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Abstract
This study aimed to investigate whether Cr(VI) can induce ferroptosis in chicken hepatocytes and determine the role of 
PERK-mediated endoplasmic reticulum stress (ERS). First, a model of Cr(VI) poisoning was established by exposing chicken 
hepatocytes to Cr(VI). The levels of ferroptosis-related proteins, meanwhile, GSH, SOD, MDA, and lipid ROS, were meas-
ured. Furthermore, the expression of GRP78 and PERK proteins was examined. Changes in ERS and ferroptosis were evalu-
ated by silencing the PERK gene. Results showed that Cr(VI) led to the accumulation of lipid ROS, decreased expression 
of GPX4 and HSP27, increased expression of COX2, and induced ferroptosis in chicken hepatocytes. Exposure to Cr(VI) 
increased the protein expression of GRP78 and PERK, and silencing of PERK worsened Cr(VI)-induced ferroptosis. In 
conclusion, Cr(VI) can induce ferroptosis in chicken hepatocytes, and PERK plays an important role as a negative regulator.
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Introduction

With the ongoing promotion of urban industrialization, chro-
mium (Cr) is increasingly used in processes such as textiles 
and electroplating, leading to increased Cr pollution [1]. 
Despite continuous efforts to study bioremediation meth-
ods, incidents of Cr contamination and poisoning remain 
unresolved [2, 3]. In contrast to the organic Cr that is essen-
tial for organisms, Cr(VI) is an environmental pollutant that 
can accumulate in water and soil and continuously enrich 
through the biological chain. It not only seriously damages 

the ecological environment but also causes unavoidable 
harm to organisms [4–7].

The mechanism by which Cr(VI) exerts toxic effects after 
entering cells can be broadly classified as follows: Cr(VI) is 
reduced by antioxidants, especially GSH, to produce large 
amounts of free radicals. These free radicals induce oxida-
tive stress, leading to damage to lipids, proteins, and even 
DNA [8]. The reduction of Cr(VI) produces Cr(III), which 
can create complexes with DNA, leading to DNA double-
strand breaks and carcinogenic effects [9–11]. Cr(VI) affects 
the expression of DNA repair genes [12]. Several pathways 
leading to cell death, including apoptosis and autophagy, 
have been linked to Cr(VI)-induced liver diseases. Cr(VI) 
induces apoptosis in HepG2 cells by disrupting redox home-
ostasis [13]. It also triggers mitochondrial autophagy and 
liver toxicity by enhancing Drp1 mitochondrial transloca-
tion and increasing Drp1 expression [14]. However, it is 
unknown whether ferroptosis contributes to the liver injury 
triggered by Cr(VI).

Ferroptosis is a newly recognized form of programmed 
cell death that occurs due to the extensive buildup of lipid 
peroxides [15]. Membrane phospholipids undergo Fenton 
reactions with the participation of iron, generating a large 
number of lipid ROS and eliciting lipid peroxidation. This 
phenomenon ultimately leads to cellular ferroptosis as 
it exceeds the cells’ own regulatory threshold [16]. The 
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presence of polyunsaturated fatty acids in membrane lipids, 
the production of ROS radicals, and the occurrence of lipid 
peroxidation are three essential factors for the onset of fer-
roptosis. A balanced and stable intracellular antioxidant sys-
tem is particularly important for preventing the occurrence 
of ferroptosis. Cellular oxidative stress induced by Cr(VI) 
may lead to ferroptosis because Cr(VI) is highly oxidizing 
and can significantly increase intracellular oxidative stress.

The abundance of membrane structures in the endoplas-
mic reticulum (ER) indicates its extremely important biolog-
ical functions. This organelle is vulnerable to various envi-
ronmental changes, which can affect its normal function. If 
only mild ERS is present, the homeostatic unfolded protein 
response (UPR) will restore ER homeostasis and maintain 
cell survival by reducing protein synthesis or increasing the 
degradation of unfolded and misfolded proteins. However, 
if the cell fails to fully restore homeostasis, the aggregated 
misfolded and unfolded proteins in the ER lumen will initi-
ate pathways that induce cellular suicide [17]. Increasing 
evidence indicates that the rise in ERS during ferroptosis is 
triggered by various factors [18, 19]. Previous studies have 
shown that Cr(VI) upregulates ERS-related genes in the 
human hepatocyte line (L-02) and stimulates the release of 
large amounts of  Ca2+ from the ER, inducing ERS in L-02 
[20]. Therefore, we assume that ERS may be involved in 
Cr(VI)-induced ferroptosis in chicken hepatocytes.

PERK is one of the three transmembrane sensors of ER. 
Under normal physiological conditions, PERK remains 
inactive and binds to GRP78. When stimulation induces 
sustained or high levels of ERS, PERK is activated upon 
dissociation from GRP78, thereby initiating the cell death 
program. There is increasing evidence that PERK is involved 
in the process of ferroptosis in the development of various 
diseases, including liver and lung injury, and colorectal can-
cer [21–23]. However, we found that most of these stud-
ies focused on mammals and humans, while the impact of 
PERK on avian cellular ferroptosis has not been reported. 
Moreover, the impact of PERK on ferroptosis varies under 
different conditions. This study aims to determine whether 
Cr(VI) induces ferroptosis in chicken hepatocytes and to 
examine the role of PERK in this process.

Materials and Methods

Reagents and Antibodies

Potassium dichromate  (K2Cr2O7) was supplied by Kai-
tong Chemical (Tianjin, China). High-glucose Dulbecco’s 
Modified Eagle’s Medium (DMEM), William’s E Medium 
(12,551,032), and Opti-MEM (31,985062) were obtained 
from Gibco Company (CA, USA). Percoll (P8370) and col-
lagenase IV (C8160) were provided by Solarbio (Beijing, 

China). Erastin (HY-15763), ferrostatin-1 (HY-100579), and 
Cell Counting Kit-8 (HY-K0301) were supplied by Med-
ChemExpress (MCE, NJ, USA). Total Glutathione Assay 
Kit (S0052), the Total Superoxide Dismutase Assay Kit with 
WST-8 (S0101), and Lipid Peroxidation MDA Assay Kit 
(S0131) were acquired from Beyotime (Jiangsu, China). C11 
BODIPY 581/591 (GC40165) was obtained from GlpBio 
(CA, USA).

GPX4 antibody (A13309) and COX2 antibody (A1253) 
were purchased from ABclonal (MA, USA). The HSP27 
antibody (DF6043) and PERK antibody (AF5304) were 
provided by Affinity (TX, USA). The GRP78 antibody was 
obtained from Proteintech (Wuhan, China).

Cell Culture

Fifteen percent of fetal bovine serum (FBS) was added as 
an addition to William’E medium. Insulin from bovine and 
dexamethasone were added to enhance cell adhesion. Liver 
tissues were collected from 1-day-old Hyland Brown chicks, 
ground, and digested with collagenase IV to remove adher-
ent tissues. Percoll was utilized to remove red blood cells. 
The chicken primary cells were resuspended in an appro-
priate culture dish and incubated in a 5%  CO2 at 37 °C. 
The chicken hepatocellular carcinoma cell line (LMH) was 
cultured in 5%  CO2 at 37 °C until the cell density reached 
70–80% confluence, and then it was passaged into six-well 
plates or 24-well plates.

Cell Treatment

Seven groups were set up as follows: (1) control group; (2) 
Cr(VI)-treated group; (3) erastin-treated group; (4) Fer-1-
treated group; (5) Cr(VI) + Fer-1 group; (6) negative control 
(NC) group; and (7) Cr(VI) + siRNA group.

Different treatment times and concentrations of Cr(VI) 
were determined based on cell types: 40 μM Cr(VI) was 
given to primary cells for 6 h, while 20 μM Cr(VI) was given 
to LMH cells for 20 h. The concentrations of the ferroptosis-
specific inducer erastin and the inhibitor Fer-1 were 2.5 and 
10 μM, respectively. For siRNA silencing, the cells were 
incubated in Opti-MEM containing either NC or siRNA for 
6 h. The medium was then switched to normal medium for 
an additional 24 h.

Cell Viability Assay

Chicken primary hepatocytes were inoculated into 96-well 
plates and incubated in an incubator for 24 h to assess the 
cell viability of chicken primary hepatocytes under various 
Cr(VI) treatment conditions. The cells were exposed to10, 
20, 40, and 80 μM of Cr(VI) for 2, 4, and 6 h, respectively. 
The medium containing Cr(VI) was discarded and replaced 
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with CCK-8 solution. The cells were incubated with CCK-8 
solution in a 5%  CO2 at 37 °C for 1 h. Absorbance was 
measured at 450 nm.

Western Blot

Total proteins were extracted from the treated cells for West-
ern blot analysis. The cells were lysed using a commercial 
lysis solution. Electrophoresis was conducted using a 10% 
SDS-PAGE gel at 150 V for 40 min. The polyvinylidene 
fluoride (PVDF) membranes were treated with methanol. 
The gel was run at 220 mA for 1 h to ensure complete trans-
fer of the protein sample to the PVDF membrane. Before 
being treated overnight at 4 °C with primary antibodies, 
the membranes were first sealed with 5% skim milk pow-
der. After washing, the membranes were incubated with 
the appropriate secondary antibody at room temperature 
for 1.5 h. The target protein was then detected using ECL 
western detection reagents and analyzed with ImageJ. The 
primary antibodies used in the experiment and their dilu-
tion concentrations were as follows: GPX4 (1:1000), HSP27 
(1:1000), COX2 (1:1000), GRP78 (1:1000), PERK (1:1000), 
and GAPDH (1:8000).

GSH, SOD, and MDA Assays

GSH, MDA, and SOD were quantified by colorimetric meth-
ods. After centrifuging the treated cells, they were lysed 
and then mixed with the appropriate reagents as instructed. 
Absorbance at 412, 450, and 532 nm was recorded to deter-
mine the levels of GSH, MDA, and SOD, respectively.

Lipid ROS Assay

LMH cells were treated with C11 BODIPY 581/591 and 
then incubated for 40 min in the dark, following the provide 
instructions. Next, the probes that did not enter the cells 
were washed with PBS and finally resuspended in DMEM 
without FBS. The samples were tested by flow cytometry. 
When observing lipid ROS by laser confocal microscopy, 
the instrument was washed three times with the same PBS 
solution. The sample was observed using an Eclipse Ti con-
focal microscope.

Immunofluorescence

After five steps of permeabilization with anhydrous ethanol, 
5% BSA was used to fix cells, followed by incubation with 
primary and secondary antibodies. Nucleus staining was 
performed on treated LMH cells. The fluorescence inten-
sity of the proteins was observed using confocal microscopy.

Transfection with siRNA

Opti-MEM was used to complex Lipofectamine 3000 
with siRNA of negative control or PERK to prepare Lipo-
fectamine 3000-siRNA conjugates. The medium was 
added with LMH cells, which were then cultured for 6 h 
and replaced with normal medium for 24 h to complete the 
transfection process. PERK was silenced by the following 
siRNA: sense, 5ʹ-GAU GAA AGA UAC AGU GAU ATT-3ʹ, 
and antisense, 5ʹ-UAU CAC UGU AUC UUU CAU CTT-3ʹ.

Statistical Analysis

All results were expressed as the mean ± standard (SD) of 
at least three independent experiments. Statistical analy-
ses were performed using SPSS 25.0 (SPSS Inc., Chi-
cago, IL, USA). Comparisons were analyzed using either 
one-way ANOVA or t-test. The levels of significance are 
as follows: * P < 0.05, ** P < 0.01 vs. control group. # 
P < 0.05, ## P < 0.01 vs. Cr(VI)-treated group. ns means 
not significant.

Results

Establishment of a Cr(VI) Poisoning Model 
in Chicken Hepatocytes

First, chicken primary hepatocytes were extracted according 
to the method previously developed [24]. Based on CCK-8 
detection, the cell viability at different times and Cr(VI) con-
centrations is displayed in Fig. 1a. When cells were exposed 
to Cr(VI) for 6 h at a concentration of 40 μM, the cell inhibi-
tion was reduced to 50%. Thus, 6 h and 40 μM were used to 
establish a poisoning model. Referring to previous studies 
[25], we established various time gradients (6, 15, and 20 h) 
and concentration gradients (5, 10, and 20 μM) to observe 
alterations in the GPX4 protein in LMH cells. As portrayed 
in Fig. 1b and c, the GPX4 protein level did not decrease at 
6 and 15 h for all three concentrations of Cr(VI) until 20 h 
and 20 μM (Fig. 1d). Thus, 20 h and 20 μM were used as 
the standard for Cr(VI) in the following experiments related 
to LMH cells.

Cr(VI)‑Induced Ferroptosis in Chicken Primary 
Hepatocytes

The protein expression levels of ferroptosis-related 
proteins COX2, GPX4, and HSP27 were detected to 
determine whether Cr(VI) could induce ferroptosis in 
chicken primary hepatocytes (Fig. 2a). In this part of the 
experiment, erastin was utilized to induce ferroptosis. In 



 Y. Cui et al.

comparison with the control group, the levels of COX2 
protein increased, while the GPX4 and HSP27 levels were 
significantly lower in the Cr(VI)-treated group (Fig. 2b–d). 
As shown in Fig. 2e–g, the intracellular levels of GSH 
and SOD decreased, while the levels of MDA increased 
significantly after Cr(VI) treatment in comparison with the 
control. The addition of Fer-1 alleviated cellular damage 
to the antioxidant system due to Cr(VI) exposure, accom-
panied with an increase in GSH and SOD content and a 
drop in MDA levels. This data suggests that Cr(VI) could 
induce ferroptosis in chicken primary hepatocytes.

Ferrostatin‑1 (Fer‑1) Can Attenuate Cr(VI)‑Induced 
Cell Death in LMH Cells

Based on the above results, we aim to understand whether 
Cr(VI) could trigger ferroptosis in LMH cells (Fig. 3a). The 
levels of GPX4 as well as HSP27 substantially decreased 
(Fig. 3c–d), and the level of COX2 significantly increased 
(Fig. 3b) in the Cr(VI)-treated group compared to the control 
group. However, Fer-1 reversed this change. The same assay 
of the intracellular redox profile revealed a dramatic drop 
in GSH (Fig. 3e) and SOD (Fig. 3f), as well as a significant 
rise in MDA (Fig. 3g). With respect to lipid ROS generated 

Fig. 1  Determination of Cr(VI) treatment concentration and time. a 
Cell viability of chicken primary hepatocytes was tested by CCK8 
assay after being exposed to indicate concentration of Cr(VI) (10, 20, 
40, 80 µM) at 2, 4, and 6 h. b–d GPX4 protein levels and the relative 

intensities. LMH cells were supplied with different concentration (5, 
10, 20 μM) Cr(VI) for 6, 15, and 20 h. Results shown expressed as 
means ± SEM (n = 3). ** means P < 0.01. ns, not significant 
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during ferroptosis (Fig. 3h), there was a noticeable shift to 
the right of the peak during ferroptosis in the Cr(VI)-treated 
group in comparison with that in the control. The use of 
Fer-1 led to a diminished rightward shift of the peak and a 
decrease in lipid peroxidation. The green fluorescence inten-
sity was notably highest in the Cr(VI)-treated group and sig-
nificantly weaker in the Cr(VI) + Fer-1 group (Fig. 3i). All of 
the above findings show that Cr(VI) can induce ferroptosis 
in LMH cells.

Cr(VI)‑Induced ERS in Chicken Hepatocytes

As the largest intracellular organelle in terms of volume, the 
ER plays an extremely important role in maintaining normal 
cellular physiological functions, particularly in lipid metabo-
lism and synthesis. Thus, the ERS was likely involved in 
Cr(VI)-induced ferroptosis in chicken hepatocytes. As 
predicted, the GPR78 level increased in chicken primary 
hepatocytes and LMH cells when ferroptosis was induced 
by Cr(VI) (Fig. 4a–b). In the Cr(VI)-treated group, the fluo-
rescence intensity of GRP78 was considerably higher than 
in the control group (Fig. 4d). Furthermore, the expression 

of PERK exposed to Cr(VI) significantly increased, as 
demonstrated by a Western blot study (Fig. 4c), consistent 
with the immunofluorescence results (Fig. 4e). Hence, the 
ERS is involved in ferroptosis caused by Cr(VI) in chicken 
hepatocytes.

PERK‑siRNA Promotes Cr(VI)‑Induced Ferroptosis 
in Chicken Hepatocytes

siRNA was designed to silence PERK, and silencing effi-
ciency was tested to characterize the effects of PERK 
on ferroptosis caused by Cr(VI) in chicken hepatocytes 
(Fig. 5a–b). Compared with that in the Cr(VI)-treated group, 
PERK-siRNA caused a remarkable decline in GPX4 and 
an increase in COX2 (Fig. 5c–f). However, the HSP27 
protein level did not change significantly between the 
Cr(VI) + siRNA and Cr(VI)-treated groups (Fig. 5e), sug-
gesting that it may not be involved in the PERK-mediated 
ferroptosis process. The production of lipid ROS was 
detected by flow cytometry after live cell staining. The 
findings demonstrated that the mean fluorescence intensity 
of the siRNA + Cr(VI) group was higher than that of the 

Fig. 2  Cr(VI)-induced ferroptosis in chicken primary hepatocytes. 
The chicken primary hepatocytes were supplied with Cr(VI) (40 μM) 
and erastin (2.5 μM). a COX2, HSP27, and GPX4 protein levels. b–d 
The relative intensities of COX2 (b), HSP27 (c), and GPX4 (d) were 

assessed. e–g The relative GSH (e), SOD (f), and MDA (g) content 
were identified in cells by corresponding kits. Results are shown as 
means ± SEM (n = 3). *, # means P < 0.05, ** means P < 0.01
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Cr(VI)-treated group alone (Fig. 5g). Hence, the silencing 
of PERK exacerbated Cr(VI)-induced ferroptosis in chicken 
hepatocytes.

Discussion

In their search for medications to target the mutant RAS 
(rat sarcoma) gene, Dixon et al. [26] developed the con-
cept of “ferroptosis,” which is recognized as a new type 
of programmed cell death. Ferroptosis involves a complex 
biological process that arises from a dynamic imbalance of 
antioxidants, iron, and lipid [27]. The ER is responsible for 
lipid synthesis in cells, and there is an inseparable relation-
ship between ERS and ferroptosis. The hepatotoxicity of 
Cr(VI) is quite common, and previous studies have reported 
that liver injury associated with Cr(VI) is linked to oxidative 
stress and lipid peroxidation [28, 29]. However, whether fer-
roptosis is involved in Cr(VI)-induced liver damage remains 
unclear. The present study found that Cr(VI) disrupts the 
intracellular redox system because of its potent oxidative 
properties, leading to lipid peroxidation and inducing fer-
roptosis in chicken hepatocytes.

The Chinese National Standard for Food Safety Limits for 
Contaminants in Food (GB 2762–2017) sets the limit value 
for Cr at 0.5 mg/kg. However, some studies have shown that 
the current Cr content in agricultural soil in certain areas of 
China is as high as 3883.77 mg/kg, exceeding the national 
standard threshold. Additionally, there is evidence that the 
chromium content in the edible portion of some agricultural 
products ranges from 2.38 to 139.76 mg/kg, also surpassing 
the national standard threshold. This indicates that Cr con-
tamination is a serious issue in some areas [30]. In a study 
by Peng et al., 20 μM of Cr(VI) was used to treat LMH cells 
for 72 h to investigate its effect on lipid metabolism [31]. In 
this experiment, 20 μM and 40 μM Cr(VI) were used to treat 
cells for 20 h and 6 h, corresponding to 1–2 mg/L. Therefore, 
this dosage of dose seems to be understood both in real life 
and as an experimental model concentration.

GPX4 functions as a primary inhibitor of ferroptosis 
by converting detrimental phospholipid hydroperoxides 
(PLOOH) into benign phospholipid alcohols (PLOH) 
[15]. Decreased levels of GPX4 are considered a marker 
of ferroptosis [32]. COX2 is encoded by PTGS2, and its 

expression increases most significantly in the death of fer-
roptotic cells in mice [33]. HSP27, a member of the heat 
shock protein family, can induce resistance to ferroptosis 
by inhibiting cytoskeleton-mediated iron uptake through 
phosphorylation. The two proteins can be used as markers 
for identifying ferroptosis [34]. As predicted, the treat-
ment of cells with Cr(VI) resulted in decreased intracel-
lular levels of GPX4 and HSP27 proteins and increased 
the COX2 level. These changes tentatively demonstrate 
the emergence of ferroptosis.

The decrease in cellular antioxidant capacity and the 
accumulation of lipid ROS can lead to oxidative cell death, 
known as ferroptosis. GSH is a substrate for the synthe-
sis of GPX4 and is a crucial component in the inhibition 
of ferroptosis [35]. SOD can remove ROS from cells and 
prevent the accumulation of large amounts of ROS. There-
fore, it is an essential antioxidant enzyme in the body [36]. 
MDA is the by-product of peroxidation processes that 
occur when free radicals interact with lipids. The extent 
of membrane lipid peroxidation is known by measuring 
MDA, which serves as an indirect indicator of the extent 
of damage to the membrane system [37]. In previous stud-
ies, ferroptosis triggered by various factors was always 
accompanied by changes in the intracellular levels of GSH, 
SOD, and MDA [19, 38, 39]. Fer-1 has been described 
to achieve anti-ferroptosis by lessening lipid peroxidation 
and is commonly used in experimental studies [38, 40]. 
Therefore, Fer-1 was applied in our study as a type of 
specific inhibitor of ferroptosis. We found that Fer-1 alle-
viated the decrease in GSH and SOD and the increase in 
MDA induced by Cr(VI) exposure. In summary, our data 
confirmed that Cr(VI) triggers the activation of ferroptosis 
by disrupting the intracellular antioxidant capacity.

LMH cells were utilized to conduct experiments concur-
rently with chicken primary hepatocytes to further confirm 
the significant impact of ferroptosis in Cr(VI)-induced liver 
injury. LMH cells are a chemically mutated oncogenic 
chicken hepatocyte cell line that retains many phenotypic 
features of chicken hepatocytes while exhibiting the char-
acteristics of cancer cells that proliferate indefinitely [41]. 
The basal ferroptosis levels of LMH cells were examined 
and compared with those of chicken primary hepatocytes 
to determine whether LMH cells could be suitable as a 
model for the experiment. The findings demonstrated that 
the basal ferroptosis levels between the two cell types did 
not differ significantly (Fig. S1). This excludes the possi-
bility of a cell line error for the experiment and confirms 
that LMH cells could serve as a model for the next step of 
the study. Further experimental results showed that in LMH 
cells, Cr(VI) triggered ferroptosis by reducing GPX4 and 
HSP27 protein expression. LMH cells treated with Cr(VI) 
also showed increased levels of COX2. The treatment with 
Cr(VI) reduced the GSH and SOD levels and on the other 

Fig. 3  Ferroptosis inhibitor Fer-1 can attenuate Cr(VI)-induced cell 
injury in LMH cells. LMH cells were supplied with Cr(VI) (20 μM) 
and Fer-1(10  μM). a COX2, HSP27, and GPX4 protein levels. b–d 
The relative intensities of COX2 (b), HSP27 (c), and GPX4 (d) were 
assessed. e–g The relative GSH (e), SOD (f), and MDA (g) content 
in LMH cells. h–i Cells were stained with C11 BODIPY 581/591, 
and Cr(VI)-induced accumulation of lipid ROS was observed by flow 
cytometry (h) and by confocal microscopy (i). Results are shown as 
means ± SEM (n = 3). *, # means P < 0.05, **, ## means P < 0.01

◂
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hand increased the MDA levels. These effects were reversed 
by Fer-1.

The C11 BODIPY 581/591 probe can detect the forma-
tion of lipid radicals and is frequently utilized to measure 
the extent of membrane lipid peroxidation [42]. Therefore, 
the green fluorescence intensity emitted by the probe upon 
activation typically indicates the level of lipid ROS. We dis-
covered that the increased lipid ROS fluorescence intensity 
of Cr(VI) was quenched by Fer-1. These results verify those 
obtained in chicken primary hepatocytes.

The PERK protein is one of the three transmembrane 
sensors in the UPR. The activation of the PERK signaling 
pathway occurs at the early stage of ERS, which protects 
cells by inhibiting protein synthesis. Accumulating evidence 
suggests that researchers have differing views on the role 
of PERK in promoting cell survival or death. According to 
Wei et al., tagitinin C activates the nuclear translocation of 
nuclear factor erythroid 2-related factor 2 (Nrf2) by inducing 

ERS and oxidative stress, leading to ferroptosis in HCT116 
cells through the activation of the PERK-Nrf2-HO-1 signal-
ing pathway [21]. Chen et al. found that the activation of the 
PERK/ATF4/HSPA5 pathway led to an increase in GPX4 
expression and lipid peroxidation, thereby preventing the 
ferroptosis of glioma cells [22]. The relationship between 
ERS and ferroptosis is not fully understood, although fer-
roptosis is likely to be initiated when the normal physiolog-
ical function of the ER experiences an irreversible error. 

Fig. 4  Cr(VI)-induced ERS in chicken hepatocytes. a GRP78 protein 
levels and the relative intensities. The chicken primary hepatocytes 
were supplied with Cr(VI) (40 μM). b–c GRP78 (b) and PERK (c) 
protein levels and the relative intensities. The LMH cells were sup-

plied with Cr(VI) (20  μM). d GRP78 protein levels observed by a 
confocal microscope. e PERK protein levels observed by a confo-
cal microscope. Results are shown as means ± SEM (n = 3). * means 
P < 0.05, ** means P < 0.01

Fig. 5  Effects of PERK in Cr(VI)-induced ferroptosis in LMH cells. 
a The protein levels of PERK after treatment with NC and siRNA. b 
The relative intensities of PERK were assessed. c Effects of Cr(VI) 
and siRNA on COX2, HSP27, and GPX4 in LMH cells. d–f The rela-
tive intensities of COX2 (d), HSP27 (e), and GPX4 (f) were assessed. 
g Flow cytometry analysis of the impacts of siRNA on the Cr(VI)-
induced formation of lipid ROS by C11 BODIPY 581/591 staining. 
Results are shown as means ± SEM (n = 3). *, # means P < 0.05, **, 
## means P < 0.01

◂
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Therefore, we tested the occurrence of ERS by continuously 
exposing the cells to a Cr(VI) environment. We found that 
the expression of PERK significantly increased in response 
to Cr(VI) exposure. Therefore, PERK plays a crucial role in 
Cr(VI)-induced ferroptosis.

Subsequent experiments were conducted using LMH 
cells due to the challenges associated with transfecting pri-
mary cells, which is attributed to the high toxicity of the 
transfection reagent. PERK was silenced in LMH cells to 
investigate the role of PERK in Cr(VI)-induced ferropto-
sis. The alterations in GPX4 and COX2 were more obvi-
ous due to the silencing of PERK than when treated with 
Cr(VI) alone. Moreover, the production of lipid ROS was 
significantly increased in Cr(VI)-treated LMH cells trans-
fected with PERK-siRNA. The above results indicate that 
silencing PERK exacerbates Cr(VI)-induced ferroptosis in 
chicken hepatocytes. Therefore, we suggest that PERK acts 
as a negative regulator of ferroptosis in chicken hepatocytes.

Ferroptosis quite frequently interacts with other types of 
programmed cell death, such as necrosis and apoptosis, and 
ERS plays a key role in this process [43]. Multiple factors 
can activate the PERK/eIF2α/ATF4/CHOP pathway, lead-
ing to apoptosis. There is also evidence suggesting that the 
PERK/eIF2α/ATF4/CHOP pathway may act as a potential 
mediator of ferroptosis. Therefore, further exploration is 
needed to determine whether the distinct role of PERK in 
ferroptosis is a result of interplay among different types pro-
grammed cell death or other unidentified factors.
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