CHOP, and GRP78 protein expression. In 
contrast, TUDCA treatment suppressed ER stress 
in the liver, while having no impact on the expres-
sion of NOTCH1 and AK2. HE staining visualized 
NOTCH1-induced liver parenchymal cell injury, and 
blocking NOTCH1-activated ER stress significantly 
improved ALI (Fig.  7F). NOTCH1 upregulation led 
to an increase in apoptotic cells in liver tissues, which 
was significantly reduced after blocking the ER path-
way using TUDCA (Fig. 7G).

Discussion

AP has been recently highlighted to affect various 
cellular processes, including ER stress, lipid drop-
let accumulation, reactive oxygen species levels, and 
compromised cell integrity, while the understand-
ing of the underlying mechanisms remains limited 
(Banerjee et  al. 2020; Phetruen et  al. 2023). Here, 
AP was revealed to have a protective effect against 
D-galactosamine and LPS-induced ALI, promote the 
survival of mice, and relieve ER stress by blocking 
NOTCH1-mediated AK2 via FKBP1A.

Fig. 4   NOTCH1 mediates AK2 transcription in liver paren-
chymal cells. (A) Effect of overexpression of NOTCH1 on 
the expression of AK2 and LASP1 in liver parenchymal cells 
detected by RT-qPCR. (B) Effect of LPS, AP treatment, and 
combined knockdown of FKBP1A on AK2 expression in liver 
parenchymal cells detected by RT-qPCR. (C) Detection of 
NOTCH1 binding ability to the AK2 promoter was analyzed 

using ChIP-qPCR. (D) The effect of NOTCH1 on the tran-
scriptional activity of the AK2 promoter was analyzed using 
a dual-luciferase reporter assay. Data are mean ± SEM (n = 3), 
**p < 0.01, ***p < 0.001, ****p < 0.0001, ####p < 0.0001, 
&&&p < 0.001 by unpaired t-test (A, C) or one-way ANOVA 
followed by Tukey’s (B, D) test
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Fig. 5   NOTCH1/AK2 is an effector pathway for AP block-
ade of ER stress. Expression of ER stress marker proteins 
CHOP (A) and GRP78 (B) in liver tissues of the mice treated 
with AP and FKBP1A knockdown detected by IHC (n = 5). 
(C) Effects of LPS and AP treatment and combined knock-
down of FKBP1A on CHOP and GRP78 expression in liver 

parenchymal cells (n = 3). (D) Vector-NOTCH1 and sh-AK2 
on NOTCH1, AK2, CHOP and GRP78 expression in liver 
parenchymal cells (n = 3). Data are mean ± SEM, **p < 0.01, 
***p < 0.001, ****p < 0.0001, ##p < 0.01, ###p < 0.001, 
####p < 0.0001, &&p < 0.01, &&&&p < 0.0001 by one-way 
ANOVA followed by Tukey’s (A-D) test
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A recent study has demonstrated that AP sodium 
bisulfite significantly alleviates the clinical symptoms 
of ulcerative colitis and liver injury by reducing the 
disease activity index (Guan et al. 2022). In addition, 
Andro-III, derived from the structural modification 
of AP, possessed anti-inflammatory and neuroprotec-
tive effects in vitro and in 3xTg-AD mice (Hu et al. 
2024). More relevantly, AP derivative protected acute 
liver damage in mice by blocking STAT3 activation 
(Chen et  al. 2018). However, these two reports only 

validated the regulatory effects of AP on the down-
stream signaling pathways, the physical targets of AP 
have not been dissected. Here, we identified FKBP1A 
and its target NOTCH1 as the molecules controlled 
by AP and found the dose-dependent modulation of 
FKBP1A and NOTCH1 in the liver tissues of mice 
pre-treated with AP and induced with ALI. More 
importantly, we found that there were no cytotoxic 
effects of AP on liver parenchymal cells until 60 μM. 
Knockdown of FKBP1A using two shRNAs, by 

Fig. 6   AP impairs the NOTCH1/AK2 pathway to amelio-
rate LPS-induced liver parenchymal cell injury. (A) Effects 
of NOTCH1/AK2 alteration on liver parenchymal cell via-
bility were assessed using CCK-8. (B) Effect of NOTCH1/
AK2 alteration on apoptosis in liver parenchymal cells 

detected by TUNEL. (C-D) Effect of NOTCH1/AK2 altera-
tion on ALT and AST release from liver parenchymal cells 
detected by ELISA. Data are mean ± SEM (n = 3), **p < 0.01, 
***p < 0.001, ##p < 0.01, ###p < 0.001 by one-way ANOVA 
followed by Tukey’s test
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Fig. 7   AP-mediated signaling ameliorates ALI by block-
ing ER stress. The effect of LV-NOTCH1OE injection and 
TUDCA on the expression of NOTCH1 (A), HES1 (B), AK2 
(C), CHOP (D), and GRP78 (E) in mouse liver tissues was 
examined using IHC staining (n = 5). (F) Structural changes 
in liver pathology caused by LV-NOTCH1OE injection and 

TUDCA detected by HE staining (n = 5). (G) Effect of over-
expression of NOTCH1 and blockade of ER stress pathway 
on apoptosis in the liver of mice detected by TUNEL (n = 5). 
Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, ##p < 0.01, ###p < 0.001, ####p < 0.0001 by 
one-way ANOVA followed by Tukey’s test
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contrast, ablated the protective effects of AP on liver 
parenchymal cells.

FKBP1A-encoded FKBP12, a 12-kDa globular 
cytosolic protein, is the archetypal member of the 
immunophilin family (Caminati and Procacci 2020). 
As we mentioned above, AP can elicit anti-inflamma-
tory effects through different pathways and targets, 
including regulation of the secretion of inflammatory 
mediators (Cai et  al. 2022). In this study, the sup-
pressing effects of AP on AST and ALT were neu-
tralized following the knockdown of FKBP1A using 
shRNA lentivirus. Dendrobine has also been reported 
to reduce the levels of proinflammatory factors, oxi-
dative stress levels, and apoptosis levels in human 
umbilical vein endothelial cells induced by oxidized 
low-density lipoprotein via the promotion of FKBP1A 
(Lou et al. 2022). As for its sole role, FKBP1A acted 
as a target protein in mediating necroptosis and the 
related systemic inflammatory response syndrome 
triggered by TNF-α (Wang et al. 2019). These reports 
partially substantiated the role of FKBP1A during 
the inflammatory response. However, its relation to 
the ALI has not been revealed yet. Our in vitro and 
in  vivo findings linked the hepatoprotective effects 
of AP to FKBP1A-controlled NOTCH1 activation, 
which underscores the novelty of this study. The 
Notch intracellular domain is cleaved and translocates 

to the nucleus, thus forming a transactivation com-
plex, and the primary Notch target genes include two 
families of transcriptional factors, namely Hes, which 
includes HES1 and HES5, and Hairy/Enhancer-of-
split-related with YRPW motif (Gallenstein et  al. 
2023). The intracellular domain of NOTCH1 has 
been widely implicated in multiple cell injury caused 
by LPS-induced sepsis and related complications (Li 
et  al. 2023; Liu et  al. 2023; Wang et  al. 2023; Xu 
et al. 2024).

Subsequently, AK2 was identified to be the target 
of NOTCH1 in ALI since NOTCH1 overexpression 
did not lead to LASP1 expression alteration. AK2 is 
found in the mitochondrial intermembrane region and 
is expressed at high levels in the liver, kidneys, and 
heart (Fujisawa 2023). ER of all eukaryotic cells is a 
membrane-bound organelle, and the accumulation of 
drugs/chemicals/xenobiotics in the cytosol can trig-
ger ER stress which is recognized by the accumula-
tion of unfolded or misfolded proteins in the lumen 
of ER (Rana 2020). Considering the importance of 
AK2 to ER stress (Burkart et al. 2011) and the con-
tribution of ER stress to ALI and sepsis-related com-
plications (Chen et al. 2024; Park et al. 2023; Wang 
et al. 2024; Wu et al. 2016), we assessed the ER stress 
marker proteins in the liver tissues of mice and liver 
parenchymal cells, respectively. Here, the suppressing 

Fig. 8   Model of AP mechanism of action in alleviating ALI. AP-mediated FKBP1A expression inhibits ALI progression by inhibit-
ing NOTCH1-mediated AK2 transcription and blocking the ER stress pathway
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effects of AP on the protein expression of CHOP and 
GRP78 were reversed by FKBP1A knockdown or 
NOTCH1 overexpression. Knockdown of AK2, sim-
ilarly exerted the halting effects on ER stress in the 
presence of NOTCH1 overexpression in  vitro. Lee 
et  al. showed that hepatocytes treated with TUDCA 
showed suppression of ER stress, and reduced inflam-
mation and cell death (Lee et  al. 2020). We further 
validated these results in  vivo in mice treated with 
NOTCH1 overexpression and found that survival 
was prolonged and the injury was alleviated in these 
animals, suggesting that ER stress is indeed the effec-
tor mechanism that contributes to AP-mediated ALI 
alleviation.

Our study has some limitations. Firstly, we do not 
provide transmission electron microscopy to exam-
ine the ultrastructure of liver parenchymal cells. This 
limits us to observing ER morphology within cells. 
In addition, the small number of animals assessed for 
survival (n = 8) resulted in the observation of some 
groups with 100% survival. Further studies should 
consider incorporating more mice to enhance the reli-
ability of our research.

Conclusion

In conclusion, we demonstrated that AP-induced 
FKBP1A represses NOTCH1 activation, which in 
turn inhibits AK2 transcription and the ER stress 
pathway in ALI (Fig. 8). By identifying the molecu-
lar pathways through which AP-mediated FKBP1A/
NOTCH1/AK2 signaling regulates ER stress, our 
findings provide a rationale for the refinement of ther-
apeutic approaches to alleviate ALI for patients in the 
ICU.
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