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Introduction

Zinc (Zn) is an essential trace element in animals, but excessive intake can lead to renal toxicity damage. Thus, the exploration of effective natural antagonists to reduce the toxicity caused by Zn has become a major scientific problem.





Methods

Here, we found that hesperidin could effectively alleviate the renal toxicity induced by Zn in pigs by using hematoxylin-eosin staining, transmission electron microscope, immunohistochemistry, fluorescence quantitative PCR, and microfloral DNA sequencing.





Results

The results showed that hesperidin could effectively attenuate the pathological injury in kidney, and reduce autophagy and apoptosis induced by Zn, which evidenced by the downregulation of LC3, ATG5, Bak1, Bax, Caspase-3 and upregulation of p62 and Bcl2. Additionally, hesperidin could reverse colon injury and the decrease of ZO-1 protein expression. Interestingly, hesperidin restored the intestinal flora structure disturbed by Zn, and significantly reduced the abundance of Tenericutes (phylum level) and Christensenella (genus level).





Discussion

Thus, altered intestinal flora and intestinal barrier function constitute the gut-kidney axis, which is involved in hesperidin alleviating Zn-induced nephrotoxicity. Our study provides theoretical basis and practical significance of hesperidin for the prevention and treatment of Zn-induced nephrotoxicity through gut-kidney axis.
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1 Introduction

Zinc (Zn) is an essential trace element, which is involved in many important physiological processes (Hutchens et al., 2021). In eukaryotes, Zn plays an important role in biological processes such as energy metabolism, oxidative stress and signal transduction (Kim and Lee, 2021). A number of studies have shown that appropriate amount of Zn added to feed can improve the growth efficiency of animals (Li et al., 2021c). However, excessive intake of Zn can cause acute and chronic poisoning in animals (Kataba et al., 2021). Studies have pointed out that the toxic effect of Zn is mainly through disrupting the physiological homeostasis of lipid bimolecular structure and changing the structure of glycoprotein on the cell surface, and causing disorders to the structure and function of Zn-containing enzymes such as ATP and nucleotidase, resulting in reduction of ATP synthesis, dysfunction of membrane active transport, organelle edema and other diseases (Alhasawi et al., 2014; Ren et al., 2017). When animals are supplemented with excessive Zn, they will show loss of appetite, sluggish activity, diarrhea, growth and development arrest and other toxic symptoms. Recently, lots of studies have shown that the homeostasis of Zn is related to the occurrence and development of various diseases (Wang et al., 2020).

Hesperidin is a derivative of dihydroflavone and mainly exists in the peel of citrus fruits (Xiong et al., 2019). In recent years, hesperidin has attracted extensive attention in livestock and poultry breeding because of its antioxidant, lipid metabolism regulation, anti-inflammatory and other biological activities (Hager-Theodorides et al., 2021). It has been reported that hesperidin can effectively relieve the symptoms of heat stress in broilers and improve the growth efficiency of the animals, so it is gradually recommended to be used in animal feed as a feed additive (Kamboh et al., 2013; Kouvedaki et al., 2024). Studies have found that hesperidin regulates gut flora to alleviate liver damage in mice (Li et al., 2022). However, there are few studies on the mechanism of hesperidin in toxic diseases and in the regulation of intestinal flora.

The “gut microbiota-gut-kidney axis” theory was first proposed to explain how changes in gut microecology affect chronic kidney disease through regulation of metabolites (Nouri et al., 2022). Recent studies have found that a decrease in the abundance of intestinal probiotics in animal models of chronic kidney disease, accompanied by an increase in the abundance of pathogenic bacteria, which causes dyshomeostasis of intestinal flora, directly destroys intestinal barrier function and leads to bacterial translocation and the accumulation of enterogenous uremic toxins in the blood, thereby activating renal inflammation, oxidative stress and fibrosis pathways (Plata et al., 2019; Li et al., 2023a). In addition, excessive metabolic waste cannot be fully excreted by the kidney and re-enters the intestine, further aggravating the imbalance of intestinal flora and leading to the sustainable development of the disease. Therefore, the discovery or development of effective drugs through the “gut microbiota - enteric-kidney axis” is of great significance for the treatment of kidney diseases (Hsu and Tain, 2022). At present, there are still gaps in the research on the role and mechanism of “gut - kidney axis” in natural compounds on chronic kidney injury caused by heavy metals in animals, which is also the focus of the scientific community in recent years.

Studies have confirmed that high levels of Zn can induce kidney damage (Ratn et al., 2018). At the same time, hesperidin has been shown to have significant effects in maintaining intestinal flora homeostasis and alleviating kidney injury, but its underlying mechanism is still unclear (Mas-Capdevila et al., 2020). In this study, pigs were used as experimental animals, and hesperidin was used for treatment based on the establishment of a pathological injury model of high levels of Zn. Based on the theory of “intestinal microbiota - enteric-kidney axis”, changes in intestinal flora structure and metabolites, changes in intestinal barrier function, renal function, and dynamic processes of autophagy and apoptosis were detected by detecting changes in intestinal flora of pigs. Further, the mechanism of “intestinal flora - intestinal renal axis” in hesperidin alleviating kidney injury caused by Zn poisoning was discussed, which laid a foundation for elucidation of the protective mechanism of hesperidin in regulating kidney injury of pigs with high levels of Zn.




2 Materials and methods



2.1 Animal treatment

A total of 80 weaned pigs, one-month-old (approximate 10 kg) were fed with basal mixed ration for one week during adaptive phase (Supplementary Table S1). Pigs were randomly divided into four groups: control (75 mg/kg anhydrous Zn sulfate), Zn group (1500 mg/kg anhydrous Zn sulfate), Zn+hes group (1500 mg/kg anhydrous Zn sulfate + 150 mg/kg hesperidin), and hes group (150 mg/kg hesperidin). The feed was supplemented with anhydrous Zn sulfate and/or hesperidin, and the periods lasted for 40 days. The samples were collected under anesthesia (sodium pentobarbital) on day 40. The experiment was approved from the Animal Care and Use Committee of Chongqing Three Gorges Vocational College.




2.2 Hematoxylin-eosin staining

After deparaffinization and rehydration of the tissue sections, they were stained with hematoxylin and eosin, followed by dehydration with gradient alcohol and transparency with xylene, and finally sealed with neutral resin.




2.3 Ultrastructure observation

The kidney tissues were collected and incubated in osmium tetroxide for 2 h. Then, the samples were performed as previous study (Fang et al., 2021). The ultrathin sections were detected by a HITACHI HT 7800 transmission electron microscope (HITACHI, Japan).




2.4 Immunohistochemical observation

The section preparation, antigen restore, peroxidase clearance and blocking in immunohistochemistry were carried out according to the previous studies (Liao et al., 2020). The primary antibody (ZO-1) was incubated for 16 h, followed by incubation with the secondary antibody conjugated with biotin for 1 h. The slides were observed and photographed under a microscope (Leica, Germany).




2.5 mRNA expression levels analysis

Total RNA was isolated with Trizol reagent (Takara, Japan). Reverse transcription steps of cDNA were carried out by using BeyoRT™ II cDNA synthesis kit (Beyotime, China). The primers of LC3, p62, ATG5, Bak1, Bax, Bcl2, Caspase-3 and GAPDH were presented in Supplementary Table S2. The RT-qPCR was operated on the Applied Biosystems SimpliAmp PCR System (Thermo Fisher, USA). The results of relative mRNA expressions were shown as 2-△△CT.




2.6 Microfloral DNA extraction and sequencing

Intestine flora DNA was collected by HiPure Stool DNA Kits (Magen, Guangzhou, China) following the producer’s instructions. A set of V3/V4 conserved region was amplified by PCR. The amplified PCR products were extracted by using DNA Gel Extraction Kit (Beyotime, China) for target fragment recovery. Purified amplicons were sequenced according to previous study (Xie et al., 2022). Prediction of flora function was determined on the TaxFun platform (Gene Denovo, China).




2.7 Statistical analysis

GraphPad Prism 8.5 (GraphPad Inc., LaJolla, CA, USA) was used for data statistics. The collected data were expressed as mean ± standard errors and analyzed by one-way analysis of variance (ANOVA). The statistical significance was deemed at p < 0.05.





3 Results



3.1 Effects of Zn on the growth performance and renal injury

As shown in Figure 1A, the body weight of pigs in Zn group was decreased compared to control group. Meanwhile, the levels of creatinine and urea nitrogen in serum were remarkably increased under Zn treatment compared to control group (p<0.05 or p<0.01). Hesperidin increased body weight and significantly decreased creatinine and urea nitrogen levels (p<0.05) (Figures 1B, C). Histological observations showed that excessive exposure to Zn caused significant glomerular atrophy compared with control group. However, after hesperidin treatment, the pathological changes were significantly improved (Figure 1D). Through further ultrastructural observation, we found that mitochondria in the kidney exposed to high level of Zn showed vacuolation and ridge breakage, while hesperidin combined with Zn treatment group did not show a large number of damaged mitochondria (Figure 1E).




Figure 1 | Effects of Zn on the growth performance and renal injury in pigs. (A) Body weight. (B) Serum creatinine. (C) Urea nitrogen. (D) HE staining. (E) TEM observation.






3.2 Effects of hesperidin on Zn-induced autophagy and apoptosis in kidney

As shown as Figure 2, the mRNA levels of LC3, ATG5, Bak1, Bax, and Caspase-3 were significantly upregulated in Zn group compared to control group (p<0.01), and the mRNA expression levels of p62 and Bcl2 were markedly downregulated (p<0.01). Additionally, hesperidin could remarkably reduce the mRNA levels of LC3, ATG5, Bak1, Bax, and Caspase-3 and elevate the levels of p62 and Bcl2 under Zn treatment.




Figure 2 | Effects of Zn on the autophagy and apoptosis in kidney. (A) mRNA levels of LC3, p62, and ATG5. (B) mRNA levels of Bak1, Bax, Bcl2, and Caspase-3. (C) Heat mat of the autophagy-related genes expression. (D) Heat mat of the apoptosis-related genes expression. “*” expressed the statistical difference compared with the control group (*P < 0.05, **P < 0.01 and ***P < 0.001). “#” expressed the statistical difference between the two groups (#P < 0.05, ##P < 0.01 and ###P < 0.001).






3.3 Effects of hesperidin on Zn-induced colonic barrier dysfunction

Here, after excessive Zn intake, the colon mucosa is damaged and the number of glands is significantly reduced (Figure 3A), and the PAS staining also showed that the number of goblet cells was decreased significantly under Zn treatment in contrast to the control group (p<0.05) (Figures 3A, B). Whereas, hesperidin could signally relieve the pathological damage of the colon (Figures 3A, B). In addition, the result of immunohistochemistry revealed that the tight junction protein ZO-1 was expressed at a low level under excess Zn treatment (p<0.01), and hesperidin can significantly reverse the trend (p<0.05) (Figures 3A, C).




Figure 3 | Effects of Zn on the barrier function in colon. (A) HE staining, PAS staining, and immunofluorescencal detection of ZO-1 in colon. (B) The number of goblet cells. (C) Immunofluorescence positive rate of ZO-1. “*” expressed the statistical difference compared with the control group (*P < 0.05, **P < 0.01 and ***P < 0.001). “#” expressed the statistical difference between the two groups (#P < 0.05, ##P < 0.01 and ###P < 0.001).






3.4 Effects of hesperidin on alpha and beta diversity indices in intestinal microflora under Zn treatment

The alpha diversity of gut flora was analyzed by the Sob, ACE, and chao1. Here, the Sob (Figure 4A), ACE (Figure 4B), and chao1 (Figure 4C) in the control group were higher than that in Zn group, hes group, and Zn+hes group. Additionally, PCoA, PCA, and NMDS plot were used to evaluate Beta-diversity. Different colored spots represented the different groups. The gathered spots meant that the composition of the microbial structure between samples is more similar. In this study, the PCoA, PCA plot, and NMDS showed that each group’s plots were independent of the other group (Figures 4D–F).




Figure 4 | Effects of Zn on alpha and beta diversity indices in colonic microflora. (A–C) Alpha diversity is analyzed by Sob (A), ACE (B), and chao1 (C). (D–F) Beta diversity is analyzed by PCoA (D), PCA (E), and NMDS (F). Each dot represents an individual sample.






3.5 Effects of hesperidin on the composition of the gut microbiota under Zn treatment

In the present study, the results of venn diagram showed at the phylum level, a total of 16 OTUs in the control group and the Zn group, and a total of 15 OTUs both in Zn group and Zn+hes group. At the level of genus, a total of 137 OTUs in the control group and the Zn group, and a total of 135 OTUs both in Zn group and Zn+hes group (Figures 5A, B). We found that the Firmicutes is the dominant flora. Compared with the control group, the abundance of Bacteroidetes was increased and Actinobacteria was decreased in the Zn group, while the Zn+hes group showed a reverse trend compared with the Zn group, and the hes group and the control group were close at phylum level (Figures 5C, E). In addition, the abundance of Ruminococcaceae_UCG-014 was increased and Olsenella and Lactobacillus were decreased in the Zn group, while the Zn+hes group showed a reverse trend compared with the Zn group at genus level (Figures 5D, F). Through the significance analysis, it was found that the abundance of Bacteroidetes and Tenericutes were increased significantly and Proteobacteria was decreased remarkably in Zn group compared to control group at phylum level. Interestingly, hesperidin could markedly decrease the abundance of Tenericutes under Zn treatment (Figures 6A, C). At genus level, the abundance of Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-005, and Christensenella were increased remarkably in Zn group compared to control group, and Pseudoramibacter and Dorea were significantly decreased. Meanwhile, hesperidin could decrease the abundance of Christensenella under Zn treatment (Figures 6B, D). Besides that, the function prediction possibly indicated that the differential flora might participate in the cell growth and death, nutrition metabolism, energy metabolism and so on (Figure 6E).




Figure 5 | Effects of Zn on the changes in intestinal flora. (A) Venn diagram of gut flora at the phylum level. (B) Venn diagram of gut flora at the genus level. (C) Composition of gut flora at the phylum level. (D) Composition of gut flora at the genus level. (E) Heat map of gut flora at the phylum level. (F) Heat map of gut flora at the genus level.






Figure 6 | Differential flora screening and functional prediction. (A) Different bacteria at the phylum level between control group and Zn group. (B) Different bacteria at the genus level between control group and Zn group. (C) Different bacteria at the phylum level between Zn group and Zn+hes group. (D) Different bacteria at the genus level between Zn group and Zn+hes group. (E) Function prediction of differential flora.







4 Discussion

Zn is an essential trace element involved in a variety of life processes. Dietary supplementation of appropriate amount of Zn can not only improve animal reproductive performance and maintain intestinal microenvironment homeostasis, but also improve antioxidant function and enhance immunity. However, excessive intake of Zn in animals can lead to decreased antioxidant function, resulting in oxidative stress and programmed death (Yang et al., 2022; Li et al., 2023b). It has been proved that the kidney is an important target organ for Zn toxicity, but its pathogenic mechanism is still unclear. The “gut-kidney axis” theory holds that the disturbance of intestinal flora can induce the impairment of intestinal barrier function and systemic micro-inflammatory response, thus inducing the functional impairment of the kidney (Yang et al., 2018). Therefore, through the search for corresponding drugs, through the “entero-renal axis” to treat kidney disease has become a hot research direction. Hesperidin is a kind of natural flavonoid widely found in citrus fruits, which has been found to have antioxidant, anti-inflammatory and other biological activities (Li et al., 2021b). Here, this study identified the mechanism of “intestinal flora - intestinal kidney axis” in hesperidin alleviating kidney injury caused by Zn, and further clarified the pathway of hesperidin in Zn-induced kidney injury.

A large number of studies have confirmed that cell damage caused by heavy metals is often accompanied by autophagy and apoptosis (Fang et al., 2021; Li et al., 2021a). Autophagy is a biological mechanism widely existing in eukaryotic cells, and it is considered to be an important way for cells to degrade large quantities of senescent proteins and damaged organelles. Autophagy forms an independent double-layer membrane structure, wraps the cytoplasm under the regulation of a variety of proteins, fuses with lysosomes and finally degrades into small molecules, which are released back into the cytoplasm for use (Klionsky et al., 2021). During autophagy, ATG5 promotes the formation of bilayer membrane of autophagosome, recruits LC3 and promotes its transformation from LC3-I to LC3-II. The degradation of p62 is another marker for monitoring autophagy, as p62 can bind to LC3 and be selectively degraded by autophagy (Levine and Kroemer, 2019). In addition, apoptosis is a type of programmed cell death that is highly regulated by multiple genes and characterized by chromatin condensation, DNA cleavage, and the formation of apoptotic bodies. The mechanism of apoptosis is very complex, mainly divided into endogenous and exogenous pathways (D'Arcy, 2019). Among them, most of the research focuses on endogenous apoptosis, and the apoptosis of mitochondrial pathway has also become a research hotspot for most scholars. In most cases, mitochondria-mediated endogenous apoptosis is controlled by the Bcl family, which is composed of pro-apoptotic factors such as Bax and Bak-1 and anti-apoptotic factors Bcl-2 (Yuan et al., 2021). When the apoptotic signal is received, the pro-apoptotic protein will be transferred to the mitochondrial membrane, and the Bcl-2 protein will be further down-regulated, resulting in the permeability of the mitochondrial outer membrane, the reduction of mitochondrial membrane potential, and the release of intermembrane pro-apoptotic substances, which will further promote the shear of Caspase-3, destroy the nuclear structure, and break down the cell into apoptotic bodies (Liao et al., 2019). It has been confirmed that feeding high dose of copper can increase the protein expression levels of LC3-II/LC3-I, ATG5, Bax, and cleaved Caspase-3 (Liao et al., 2020, 2021). Zhang et al. also confirmed that molybdenum and cadmium combined feeding in ducks also led to renal autophagy and apoptosis (Zhang et al., 2022b). In our study, we have found that Zn could induced the high expression level of autophagy and apoptosis-related genes, and hesperidin could reverse these effects, which verified the anti-renal damage effect of hesperidin.

Studies have shown that the toxic effect of heavy metals is caused by the absorption of digestive tract and metabolism in the body (Witkowska et al., 2021). At the same time, intestinal damage may become an important bridge for toxin-induced organ toxicity damage (Liao et al., 2022). Therefore, the evaluation of intestinal damage is also an important indicator for heavy metal poisoning. In this study, we evaluated the intestinal toxicity of Zn by histology and expression of ZO-1 protein. ZO-1 is one of intestinal tight junction proteins, which can maintain the structural integrity of intestinal epithelial cells and the continuity of intestinal mucosal barrier, and plays an important role in cell proliferation, differentiation and growth, regulation of intercellular signal transduction and penetration (Kuo et al., 2022). Here, we found that Zn exposure could cause pathological damage to the colon, and induce the ZO-1 protein expression decreased significantly. Nevertheless, hesperidin treatment could upregulate the ZO-1 expression level, which indicating that hesperidin can repair barrier barriers, improve the structure and function of intestinal epithelium, and regulate intestinal mucosal permeability.

In this study, we have revealed that Zn can cause nephrotoxicity, and the colon also produces pathological damage, and hesperidin can reverse the damage both of them. It has reported that the process of drug alleviating kidney injury may involve the role of the “gut-kidney” axis, especially the function of intestinal flora (Xie et al., 2022). Therefore, we speculate that hesperidin plays a key role in alleviating Zn-induced nephrotoxicity by the gut microbiota. In recent years, with the attention paid to the occurrence of kidney diseases caused by intestinal microecological disorders, the relationship between gut and kidney has gradually become a hot topic of research, and the theory of “gut-kidney axis” has been gradually confirmed (Evenepoel et al., 2017). As reported, 20% of patients with inflammatory bowel disease have mild tubular damage, which may be related to the effects of conventional treatment drugs and inflammatory cytokines. The proposal of the “gut-kidney” axis explores the regulating effect of the gut on the kidney. As an important role of the “gut-kidney” axis, intestinal flora plays an important role, and the disturbance of gut microbiota homeostasis and the intestinal barrier dysfunction are the inducing factors in the occurrence of kidney diseases (Chen et al., 2019). Here, we found that Zn could remarkably increase the abundance of Tenericutes and Christensenella, and hesperidin significantly decrease their abundance. Zhang et al. showed that the Tenericutes was reduced in diabetic nephropathy after Lycoperoside H treatment, which provided an important reference for the involvement of Tenericutes in the regulation of kidney diseases through “gut-kidney” axis (Zhang et al., 2022a). In addition, as a probiotic, Christensenella has been used for the treatment of diabetes, which could enhance the intestinal barrier and reduce intestinal inflammation (Pan et al., 2022). Therefore, hesperidin was found to improve Zn-induced intestinal barrier dysfunction by changing the abundance of Tenericutes and Christensenella, thus alleviating zinc-induced kidney injury via “gut-kidney” axis. In subsequent studies, we can use high-throughput sequencing to screen signal molecules to explore the molecular targets of hesperidin in regulating zinc-induced kidney injury.




5 Conclusion

In summary, Zn could induce nephrotoxicity and intestinal damage, and the disordered intestinal flora, as the core of “gut-kidney” axis, is an important pathway to promote Zn-induced nephrotoxicity. Additionally, hesperidin could improve the zinc-induced gut microbiota disorder for alleviating Zn-induced nephrotoxicity via “gut-kidney” axis.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal studies were approved by South China Agricultural University ethics committee. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.





Author contributions

QY: Writing – original draft. LQ: Writing – review & editing. SH: Writing – review & editing. CZ: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was sponsored by Natural Science Foundation of Chongqing (grant number: cstc2021jcyj-msxmX1210), China, the Educational Reform Project of Chongqing Municipal Education Commission (grant number: Z213122), and Youth project of science and technology research program of Chongqing Education Commission of China (grant number: KJQN202003504; KJQN 202003509; KJQN202203511).




Acknowledgments

The authors would like to thank all authors of references.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1390104/full#supplementary-material.




References

 Alhasawi, A., Auger, C., Appanna, V. P., Chahma, M., and Appanna, V. D. (2014). Zinc toxicity and ATP production in Pseudomonas fluorescens. J. Appl. Microbiol. 117, 65–73. doi: 10.1111/jam.12497

 Chen, Y. Y., Chen, D. Q., Chen, L., Liu, J. R., Vaziri, N. D., Guo, Y., et al. (2019). Microbiome-metabolome reveals the contribution of gut-kidney axis on kidney disease. J. Trans. Med. 17, 5. doi: 10.1186/s12967-018-1756-4

 D'Arcy, M. S. (2019). Cell death: a review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int. 43, 582–592. doi: 10.1002/cbin.11137

 Evenepoel, P., Poesen, R., and Meijers, B. (2017). The gut-kidney axis. Pediatr. Nephrol. 32, 2005–2014. doi: 10.1007/s00467-016-3527-x

 Fang, Y., Xing, C., Wang, X., Cao, H., Zhang, C., Guo, X., et al. (2021). Activation of the ROS/HO-1/NQO1 signaling pathway contributes to the copper-induced oxidative stress and autophagy in duck renal tubular epithelial cells. Sci. OF THE TOTAL Environ. 757, 143753. doi: 10.1016/j.scitotenv.2020.143753

 Hager-Theodorides, A. L., Massouras, T., Simitzis, P. E., Moschou, K., Zoidis, E., Sfakianaki, E., et al. (2021). Hesperidin and naringin improve broiler meat fatty acid profile and modulate the expression of genes involved in fatty acid beta-oxidation and antioxidant defense in a dose dependent manner. Foods 10 (4), 739. doi: 10.3390/foods10040739

 Hsu, C. N., and Tain, Y. L. (2022). Chronic kidney disease and gut microbiota: what is their connection in early life? Int. J. Mol. Sci. 23 (7), 3954. doi: 10.3390/ijms23073954

 Hutchens, W. M., Tokach, M. D., Dritz, S. S., Gebhardt, J., Woodworth, J. C., DeRouchey, J. M., et al. (2021). The effects of pharmacological levels of zinc, diet acidification, and dietary crude protein on growth performance in nursery pigs. J. Anim. Sci. 99 (10), skab259. doi: 10.1093/jas/skab259

 Kamboh, A. A., Hang, S. Q., Bakhetgul, M., and Zhu, W. Y. (2013). Effects of genistein and hesperidin on biomarkers of heat stress in broilers under persistent summer stress. Poult Sci. 92, 2411–2418. doi: 10.3382/ps.2012-02960

 Kataba, A., Nakayama, S., Yohannes, Y. B., Toyomaki, H., Nakata, H., Ikenaka, Y., et al. (2021). Effects of zinc on tissue uptake and toxicity of lead in Sprague Dawley rat. J. Of Veterinary Med. Sci. 83, 1674–1685. doi: 10.1292/jvms.20-0684

 Kim, B., and Lee, W. W. (2021). Regulatory role of zinc in immune cell signaling. Molecules Cells 44, 335–341. doi: 10.14348/molcells.2021.0061

 Klionsky, D. J., Petroni, G., Amaravadi, R. K., Baehrecke, E. H., Ballabio, A., Boya, P., et al. (2021). Autophagy in major human diseases. EMBO Joournal 40, e108863. doi: 10.15252/embj.2021108863

 Kouvedaki, I., Pappas, A. C., Surai, P. F., and Zoidis, E. (2024). Nutrigenomics of natural antioxidants in broilers. Antioxidants (Basel) 13, 270. doi: 10.3390/antiox13030270

 Kuo, W. T., Odenwald, M. A., Turner, J. R., and Zuo, L. (2022). Tight junction proteins occludin and ZO-1 as regulators of epithelial proliferation and survival. Ann. N Y Acad. Sci. 1514, 21–33. doi: 10.1111/nyas.14798

 Levine, B., and Kroemer, G. (2019). Biological functions of autophagy genes: A disease perspective. Cell 176, 11–42. doi: 10.1016/j.cell.2018.09.048

 Li, Y., Chen, H., Liao, J., Chen, K., Javed, M. T., Qiao, N., et al. (2021a). Long-term copper exposure promotes apoptosis and autophagy by inducing oxidative stress in pig testis. Environ. Sci. pollut. Res. Int. 28, 55140–55153. doi: 10.1007/s11356-021-14853-y

 Li, J., Wang, T., Liu, P., Yang, F., Wang, X., Zheng, W., et al. (2021b). Hesperetin ameliorates hepatic oxidative stress and inflammation via the PI3K/AKT-Nrf2-ARE pathway in oleic acid-induced HepG2 cells and a rat model of high-fat diet-induced NAFLD. Food Funct. 12, 3898–3918. doi: 10.1039/D0FO02736G

 Li, N., Wang, Y., Wei, P., Min, Y., Yu, M., Zhou, G., et al. (2023a). Causal effects of specific gut microbiota on chronic kidney diseases and renal function-A two-sample mendelian randomization study. Nutrients 15 (2), 306. doi: 10.3390/nu15020360

 Li, X., Wen, J., Jiao, L., Wang, C., Hong, Q., Feng, J., et al. (2021c). Dietary copper/zinc-loaded montmorillonite improved growth performance and intestinal barrier and changed gut microbiota in weaned piglets. J. Anim. Physiol. Anim. Nutr. (Berl) 105, 678–686. doi: 10.1111/jpn.13522

 Li, Q., Yang, Q., Guo, P., Feng, Y., Wang, S., Guo, J., et al. (2023b). Mitophagy contributes to zinc-induced ferroptosis in porcine testis cells. Food Chem. Toxicol. 179, 113950. doi: 10.1016/j.fct.2023.113950

 Li, X., Yao, Y., Wang, Y., Hua, L., Wu, M., Chen, F., et al. (2022). Effect of hesperidin supplementation on liver metabolomics and gut microbiota in a high-fat diet-induced NAFLD mice model. J. Agric. Food Chem. 70, 11224–11235. doi: 10.1021/acs.jafc.2c02334

 Liao, J., Hu, Z., Li, Q., Li, H., Chen, W., Huo, H., et al. (2022). Endoplasmic reticulum stress contributes to copper-induced pyroptosis via regulating the IRE1alpha-XBP1 pathway in pig jejunal epithelial cells. J. Agric. Food Chem. 70, 1293–1303. doi: 10.1021/acs.jafc.1c07927

 Liao, N. C., Shih, Y. L., Chou, J. S., Chen, K. W., Chen, Y. L., Lee, M. H., et al. (2019). Cardamonin induces cell cycle arrest, apoptosis and alters apoptosis associated gene expression in WEHI-3 mouse leukemia cells. Am. J. Chin. Med. 47, 635–656. doi: 10.1142/S0192415X19500332

 Liao, J., Yang, F., Bai, Y., Yu, W., Qiao, N., Han, Q., et al. (2021). Metabolomics analysis reveals the effects of copper on mitochondria-mediated apoptosis in kidney of broiler chicken (Gallus gallus). J. Inorganic Biochem. 224, 111581. doi: 10.1016/j.jinorgbio.2021.111581

 Liao, J., Yang, F., Yu, W., Qiao, N., Zhang, H., Han, Q., et al. (2020). Copper induces energy metabolic dysfunction and AMPK-mTOR pathway-mediated autophagy in kidney of broiler chickens. Ecotoxicol Environ. Saf. 206, 111366. doi: 10.1016/j.ecoenv.2020.111366

 Mas-Capdevila, A., Teichenne, J., Domenech-Coca, C., Caimari, A., Del, B. J., Escote, X., et al. (2020). Effect of hesperidin on cardiovascular disease risk factors: the role of intestinal microbiota on hesperidin bioavailability. Nutrients 12 (5), 1488. doi: 10.3390/nu12051488

 Nouri, Z., Zhang, X. Y., Khakisahneh, S., Degen, A. A., and Wang, D. H. (2022). The microbiota-gut-kidney axis mediates host osmoregulation in a small desert mammal. NPJ Biofilms Microbiomes 8, 16. doi: 10.1038/s41522-022-00280-5

 Pan, T., Zheng, S., Zheng, W., Shi, C., Ning, K., Zhang, Q., et al. (2022). Christensenella regulated by Huang-Qi-Ling-Hua-San is a key factor by which to improve type 2 diabetes. Front. Microbiol. 13, 1022403. doi: 10.3389/fmicb.2022.1022403

 Plata, C., Cruz, C., Cervantes, L. G., and Ramirez, V. (2019). The gut microbiota and its relationship with chronic kidney disease. Int. Urol. Nephrol. 51, 2209–2226. doi: 10.1007/s11255-019-02291-2

 Ratn, A., Prasad, R., Awasthi, Y., Kumar, M., Misra, A., and Trivedi, S. P. (2018). Zn(2+) induced molecular responses associated with oxidative stress, DNA damage and histopathological lesions in liver and kidney of the fish, Channa punctatus (Bloch 1793). Ecotoxicol Environ. Saf. 151, 10–20. doi: 10.1016/j.ecoenv.2017.12.058

 Ren, T., Fu, G. H., Liu, T. F., Hu, K., Li, H. R., Fang, W. H., et al. (2017). Toxicity and accumulation of zinc pyrithione in the liver and kidneys of Carassius auratus gibelio: association with P-glycoprotein expression. FISH Physiol. Biochem. 43, 1–9. doi: 10.1007/s10695-016-0262-y

 Wang, M., Phadke, M., Packard, D., Yadav, D., and Gorelick, F. (2020). Zinc: Roles in pancreatic physiology and disease. Pancreatology 20, 1413–1420. doi: 10.1016/j.pan.2020.08.016

 Witkowska, D., Slowik, J., and Chilicka, K. (2021). Heavy metals and human health: possible exposure pathways and the competition for protein binding sites. Molecules 26 (19), 6060. doi: 10.3390/molecules26196060

 Xie, Y., Hu, X., Li, S., Qiu, Y., Cao, R., Xu, C., et al. (2022). Pharmacological targeting macrophage phenotype via gut-kidney axis ameliorates renal fibrosis in mice. Pharmacol. Res. 178, 106161. doi: 10.1016/j.phrs.2022.106161

 Xiong, H., Wang, J., Ran, Q., Lou, G., Peng, C., Gan, Q., et al. (2019). Hesperidin: A therapeutic agent for obesity. Drug Des. Devel Ther. 13, 3855–3866. doi: 10.2147/DDDT

 Yang, Q., Fang, Y., Zhang, C., Liu, X., Wu, Y., Zhang, Y., et al. (2022). Exposure to zinc induces lysosomal-mitochondrial axis-mediated apoptosis in PK-15 cells. Ecotoxicol Environ. Saf. 241, 113716. doi: 10.1016/j.ecoenv.2022.113716

 Yang, T., Richards, E. M., Pepine, C. J., and Raizada, M. K. (2018). The gut microbiota and the brain-gut-kidney axis in hypertension and chronic kidney disease. Nat. Rev. Nephrol. 14, 442–456. doi: 10.1038/s41581-018-0018-2

 Yuan, Z., Dewson, G., Czabotar, P. E., and Birkinshaw, R. W. (2021). VDAC2 and the BCL-2 family of proteins. Biochem. Soc. Trans. 49, 2787–2795. doi: 10.1042/BST20210753

 Zhang, Z., Li, Q., Liu, F., and Wang, D. (2022a). Lycoperoside H protects against diabetic nephropathy via alteration of gut microbiota and inflammation. J. Biochem. Mol. Toxicol. 36, e23216. doi: 10.1002/jbt.23216

 Zhang, C., Lin, T., Nie, G., Hu, R., Pi, S., Wei, Z., et al. (2022b). In vivo assessment of molybdenum and cadmium co-induce nephrotoxicity via causing calcium homeostasis disorder and autophagy in ducks (Anas platyrhyncha). Ecotoxicol Environ. Saf. 230, 113099. doi: 10.1016/j.ecoenv.2021.113099




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yang, Qian, He and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-14-1390104-g002.jpg
>
@

== control Zn = Zn+hes hes . control Zn = Zn+hes hes

»

°
N
o

i1y II

o
n

=l
o

mRNA expression levels
o
Je
mRNA expression levels
o -
» o
1

o
o
o
o
I

Léa p62 AT‘GS Bak1 BCIZ Caspase-3

o >
& (\,X\e

Bak1
LC3

Bax

Bcl2

Caspase-3






OEBPS/Images/fcimb-14-1390104-g005.jpg
Relative abundance(%)

control

100

804

604

404

Zn

%

Zn-hes

Unclassified
W Other
M Planctomycetes
1 Chloroflexi
M Tenericutes
B Acidobacteria
W Spirochaetes
M Euryarchaeota
M Proteobacteria
M Actinobacteria
M Bacteroidetes
M Firmicutes

Firmicutes

Bacteroidetes

Spirochaetes

Chlamydiae

Tenericutes

Actinobacteria
Cyanobacteria
Patescibacteria 15
Proteobacteria 0.5
Euryarchaeota 05
Acidobacteria :} %
Crenarchaeota
Thaumarchaeota
Planctomycetes
Gemmatimonadetes
Chlorofiexi

Rokubacteria

Elusimicrobia
Verrucomicrobia
Epsilonbacteraeota

Relative abundance(%)

Zn-hes

Unclassified
W Other

¥ Lactobacillus

M Faecalitalea

W Weissella

M Olsenella
Terrisporobacter

W Subdoligranulum

Olsenella
Lactobacillus
Ruminococcus_torques_group

Catenisphaera

Collinsella

Holdemanella

Blautia

Erysipelotrichaceae_UCG-009 :-5

Eubacterium_coprostanoligenes_group 38 0.5

Ruminococcus_2 ?o's

Subdoligranulum -1
15

Faecalitalea
Ruminococcaceae_UCG-014
Treponema_2

Parabacteroides

Weissella
Prevotellaceae_NK3B31_group
Methanobrevibacter
Clostridium_sensu_stricto_1
Terrisporobacter

M Erysipelotrichaceae_UCG-009
M Prevotellaceae_NK3B31_group

M Ruminococcaceae_UCG-014

Clostridium_sensu_stricto_1





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hesperidin alleviates zinc-induced nephrotoxicity via the gut-kidney axis in swine

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animal treatment

          



          		

            2.2 Hematoxylin-eosin staining

          



          		

            2.3 Ultrastructure observation

          



          		

            2.4 Immunohistochemical observation

          



          		

            2.5 mRNA expression levels analysis

          



          		

            2.6 Microfloral DNA extraction and sequencing

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of Zn on the growth performance and renal injury

          



          		

            3.2 Effects of hesperidin on Zn-induced autophagy and apoptosis in kidney

          



          		

            3.3 Effects of hesperidin on Zn-induced colonic barrier dysfunction

          



          		

            3.4 Effects of hesperidin on alpha and beta diversity indices in intestinal microflora under Zn treatment

          



          		

            3.5 Effects of hesperidin on the composition of the gut microbiota under Zn treatment

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-14-1390104-g004.jpg
o o
o a o

PC02(15.21%)

-3

W wleowbe e
[——
PCoA
:
.
[
| .
. ‘ .
| .
.
® o . i
o
.
-02 0 02

PC01(23.56%)

Ace

PC2(15.49%)

o

n

-15

[T
Number of tags sampied
PCA
.
.
.t
.
.
O ) 7|
.
EQ [ 70
PCA1(38.20%)

NMDS2

01 o
0
.
.
0.1 e
.
02{e
02 [ 02 04
NMDS1

™ control
W 2n
W 2n-hes
W hes

® control
®Zn

® Zn-hes
® hes





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1390104-g006.jpg
A

™ control ™ Zn 95% confidence intervals
Bacteroidetes - - | 0.04122
Proteobacteria lL—O— 0.04219
Tenericutes &, 0.01064
T T T T T T
0 10 -20 -15 -10 5 0 5
Mean abundance(%) Difference in mean proportions(%)
B
M control ™ Zn 95% confidence intervals
Rikenellaceae_RC9_gut_group —— 0.03913
Pseudoramibacter :-—0—~ 0.04017
Ruminococcaceae_UCG-005 —-— i 0.00080
Dorea e 0.03284
Christensenella o 0.02744
T T T T T
0.0 05 -05 00 05 10 15
Mean abundance(%) Difference in mean proportions(%)
C
W Zn W Zn-hesperidin 95% confidence intervals
Tenericutes F _—————— J» 0.02082
T T T T T T T
0.0 05 1.0 02 04 06 08 10 12
Mean abundance(%) Difference in mean proportions(%)
D
M Zn W Zn-hesperidin 95% confidence intervals
Shuttleworthia ——— 0.04182
Christensenella = 1003312
T T T T T T
0.00 0.05 -0.10 -0.05 0.00 0.05 0.10
Mean abundance(%) Difference in mean proportions(%)
E

Metabolism of terpenoids and polyketides
Folding, sorting and degradation
Biosynthesis of other secondary metabolites
Xenobiotics biodegradation and metabolism
Membrane transport

Environmental adaptation

Cell growth and death

Metabolism of other amino acids 2
Replication and repair 1

Nucleotide metabolism _01
Carbohydrate metabolism 2

Amino acid metabolism

Translation

Lipid metabolism

Cell motility

Signal transduction

Glycan biosynthesis and metabolism

Transcription
Energy metabolism
Metabolism of cofactors and vitamins

S S S S, % %, e %
%, ’7/,0 ’//,o ’//,o 7 20 22 g 'z,, 'zé 'z.,} /zé q,} q,g %;; @*v
> % % % &&7 s&e s\,\; s%

p-value

p-value

p-value

p-value





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1390104-g001.jpg
© © <

[$) (Ww) uaBoniu eain wnieg

~

. @
iy K
- e
%
\ooo
— 11
2 2 ) °
3 S B
- =
) sulueasd wnia
) () S
- F %
1
<
0 %
@
=
*
< =
N 2
} L °
2 3
g
o
S
r%
£
€
g
M re
t
— T T 711

< (6%) yBram Apog





OEBPS/Images/fcimb.2024.1390104_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Hesperidin alleviates zinc-induced
nephrotoxicity via the gut-kidney
axis in swine





OEBPS/Images/fcimb-14-1390104-g003.jpg
- N
o o
N
5 8 8

Goblet cell / crypt (n)
s

]
2
e
o
4
=
2
o
w8
5
28
8%
2
£
o
c
3
£
E






