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A B S T R A C T

As a major environmental heavy metal pollutant, hexavalent chromium (Cr(VI)) causes irreversible damage to 
animals and humans. Nevertheless, how Cr(VI) exposure causes intestinal damage in broilers remains inade
quately explored. This study explores Cr(VI)-induced poisoning using potassium dichromate to build a Cr(VI) 
poisoning model. The results indicate that Cr(VI) exposure evidently reduced the body weight and the functions 
of liver and kidney in broilers. Histopathological analysis revealed different degrees of structural damage in all 
three segments of the small intestines by Cr(VI) exposure. Moreover, Cr(VI) exposure downregulated ZO-1, 
Occludin, and Claudin-1, while altering the diversity of cecal microbiota to impair the intestinal barrier func
tion. Additionally, with increasing Cr(VI) concentration, the contents of Fe2+, ROS, and LPO in all three intestinal 
segments showed a dose-dependent increase. The levels of GPX4, SLC7A11, FTL, and FTH1 were downregulated 
by Cr(VI), while the levels of p38-MAPK, phosphorylated p38, TFR1, and HMGB1 were upregulated. This study 
suggests that Cr(VI)-induced ROS can trigger ferroptosis through the GPX4/HMGB1/p38-MAPK pathway, 
leading to intestinal barrier dysfunction and ultimately reducing the production performance of broilers. This 
provides foundation of theory for understanding the effects of Cr(VI) exposure on the small intestine.

Introduction

Cr(VI) is a proven toxin and mutagen commonly used in light and 
heavy industries (Bagchi et al., 2002; Iyer et al., 2023). Studies have 
reported that Cr(VI) pollution caused by the rapid development of in
dustry is still serious and widespread, involving a wide range of areas, 
such as air, soil and water resources (Gupta et al., 2024; Kazakis et al., 
2017). Currently, several national governments have promulgated the 
compulsory rules to limit Cr(VI) (Hedberg et al., 2020), and Cr(VI) has 
been recognized as a Class I carcinogen by IARC (Zhou et, al.2018). 
Released Cr(VI) accumulates in the environment, and it poses serious 
risks to human health and food safety throughout the food chain (Lee 
et al., 2019). Cr(VI) enters cells through nonspecific phosphate/sulfate 
anionic transporters and is reduced to Cr(III) by antioxidants such as 
glutathione (Jomova et al., 2011). The produced Cr(III) is generally 
considered to have no toxic effects (Kamila et al., 2023), but this process 
depletes antioxidant enzymes, further leading to excessive generation of 
ROS (Marchi et al., 2023). The accumulated ROS triggers LPO and 
various forms of cell death (Wang et al., 2023).

Ferroptosis is a specific death pattern and is different from other cell 
death modalities owing to its dependence on iron and LPO (Dixon et al., 
2012). Intracellular Fe2+ accumulation, GPX4 inactivation, and LPO 
accumulation are key characteristics of ferroptosis (Li et al., 2020). The 
Fe3+ concentrations in the physiological state are in dynamic equilib
rium. In the bloodstream, Fe3+ forms a complex with transferrin and 
enters cells via the TFR1. Once inside, it is reduced to Fe2+ and stored in 
the LIP or exported out of the cell by ferroportin. Excess Fe2+ induces the 
Fenton reaction to produce hydroxyl radicals that react with poly
unsaturated fatty acids to induce LPO, eventually triggering ferroptosis 
(Jiang et al., 2021). Moreover, excessive ROS depletes GPX4 and ac
celerates PUFA oxidation, leading to ferroptosis (Kakade et al., 2020; Li 
et al., 2021). During ferroptosis, HMGB1 is released (Wen et al., 2019). 
After HMGB1 binds to the receptor for RAGE, the MAPK pathway can be 
activated (Sappington et al., 2002; Yang et al., 2020). Specifically, the 
p38-MAPK pathway upregulates TFR1, thus increasing intracellular 
Fe3+ levels and promoting ferroptosis (Wang et al., 2023). Current 
studies indicate that heavy metals could induce ferroptosis via different 
pathways. For example, Cd inhibits the GPX4 pathway by producing 

* Corresponding author.
E-mail address: liuci1988@163.com (C. Liu). 

Contents lists available at ScienceDirect

Poultry Science

journal homepage: www.elsevier.com/locate/psj

https://doi.org/10.1016/j.psj.2025.104978
Received 6 December 2024; Accepted 2 March 2025  

104 (2025) 104978 

Available online 3 March 2025 
0032-5791/© 2025 Published by Elsevier Inc. on behalf of Poultry Science Association Inc. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0003-2275-6493
https://orcid.org/0000-0003-2275-6493
mailto:liuci1988@163.com
www.sciencedirect.com/science/journal/00325791
https://www.elsevier.com/locate/psj
https://doi.org/10.1016/j.psj.2025.104978
https://doi.org/10.1016/j.psj.2025.104978
http://creativecommons.org/licenses/by-nc-nd/4.0/


ROS to induce ferroptosis in the mouse hippocampus (Wang et al., 
2024). Similarly, another study has reported that Cd can cause ferrop
tosis in the mouse kidney by upregulating HMGB1 expression (Qiu et al., 
2023). Additionally, excess Fe activates the p38 pathway, regulating 
ferroptosis in osteoblasts (Zhao et al., 2021). These studies highlight that 
ferroptosis is a key mechanism in heavy-metal-induced toxicity.

The global demand for affordable animal protein is increasing. Based 
on the USDA, global broiler yield reached 102.389 million tons in 2023. 
Broilers raised on farms in the vicinity of chemical factories are at risk of 
exposure to Cr(VI) through drinking, feeding, and inhalation. Therefore, 
investigating the damage by Cr(VI) in broilers is of practical importance. 
Exposure to environmental Cr(VI) for a long term can cause intestinal 
damage, negatively impacting the growth performance of broilers. 
Consequently, exploring the mechanisms of intestinal injury caused by 
Cr(VI) is essential for improving production performance.

Materials and methods

Animal experiment

In this study, one-day-old Ross 308 broilers of similar weights and 
backgrounds were used. To establish a model of Cr(VI)-induced small 
intestinal damage, 100 broilers were randomly assigned to four groups: 
control, low-, middle-, and high-dose groups. Broilers were raised in 
Experimental Animal Management Center of Shanxi Agricultural Uni
versity where could provide appropriate temperature and light exposure 
to ensure the smooth progression of the experiments. The environmental 
temperature remained at 32 ◦C in the first week, decreased by 2 ◦C every 
week, and finally remained at 22 ◦C. Each group of broilers is provided 
with sufficient drinking water and an equal amount of feed daily. During 
the experiment, the feed was provided by Zhengda Company (Hebei, 
China). At 7 d, the broilers of low-, middle-, and high-dose groups were 
gavaged with K2Cr2O7 (Xiya Reagent, Shandong, China) solution for 35 
d, with Cr(VI) concentrations of 0.0104 g/kg⋅BW, 0.0156 g/kg⋅BW, and 
0.0312 g/kg⋅BW, and the control group were gavaged same volume of 
physiological saline. The weight and diet of the broilers were recorded 
daily and adjust the dosage of K2Cr2O7 based on weight. After the final 
gavage, the broilers were in abrosia for 12 h and weighed to determine 
their final weight.

On day 42, all the broilers were euthanized. Blood and cecal contents 
were collected. After the complete removal of small intestine tissue from 

broilers, the U-shaped intestinal segment connected to the muscular 
stomach is the duodenum, the short and straight intestinal segment 
connected to the cecum is the ileum, and the remaining intestinal seg
ments are the jejunum. When collecting samples, try to gather 4cm in 
the central part of each intestinal segment, as much as possible to ensure 
consistency in the experiment. Subsequently, a portion of the small in
testine tissue with 4 % paraformaldehyde fixed, while the other tissues 
and cecal contents were stored in a − 80◦C freezer for further analysis. 
The experimental protocol adhered to the China Animal Protection 
Commission’s requirements and was ratified by the Shanxi Agricultural 
University Animal Care and Use Commission.

Serum testing

Venous blood samples were collected into the blood tubes, saved at 
25◦C for 40 min, and centrifuged at 4,000 r⋅min− 1 to separate the serum. 
Then collected the serum, and biochemical parameters including A/G, 
AST, ALT, LDH, GGT, and UA were measured using an automated 
biochemical analyzer (Biostar V7, Seamaty Technology Co, Chengdu, 
China).

Detection of oxidation in small intestinal

At − 80◦C, the small intestinal tissue was removed and homogenized. 
Using commercial assay kits and measured the absorbance (optical 
density (OD)) with a microplate reader (Synergy LX, Agilent, Santa 
Clara, California, USA) to determine the levels of Fe2+ (Jiancheng 
Bioengineering Institute, Nanjing, China), ROS (Beyotime, Shanghai, 
China), and LPO (Michy Biomedical Technology Co, Suzhou, China) in 
different segments of the broilers’ small intestines.

Histopathological examination

The samples of small intestine were removed from a 4 % para
formaldehyde solution and make the tissue samples into paraffin for HE 
staining. The tissue sections were observed using Nikon Eclipse E100 
microscope (Nikon Co., Tokyo, Japan) to observe histopathological 
changes. ImageJ (Version 1.38) was used to quantify alterations in the 
intestinal villi and crypts.

Fig. 1. Results of Cr (VI) on physical signs and serum biochemical parameters of broilers. (A) indicates the final body weight of broilers; (B) indicates the average 
daily weight gain of broilers; (C) indicates the A/G; (D) represents the content of AST; (E) represents the content of ALT; (F) indicates the content of LDH; (G) 
indicates the content of GGT; (H) indicates the content of UA.
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Real-time fluorescence quantitative PCR (qPCR)

The small intestine was homogenized on ice, extracted total RNA 
using TRIzol. Reverse transcription of RNA using the reverse transcrip
tion kit (Tolo Bio, Shanghai, China). Subsequently, cDNA was diluted 
and analyzed via quantitative polymerase chain reaction (qPCR) (Bio- 
Rad, Hercules, California, USA). Supplementary table shows the 
primers for the target genes used in the qPCR.

Western blotting

The small intestine tissue was ground into powder and extracted the 
total protein. After separating protein by electrophoresis, transferring 
protein to a PVDF membrane. Then blocked the membrane for two 
hours. After PVDF membrane was washed, submersed the membrane in 

primary antibody at 4 ◦C for 14 h. The antibodies used included β-actin 
(1:3,000; Abmart, Shanghai, China), ATPase (1:5,000; Abmart), ZO-1 
(1:2,000; ABclonal, Wuhan, China), Occludin (1:700, ABclonal), 
Claudin-1 (1:600, Abmart) GPX4 (1:2,000; Abmart), SLC7A11 (1:1,800; 
Abmart), FTL (1:3,000; Abmart), FTH1 (1:2100; Abmart,), p38 (1:1,300, 
Abmart), p-p38 (1:600; Wanleibio, Shenyang, China), HMGB1 (1:600, 
Abmart), and TFR1 (1:1,000, Abmart). The PVDF membrane was 
washed and submersed in a secondary antibody for one hour at 25 ◦C. 
The goat anti-mouse (1:15,000, Bioss, Beijing, China) was used for 
β-actin, ATPase and HMGB1. The goat anti-rabbit (1:8,000, Bioss) was 
used for ZO-1, Occludin, Claudin-1, GPX4, SLC7A11, FTL, FTH1, p38, p- 
p38 and TFR1. An enhanced chemiluminescence Plus kit (Biosharp, 
Hefei, China) was used to treat the PVDF membrane and photographed. 
Subsequently, used ImageJ software (version 1.38) for quantitative 
analysis of proteins.

Fig. 2. Effects of Cr (VI) on Fe 2+, ROS, and LPO in small intestinal tissues. (A-C) respectively indicate the contents of Fe 2+ in duodenum, jejunum, and ileum; (D-F) 
respectively indicate the contents of ROS in duodenum, jejunum, and ileum; (G-I) respectively indicate the content of LPO in duodenum, jejunum, and ileum.

J. Wang et al.                                                                                                                                                                                                                                    Poultry Science 104 (2025) 104978 

3 



16S-rDNA microbiome analysis

Abstracted DNA from the cecal contents and tested thereafter. Clean 
data were obtained following amplification, purification, and on- 
machine sequencing. After denoising, amplicon sequence variants 
(ASVs) were used to create an operational taxonomic unit (OTU) table. 
The ASV features and sequences were gained, followed by diversity and 
difference of species analyses.

Data assessment

All data were expressed as mean ± standard deviation. GraphPad 
Prism8 software and IBM SPSS Statistics 25 software were used for data 
processing and graphing. The One-way ANOVA was used to assess the 
data and Tukey’s test was used for post hoc multiplicity testing. The 
significance was represented by p < 0.05. The differences between 
groups in the figures were represented by different lowercase letters.

Results

Physical signs and serum biochemical parameters

To indicate the influence of Cr(VI) on the broiler’s physical indices, 
the weight of every group was measured. Results show a significant drop 
in final body weight and average daily weight gain with increasing Cr 
(VI) concentration (p < 0.05) (Fig. 1A and B). Serum biochemical 
analysis revealed the metabolic dysfunction caused by Cr(VI). In com
parison with the control group, the A/G and LDH levels were lower in 
the Cr(VI) exposure groups (p < 0.05). Conversely, AST, ALT, GGT, and 

UA contents increased (p < 0.05) (Fig. 1C–H). These changes were most 
pronounced in the high-dose group.

Fe2+ and oxidative damage in small intestinal tissues

In the duodenum and jejunum (Fig. 2), in comparison with the 
control group, the contents of Fe2+, ROS, and LPO in the low-, middle-, 
and high-dose groups were increased (p < 0.05). In the ileum, in addi
tion to LPO in the low-dose group, the content of Fe2+, ROS, and LPO in 
the low-, middle-, and high-dose groups were above than control group, 
with the highest increase observed in the high-dose group (p < 0.05).

Histopathological changes

Fig. 3(A–F) shows the histopathological observations of sections of 
small intestinal tissues. The small intestine villi and the crypt structures 
are arranged tightly and neatly in the control groups of duodenum, 
jejunum, and ileum. In the middle- and high-dose groups of the duo
denum, inflammatory cell infiltration, villus rupture, and crypt struc
tural loss were observed. In the low-, middle- and high-dose groups of 
the jejunum and ileum, with Cr(VI) concentration increased, the damage 
of villi and crypt structures was progressively increased. By evaluating 
the villus height and crypt depth, the results revealed that with an in
crease in the Cr(VI) concentration, the height of villi in small intestinal 
tissues gradually shortens compared with that in the control group (p <
0.05). Compared with the control group, the depth of crypts in the 
middle- and high-dose groups of duodenum, jejunum, and ileum 
significantly increased (p < 0.05).

Fig. 3. Results of histopathological changes induced by Cr (VI). (A, C, E) indicate the histopathological observation of the control, low-, middle-, and high-dose 
groups in duodenum, jejunum, and ileum. Black and red triangles in the picture represent the rupture and loss of intestinal villi, the black and red arrows repre
sent the loss of crypts and inflammatory cell infiltration; (B, D, F) indicate the height of the villus and the depth of the crypts of the duodenum, jejunum, and ileum; 
(G-I) respectively indicate the protein expressions and the depth of the electrophoresis band by Western blotting for ZO-1, Occludin and Claudin-1 in the duodenum, 
jejunum and ileum.
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Tight junction protein expressions in small intestinal tissues

Fig. 3(G–I) illustrates the level of tight junction (TJ) proteins 
expression in the small intestines. In the duodenum, except ZO-1 in the 
low-dose group, the expression of ZO-1, Occludin, and Claudin-1 protein 
in the Cr(VI) treatment groups was downregulated compared with that 
in the control group in a dose-dependent manner (p < 0.05). In the 
jejunum and ileum, the expression of these TJ proteins in the low-, 
middle- and high-dose groups was downregulated compared with that in 
the control group (p < 0.05). Additionally, the levels of proteins 
expression from the high-dose group were peaked in the intestinal 
tissues.

mRNA expression in small intestinal tissues

The mRNA expression of the GPX4/HMGB1/p38-MAPK pathway in 
small intestinal tissues is shown in Fig. 4. Obviously distinct with the 
control group, the mRNA expression of GPX4, SLC7A11, FTL, and FTH1 
in the middle- and high-dose groups decreased, while p38, HMGB1, and 
TFR1 mRNA levels increased in different segments of the small intestine 
(p < 0.05). In the duodenum, by comparison to the control group, the 
mRNA levels of GPX4, FTL, and FTH1 in the low-dose group were 
downregulated, while HMGB1 and TFR1 mRNA levels were upregulated 
(p < 0.05). In the jejunum, in contrast with the control group, the mRNA 
levels of GPX4, SLC7A11, and FTL in the low-dose group were down
regulated, while p38 and TFR1 mRNA levels were upregulated (p <

0.05). In the ileum, by comparison to the control group, the mRNA levels 
of GPX4, SLC7A11, and FTH1 in the low-dose group were down
regulated, while p38, HMGB1, and TFR1 mRNA levels were upregulated 
(p < 0.05). Overall, the mRNA expressions of p38, HMGB1, and TFR1 
exhibited positive dose-dependent relationship with Cr(VI) concentra
tion, whereas the mRNA expressions of GPX4, SLC7A11, FTL, and FTH1 
exhibited negative dose-dependent relationship.

Ferroptosis protein expressions in small intestinal tissues

The protein expression of ferroptosis is shown in Fig. 5. In different 
segments of the small intestine, in comparison with the control group, 
the protein expression of GPX4, SLC7A11, FTL, and FTH1 in the middle- 
and high-dose groups was downregulated (p < 0.05), and the change 
peaked in the high-dose group. In comparison to the control group, the 
protein expression of GPX4 and SLC7A11 in the low-dose group was 
downregulated (p < 0.05) in the duodenum and ileum; and the protein 
expression of SLC7A11 and FTH1 in the low-dose group was down
regulated (p < 0.05) in the jejunum.

HMGB1/p38-MAPK pathway protein expressions in small intestinal 
tissues

The protein expression of HMGB1/p38-MAPK pathway in the small 
intestinal tissues is shown in Fig. 6. In the duodenum and jejunum, the 
protein expressions of p38, p-p38, HMGB1, and TFR1 in the Cr(VI) 

Fig. 4. Effects of Cr (VI) on the mRNA expressions of GPX4/HMGB1/p38-MAPK in the small intestinal tissues. (A) indicates the mRNA expressions in the duodenum; 
(B) indicates the mRNA expressions in the jejunum; (C) indicates the mRNA expressions in the ileum.
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exposure groups were upregulated (p < 0.05). In the ileum, by com
parison with the control group, the expressions of p38, p-p38, and TFR1 
in the Cr(VI) exposure groups were upregulated, the HMGB1 expression 
in the middle- and high-dose groups was raised (p < 0.05).

Gut microbiota analysis

The number of ASVs possessed by microbiota species of cecal con
tents in different groups was reflected in the sample ASVs Venn diagram 

Fig. 5. Effects of Cr (VI) on the protein expressions of ferroptosis. (A-E) indicate the protein expressions and the depth of the electrophoresis band in the duodenum; 
(F-J) indicate the protein expressions and the depth of the electrophoresis band in the jejunum; (K-O) indicate the protein expressions and the depth of the elec
trophoresis band in the ileum.

Fig. 6. Effects of Cr (VI) on the protein expressions of HMGB1/p38-MAPK. (A-E) indicate the protein expressions and the depth of the electrophoresis band in the 
duodenum; (F-J) indicate the protein expressions and the depth of the electrophoresis band in the jejunum; (K-O) indicate the protein expressions and the depth of the 
electrophoresis band in the ileum.
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(Fig. 7A). Totals of 4,721 ASVs were tested, with 596 ASVs common in 
all groups. The unique ASV count for the control group (C), low-dose 
group (LD), middle-dose group (MD), and high-dose group (HD) were 
1034, 127, 90, and 86, respectively. The α-diversity of microbiota was 
examined in all groups. The goods-coverage values were approximately 
one, indicating that all the samples were almost complete. Microbial 
community diversity and richness were shown using the Chao 1 and 
Shannon indices (Fig. 7B–D). The results show that as the exposure 
concentration of Cr(VI) increased, microbial community diversity and 
richness in the broilers gradually decreased. Fig. 7E reflects the species 
abundance at the genus level. Compared to the control group, the 
Lachnospiraceae_UCG_010, Lactobacillus, and HT002, were significantly 
downregulated by Cr(VI). Conversely, the Escherichia, Shigella, and 
Ruminococcus torques, significantly increased, disrupting the intestinal 
microbiota barrier of the broilers.

Discussion

Cr(VI) pollution has become a serious environmental concern owing 
to human activities. When Cr(VI) enters the environment, it disrupts 
animal metabolism and significantly affects human health (Li et al., 
2023). Accumulating evidence suggests that Cr(VI) causes multi-organ 
damage when absorbed into the body (Bakshi et al., 2018; Singh 
et al., 2022). The intestine, an organ crucial for nutrient absorption, is 
closely associated with poultry performance. Cr(VI) inevitably damages 
the intestine during absorption and metabolism (El Cafsi et al., 2020; 
Xing et al., 2022; Mu et al., 2023). This study explored the mechanism of 

Cr(VI) in small intestinal injury in broilers, confirming that Cr(VI) 
exposure reduced broiler growth capability and impaired metabolic 
function. Nutrient absorption by the intestinal epithelium is related to 
crypt depth and villus length. Increasing evidence suggests that expo
sure to heavy metals can shorten intestinal villi and increase crypt depth, 
ultimately compromising health (Xie et al., 2020; Tian et al., 2023). In 
this paper, Cr(VI) exposure shortened villi length and increased the 
crypt depth in each group of broilers, indicating reduced intestinal ab
sorption capacity and mucosal function. These findings suggest that Cr 
(VI) exposure impairs nutrient absorption, leading to reduced growth 
performance in broilers.

In addition to absorption and digestion, the intestinal tract acts as an 
innate barrier that maintains intestinal homeostasis and hinders the 
growth of pathogenic bacteria. The intestinal barrier comprises me
chanical, chemical, microbiological, and immune barriers. The TJ is a 
critical structure that maintains the mechanical barrier between intes
tinal mucosal epithelial cells and is mainly composed of ZO-1, Occludin, 
and Claudin-1 (Furuse et al., 1998; Martìn-Padura et al., 1998; Zhang 
et al., 2019). When the TJ is mutated, reduced, or absent, the perme
ability of the intestinal epithelial space increases, and harmful sub
stances are more likely to enter systemic circulation through the TJ 
(Wan et al., 2024). TJ can be damaged due to heavy metal exposure. For 
example, Jiang et al. confirmed that Cd exposure causes TJ damage and 
reduces the levels of ZO-1, Occludin, and Claudin-3 in mouse intestinal 
epithelial cells (Jiang et al., 2020). Liu et al. confirmed that Pb could 
damage the gut and reduce the levels of ZO-1, ZO-2, Claudin-1, and 
Occludin (Liu et al., 2024). In this paper, Cr(VI) exposure can 

Fig. 7. Results of 16S-rDNA microbiome analysis. (A) Venn diagram shows number of unique and shared ASV (at 13 % similarity) among intestinal microbial under 
different groups; (B-D) Alpha-diversity of the intestinal microbial communities include goods-coverage, Shannon and Chao1 indexes among four groups; (E) 
Heatmap. Each row represents the species, each column represents the grouping, and the blue-to-red gradient color is used to reflect the change in abundance from 
low to high, the closer to blue, the lower the abundance, the closer to red, the higher the abundance.
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downregulate the expressions of ZO-1, Occludin, and Claudin-1, sug
gesting that Cr(VI) exposure can damage TJ and increase intestinal 
permeability, impairing the mechanical barrier function of the small 
intestine in broilers. Current studies have indicated that heavy metal 
exposure adversely affects the gut microbial barrier, and that imbalance 
in the gut microbiome increases gut and organ damage (Yao et al., 2019; 
Zhong et al., 2021). Lachnospiraceae_UCG_010 was positively correlated 
with the intestinal biobarrier function of broilers (Kan et al., 2021), 
Dempsey et al. confirmed that most Lactobacillus species are beneficial 
bacteria (Dempsey et al., 2022), and Xu et al. confirmed that HT002 is 
abundant as a beneficial bacterium after probiotic administration (Xu 
et al., 2024). In this paper, Cr(VI) exposure decreased the richness of 
Lachnospiraceae_UCG_010, Lactobacillus, and HT002, while increasing 
the richness of Escherichia-Shigella and Ruminococcus torques. These 
confirm that Cr (VI) exposure can impair the microbial barrier function. 
Damage of the mechanical and microbial barriers compromises intesti
nal integrity, facilitating entry of Cr(VI) into the systemic circulation 
and leading to damage in other organs.

To clarify whether exposure to Cr(VI) induces ferroptosis, the classic 
biochemical indicators of ferroptosis (ROS, Fe2+, and LPO) were 
measured in the small intestinal tissues, with results showing that these 
levels increased after Cr(VI) exposure. Moreover, SLC7A11/GPX4 axis is 
a defense mechanism against ferroptosis. SLC7A11 is a regulatory factor 
of ferroptosis. The downregulation of SLC7A11 leads to a reduction in 
the activity of GPX4, leading to the accumulation of LPO and triggering 
ferroptosis (Koppula et al., 2021). Current research indicates that heavy 
metals can induce ferroptosis by inhibiting the SLC7A11/GPX4 
pathway, such as Cu(II) amplifies ferroptosis by promoting autophagic 
degradation of GPX4 (Xue et al., 2023); Cd can induce ferroptosis by 
inhibiting SLC7A11-GSH-GPX4 axis (Hong et al., 2022). In this study, 
the expressions of SLC7A11 and GPX4 were significantly downregulated 
following Cr(VI) exposure, indicating Cr(VI) induces ferroptosis in the 
small intestinal tissues of broilers through the SLC7A11/GPX4 axis. 
HMGB1, released after ferroptosis, has been reported to further promote 
ferroptosis by binding to RAGE and activating the MAPK pathway (Chen 
et al., 2022). This activation upregulated the expression of TFR1, 
resulting in an increase in intracellular Fe2+ and an imbalance in iron 
homeostasis (Yu et al., 2015). Fe2+ homeostasis is regulated by FTL and 
FTH1 (Mancias et al., 2014). FTH1 converts Fe2+ to Fe3+ and combines 
with FTL to reduce the toxicity of Fe2+, impeding ferroptosis. To further 
elucidate the pathway of Cr(VI)-induced ferroptosis in the small intes
tine, the expressions of HMGB1, p38, TFR1, FTH1, and FTL were 
measured in this study. Cr(VI) upregulated the expressions of HMGB1, 
p38, p-p38, and TFR1, while downregulating the expressions of FTH1 
and FTL. These indicate that Cr(VI) exposure can activate the 
HMGB1/p38-MAPK pathway to disrupt iron homeostasis, exacerbate 
the accumulation of Fe2+, and further induce ferroptosis in the small 
intestinal tissues of broilers.

Overall, this study revealed that Cr(VI) triggering ferroptosis via the 
GPX4/HMGB1/p38-MAPK pathway leads to damage to the small in
testinal tissues of broilers in a dose dependent manner. Therefore, fer
roptosis is implicated in Cr(VI)-induced enterotoxicity, which disrupts 
the intestinal barrier and tissue structure, leading to intestinal malab
sorption and reducing broiler production. This study offers a new visual 
angle into the influence of Cr(VI) in broiler intestines, contributing to 
the development of strategies to improve broiler growth performance.
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