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ABSTRACT: PFOS is a ubiquitous pollutant garnering considerable attention due
to its deleterious effects on both human and animal health. Given the poultry
industry’s intimate link with human health, investigating PFOS’s impact on quails is
crucial. PFOS readily accumulates in the liver, causing hepatotoxicity, yet its
molecular mechanisms remain elusive. In our study, we fed quail diets contaminated
with varying PFOS concentrations (12.5, 25, and 50 mg/kg) and observed dose-
dependent liver damage in quails. The results show that PFOS damages
mitochondrial structure, increases ROS levels, and downregulates antioxidants to
promote oxidative stress damage in hepatocytes. PFOS also upregulated pro-
inflammatory molecules (TNF-α, IL-1β, and IL-6) while downregulating the anti-
inflammatory factor IL-10, activating the TLR4//MyD88/NF-κB signaling pathway,
thereby potentiating liver inflammation. Then, oxidative stress and inflammation by
PFOS induce apoptosis in quail hepatocytes through the mitochondrial pathway,
with severity closely related to hepatotoxicity. In conclusion, PFOS induces mitochondrial apoptosis by exacerbating oxidative stress
and inflammation by activating the TLR4/MyD88/NF-κB signaling pathway, ultimately leading to hepatotoxicity in quails.

■ INTRODUCTION
Perfluorooctanesulfonate (PFOS), a major polyfluoroalkyl
substance (PFAS), is known for its exceptional stability,
particularly in terms of both thermal and chemical properties.1

Since its invention by 3 M in 1949, PFOS has been widely
used in various products, such as textiles, leather, and general
cleaning products due to its oil and water-repellent properties
and stability.2,3 However, PFOS has recently been recognized
as a persistent organic pollutant that is toxic, bioaccumulated,
and resistant to biodegradation and photolysis.4,5 As a result,
the widespread use of PFOS and its ubiquitous presence in the
environment pose a serious threat to ecosystem health and
human well-being.

More and more studies have focused on the toxic effects of
PROS on humans and animals. For example, PFOS persists in
the environment and enters human systems through ingestion,
exposure to PFOS products, and occupational exposure.6

Simultaneously, PROS has the potential to interfere with the
body’s endocrine regulation, impede the reproductive
functions of organisms, and weaken immunity.7,8 In nature,
PROS can be detected in the liver and blood of fish, birds, and
mammals.9,10 Particularly, birds that feed on fish and mammals
show significant levels of PFOS in their tissues, such as ranging
from 3 to 34 ng/mL in albatross serum in the central North
Pacific.11

The liver, a vital organ for digestion and metabolism,
accumulates PFOS more than any other organ.12 As a key toxin
filter, the liver is highly susceptible to PFOS-induced
hepatotoxicity. Research has shown that PFOS exposure can
cause hepatomegaly and liver toxicity in animals.13 Simulta-
neously, PFOS can cause hepatocyte apoptosis and interfere
with the activity of some cellular enzymes, ultimately leading to
liver damage and dysfunction.14 However, the mechanism of
PFOS accumulation-induced hepatotoxicity is still not
completely clear.

PFOS can induce hepatotoxicity in a variety of ways,
including inflammation and oxidative stress.15−17 As a key pro-
inflammatory regulator, NF-κB can be activated by various
inflammatory stimuli to increase the expression of inflamma-
tory factors, such as IL-1β, IL-6, and TNF-α in the liver.16,18,19

PFOS has been found to facilitate the activation of the NF-κB
signaling pathway to induce inflammation in C6 glioma cell
lines.20 At the same time, PFOS can also directly damage
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hepatocyte mitochondria, disrupting the electron transport
chain and releasing toxic reactive oxygen species (ROS),
leading to hepatotoxicity.21,22 The liver is particularly sensitive
to ROS-induced oxidative stress. Additionally, PFOS causes
oxidative damage in the liver by inducing ROS formation and
depleting antioxidant defenses. Excessive ROS-induced oxida-
tive stress triggers downstream apoptotic effects.23 A valuable
study found that PFOS causes cells to cause cellular
dysregulation of oxidative homeostatic change, leading to
abnormal apoptosis in the human embryo liver L-02 cells.21

However, it remains unclear the mechanism of PFOS-induced
hepatotoxicity in quail.

Therefore, we aim to investigate whether PFOS exposure
promotes hepatotoxicity in quail by exacerbating oxidative
stress and inflammation-induced apoptosis by activating
TLR4/MyD88/NF-κB signaling. These results will provide
insights into the signaling pathways behind PROF’s
hepatotoxicity in quail and could be promising strategies for
further research.

■ MATERIALS AND METHODS
Experimental Animals. 30 adult female quails (Coturnix

japonica, 110 ± 20 g) aged 35 days were provided by Wan Jia
Poultry Farm (Harbin, China). After completing the general
clinical examination and quarantine, the quails were then
evenly divided into five metal cages and given free access to
purified water and quail-specific pellet feed (contains corn,
soybean meal, fish meal, bone meal, Vinoquail dovetail,
Vinozyme, and Vinozyme complex probiotics). All quails
were raised under standard laboratory conditions at the
Laboratory Animal Center of Northeast Agricultural University
(Harbin, China). The room was cleaned to maintain a good
feeding environment at 8:00 each morning. Briefly, the
temperature dimension of the feeding environment should
be maintained at 26 ± 2 °C, humidity 55 ± 5%, and light
should be maintained at 12 h of light/12 h of darkness. The
Northeast Agricultural University’s Animal Ethics Committee
oversaw and approved all animal procedures (SRM-11, China).
Experimental Design. All quails were acclimated for 1

week before starting official trials and then placed into five
groups at random (n = 6 per group): (1) the control group
(Con): consuming food and liquids without restriction; (2)
the control group with vehicle (Vcon): 150 mL of 2% Tween
80 (Solarbio, Beijing, China) solution was added to 7 kg of
quail feed; (3) the low dose of PFOS group (LP); (4) the
moderate dose of PFOS group (MP); and (5) the high dose of
PFOS group (HP): 78.6, 175.2, and 350 mg of PFOS were
dissolved in 150 mL of 2% Tween 80 solution, and then evenly
mixed with 7 kg of standard feed and dried. The final
concentrations of PFOS in the feed were 12.5 mg/kg (LP), 25
mg/kg (MP), and 50 mg/kg (HP).
Sample Collection. All quails were anesthetized with 1.5%

isoflurane (Rayward Biotechnology, Shenzhen, China) after 42
days of feeding with the method mentioned above and then
sacrificed. Afterward, blood samples were taken from the heart
and placed at room temperature for 30 min. The centrifuge
was then operated at 4 °C and a speed of 3000 r/min for 10
min. The serum was gathered and preserved at a temperature
of −80 °C for future analysis of liver function indicators, lipid
levels, and inflammatory markers in the serum. The abdominal
skin was cut to expose the abdominal cavity. The liver was
carefully removed and sectioned with a surgical scalpel. The
appearance and dimensions of all the quail livers are shown in

Supporting Information Figure 1. Part of the liver tissue blocks
were fixed in a 4% paraformaldehyde fixating solution and
stored at 4 °C for morphological observation and immuno-
histochemical test after the paraffin embedding section. The
other part of the tissue was frozen at −80 °C for subsequent
western blot assay and detection of oxidative stress and lipid
metabolism-related kit. Some liver tissues were frozen in liquid
nitrogen and transferred to −80 °C for real-time PCR. A
separate portion of liver tissue was subjected to fixation using a
2.5% glutaraldehyde solution to conduct transmission electron
microscopy analysis to examine the alterations in the
ultrastructure of hepatocytes.
Assessment of Liver Function. Liver function was

assessed by measuring the levels of aspartate aminotransferase
(AST), alanine aminotransferase (AL), and gamma-glutamyl
transferase (γ-GT). AST, ALT, and γ-GT were measured using
commercially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) following the manufacturer’s
instructions.
Determination of Inflammatory Cytokines. Expression

levels of inflammatory factors, including interleukin-1β (IL-
1β), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor
necrosis factor-α (TNF-α), were detected by a commercially
available enzyme-linked immunosorbent assay kit (Jingmei
Biological Technology Co., Ltd., Jiangsu, China). The
experiments were conducted exactly as outlined in the protocol
provided by the kit manufacturer.
Determination of Oxidative Stress. Oxidative stress

indicators, including glutathione (GSH), malondialdehyde
(MDA), total superoxide dismutase (SOD), and catalase
(CAT), were detected by different commercially available kits
(Jiancheng Bioengineering Institute, Nanjing, China).

ROS and hepatocyte nucleus costaining immunofluores-
cence assay was used to detect the ROS level in the liver.
Frozen sections of quail liver tissue were prepared beforehand,
slightly dried, and added to the ROS dye solution. After the
slices were slightly dried, the DAPI dye (Wuhan Servicebio
Biotechnology Co., Ltd., China) was added and incubated at
room temperature away from light. The DAPI dye was cleaned
with PBS solution. The slices were dried slightly. The sections
were then sealed with an antifade mounting medium
(Servicebio Biotechnology Co., Ltd., Wuhan, China). The
DAPI-stained nuclei appeared blue when exposed to ultraviolet
light, while the positive expression was indicated by red
fluorescence.
Histopathology and Ultrastructural Observation. The

liver tissues were preserved using paraformaldehyde, dehy-
drated using a sequence of ethanol solutions with progressively
higher concentrations and subsequently embedded in paraffin.
Following this, the tissues were dewaxed using a sequence of
ethanol solutions with progressively diminishing concentration
levels and stained using hematoxylin and eosin (Servicebio
Biotechnology Co., Ltd., Wuhan, China). The optical micro-
scope was used to observe and take photographs of all sections
(TE2000, Nikon, Japan). The researchers scored the liver
sections in a blinded manner. The liver injury score was
evaluated by the number percentage of cell necrosis, the area
percentage of bleeding, inflammatory cell infiltration, and
vacuolar degeneration. Each pathological index was scored on a
scale of 0−3, without damage was scored as 0; damage degree
<5% was scored as 1; damage degree 5−10% was scored as 2;
damage degree >10% was scored as 3.24 The tissue injury score
was the sum of all scores.
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Following a 48-h fixation period using a 3% glutaraldehyde
solution, small pieces of liver tissue (1 mm3) were exposed to
osmium tetroxide. The tissue blocks were then dehydrated,
embedded, sliced, and stained with lead citrate. All the images
were obtained through the utilization of a transmission
electron microscope (H-7650, Hitachi, Japan).

Real-Time PCR Analysis. Liver tissue was subjected to
total RNA extraction using a commercially available total RNA
extraction kit (LS1040, Promega Biotechnology Co., Ltd.,
Beijing, China). Real-time PCR was used to analyze gene
expression levels in liver tissues. The gene types and primers
involved in this part are shown in Supporting Information

Figure 1. Effects of different concentrations of PFOS on liver function indexes and histopathology. The levels of serum (A) ALT, (B) AST, and
(C) gamma-GT. B. (D) Liver H and E staining image, magnification: ×400. Scale bar = 50 μm. Green arrows indicate vacuolar degeneration; blue
arrows indicate inflammatory cell infiltration, and yellow arrows indicate bleeding. (E) The liver injury score. (F) Ultrastructural examination of the
liver. Yellow arrows indicate cavitation of mitochondria, blue arrows indicate the signature of apoptosis (nuclear membrane lysis), green arrows
represent lipid, and scale bars = 1 μm. Data are expressed as mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the Con group.
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Table 1. To quantify relative mRNA expression, the cycle
threshold (Ct) values of the target genes were normalized to
the Ct values of reference gene GAPDH, and the results are
presented as fold change using the 2−ΔΔCt method. The PCR
results were calculated using the following equations: ΔCt =
Cttarget gene − CtGAPDH and ΔΔCt = ΔCttreated group −
ΔCtcontrol group.
Western Blotting. The western blot technique was

employed to ascertain the protein expression levels in liver
tissue. The liquid portion of the liver tissue was obtained
following the process of grinding and centrifugation. The
concentration of proteins in the supernatant was measured
using the BCA protein concentration determination kit
(P0010S, Beyotime Biotechnology, Shanghai, China). The
protein samples underwent separation through the use of SDS-
PAGE gel electrophoresis, followed by their subsequent
transfer onto PVDF membranes. 5% concentration of skim
milk solution was prepared to block the PVDF membranes of
the previous step for 2 h. Primary antibodies were diluted with
primary antibody dilution buffer (Leagene Biotechnology,
Beijing, China) at the appropriate dilution ratio. The required
primary antibodies include anti-Bcl-2; anti-Bax; anti-cleaved
caspase-3; anti-cleaved caspase-9; anti-TLR4; anti-TNF-α;
anti-IL-1β; anti-IL-10; anti-histone H3; anti-GAPDH; anti-
IL-6; anti-cytochrome C (the above antibodies were purchased
from WanLei Biotechnology in Shenyang, China, and diluted
1:500); anti-NF-κB p65 (1:500, Bioss Biotechnology, Beijing,
China); anti-P53 (1:1000, Bioss Biotechnology, Beijing,
China); and anti-MyD88 (1:1000, Bioss Biotechnology,
Beijing, China). The PVDF membranes were submerged in
primary antibodies for an extended period at a temperature of
4 °C. The primary antibodies were eliminated through a
rinsing process, the secondary antibodies were prepared and
PVDF membranes were placed in it, and the dilution ratio of
horseradish enzyme labeled goat antirabbit IgG was 1:20000
(ZSGB-BIO, Beijing, China). After a 2-h incubation period,
the presence of all protein immunoblotting bands was detected
using the ECL chemiluminescence substrate kit (Tanon Life
Sciences Co., Ltd., Shanghai, China). Images were taken with a
Tanon 5200 automatic chemiluminescence image analysis
system and gray values of the bands were analyzed for
quantification with ImageJ. The results of our study are
presented in the form of a ratio of the intensity, which is
calculated by dividing the intensity of the target protein bands
by the intensity of the GAPDH band.
Immunohistochemistry Analysis. Paraffin sections were

dewaxed twice in xylene, then dehydrated with absolute
ethanol and gradient concentration ethanol solution, and
finally rinsed with distilled water. The sections were evenly
spread with 3% H2O2 and incubated, and then placed in citric
acid antigen repair solution, microwave heated, and cooled
naturally. The sections were then sealed with antibody
homologous serum, and after that, the serum was removed
after 30 min. Primary and secondary antibodies were added
and incubated. They were removed and washed with PBS
solution. DAB chromogenic reagent was added, followed by
hematoxylin redyeing process and dehydration, and finally
observed with a microscope (Olympus, Tokyo, Japan).
Apoptosis Detection. In quails, apoptosis was detected

using a TUNEL Apoptosis Assay Kit (Roche, Basel, Switzer-
land) as per the manufacturer’s instructions. Briefly, 50 μL of
TdT and 450 μL of fluorescein-labeled dUTP reagents were
mixed for all positive controls. Only 50 μL of the dUTP

reagent was added to the negative control group. Each section
received 50 μL of the TUNEL reaction mixture and was
incubated at 37 °C for 1 h. After washing and drying, 50 μL of
Converter-POD was added to liver tissue and incubated at 37
°C for 30 min. After rinsing, 50−100 μL of the DAB substrate
was added and reacted for 10 min. Various sections were
examined and imaged using a fluorescent inverted microscope
(TE2000, Nikon, Japan). The apoptosis rate of 6 discontin-
uous regions/sections was calculated using ImageJ software.
Statistical Analysis. All data represent the mean ±

standard error means (SEM) and were analyzed using Graph
Pad Prism7 (Graphpad Software Inc., San Diego, USA). The
statistical analysis for comparing multiple groups was
conducted using a one-way analysis of variance (ANOVA)
followed by a Tukey posthoc test. The mean integral optical
density was determined using the Image-Pro Plus software
(Media Cybernetics, Bethesda, MD, USA). p < 0.05 were
considered statistically significant, and p < 0.01 were
considered extremely significant.

■ RESULTS
Effects of Different Concentrations of PFOS on Liver

Function, Histopathology, and Ultrastructure Observa-
tion. The three common liver function measures we measured
are biomarkers of liver damage, with higher elevations
indicating more severe damage. Compared with the Con
group, the activity levels of AST, ALT, and γ-GT in the MP
and HP groups were increased with the increase of PFOS
concentration in the diet (p < 0.05, Figure 1A−C). H and E
staining showed a radial arrangement of hepatic cords, no
abnormal pathological changes were observed in the Con and
Vcon groups, while obvious pathological changes were
observed in the liver tissues of the MP and HP groups, such
as disordered arrangement of hepatocytes, a certain amount of
inflammatory cell infiltration, serious vacuolar degeneration
and minor bleeding (Figure 1D). The liver injury scores of the
quails in the LP, MP, and HP groups were higher than those of
the CON group (p < 0.01; Figure 1E). These results were
consistent with the liver function evaluation. Thus, the
observation of H and E staining results showed that PFOS
exposure to quail livers could lead to some serious pathological
changes, which were related to the dose of PFOS exposure,
and the higher the dose of PFOS, caused more serious damage.

The results of transmission electron microscopy analysis of
liver ultrastructure showed that the nuclear membrane of
hepatocytes in the Con group was intact, the distribution of
nuclear cytoplasm was uniform, and the distribution of
chromatin in the nucleus was normal, only a few cells were
apoptotic (Figure 1F). The mitochondrial structure is
complete, and the mitochondrial ridge structure inside is
clear. In the MP and HP groups, irregular contraction and
rupture of nuclei were observed, and internal chromatin was
aggregated into clumps close to the nuclear membrane,
showing typical apoptotic characteristics. The mitochondria
outside the nucleus were vacuolated and swollen, and the inner
bilayer structure and mitochondrial cristae were destroyed.
Intracellular lipid accumulation was observed in all PFOS-
exposed groups.
Determination of Oxidative Stress Indicators. The

fluorescence detection results of ROS in liver tissue of quail in
each group showed that the fluorescence intensity of the MP
and HP groups was stronger than that of the Con and Vcon
groups, and there was no significant increase in the LP group
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compared with the Con group, indicating that the higher the
dose of PFOS exposure, the higher the fluorescence intensity
of ROS (p < 0.05, Figure 2A). With the increase of PFOS dose,
the content of GSH in the liver gradually decreased, and the
activity of SOD and CAT decreased. On the contrary, the

content of MDA increased (p < 0.05, Figure 2B−F). It can be
seen that PFOS exposure can activate the production of pro-
oxidation factors and reduce the content and activity of
antioxidation factors, which can be observed in a dose-
dependent manner.

Figure 2. Determination of oxidative stress indices. (A) ROS immunofluorescence in hepatocytes and (B) mean fluorescence intensity of ROS in
hepatocytes, magnification: ×200, scale bars = 100 μm. (C) GSH, (D) MDA, (E) SOD, and (F) CAT content in the liver. Data are expressed as
mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the Con group.
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Effect of PFOS on the TLR4/Myd88/NF-κb Signaling
Pathway. We found that PFOS dose-dependently increased
the protein expression levels of TLR4, MyD88, and NF-κB p65
nucleoprotein, and on the contrary, the cytoplasmic protein
expression level of NF-κB p65 decreased with the increase of
PFOS dose (p < 0.05, Figure 3A,B). Immunohistochemical
results showed that PFOS significantly increased the
expression level of NF-κB p65 (Figure 3C,D). We found that
PFOS can activate the TLR4/MyD88/NF-κB signaling
pathway and trigger the nucleation of NF-κB to play its role.
Effects of Varying Concentrations of PFOS on the

Levels of Hepatic Inflammatory Factors. We examined the
levels of inflammatory factors in serum and found that PFOS
significantly increased the IL-1β, IL-6, and TNF-α levels, and
conversely decreased the IL-10 level (p < 0.05, Figure 4A−D).
The effect of PFOS on the protein expression level of
inflammatory factors in liver tissues increased with the increase
of dose except IL-10 (p < 0.01, Figure 4E,F). We found that
PFOS can enhance the presence of pro-inflammatory factors

and inhibit anti-inflammatory factors, and the higher the
concentration of PFOS, the more obvious this phenomenon is.
Effects of Different Concentrations of PFOS on

Apoptosis of Hepatocytes. The outcomes of the TUNEL
assay indicated that minimal green fluorescence was observed
in the Con and Vcon groups, while green fluorescence was
detected in all groups exposed to PFOS, with the intensity of
fluorescence showing a direct relationship with the concen-
tration of PFOS. Statistical analysis of the apoptosis rate of
quail liver cells showed that compared with the Con group, the
percentage of apoptotic cells in the LP group, MP group, and
HP group increased with the increase of PFOS dose (p < 0.01,
Figure 5A,B). PFOS dose-dependently increased the ex-
pression levels of Bax, cytochrome C, P53, caspase-3, and
caspase-9 mRNA, and conversely decreased the expression
level of Bcl-2 mRNA (p < 0.01, Figure 5C). PFOS dose-
dependently increased the protein expression levels of Bax,
cytochrome C, P53, cleaved caspase-3 and cleaved caspase-9
and decreased the protein expression level of Bcl-2. Moreover,
the ratio of Bax to Bcl-2 protein expression level increased with

Figure 3. Effect of PFOS on the TLR4/Myd88/NF-κB signaling pathway. (A) Representative blots of TLR4, Myd88, cytoplasm NF-κB p65, and
nucleus NF-κB p65. (B) Quantitative analysis of TLR4, Myd88, cytoplasm NF-κB p65, and nucleus NF-κB p65 proteins. Results are presented as
the ratio of the intensity of the TLR4, Myd88, cytoplasm NF-κB p65, and nucleus NF-κB p65 bands to the intensity of the GAPDH band. (C)
Immunohistochemistry images of NF-κB P65, magnification: ×400. Scale bars = 50 μm. (D) Quantitative analysis of immunohistochemistry of NF-
κB P65. Data are expressed as mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the Con group.
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the increase of PFOS dose (p < 0.05, Figure 5D).
Immunohistochemical results showed that PFOS increased
the expression levels of P53 and cleaved caspase-3 (p < 0.01,
Figure 6A−D). We found that PFOS induced apoptosis of
quail liver cells through the mitochondrial pathway, and the
severity of apoptosis was positively correlated with the dose of
PFOS exposed.

■ DISCUSSION
PFOS can cause toxic reactions in various body systems and
organs. Due to its stable chemical properties and difficulty
metabolizing, PFOS’ toxic effects are stable and long-lasting.
The damage PFOS causes is closely related to the total amount
entering a single organism.25 Before this study, a reasonable
PFOS concentration gradient must be designed to ensure
experiment continuity with most experimental animals
surviving. It was found that the median lethal dose (LD50) of
PFOS for a variety of avian species, among which the LD50 of
juvenile quail was 61 mg/kg of PFOS given per day.26 Three
groups of different PFOS concentrations were determined by
calculation based on average quail body weight and daily feed
consumption. No experimental quail died during PFOS
administration.

The liver is the primary site of PFOS accumulation in
humans and animals and is also the primary organ of
metabolism and detoxification. Our results preliminarily
confirmed the hepatotoxicity of PFOS, evidenced by elevated
serum ALT and AST levels in PFOS-exposed quail and a
positive correlation with PFOS concentration. Once the liver is
damaged, ALT and AST enter the bloodstream; these two
indicators are suggestive of liver disease.27 Upon examination
of hepatocyte subcellular structure via transmission electron
microscopy, we observed varying degrees of damage to both
the cytomembrane and mitochondria. ALT and AST are
distributed differently in hepatocytes. ALT is primarily
distributed in the liver cytoplasm; its elevation reflects

hepatocyte membrane damage. AST is predominantly
distributed in hepatocyte plasma and mitochondria; its
elevation suggests hepatocyte organelle injury. γ-GT in
serum is mainly from the liver and gallbladder. The increase
of γ-GT in serum indicates liver damage.28 Additionally, PFOS
induced overt tissue vacuolation, cell necrosis, hepatic sinus
hemorrhage, and inflammatory cell infiltration in HE-stained
liver sections, evidencing liver damage.

PFOS is considered a hepatotoxin, potentially causing liver
injury via oxidative stress. This stress arises from the
overproduction of reactive oxygen species (ROS). Mitochon-
dria are prime targets of exogenous toxins; their dysfunction
induces various liver diseases and ROS overproduction.29 The
imbalance between ROS production and antioxidants triggers
oxidative stress.30 ROS acts as a vital second messenger in
numerous intracellular signaling cascades, helping maintain
homeostasis.31 SOD GSH are major antioxidants. With CAT,
they mitigate oxidative damage by scavenging ROS.32

Malondialdehyde (MDA) content indicates potential antiox-
idant capacity and lipid peroxidation rate, indirectly reflecting
tissue damage extent.33 This study found PFOS damaged
mitochondrial structure, suggesting potential functional impair-
ment. Therefore, we detected ROS levels and oxidative stress
markers in hepatocytes. Moderate and high PFOS doses
significantly increased ROS and MDA while downregulating
antioxidants like GSH. These results indicate that PFOS
induces free radical production and weakens antioxidant
defenses to induce hepatotoxicity in quails.

NF-κB is the most critical point in the signaling pathway
related to the inflammatory response pathway in hepatocytes.34

NF-κB is typically found within the cytoplasmic compartment.
Released after degradation, NF-κB enters the nucleus and
regulates the expression level of anti-inflammatory/pro-
inflammatory factors (anti-inflammatory such as IL-10, pro-
inflammatory such as IL-1β and IL-6) to regulate the
inflammatory response of cells.35 Many factors can trigger

Figure 4. Effects of different concentrations of PFOS on the levels of hepatic inflammatory factors. (A) Serum IL-1β, (B) IL-6, (C) IL-10, and (D)
TNF-α content. (E) Representative blots of IL-1β, IL-6, IL-10, and TNF-α. (F) Quantitative analysis of IL-1β, IL-6, IL-10, and TNF-α proteins.
Results are presented as the ratio of the intensity of the IL-1β, IL-6, IL-10, and TNF-α bands to the intensity of the GAPDH band. Data are
expressed as mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the Con group.
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the activation of NF-κB signaling pathway, such as some
inflammatory factors (IL-1, TNF-α), growth factors (TGF-α,
etc.), and lipopolysaccharide (LPS). The TLR4/NF-κB
signaling pathway is a well-established and widely recognized
inflammatory signaling pathway in the field of immunology.
TLR4 can activate the over release of various inflammatory
factors and immunomodulatory cytokines such as IL-1β, TNF-
α, IL-6, and IL-10 through its downstream MyD88-dependent
and non-MyD88-dependent signaling pathways.36 Mice with
MyD88 gene knockout can still induce MyD88-dependent and
independent TLR4 signal transduction pathway activity, and
the activation of NF-κB is delayed compared with those
without knockout, indicating that MyD88 is an important link
in the early response process of TLR4 signal transduction
pathway.37 Some studies have found that PFOS could cause
inflammation. We found that PFOS administration caused
significant histopathological changes in the liver of quail,
especially the infiltration of inflammatory cells. PFOS treat-

ment resulted in significant NF-κB activation, and increased
expression of NF-κB P65 nucleoprotein in the liver
demonstrated the role of NF-κB P65 through its entry into
the nucleus. In addition, the increased expression levels of
TLR4 and MyD88 indicated that PFOS activated the TLR4/
MyD88/NF-κB signaling pathway. The protein expression
levels and serum contents of inflammatory factors IL-1β, IL-6,
and TNF-α increased, and the anti-inflammatory factor IL-10
decreased, indicating that PFOS aggravated liver inflammation
and inhibited the anti-inflammatory ability of hepatocytes with
the increase in concentration. In addition, the TLR4/MyD88/
NF-κB signaling pathway can be activated by excessive ROS
generation, which can worsen the inflammatory response.38

Excessive ROS can lead to cellular damage and induction of
the NF-κB inflammatory pathway in liver injury.39 Thus, PFOS
induces hepatotoxicity in quails by exacerbating oxidative stress
and inflammation through activating TLR4/MyD88/NF-κB
signaling.

Figure 5. Effects of different concentrations of PFOS on apoptosis of hepatocytes. (A) Representative TUNEL images and the apoptosis rate,
magnification: ×200, scale bars = 100 μm. (B) The apoptosis rate was assessed. (C) The expression levels of Bax, Bcl-2, cytochrome C, P53,
caspase-3, and caspase-9 mRNA. (D) Representative blots of Bax, Bcl-2, cytochrome C, P53, cleaved caspase-3, and cleaved caspase-9 and
immunohistochemistry images of P53. (E) Quantitative analysis of Bax, Bcl-2, cytochrome C, P53, cleaved caspase-3, and ceaved caspase-9
proteins. Results are presented as the ratio of the intensity of the Bax, Bcl-2, cytochrome C, P53, cleaved caspase-3, and cleaved caspase-9 bands to
the intensity of the GAPDH band. Data are expressed as mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the Con group.
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Apoptosis is a regulated, genetically controlled process of
cell death in multicellular organisms. Both inflammation and
oxidative stress can trigger apoptosis of liver cells.40 We found
that moderate and high doses of PFOS significantly induced
quail hepatocyte apoptosis, preliminarily indicated by increased
cells undergoing apoptosis within a given area. In our study,
the mitochondrial pathway is considered a common path of
apoptosis. Upon mitochondrial damage and dysfunction, Bax
translocates from the cytoplasmic compartment to the outer
mitochondrial membrane, where it intercalates and forms
oligomers. Bax oligomerization triggers the release of
cytochrome c and other apoptotic factors. Released into the
cytoplasm, cytochrome c binds to Apaf-1 to activate caspase-9.
Bcl-2 has been shown to prevent apoptosis induced by various
stimuli. Bcl-2 and Bcl-xL, belonging to the same family, are
situated within the mitochondrial, endoplasmic reticulum, and

nuclear membranes, preventing the release of apoptotic factors
from mitochondria, e.g., preventing cytochrome C entry into
the cytoplasm from the mitochondrial intermembrane space.41

Bcl-2 suppresses the function of Bax through the formation of a
heterodimeric complex with the pro-apoptotic protein Bax.
When Bax/Bcl-2 is upregulated by certain factors, caspase-3 is
activated in the form of cleavage.42 P53 plays a crucial role in
regulating apoptosis triggered by DNA damage. In the context
of DNA damage, p53 undergoes prompt phosphorylation by
kinases associated with phosphoinositide 3-kinase. Subse-
quently, Bax/Bcl-2 is upregulated due to p53 activation.43 As
cytochrome C is a marker of mitochondrial apoptosis and
mitochondrial structure disruption has been observed, we
examined cytochrome C levels in liver tissue to determine if
mitochondrial apoptosis occurred. We found different PFOS
concentrations upregulated expression of P53, cytochrome C,

Figure 6. Immunohistochemistry images of (A) P53 and (C) cleaved caspase-3. magnification: × 400. Quantitative analysis of
immunohistochemistry of (B) P53 and (D) cleaved caspase-3. Scale bars = 50 μm. Data are expressed as mean ± SD (n = 6). *p < 0.05 and
**p < 0.01 versus the CON group.
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caspase-3, and caspase-9 and the Bax/Bcl-2 ratio. Furthermore,
apoptosis was driven by rising ROS levels from PFOS. Thus,
PFOS induced apoptosis in quail hepatocytes through the
mitochondrial pathway, with severity closely related to dose.

In summary, PFOS induces mitochondrial apoptosis by
exacerbating oxidative stress and inflammation by activating
the TLR4/MyD88/NF-κB signaling pathway, ultimately
leading to hepatotoxicity in quails. The findings show liver
damage from PFOS exposure and related mechanisms,
providing evidence and new perspectives for research on
harm from industrial pollutants in humans and animals.
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