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ABSTRACT
Acetaminophen (APAP) is a major cause of acute liver injury (ALI), and N-acetylcysteine is the only approved detoxification 
drug. Nimbolide (Nim), which is isolated from the neem tree (Azadirachta indica), possesses protective properties against mul-
tiple diseases, including pancreatitis, autoimmune hepatitis, arthritis, and diabetic cardiomyopathy. Here, we investigated the 
protective effect of nimbolide on APAP-induced ALI. Male C57BL/6J mice were used to establish an ALI model via APAP 
administration (500 mg/kg, i.p.). All the mice received nimbolide (20 mg/kg, i.p.) or a vehicle 2 h before APAP injection. Blood 
and liver samples were collected at the indicated times. As expected, Nim treatment alleviated APAP-induced liver injury and 
inflammation in the mice. Moreover, Nim inhibited APAP-induced apoptosis by regulating endoplasmic reticulum (ER) stress. 
We further revealed that Nim improved mitochondrial function and increased Sirtuin 1 (SIRT1) expression. However, the protec-
tive effects of Nim were partially blocked by SIRT1 knockdown via siRNA in vitro. Our study revealed that nimbolide alleviated 
APAP-induced ALI by inhibiting oxidative stress and ER stress via SIRT1 activation.

1   |   Introduction

Acetaminophen (APAP) is the most widely used antipyretic 
and analgesic drug and is dose-limited because of its potential 
to induce severe liver injury [1]. APAP overdose is the leading 
cause of drug-induced acute liver injury (ALI) worldwide, ac-
counting for more than half of drug-induced ALI cases in the 
United States [2]. To date, N-acetylcysteine (NAC) is the only 
approved detoxification drug for APAP-induced hepatotoxicity 
[3]. However, the clinical use of NAC is limited due to its narrow 
therapeutic window and several serious side effects [4]. The dis-
covery of a novel intervention to treat APAP-induced ALI would 
be of great clinical importance.

Evidence suggests that mitochondria are sites of reactive ox-
ygen species (ROS) formation during APAP overdose. During 
APAP-induced ALI, excessive mitochondrial ROS (mtROS) 
can cause lipid peroxidation and lead to cross-linking of 
proteins, DNA, and lipids. These effects trigger mitochon-
drial dysfunction, leading to cell death [5, 6]. Although var-
ious forms of cell death are involved in APAP-induced ALI, 
endoplasmic reticulum (ER) stress plays a significant role 
in driving cell death. ER stress is triggered by the accumu-
lation of unfolded or misfolded proteins in the ER [7]. When 
this accumulation exceeds the upper limit of ER folding clear-
ance, the unfolded protein response (UPR), an evolutionarily 
conserved signaling process, is initiated and coordinated via 
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three ER-transmembrane proteins: activating transcription 
factor 6 (ATF6), inositol-requiring transmembrane kinase/en-
doribonuclease 1α (IRE1α), and protein kinase R-like ER ki-
nase (PERK) [8]. Increasing evidence suggests that ER stress 
exacerbates APAP-induced ALI [5, 9, 10]. Since ER stress can 
be induced by oxidative stress [11], multiple pharmaceuticals 
targeting mitochondrial dysfunction have been reported to 
alleviate ER stress-induced cell death in APAP-induced ALI 
[11, 12].

Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide (NAD)-
dependent type III deacetylase, is believed to be involved in 
various biological functions, including DNA repair, apoptosis, 
senescence, inflammation, and autophagy [13]. SIRT1 is also 
involved in controlling the hepatotoxicity of APAP by regulat-
ing inflammation and oxidative stress [14]. Furthermore, SIRT1 
has been reported to participate in modulating the ER stress re-
sponse in the heart [15, 16]. However, whether SIRT1 can mod-
ulate ER stress to alleviate APAP-induced ALI remains to be 
investigated.

Nimbolide (Nim), a type of limonoid extracted from the neem 
tree, is a highly oxidized tetranortriterpenoid [17]. Previous stud-
ies have shown that Nim has various biological properties, in-
cluding antitumor [18], antibacterial [19], anti-inflammatory [20] 
and antioxidative [21] effects. Interestingly, recent studies have 
shown that Nim exerts protective effects via a SIRT1-dependent 
mechanism in disc degeneration [22], acute pancreatitis [23] and 
chronic pancreatitis [24]. However, the protective effects of Nim 
against ALI and the underlying molecular mechanisms remain 
unclear. Given that Nim has a potent effect on the induction 
of SIRT1, it may be an attractive therapeutic candidate for the 
treatment of ALI.

In this study, we found that Nim administration markedly 
improved APAP-induced ALI in a mouse model. We further 
demonstrated that Nim-induced SIRT1 expression significantly 
alleviated APAP-induced mitochondrial dysfunction and ER 
stress. Silencing and inhibition of SIRT1 blocked this beneficial 
effect of Nim, indicating that Nim prevents APAP-induced hep-
atotoxicity in a SIRT1-dependent manner.

2   |   Materials and Methods

2.1   |   Animals and Treatment

Male C57BL/6J mice (6–8 weeks, 18–22 g) were purchased 
from GemPharmatech Co. Ltd. (Jiangsu, China) and housed 
in the Experimental Animal Center of the Third Affiliated 
Hospital of Sun Yat-sen University. All the mice were main-
tained under controlled conditions with a 12 h light/dark cycle 
and provided with food and water ad  libitum. After fasting 
overnight, the mice were intraperitoneally injected with 
APAP (500 mg/kg, S1634, Selleck, China) to induce acute 
liver failure. Nim (20 mg/kg, E0455, Selleck, China) or NAC 
(500 mg/kg, S5804, Selleck, China) was intraperitoneally in-
jected 2 h before APAP administration, and the control group 
was treated with PBS. The concentration of Nim used in our 
study (20 mg/kg) was selected on the basis of the reported liter-
ature [25]. Mice were sacrificed at 3 h, 6 h, and 12 h post-APAP 

injection. Blood and liver samples were collected for further 
experiments. All animal experiments were conducted accord-
ing to protocols approved by the Institutional Animal Care 
and Use Committee of the Third Affiliated Hospital of Sun 
Yat-sen University. All procedures used in the present study 
were done under the ethical guidelines for the Care and Use of 
Laboratory Animals.

2.2   |   Measurement of Serum ALT and AST

Blood samples were collected and centrifuged at 1000 × g for 
10 min at 4°C. Serum was obtained to analyze the levels of ALT 
and AST via commercial ELISA kits (Elabscience, Wuhan, 
China) according to the manufacturer's protocols.

2.3   |   Histological Analysis

Liver samples were fixed in 4% formaldehyde, embedded in par-
affin, and cut into 4 μm-thick sections. After routine dewaxing 
and hydration, the liver tissue sections were stained with he-
matoxylin and eosin (H&E). For immunohistochemistry (IHC) 
staining, after antigen retrieval, the sections were incubated 
with primary antibodies against F4/80 (#70076, 1:400, Cell 
Signaling Technology), Ly6G (#ab238132, 1:2000, Abcam), and 
CHOP (#15204-1-AP, 1:200, Proteintech) at 4°C overnight. This 
was followed by incubation with the corresponding secondary 
antibodies for 1 h at 37°C. Then, the IHC signals were visual-
ized using a DAB kit. For immunofluorescence (IF) staining, 
after antigen retrieval, the sections were incubated with pri-
mary antibodies against 4-HNE (#ab46545, 1:400, Abcam) at 
4°C overnight, followed by incubation with fluorescent second-
ary antibodies for 1 h at 37°C. Then, the IF signals were visual-
ized via a fluorescence microscope (Zeiss, Germany).

2.4   |   Total GSH and MDA Analysis

The mouse livers and cells were placed in cold PBS and homog-
enized on ice. The levels of total GSH and MDA in the homog-
enates were measured using the corresponding commercial 
kits (Boxbio, Beijing, China) according to the manufacturer's 
instructions.

2.5   |   Terminal dUTP Nick-End Labeling (TUNEL) 
Apoptosis Assay

DNA fragments were labeled in  situ by using a TUNEL 
apoptotic cell detection kit (Servicebio, Wuhan, China). The 
tissue slices were stained according to the manufacturer's 
instructions. TUNEL-positive cells were counted via ImageJ 
software.

2.6   |   Western Blotting

Total protein was extracted from liver tissues and cell samples 
via radioimmunoprecipitation assay (RIPA) buffer at 4°C for 
30 min. The lysate was subsequently centrifuged at 12000 × g 
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at 4°C for 20 min, after which the protein in the supernatant 
was collected. After mixing with 5× loading buffer, the puri-
fied protein was denatured at 100°C for 10 min and separated 
via 10%–12% SDS–PAGE gels. The proteins were subsequently 
transferred to nitrocellulose (NC) filter membranes and blocked 
with 5% nonfat milk. The membranes were incubated with pri-
mary antibodies overnight at 4°C, followed by incubation with 
HRP-conjugated secondary antibodies at room temperature 
for 1 h. Then the signals were visualized with chemilumines-
cence reagents and measured via Image J software. The follow-
ing antibodies were used: Bcl2 (#ab196495, 1:1000, Abcam), 
cleaved caspase 3 (#19677-1-AP, 1:1000, Proteintech), p-eIF2α 
(#3398, 1:1000, Cell Signaling Technology), eIF2α (#5324, 
1:1000, Cell Signaling Technology), CHOP (#2895, 1:1000, 
Cell Signaling Technology), PUMA (#98672, 1:1000, Cell 
Signaling Technology), GAPDH (#5174, 1:4000, Cell Signaling 
Technology), CYP2E1 (#19937-1-AP, 1:2000, Proteintech) and 
SIRT1 (#9475, 1:1000, Cell Signaling Technology).

2.7   |   Quantitative Real-Time Polymerase Chain 
Reaction (qRT–PCR)

Total RNA was extracted from liver tissues via Trizol reagent ac-
cording to the manufacturer's instructions. The RNA was quan-
tified via a NanoDrop (Thermo Fisher Scientific, CA, USA) and 
then reverse transcribed into cDNA using a cDNA synthesis kit 
(Takara, Japan). Quantitative PCR was performed on a PCR de-
tection system (Bio-Rad, CA, USA) with SYBR Green qPCR mix 
(Vazyme, Nanjing, China) and gene-specific primers. Relative 
gene expression was normalized to that of GAPDH. The primer 
sequences are shown in Table 1.

2.8   |   Cell Culture, Treatment and Transfection

The murine normal hepatocyte line AML12 was purchased 
from the China Cell Bank and cultured in Nutrient Mixture 
F-12 (DMEM/F-12) supplemented with 10% fetal bovine 
serum (Gibco, CA, USA), 5 μg/mL insulin, 5 μg/mL transfer-
rin, 5 ng/mL selenium, and 40 ng/mL dexamethasone. AML12 
cells were pretreated with Nim (5 μM) for two hours and then 
treated with APAP (10 mM) for another 6 h. AML12 cells were 
transfected with siRNA specifically targeting SIRT1 using 
Lipofectamine 2000 transfection reagent (Invitrogen, CA, 
USA) according to the manufacturer's instructions. The se-
quence (antisense) of the siRNA targeting SIRT1 was (5′–3′) 
AGUGAGACCAGUAGCACUAAUTT.

2.9   |   Measurement of Mitochondrial DNA 
(mtDNA) Copy Number

Mitochondrial DNA was extracted from mouse liver tis-
sues using a Genomic DNA Extraction Kit (Qiagen, Venlo, 
Netherlands). qRT–PCR was used to measure the relative 
copy number of mtDNA and nuclear DNA. The quantity of 
mitochondrial DNA was analyzed with mitochondrial DNA-
specific sequences and normalized to the number of nuclear 
DNA sequences (GAPDH). The primer sequences are listed in 
Table 1.

2.10   |   Measurement of Liver ATP Content

The levels of ATP in mouse liver were determined using an 
Enhanced ATP Assay Kit (Beyotime, Shanghai, China) follow-
ing the manufacturer's instructions.

2.11   |   Detection of Cellular ROS 
and Mitochondrial ROS

Cellular ROS and mitochondrial ROS were detected by DCFH-DA 
(Sigma–Aldrich, MO, USA) and MitoSOX (Invitrogen, CA, 

TABLE 1    |    Primers for real-time PCR analysis.

Name Sequence (5′–3′)

Mouse IL-1α

F CACAACTGTTCGTGAGCGCT

R TTGGTGTTTCTGGCAACTCCT

Mouse IL-1β

F GCAACTGTTCCTGAACTCAACT

R ATCTTTTGGGGTCCGTCAACT

Mouse IL-6

F AGGATACCACTCCCAACAGACCT

R CAAGTGCATCATCGTTGTTCATAC

Mouse TNF-α

F TTCTGTCTACTGAACTTCGGGGTGATCGGTCC

R GTATGAGATAGCAAATCGGCTGACGGTGTGGG

Mouse ATF4

F ATAGAAGAGGTCCGTAAGGCAA

R CAGCAAACACAGCAACACAAGA

Mouse CHOP

F GTTGAAGATGAGCGGGTGG

R CAAGGTGAAAGGCAGGGAC

Mouse BIP

F GCTGGTGTCCTCTCTGGTGAT

R TGTCTTTTGTTAGGGGTCGTT

Mouse XBP1

F AGCAGCAAGTGGTGGATTTG

R GAGTTTTCTCCCGTAAAAGCTGA

mtDNA

F CCCAGCTACTACCATCATTCAAGT

R GATGGTTTGGGAGATTGGTTGATGT

Mouse GAPDH

F GGCTCCCTAGGCCCCTCCTG

R TCCCAACTCGGCCCCCAACA
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USA), respectively. Briefly, the cells were incubated with 10 μm 
DCFH-DA or 2.5 μm MitoSOX working solution at 37°C for 
30 min in the dark. After the samples were washed with PBS 
twice, the fluorescence signals were captured via fluorescence 
microscopy and calculated via ImageJ software.

2.12   |   Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 
8.0.2, and the data are expressed as the means ± SDs. Student's t 
test between two groups or one-way ANOVA between more than 
two groups was used to calculate the statistical significance. 

Differences between groups were considered statistically signif-
icant at p < 0.05. All the statistical data in this work were ob-
tained from at least 3 independent experiments.

3   |   Results

3.1   |   Nim Protects Against APAP-Induced Liver 
Injury in Mice

Nimbolide (Figure 1A) possesses a cyclic enone that is potentially 
cysteine-reactive. To investigate its role in APAP-induced liver 
injury, mice were pretreated with Nim and then administered 

FIGURE 1    |    Nim protects against APAP-induced liver injury and inflammation in mice. (A) The chemical structure of Nimbolide. (B) Schematic 
diagram of the experimental procedures. (C) Serum ALT and AST levels at 6 h after APAP injection. (D) Representative images of H&E staining in 
livers of mice at 6 h after APAP injection. (E) Representative images of IHC staining and quantification of positive cells of the liver F4/80 in the in-
dicated mice. (F) Representative images of IHC staining and quantification of positive cells of the liver Ly6G in the indicated mice. (G) IL-1α, IL-1β, 
IL-6, and TNF-α mRNA levels measured by qRT-PCR assays. All data were expressed as mean ± SD (n = 6 per group) and the statistical differences 
were analyzed by Student's t test or one-way ANOVA (E and F, Student's t test; C and G, one-way ANOVA). ***p < 0.001 vs. control group; #p < 0.05, 
##p < 0.01, ###p < 0.001 vs. APAP group.
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APAP to induce acute liver injury, as depicted in Figure 1B. As 
NAC is the only approved detoxification drug, we also included 
NAC as a positive control treatment group in our animal experi-
ments. First, we measured the levels of serum aminotransferases 
and analyzed the histopathological changes in the liver tissue of 
APAP-treated mice. We found that Nim treatment significantly re-
duced the serum ALT and AST levels in mice with APAP-induced 
liver injury, with therapeutic effects comparable to those of NAC 
(Figure 1C). APAP overdose destroys hepatocytes and induces ne-
crosis in the centrilobular area within 6 h [26]. Accordingly, H&E 
staining (Figure 1D) revealed that APAP administration caused 
massive necrosis in the centrilobular region compared with mice 
treated with the control vehicle, and both Nim and NAC alleviated 
the hepatic histopathology and necrotic area of the liver. Damage-
associated molecular patterns (DAMPs) leaked from damaged 
hepatocytes activate a severe immune response to amplify liver in-
jury in ALI [2]. We next investigated inflammatory cell infiltration 
in the liver at the indicated time points. We found that Nim signifi-
cantly reduced the numbers of F4/80+ (macrophages, Figure 1E) 
and Ly6G+ (neutrophils, Figure 1F) cells in the livers of the APAP-
treated mice. Moreover, Nim inhibited the expression of inflam-
matory genes, including IL-1α, IL-1β, IL-6, and TNF-α (Figure 1G). 
Collectively, these results suggest that Nim has a protective role in 
APAP-induced acute liver injury and inflammation in mice.

3.2   |   Nim Suppresses APAP-Induced 
Hepatocellular Apoptosis in Mice

During the process of APAP-induced ALI, hepatocytes suf-
fer massive oxidative stress and severe inflammation, which 

may lead to cellular apoptosis [27]. As shown in Figure  2A, 
the TUNEL staining assay revealed that APAP induced a large 
amount of fragmented DNA in the liver, which emerged from 
cellular apoptosis. As expected, Nim markedly decreased the 
number of apoptotic cells in the APAP-treated group. In addi-
tion, the levels of Bcl2 in the APAP-treated group were lower 
than those in the control group (Figure  2B). Nim treatment 
upregulated the expression of Bcl2 in APAP-treated mice. The 
levels of cleaved caspase 3 exhibited opposite trends to those of 
Bcl2 in the livers of the mice. These results showed that Nim 
alleviated apoptosis induced by APAP administration.

3.3   |   Nim Inhibits Apoptosis by Regulating 
Endoplasmic Reticulum Stress in 
APAP-Treated Mice

ER stress-mediated apoptosis plays a key role in the hepato-
toxicity of APAP [28]. We next investigated the expression of 
ER stress-associated genes. As shown in Figure  3A, APAP 
overdose increased the mRNA levels of ATF4, CHOP, BIP, and 
XBP1, whereas Nim treatment significantly decreased the ex-
pression of these genes. CHOP is a critical mediator of APAP-
induced hepatotoxicity and acts as a transcriptional repressor 
to promote apoptosis [28]. Accordingly, immunohistochem-
ical (IHC) staining revealed that APAP treatment increased 
the expression of CHOP in both the cytoplasm and nucleus, 
which was significantly reduced by Nim (Figure  3B). In ad-
dition, PUMA, a Bcl-2 homology 3 (BH3)-only member of the 
Bcl-2 family, is transcriptionally activated by the eIF2α-ATF4-
CHOP axis and is essential for ER stress-related apoptosis [29]. 

FIGURE 2    |    Nim suppresses APAP-induced hepatocellular apoptosis in mice. (A) Representative images of TUNEL staining and quantification 
of TUNEL positive cells of the livers in the indicated mice. (B) Protein expressions of Bcl2 and cleaved Caspase 3 analyzed by western blot. All data 
were expressed as mean ± SD (n = 3–6 per group) and the statistical differences were analyzed by one-way ANOVA. ***p < 0.001 vs. control group; 
###p < 0.001 vs. APAP group.
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We found that the phosphorylation level of eIF2α and the pro-
tein expression of CHOP and PUMA were also increased by 
APAP overdose, but significantly reduced by Nim treatment 
(Figure 3C,D). These results indicated that Nim might inhibit 
APAP-induced apoptosis by mediating ER stress signaling.

3.4   |   Nim Inhibits APAP-Induced Mitochondrial 
Dysfunction and Oxidative Stress In Vivo 
and In Vitro

Mitochondrial dysfunction and oxidative stress are important 
mechanisms that trigger ER stress [30]. We first examined the 
expression of CYP2E1, which is the major metabolic enzyme for 
APAP. Nim did not affect the expression of CYP2E1 at 3 h post-
APAP (Figure 4A), indicating that Nim did not inhibit the meta-
bolic activity of APAP. Consistent with this result, GSH depletion 

at 3 h was not improved by Nim (Figure  4B). However, Nim 
significantly accelerated the rate of GSH recovery and reduced 
hepatic malondialdehyde (MDA) accumulation (Figure  4C). 
4-Hydroxynonenal, like MDA, is another marker of lipid per-
oxidation. As shown in Figure 4D, APAP increased the area of 
4-HNE-positive signal in the liver at 6 h post injection compared 
with that in the control group. Nim markedly decreased the ex-
pression of 4-HNE in APAP-treated mice. We further examined 
mitochondrial function by measuring the mtDNA copy number 
and ATP content in the livers of the indicated mice. Both the 
mtDNA copy number (Figure 4E) and ATP content (Figure 4F) 
were decreased in the liver by APAP treatment, indicating mi-
tochondrial dysfunction. However, Nim increased the mtDNA 
copy number and ATP content to some degree.

We also investigated the antioxidative role of Nim in  vitro. 
Firstly, we performed a CCK8 assay to determine the effect of 

FIGURE 3    |    Nim inhibits apoptosis by regulating endoplasmic reticulum stress in APAP-treated mice. (A) ATF4, CHOP, BIP, and XBP1 mRNA 
levels measured by qRT-PCR assays. (B) Representative images of IHC staining of the liver CHOP in the indicated mice. (C and D) Protein expressions 
of ER-stress-related genes analyzed by western blot. All data were expressed as mean ± SD (n = 3–6 per group) and the statistical differences were 
analyzed by one-way ANOVA. ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. APAP group.
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nimbolide on the viability of AML12 cells, a normal murine he-
patic cell line. Our results revealed that nimbolide had minimal 
effects on the viability of AML12 cells at concentrations up to 

5 μM after 24 h of treatment (Figure S1A). Previous studies have 
shown that 10 mM of APAP can induce cytotoxicity and oxida-
tive stress in hepatic cells [5, 31]. AML12 cells were pretreated 

FIGURE 4    |    Nim inhibits APAP-induced mitochondrial dysfunction and oxidative stress in vivo and in vitro. (A) Protein expression of CYP2E1 in 
mice liver at 3 h after APAP injection. (B) Liver GSH contents in mice liver at 0, 3, 6, and 12 h after APAP injection. (C) Liver MDA contents in mice 
liver at 0, 3, 6, and 12 h after APAP injection. (D) Representative images of IF staining of the liver 4-HNE in the indicated mice at 6 h after APAP 
injection. (E) Relative mitochondrial DNA copy number in mice liver at 6 h after APAP injection. (F) Relative ATP content in mice liver at 6 h after 
APAP injection. (G) Cell viability of AML12 cells in indicated groups. (H) LDH cytotoxicity of AML12 cells in indicated groups. (I) Representative 
images of DCF-HA and MitoSOX staining of AML12 cells in indicated groups. (J) Relative cell GSH contents of AML12 cells in indicated groups. 
(K) Relative cell MDA contents of AML12 cells in indicated groups. Data in (A–C) were expressed as mean ± SD (n = 3 per group) and the statistical 
differences were analyzed by Student's t test. *p < 0.05, **p < 0.01, ***p < 0.001 and N.S., not significant. Data in (E–I) were expressed as mean ± SD 
(E and F, n = 6 per group; G–K, n = 3 per group) and the statistical differences were analyzed by one-way ANOVA. ***p < 0.001 vs. control group; 
#p < 0.05, ###p < 0.001 vs. APAP group.



8 of 11 Pharmacology Research & Perspectives, 2025

with Nim (5 μM) for 2 h and then treated with APAP (10 mM) 
for another 6 h. Cell viability was significantly reduced by APAP 
treatment but was restored by Nim pretreatment (Figure  4G). 
Similarly, Nim pretreatment protected AML12 cells against 
APAP-induced cell death, as shown by the decrease in LDH 
release (Figure  4H). Cellular ROS and mitochondrial ROS 
were measured by DCF-HA staining and MitoSOX staining, 
respectively. APAP significantly increased the levels of both 
cellular and mitochondrial ROS in AML12 cells (Figure  4I), 
whereas Nim decreased these levels. Moreover, Nim signifi-
cantly increased the GSH content in APAP-treated AML12 cells 
(Figure  4J) and decreased the MDA content in APAP-treated 
AML12 cells (Figure  4K). Collectively, these results indicate 
that Nim alleviates APAP-induced mitochondrial dysfunction 
and oxidative stress.

3.5   |   Nim Protects Against APAP-Induced Cell 
Death by Upregulating SIRT1 Expression

Recently, SIRT1 has been shown to be a candidate target 
for Nim [22]. To verify whether Nim protects against APAP-
induced ALI via the activation of SIRT1, we investigated the 
expression of SIRT1 in the livers of the mice. We found that the 
protein level of SIRT1 was significantly decreased by APAP 
overdose but was increased by Nim treatment (Figure  5A). 
Similarly, APAP inhibited the expression of SIRT1 in AML12 
cells, which was increased by Nim pretreatment (Figure 5B). 
Furthermore, to confirm that the protective role of Nim is 
mediated by SIRT1, we inhibited the expression of SIRT1 by 
siRNA in AML12 cells. As mentioned above, APAP stimula-
tion decreased the cell viability (Figure 5C) and GSH content 
(Figure 5D) of AML12 cells and increased the MDA content 
(Figure 5E) in AML12 cells. These effects were partially re-
versed by Nim pretreatment but abolished by the knockdown 
of SIRT1, suggesting that SIRT1 is essential for the protective 

effect of Nim. Consistently, the knockdown of SIRT1 signifi-
cantly reversed the effects of Nim on the expression of the 
ER stress-related protein CHOP and its downstream pro-
tein PUMA after Nim/APAP cotreatment in AML12 cells 
(Figure  5F). These data indicate that SIRT1 is involved in 
Nim-mediated protection against APAP-induced oxidative 
stress, ER stress, and cell death.

4   |   Discussion

In this study, we found that Nim protected against APAP-
induced acute liver injury. Moreover, Nim treatment at-
tenuated the inflammatory response and ER stress-related 
apoptosis induced by APAP hepatotoxicity. We also found that 
Nim improved APAP-induced mitochondrial dysfunction by 
decreasing ROS levels. These data suggest that Nim is a po-
tential and effective therapeutic option for targeting oxidative 
stress in APAP-induced ALI. A schematic diagram showing 
how Nim protects against APAP-induced ALI is presented in 
Figure 6.

To date, APAP overdose remains the most common cause 
of drug-induced ALI worldwide. Under normal conditions, 
APAP is metabolized in the liver by CYP2E1 to generate 
NAPQI, which is then detoxified by hepatic GSH. Once APAP 
is overused, excessive NAPQI results in the depletion of he-
patic GSH, leading to poor antioxidant activities and massive 
production of ROS [32]. Excessive oxidative stress in APAP-
induced liver injury causes the activation of the inflammatory 
response via DAMPs, which are related to mitochondrial DNA, 
fragmented nuclear DNA, ATP, uric acid, and other contents 
that are released from damaged cells [33, 34]. APAP-induced 
liver injury leads to the induction of inflammatory cytokines 
(such as IL-1β, IL-6, and TNF-α), which further exacerbate 
liver damage [35]. Our results showed that Nim protected 

FIGURE 5    |    Nim protects against APAP-induced cell death via upregulating SIRT1 expression. (A) Protein expression of SIRT1 in mice liver is 
analyzed by western blot. (B) Protein expression of SIRT1 in AML12 is analyzed by western blot. (C) Cell viability of AML12 cells in indicated groups. 
(D) Relative cell GSH contents of AML12 cells in indicated groups. (E) Relative cell MDA contents of AML12 cells in indicated groups. (F) Protein 
expression of SIRT1, CHOP, and PUMA in AML12 cells analyzed by western blot. All data were expressed as mean ± SD (n = 3 per group) and the 
statistical differences were analyzed by one-way ANOVA. *p < 0.05, **p < 0.01.
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against APAP-induced liver injury in mice. Accordingly, the 
ALT and AST serum levels and necrotic areas of the liver were 
improved by Nim in APAP-treated mice. Moreover, pretreat-
ment significantly suppressed inflammatory cell infiltration 
in the liver induced by APAP. In addition, the mRNA expres-
sion levels of IL-1α, IL-1β, IL-6, and TNF-α were also signifi-
cantly reduced by Nim in APAP-treated mice.

Previous studies have demonstrated that ER stress is activated 
by severe oxidative stress in early APAP hepatotoxicity, lead-
ing to cell death and liver injury [9, 36]. ER stress is generally 
transduced by three sensors (PERK, IRE1, and ATF6) that are 
located in the ER and undergo activation under pathological 
conditions. Dotan et al. [28] found that the PERK-eIF2α-CHOP 
signaling cascade is involved in APAP-induced hepatotoxicity. 
Briefly, eIF2α is phosphorylated by activated PERK and then 
promotes the translation of ATF4, leading to the transcription of 
CCAAT-enhancer-binding protein homologous protein (CHOP) 
in a sequential manner. CHOP suppresses the expression of an-
tiapoptotic genes and activates proapoptotic genes, which medi-
ate ER stress-related apoptosis under various conditions [37, 38]. 
In this study, we found that Nim alleviated APAP-induced ER 
stress-associated proteins, including CHOP and PUMA, and 
decreased cell apoptosis in the liver. These results indicate that 
Nim might protect against APAP-induced apoptosis by regulat-
ing the ER stress signaling pathway.

Mitochondria are widely known as the major source of ROS and 
the predominant intracellular organelles targeted by NAPQI, as 
mitochondrial dysfunction occurs at a very early stage during 
APAP-induced liver injury [39]. Moreover, mitochondrial oxida-
tive stress and mitochondrial dysfunction are upstream triggers 

of ER stress, which, in turn, exacerbate mitochondrial dysfunc-
tion [40]. Nim reportedly plays a key role in protecting against 
various oxidative stress-related diseases [21, 41, 42]. SIRT1 is 
a sirtuin that regulates cellular function by deacetylating sub-
strates [43]. Nim can strongly bind to SIRT1 and interact with 
the active sites ASN226 and THR209 to increase its deacetyla-
tion activity [22]. In addition, Nim has been suggested to exert 
strong anti-inflammatory and antiapoptotic effects on cerulein-
induced acute pancreatitis via SIRT1 activation [23]. However, 
the correlation between SIRT1 and the protective role of Nim in 
APAP-induced ALI has not been investigated.

Our study has several limitations. First, we did not conduct 
pharmacokinetic studies of Nim in  vivo. Future research 
could address this gap to better understand the actions of Nim. 
Additionally, although our study demonstrated that Nim pro-
tects against APAP-induced liver injury via SIRT1 activation, 
we did not provide direct evidence of the interaction between 
Nim and SIRT1. Future studies could employ techniques such 
as the cellular thermal shift assay (CETSA) or surface plasmon 
resonance (SPR) to validate if SIRT1 is a direct binding target 
of Nim. Third, our study lacks in vivo validation using SIRT1 
knockout models to confirm the target specificity of Nim.

In summary, the results of the present study indicate that Nim 
has a potential therapeutic effect on APAP-induced acute liver 
injury, which can be attributed to its ability to target SIRT1. Nim 
inhibits oxidative stress to improve mitochondrial dysfunction 
and ultimately reduces the ER stress-related apoptosis and in-
flammatory response induced by APAP. Further research is 
needed to evaluate the potential value of nimbolide in further 
clinical applications.

FIGURE 6    |    Schematic diagram showing how Nim protects against APAP-induced acute liver injury.
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