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Abstract: Ferulic acid (FA), a phenolic acid which is abundant in vegetables and fruits, has been reported to exert 
anti-oxidative and anti-inflammatory activities. In the present study, the pharmacological effects and the underlying 
mechanisms of FA in mice with acetaminophen-induced hepatotoxicity were investigated. Our results revealed that 
FA pretreatment inhibited the augments of serum aminotransferases in a dose-dependent manner and attenuated 
the hepatic histopathological abnormalities and hepatocellular apoptosis in acetaminophen (APAP) exposed mice. 
Moreover, FA inhibited the expression of cytochrome P450 2E1 (CYP2E1), enhanced the activities of superoxide 
dismutase (SOD) and catalase (CAT) as well as the contents of glutathione (GSH). Furthermore, FA markedly attenu-
ated acetaminophen-induced serum tumor necrosis factor (TNF)-α and interleukin (IL)-1β production, suppressed 
Toll-like receptor (TLR) 4 expression and dampened p38 mitogen-activated (MAPK) and nuclear factor kappa (NF-
κB) activation. These data suggested that FA could effectively protect against APAP-induced liver injury by down-
regulated expression of CYP 2E1 and the suppression of TLR4-mediated inflammatory responses.
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Introduction

Acetaminophen (N-acetyl-p-aminophenol, pa- 
racetamol, APAP), a widely used analgesic and 
antipyretic drug, leads to acute liver injury at an 
overdose which has become the most frequent 
cause of drug-induced acute liver failure in the 
United States (USA) and the United Kingdom 
(UK) [1, 2]. At therapeutic doses, most APAP is 
rapidly metabolized by UDP-glucuronosyltrans- 
ferase (UGT) and sulfotransferase (SULT) to 
phenolic glucuronide and sulfate inactive con-
jugations and then they are excreted into the 
urine and bile; a small percentage of APAP is 
oxidized by cytochrome P450 (CYP450) enzy- 
mes to N-acetyl-p-benzoquinone imine (NAPQI), 
a highly reactive intermediate, which is detoxi-
fied by covalent binding with GSH [3]. APAP poi-
soning generates excess NAPQI which evokes 

the depletion of GSH and then binds to macro-
molecules triggering mitochondrial dysfunction, 
oxidative stress and ultimately resulting in the 
hepatocellular death [3-5]. These changes are 
initial events in APAP induced hepatotoxicity. 
However, secondary activation of innate immu- 
ne system via identification of damage-associ-
ated molecular patterns (DMAPs) by pattern 
recognition receptors (PRRs) on immune cells, 
mainly involving the Toll like receptors (TLRs), 
exerts an essential role in determining the pro-
gression and severity of APAP induced liver 
injury [6-8]. Among the TLRs, TLR4 is a crucial 
mediator in the activation of innate immune 
response following increased production of pro-
inflammatory cytokines and chemokines and 
recruitment of immune cells, thus triggers 
inflammatory responses exacerbating the liver 
injury [9]. TLR4 signaling deficiency protected 
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against APAP-induced hepatotoxicity supported 
by studies that TLR4 signaling was related to 
APAP hepatotoxicity in TLR4 mutant mice [10] 
and TLR4 deficiency by knocking out or using 
antagonist alleviated the injury with APAP expo-
sure [11], indicating that TLR4 signaling path-
way plays an important role in the model of 
APAP hepatotoxicity. 

N-acetyl-cysteine (NAC), as GSH precursor and 
antioxidant [12], is remained the cornerstone 
antidote in APAP poisoning. However, NAC 
administration is more effective at early stage, 
later period protection mechanisms have still 
been elucidated [13]. In additional, lack of for-
mal comparative clinical trials in regiment, 
insufficient evidence supporting the precise 
dose refinement, and the adverse effects also 
restrict NAC use [13, 14]. If NAC treatment is 
invalid, liver transplantation is the final strategy 
[2]. Therefore, it is indispensable and challeng-
ing to explore novel therapeutic drugs.

Ferulic acid (FA, 4-hydroxy-3-methoxycinnamic 
acid, Figure 1A), an phenolic compound found 
in vegetables, fruits and traditional Chinese 
medicines, has been known to possess numer-
ous pharmacologic activities against many dis-
organized diseases related to oxidative stress 
and inflammation including diabetes [15, 16], 
Alzheimer’s disease [17], cancer [18, 19], car-
diovascular diseases [20], and metabolic syn-
drome [21]. Recently, several studies have 
demonstrated that FA exerts hepatoprotective 
effects in ischemia-reperfusion induced hepa-

tocellular apoptosis [22] and carbon tetrachlo-
ride induced liver injury [23]. Moreover, several 
reports have shown that FA ameliorates the 
inflammation via suppressing the phosphoryla-
tion of IκB, and the production of pro-inflamma-
tory cytokines such as TNF-α and IL-6 [24, 25]. 
These findings indicate that FA might be a 
promising candidate for APAP hepatotoxicity. 

Therefore, in the present study, the aim was to 
explore whether FA attenuates APAP-induced 
hepatotoxicity in vivo and further search the 
underlying mechanisms. Our study revealed 
that FA alleviated APAP-induced liver injury and 
the protective effect was related to the sup-
pression of CYP 2E1 and the inhibition the 
inflammation by TLR4-mediated MAPK and 
NF-κB activation.

Materials and methods

Reagents

FA (C10H10O4, MW 194.18, purity 99%) was 
obtained from Aladdin Industrial Corporation 
(Shanghai, China). APAP was supplied by 
Sangon Biotech (Shanghai, China). Caspase 3 
colorimetric assay kit was purchased from 
Beyotime Institute of Biotechnology (Jiangsu, 
China). The kits for detection of alanine amino-
transferase (ALT), asparate aminotransferase 
(AST), SOD, CAT and GSH were supplied by 
Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). The enzyme-linked immuno-
sorbent assay (ELISA) kits for measuring TNF-α 

Figure 1. Pretreatment with FA dose-dependently supressed the elevated levels of serum aminotransferases in-
duced by APAP. Mice were given oral gavage of vehicle or different concentration of FA (10, 30, 100 mg/kg, respec-
tively) every 8 h one time for three times within 24 h before APAP (350 mg/kg) exposure. (A) Chemical structure 
of FA. The activities of serum ALT (B) and AST (C) were determined at 18 h after APAP administration. Data were 
expressed as mean ± SD, n=6, *P<0.05, **P<0.01, as compared with APAP group.
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Histological analysis

Liver tissues were maintained in 4% parafor-
maldehyde, embedded in paraffin and liver sec-
tions were sliced for hematoxylin and eosin 
(HE) staining and assessed using light micros-
copy (Nikon, Tokyo, Japan).

TUNEL and caspase 3 activity assay

Hepatocellular apoptosis was evaluated by the 
situ cell death detection and caspase 3 colori-
metric assay kits according to the manufactur-
er’s instructions, respectively. Briefly, the tissue 
sections were dewaxed and rehydrated, and 
incubated with proteinase K working solution 
for 30 min at 37°C. Then TUNEL reaction mix-
ture was added on samples and incubated for  
1 h at 37°C in a humidified box in the dark. The 
TUNEL-positive cells were imaged with a light 
microscopy (Nikon, Tokyo, Japan). For caspase 
3 activity assay, liver tissue was homogenized 
in cell lysis buffer, the supernatant (100 g pro-
tein) was collected from homogenates centri-
fuged for 1 min at 10 000 g and incubated with 
Ac-DEVD-pNA substrate and reaction buffer  
for 90 min at 37°C. Then active caspase 3 was 
determined at 405 nm and standardized by  
the total protein concentration of the same 
sample.

Measurement SOD activity, CAT activity and 
reduced glutathione content

The activities of SOD and CAT and the content 
of reduced GSH in liver tissues were detected 
to assess the anti-oxidative capacities using 
kits following manufacturer’s directions, res- 
pectively. All values were normalized by the 
total protein concentration of each sample.

ELISA for cytokines

The level of TNF-α and IL-1β in serum were 
determined using ELISA kits according to the 
instructions recommended by the manufac- 
turer.

Western blot analysis

Total proteins were isolated from frozen liver 
samples using the protein extract kit (Piece 
Biotechnology, Rockford, USA) and then total 
protein concentration was measured by BCA 
protein assay kit. Protein extracts were frac-
tionated on 12% polyacrylamide-sodium sul-

and IL-1β were purchased from Bender Med 
Systems (Vienna, Austria). Terminal deoxynu-
cleotidyl transferase d-uridine triphosphate 
nick end labeling (TUNEL) in situ cell death 
detection kit was supplied by Roche Diagnostics 
(Basel, Switzerland). Rabbit anti-mouse TLR4 
and CYP 2E1 antibodies were purchased from 
Abcam (Cambridge, UK). Rabbit anti-mouse 
phospho-IRAK1, phospho-p38, and phospho-
IκB were purchased from Cell Signaling Tech- 
nology (Boston, MA, USA). Mouse anti-GAPDH 
was supplied by Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Bicinchoninic acid (BCA) 
protein assay kit, horseradish peroxidase-con-
jugated goat anti-rabbit antibody and enhanced 
chemiluminescent (ECL) reagents were obtain- 
ed from Pierce Biotechnology (Rockford, IL, 
USA). 

Animals and experimental protocols

The 6-8 week old BALB/c mice weighting 18- 
22 g were supplied by the Experimental Ani- 
mal Center of Chongqing Medical University 
(Chongqing, PR China). Mice were housed in a 
controlled environment at temperature of 
20-25°C, 55% humidity under 12 h light/dark 
cycles. All experimental procedures involving 
animals were approved by the Animal Care and 
Use Committee of Chongqing Medical Univer- 
sity.

APAP solution was prepared by dissolving the 
compound in the warm saline before every 
experiment. Mice were fasted overnight with 
free access to water and then administrated 
APAP (350 mg/kg body weight) or vehicle by 
intraperitoneal (i.p.) injection to induce acute 
liver injury. Various doses of FA (10, 30, or 100 
mg/kg, dissolved in 0.5% carboxylmethylcellu-
lose sodium salt in 0.9% saline) or saline was 
given orally every 8 h one time for three times 
within 24 h prior to APAP exposure (n=6 per 
group). Mice were sacrificed at 18 h after APAP 
treatment and blood was centrifuged at 3000 
rpm for 5 min and liver samples were fixed in 
4% paraformaldehyde or preserved at -80°C for 
further analysis.

Serum aminotransferase activity

ALT and AST activities in serum were measured 
with detection kits as index of hepatocellular 
injury in accordance with the manufacturer’s 
directions.
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fate (SDS) gel and then transferred to 
polyvinylidene fluoride (PVDF) mem-
brane. The membranes were blocked 
by incubating in 5% fat-free milk dis-
solved in Tris-buffered saline (TBS) 
containing 0.05% tween-20 (TBST) for 
1 h at room temperature and then 
were incubated with primary antibody 
at 4°C overnight followed by incuba-
tion with HRP-conjugated secondary 
antibody for 1 h at room temperature. 
Antibody binding was visualized with 
an ECL chemiluminescent system and 
detected by Image Lab software (Bio-
rad, USA).

RNA isolation and quantitative re-
verse transcription-polymerase chain 
reaction (qRT-PCR) 

Total RNA was extracted from liver 
samples with a total RNA extraction 
reagent (Takara, Japan) according to 
manufacturer’s protocol. Then the 
complementary DNA (cDNA) samples 
of CYP 2E1 were synthesized and 
used for Real-Time PCR reaction. The 
sequences of CYP 2E1 primers were 
5’-CGT TGC CTT GCT TGT CTG GA-3’ 
(sense) and 5’-AAG AAA GGA ATT GGG 
AAA GGT CC-3’ (antisense) and GAP- 
DH primers were 5’-AGG TCG GTG TGA 
ACG GAT TTG-3’ (sense) and 5’-TGT 
AGA CCA TGT AGT TGA GGT CA-3’ (anti-
sense) which was used as an internal 
standard.

Statistical analysis

All data were expressed as means ± 
standard deviations (SD). The results 
were assessed by one-way analysis of 
variance (ANOVA) and student’s test. 
A p-value less than 0.05 was consid-
ered statistically significant.

Results

FA pretreatment attenuated APAP-
induced hepatotoxicity

To determine the effects of FA on 
APAP poisoning, the levels of ALT and 
AST were measured as biochemical 
makers to evaluate the extent of liver 
injury. As shown in Figure 1B and 1C, 

Figure 2. Pretreatment with FA alleviated liver histological abnor-
malities and apoptosis in mice challenged by APAP. Mice were given 
oral gavage of vehicle or FA (100 mg/kg) every 8 h one time for 
three times within 24 h before APAP (350 mg/kg) exposure and liver 
samples were harvested at 18 h after APAP administration. A: The 
liver sections were stained with hematoxylin-eosin for the evaluation 
of liver pathological changes (200× magnifications). B: Hepatocel-
lular apoptosis was measured by TUNEL (200× magnifications). C: 
The caspase 3 activity was determined. Data were expressed as 
mean ± SD, n=6, **P<0.01, compared with APAP group.
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after 18 h of APAP administration, the serum 
ALT and AST activities were significantly elevat-
ed. However, these increases were alleviated 
by FA (10, 30, or 100 mg/kg) in a dose-depen-
dent manner. Therefore, FA dose at 100 mg/kg 
was selected for further evaluation of morphol-
ogy and mechanism. 

FA alleviated APAP-induced hepatic pathologi-
cal damages and apoptosis

The histological analysis in Figure 2A showed 
that livers in control group have normal lobular 
architecture and cell structure. However, APAP 
treatment caused severe hepatocellular necro-
sis and neutrophil infiltration. FA at a dose  
of 100 mg/kg attenuated these pathological 
changes. Liver apoptosis was evaluated by 
using TUNEL staining and caspase 3 activity 
assay (Figure 2B and 2C). Less apoptotic cells 
were seen in FA pretreated group in APAP 
exposed mice when compared to APAP group. 
Meanwhile, the activity of caspase 3, a key 
downstream effector in apoptosis cascades, 
was also significantly inhibited by FA. 

FA abrogated APAP-induced hepatic expres-
sion of CYP 2E1 

Among the CYP450 superfamily, CYP 2E1 is 
one of the most active members that metabo-
lizes APAP to NAPQI [26]. Thus, the express of 
CYP 2E1 was measured by qRT-PCR and west-
ern blot. CYP 2E1 mRNA and protein was mark-
edly promoted by APAP overdose. However, this 
upregulation was markedly inhibited by FA pre-
treatment (Figure 3A and 3B).

Figure 3. Pretreatment with FA suppressed APAP-
induced CYP 2E1 expression in mice. Mice were 
given oral gavage of vehicle or FA (100 mg/kg) ev-
ery 8 h one time for three times within 24 h before 
APAP (350 mg/kg) exposure and liver samples were 
harvested at 18 h after APAP administration. The 
expression of CYP 2E1 in the liver were measured 
by qRT-PCR (A) and western blot (B). Data were ex-
pressed as mean ± SD, n=6, **P<0.01, as compared 
with APAP group.

Figure 4. Pretreatment with FA increased GSH con-
tents, SOD and CAT activities in the liver of APAP-
challenged mice. Hepatic GSH contents (A), SOD ac-
tivities (B) and CAT activities (C) were determined at 
18 h after APAP administration. Data were expressed 
as mean ± SD, n=6, *P<0.05, **P<0.01, as compared 
with APAP group.
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FA inhibited APAP-induced oxidative stress

Reactive oxygen species (ROS) is essential for 
APAP-induced acute liver failure. Normally, ROS 
is cleared with the antioxidants, for example, 
glutathione, vitamins C and E, and antioxidant 
enzymes such as SOD and CAT [27, 28]. 
Overproduction of ROS causes the imbalance 
between pro-oxidant and anti-oxidant systems 
and then following oxidative stress and inflam-
matory response. Next, the content of GSH and 

the activities of SOD and CAT were determined. 
From Figure 4A, we could observe that GSH 
was depleted after APAP administration while it 
was reproduced with FA treatment. Moreover, 
the down-regulated activities of SOD and CAT 
after APAP poisoning were also enhanced by FA 
(Figure 4B and 4C), respectively. These findings 
indicted the restoration of antioxidant system 
may be a mechanism related to protection of 
FA against APAP-induced hepatotoxicity. 

FA alleviated the pro-inflammatory cytokines in 
APAP exposed mice

In the model of APAP poisoning, innate im- 
mune activation triggers severe inflammatory 
responses which lead to a secondary hit to 
hepatocytes, thus amplify the liver injury. This 
process is complex and involves the release of 
pro-inflammatory cytokines and chemokines 
and the recruitment of immune cells. Previous 
studies revealed that TNF-α and IL-1β were the 
vital pro-inflammatory cytokines in the prog-
ress of APAP-induced liver injury [6, 29]. 
Therefore, the level of TNF-α and IL-1β in the 
serum was analyzed by the ELISA kits. As shown 
in Figure 5A and 5B, TNF-α and IL-1β level in 
APAP group were markedly elevated compared 
to normal group. However, both of them were 
reduced after pretreatment with FA at a dose of 
100 mg/kg.

FA suppressed APAP-activated TLR4 signaling 
pathway

To further investigate the hypothesis that the 
protective effect of FA on APAP-induced hepa-

Figure 5. Pretreatment with FA alleviated the levels of serum TNF-α and 1L-1β in APAP-challenged mice. Mice were 
given oral gavage of vehicle or FA (100 mg/kg) every 8 h one time for three times within 24 h before APAP (350 mg/
kg) exposure and serum were collected at 18 h after APAP administration. The serum TNF-α (A) and 1L-1β (B) were 
detected by ELISA. Data were expressed as mean ± SD, n=6, **P<0.01, as compared with APAP group.

Figure 6. Pretreatment with FA suppressed the ac-
tivation of TLR4 signaling in mice induced by APAP. 
Mice were given oral gavage of vehicle or FA (100 
mg/kg) every 8 h one time for three times within 24 h 
before APAP (350 mg/kg) exposure and liver samples 
were harvested at 18 h after APAP administration. 
The protein levels of TLR4, p-IRAK1, p-IκB, p-p38 in 
liver tissue were determined by western blot analysis.
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totoxicity was related to down-regulated inflam-
matory responses mediated by TLR4 signaling 
pathway, the protein level of TLR4 and the 
phosphorylation of downstream mediator mol-
ecules including IRAK1, IκB, p38 were mea-
sured. In compared with the normal group, 
APAP administration significantly enhanced the 
expression of TLR4 and this increase was limit-
ed by FA pretreatment. Meanwhile, western 
blot analysis also shown phosphorylation of 
IRAK1, p38, and IκB were promoted after APAP 
administration. However, these elevations were 
abrogated with FA treatment (Figure 6). Taken 
together, these data suggested that FA allevi-
ated APAP hepatotoxicity by decreasing inflam-
matory responses, at least in part, in a TLR4-
dependent mechanism.

Discussion

APAP overdose, a leading cause of drug-induced 
acute liver failure, is remained a challenging 
issue because of limited therapeutic strategies 
besides liver transplantation and a lack of bio-
markers indicating liver failure as early as pos-
sible [30]. At present, the explorations of natu-
ral produces increasingly establish a significant 
position for treating APAP-induced hepatotoxic-
ity. Therefore, in the current study, we explored 
the effects of FA on APAP-induced acute liver 
injury. The data suggested that FA markedly 
attenuated liver damage in mice with APAP 
administration evidenced by decreased eleva-
tions of serum aminotransferase activities and 
improved pathologic changes.

For many years, the mechanism of hepatocel-
lular death in APAP poisoning had focused 
heavily on necrosis. The release of cellular 
components from necrotic cells, for instance, 
HMGB1 and mitochondrial DNA, is responsible 
for evoking sterile inflammation secondary to 
the initiation of innate immune system [30-32]. 
Our results revealed severe cellular necrosis 
with APAP exposure by histological analysis 
was attenuated by FA treatment. In addition, 
apoptosis, associated with the release of cas-
pase-cleaved KI8, is also a mechanism which 
only occupies a small part of cell death in APAP-
induced hepatotoxicity [30, 33]. The activation 
of caspase, the central downstream signaling 
of apoptosis, is still controversial in APAP poi-
soning. Several literatures revealed that there 
was no relevant caspase activation with or 
without caspase inhibitors in APAP model [34, 

35]. Further supporting evidences from the 
research that demonstrated no caspase 3 acti-
vation in patients at an overdose of APAP by 
analyzing the activity of caspase 3 or the pro-
tein level of the active caspase 3 [32]. In con-
trast, a research showed caspase 3 activity 
was measurable in plasma in galactosamine-
induced apoptosis in rat liver [36]. In the pres-
ent study, enhanced apoptotic cells and cas-
pase 3 activity with APAP administration by 
TUNEL staining and the determination of cas-
pase 3 activity were shown, which might be rel-
evant to that the mice were fasted before APAP 
treatment. Starvation makes mice more sus-
ceptible to APAP-induced apoptosis owing to 
lower ATP content [37]. Furthermore, FA pre-
treatment suppressed APAP-induced apopto- 
sis.

CYP 2E1 is the primary member of CYP450 that 
oxidizes APAP to NAPQI [26]. Limited CYP 2E1 is 
essential for metabolism and biosynthetic 
pathways. However, the activity and the con-
tent of CYP 2E1 are variable with stimulation 
such as alcohol and drugs. Previous research-
es demonstrated APAP-induced acute liver  
injury was dependent on the induction of CYP 
2E1 and the damage was further aggravated by 
the increased CYP 2E1 with alcohol stimulation 
[26, 38]. However, tea polyphenols alleviated 
APAP-induced hepatotoxicity via the suppres-
sion of CYP 2E1 [39]. Overdosed APAP elevates 
the expression of CYP 2E1 and promotes the 
percentage of CYP 2E1 metabolic pathway and 
then leads to overproduction of APAP protein 
adducts. The results from western blot and 
qRT-PCR in this manuscript revealed FA 
reversed the increased of CYP 2E1 after APAP 
administration. These findings demonstrated 
an underlying mechanism of FA protective 
effect on APAP hepatotoxicity is a direct influ-
ence on APAP metabolism by inhibiting CYP 
2E1. Interestingly, CCl4 induced liver injury is 
also dependent on CYP 2E1, therefore, the sup-
pression of CYP 2E1 after FA treatment may be 
responsible for the decreased liver damage 
induced by CCl4.

The oxidative stress triggered by the formation 
of covalent binding after NAPQI overload plays 
a central role in APAP liver injury and ROS is a 
key mediator for this progress [28]. In general, 
ROS is scavenged by endogenous antioxidants, 
anti-oxidative enzymes and the antioxidant 
defense system mainly dependent on Nrf2 sig-
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naling [27, 40]. Accumulation of ROS not only 
results in mitochondrial dysfunction and DNA 
damage, but also actives JNK and leads to sub-
sequent translocation of JNK, which in turn fur-
ther induces generation of ROS and ultimately 
evokes a large amount of cellular death and 
inflammation [41]. GSH is a critical antioxidant 
for NAPQI, ROS and peroxynitrite scavenging in 
APAP hepatotoxicity. NAC could alleviate APAP-
induced liver injury is dependent on resynthe-
sis of GSH. SOD and CAT are pivotal anti-oxida-
tive enzymes for the detoxification of ROS. SOD 
is responsible for turning the superoxide anion 
into hydrogen peroxide which is further trans-
formed by CAT [27]. Previous researches 
revealed FA could restore SOD and CAT activi-
ties in diabetic rats and in hypertensive rats 
[20]. In this study, the activities of SOD and CAT 
and the content of GSH were significantly 
reduced after APAP administration, however, FA 
treatment up-regulated both anti-oxidative 
enzymes and restored the GSH level. These 
findings indicates FA attenuates APAP-induced 
liver injury though decreased oxidative stress 
which was associated to down-regulated CYP 
2E1, thus suppressed the APAP protein adducts 
generation and further balanced the pro-oxida-
tive system and anti-oxidative system. 

Activation of PRRs by DMAPs triggers acute 
inflammatory responses that amplify the dam-
age in APAP-induced hepatotoxicity [42, 43]. As 
the first identified PRRs, TLRs play a predomi-
nant role to active the innate immune. 
Evidences from published researches revealed 
that TLR4 and TLR9 were mainly involved in 
APAP model, which were primarily activated by 
HMGB1 and DNA, respectively [6, 10, 30, 44]. 
TLR4, a founding member of TLRs, is the only 
TLR initiating the innate immune by MyD88-
and TRIF-dependent signaling pathways, thus 
exerts a vital role to evoke inflammatory 
responses [9, 45]. TLR4 recognizes DMAPs and 
PAMPs, mainly depends on MyD88, phosphory-
late p38-MAPK and IκB, then activate the tran-
scriptional factors of AP-1 and NF-κB, respec-
tively, ultimately lead to the release of pro-
inflammatory cytokines such as IL-1β and TNF-α 
and the recruitment of inflammatory cells. 
However, the role of TLR4 in APAP poisoning is 
controversial. A previous study demonstrated 
deficient TLR4 signaling protected against 
APAP-induced hepatotoxicity while an investiga-
tion found that TLR4 signaling seem to not be 

involved in APAP model with TLR4 knockout 
mice [10, 46]. To address whether TLR4 signal-
ing is related to the protection against APAP-
induced liver injury, we first measured the pro-
tein level of TLR4 in liver tissue by western blot. 
The result demonstrated that FA treatment 
reduced APAP-induced TLR4 expression. Next, 
the phosphorylated levels of primary down-
stream signaling molecules mediated by TLR4 
including IRAK1, IκB and p38 were determined 
to further validated TLR4 signaling involves in 
APAP-induced liver injury. We found that FA 
treatment inhibited the phosphorylation of 
these molecules. The findings indicated FA 
could block TLR4-mediated MAPK and NF-κB 
pathways. Furthermore, the main pro-inflam-
matory cytokines detected by ELISA showed 
the increased secretions of IL-1β and TNF-α in 
serum following the activation TLR4 after APAP 
treatment were reversed by FA treatment. 
Together, these data suggested that FA attenu-
ates APAP hepatotoxicity though the suppres-
sion of inflammation modulated by MyD88-
dependent TLR4 signaling pathway.

In conclusion, the protection of FA pretreat-
ment against APAP induced acute liver injury 
was demonstrated and the underlying mecha-
nism was investigated in this study. The data 
indicated that a directly suppressed influence 
on APAP metabolism as well as anti-inflamma-
tory responses in TLR4-dependent manner are 
associated to the protective effects of FA in 
APAP-challenged mice. Our study supported 
that FA may be a novel candidate for APAP 
induced acute liver failure.
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