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			ABSTRACT

		

		
			Cadmium (Cd) is a silver-white, toxic and rare metal that exists in nature and can adversely affect the health of living organisms. Naringenin (Nar) is a natural flavonoid that protects many tissues of the body from the toxic effects of heavy metals. Studies have explored the adverse effects of Cd on rats and other animals, but the mechanism of Cd-induced autophagy in the kidney and the antagonistic effect of Nar on Cd are still unclear. In this study, SD rats were treated with Cd and/or Nar to investigate the protective effect of Nar on Cd-induced toxicity. The rats were treated for 4 weeks. The histopathological observation, oxidative stress index and autophagy-related gene expression level were detected of rat kidneys. The results showed that Cd caused the pathological changes of kidneys. And Cd also increased the content of glutathione and malondialdehyde and decreased the content of catalase and total superoxide dismutase. Instead, Nar significantly attenuated these Cd-induced toxic activities. Furthermore, the protein expression levels of Beclin1 and P62 were increased in the Cd-treated group. Treatment with Nar can significantly inhibit the increase of P62 protein expression level caused by Cd, indicating that Nar has a certain inhibitory effect on cell autophagy. In general, this study shows that Cd caused oxidative stress and autophagy. Nar can reduce the toxicity of Cd by attenuating oxidative stress and inhibiting autophagy. The specific mechanism of Nar antagonizing the toxicity of Cd can provide new ideas for anti-Cd toxicity, and also provide theoretical basis for the clinical application of Nar.
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			Introduction

			Cadmium (Cd) is a kind of silver-white natural rare metal element that exists in nature (Gong et al., 2022). When Cd exists in the body, the organ with the highest accumulation content is the kidney, which will cause the metabolic dysfunction of the kidney and cause serious impact on the kidney function. The damage to the kidney during Cd poisoning is relatively mild in the renal corpuscle and renal tubule, but more serious in the proximal convoluted tubule, which can cause renal tubular dysfunction and even cause autophagy (Wang et al., 2017). Damaged organelles and protein-degrading fractions in the cytoplasm can be removed by the process of autophagy. The relationship between autophagy and cell death is complex. Under normal physiological conditions, cells can perform low levels of autophagy. However, autophagy is activated when cells are stimulated by various stimuli, for example alimentary deficiency, hypoxia, organelle damage, exposure to certain chemicals, invasion of cells by certain microorganisms, excessive accumulation of abnormal proteins within cells, etc. In these cases, autophagy functions to protect cell survival. But excessive autophagy can lead to cell death, manifested by the destruction of the basic components of the cell, known as autophagic cell death (Codogno and Meijer, 2005; Gurusamy and Das, 2009; Kasprowska-Liskiewicz, 2017). 

			Flavonoids are the most abundant antioxidants in plants and human diet (Zhao et al., 2021). Naringenin (Nar), a natural polyphenolic compound, has received extensive attention for its role in preventing and treating oxidative stress damage (Wang et al., 2021). Nar has diverse pharmacological activities, including antioxidant, anti-inflammatory, immunomodulatory, neuroprotective, nephroprotective, hepatoprotective, anticancer and antidiabetic properties (Rauf et al., 2022; Renugadevi and Prabu, 2010). Its content is as high as 43.5 mg/100mL in grapefruit, 2.13 mg/100mL in orange juice, and only 0.38 mg/100mL in lemon juice. For the sake of study, the effect and mechanism of Nar on rat kidney damage caused by Cd, this study established a in vivo model in experimental animal rats. This study aimed to explore the protective effect of Nar on Cd-induced oxidative damage, and provide theoretical basis for the clinical application of Nar.

			Materials and Methods 

			Chemicals 

			Glutathione (GSH), malondialdehyde (MDA), total superoxide dismutase (T-SOD) and catalase (CAT) kits were purchased from Nanjing Jiancheng Bioengineering Institute, Ltd (Nanjing, China), CdCl2 (99.99%) was purchased from Sigma-Aldrich Co., Ltd (Shanghai, China), naringenin was purchased from Beijing Bailingwei Technology Co., Ltd (98%, Beijing, China), glacial acetic acid, PBS buffer, 10% formaldehyde, anhydrous ethanol, xylene (all analyzing pure). Primary antibodies P62, Beclin1 and β-actin were purchased from Proteintech Group (Rosemont, USA). Secondary antibodies were purchased from the Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China).

			Animals 

			The experimental animals were SD rats with a weight of about 150 g at the age of 5 weeks. They were provided by Henan Experimental Animal Center.

			Experimental design 

			Healthy male SD rats (n=24), fed with rat chow, allowed free access to food and water, natural lighting in the animal rearing room, and maintained at room temperature (24°C±2°C). After 1 week of adaptive feeding, the rats were randomly divided into four groups, with six rats per group. They were treated as follows: The control group received 1 mL/kg b.w. of 0.9% NaCl by intraperitoneal injection, the Cd-treated group received 1 mg/kg b.w. of CdCl2 by intraperitoneal injection, the Nar-treated group received 100 mg/kg b.w. of Nar by oral gavage, and the Cd + Nar-treated group received 1 mg/kg b.w. of CdCl2 by intraperitoneal injection and 100 mg/kg b.w. of Nar by oral gavage.

			The experiment lasted for 4 weeks. Respiratory anesthesia was performed on the rats in each group with diethyl ether. Then, the rats were killed by dislocation, and the kidneys were collected. Then, some kidneys were placed in 10% formaldehyde solution for fixation, and a kidney section was prepared for later use. Some kidney tissues were chopped, homogenized (10%, w/v) in PBS solution (pH 7.4), and centrifuged (3000 rpm for 10 min). Stored the clarified supernatant at -80 °C for later use to detect the content and activity of relevant biochemical indicators in the tissue.

			Histopathological analysis 

			Fresh kidneys were immersed in formaldehyde solution for 24 h for fixation, and then cut into 1 × 1 × 0.5 cm cuboids. Gradual dehydration was carried out with different concentrations of gradient ethanol as dehydrating agent. After removing the water, the tissue blocks were placed in xylene. The clearly treated kidney tissue is immersed in completely liquefied pure paraffin. The solidified paraffin was placed in a microtome to be fixed for slicing, and the slice thickness was set to 4 μm. The paraffin sections containing kidney tissue were placed in water at 42°C and stretched out naturally. The kidney tissue was placed in the center of the slide glass, and then put it into a 45°C incubator to dry for about 40 minutes. Dyeing was carried out according to the instructions of the HE dyeing process. Then the prepared slices to take pictures and observe.

			Antioxidant analysis 

			GSH and MDA contents, T-SOD and CAT activities were detected using a diagnostic kit according to the method on the kit instructions. These results were measured spectrophotometrically.

			 

			Detection of protein expression by western blot

			First, the total protein of kidney tissue was extracted. Rinse kidney tissue with 4°C PBS buffer, cut the tissue into small pieces with surgical scissors and place them in a grinder. Add lysis buffer to the grinder (tissue block: lysis buffer = 1:9), the mixture was triturated in an ice-water bath to prepare a tissue homogenate. The tissue homogenate was then transferred to a centrifuge tube, shaken on a shaker for 6-10 s, and centrifuged (12000 rpm for 10 min) at 4°C. After the end, the protein supernatant was taken for use. The next step is protein denaturation. According to the ratio of protein loading buffer: Protein supernatant= 1:4, add 5 protein loading buffer. After the denaturation is completed in a boiling water bath for 15min, put it in the refrigerator at -20°C for later use. Then, SDS-PAGE electrophoresis, membrane transfer, immunoreaction and chemiluminescence were performed in sequence. Finally, the protein expression level was detected by gel image analysis.

			Statistical analysis 

			Statistical analysis was performed on the data, and SPSS 15.0 software was used to analyze the variance (ANOVO). Determination results are expressed as mean  Standard Error (SE), P>0.05 means no statistical significance, that is, no significant difference, P<0.05 means statistically significant, significant difference, P<0.01 means extremely significant difference.
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			Fig. 1. Effect of naringenin on Cadmium-induced kidney injury in rats. Rats were treated with Cd an/or Nar for 4 weeks. A1 and A2, the control group showing normal renal tissue structure, and structures such as glomerulus, renal tubule and renal cortex were clearly visible. B1 and B2, the Cd-treated group showing that renal glomerular cells atrophy, the structure of renal tubules was severely  damaged, epithelial cells were disordered and degenerated, inflammatory cells infiltrated, interstitial congestion, and extensive lesions occurred: Cells are exfoliated and necrotic and interstitial fibrosis, cells are destroyed, and cell membrane boundaries are blurred; C1 and C2, the Nar-treated group showing normal kidney structure; D1 and D2, the kidney structure of the rats in the Cd+ Nar-treated group was basically normal.

			Stain: H&E.

			Results

			Histological evaluation of rat kidney 

			It can be observed from Figure 1A1, A2, C1 and C2, there was no abnormal change in renal tissue structure in the control group and the Nar-treated group, and the 
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			Fig. 2. Effect of naringenin on GSH (A), MDA (B), and T-SOD activity (C) in rat kidney. Rats were treated with Cd an/or Nar for 4 weeks. Then, the content of GSH and activities of catalase and SOD in kidney tissue of rats in different treatment groups were detected. Data are represented as mean ± SE. n=6. “*” or “**” means that the difference is significant (* P<0.05) or extremely significant (** P<0.01) compared with the control group; “#” or “##” means that the difference is significant (# P<0.05) or extremely significant (## P<0.01) compared with the Cd-treated group.

			structures of the glomerulus, renal tubule and renal cortex were clearly visible, and no obvious lesions were found. Figures 1B1, B2 and 1A1, A2 show that in the Cd-treated group, glomerular cells atrophy, the structure of renal tubules is severely damaged, epithelial cells are disordered and degenerated, inflammatory cells infiltrate, interstitial congestion, and extensive lesions occur: A large number of proximal convoluted tubule epithelial cells were necrotic and accumulated in the lumen, and renal tubular cells were exfoliated and necrotic and interstitial fibrosis occurred. The cells were destroyed and the cell membrane boundaries were blurred. Figure 1D1, D2, 1B1, B2 can be seen, the Cd+ Nar-treated group, the structure of the kidney was basically intact, and only a few cellular structures were damaged. The structure of the glomerulus and glomerulus was normal, and no obvious lesions were found.

			GSH and MDA contents of rat kidney 

			As can be seen from Figure 2A and B, the content of GSH and MDA in the Cd-treated group extremely significantly (P<0.01 and P<0.05) increased compared with that in the control group; compared with the Cd-treated group, the GSH and MDA content in the kidney tissue of the Cd+ Nar-treated group was significantly decreased (P<0.05).

			T-SOD and CAT activities in rat kidney 

			The Cd-treated group showed extremely significantly (P<0.01) reduced activities of T-SOD and catalase compared with the control group; compared with the Cd-treated group (Fig. 2C, D). The T-SOD and catalase activities in the kidney tissue of the Cd+ Nar-treated group was extremely significantly increased.

			Expression levels of autophagy proteins P62 and Beclin1 in rat kidney tissue

			As can be seen from Figure 3, compared with the control group, the expression levels of P62 and Beclin1 proteins in the Cd-treated group were significantly or extremely significantly increased (P<0.05 or P<0.01). Compared with the Cd-treated group, the expression level of P62 protein in the Cd+ Nar-treated group was significantly decreased (P<0.05), but the protein expression level of Beclin1 was significantly increased (P<0.05).

			Discussion

			Cd enters the body in various ways, and the impact of Cd pollution on human and animal health is becoming more and more serious (Arab-Nozari et al., 2020). As one of the important storage sites of Cd, the kidney is seriously damaged by Cd (Egger et al., 2019). In addition, Cd causes oxidative damage to tissue cells, and Nar is an antioxidant. Previous research has shown that Cd can cause kidney injury in rats and is associated with the development of oxidative stress (Mouro et al., 2021).
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			Fig. 3. Effect of naringenin on the expression of p62 and Baclin1 in kidney tissue induced by cadmium.

			Rats were treated with Cd and/or Nar for 4 weeks. Then, the protein expression levels of P62 and Beclin1 in kidney tissue were tissue were analyzed by western bolt. A: Western blot image; B: Quantitative analysis of P62 protein expression; C: Quantitative analysis of Beclin1 protein expression. “*” or “**” means that the difference is significant (* P<0.05) or extremely significant (** P<0.01) compared with the control group; “#” or “##” means that the difference is significant (# P<0.05) or extremely significant (## P<0.01) compared with the Cd-treated group.

			Histopathological effects of Cadmium and Naringenin on rat kidney

			The rat kidney tissue sections were observed, and the renal tissue structure damage, renal tubular necrosis, renal tubular degeneration, and renal tubular swelling in the Cd-treated group were observed. This may be due to the increase of lipid peroxidation in rat renal tissue caused by Cd, and the accumulation of free radicals eventually leads to extensive renal damage, resulting in extensive renal lesions (Koyu et al., 2006; Skipper et al., 2016); compared with the Cd-treated group, the renal structure of Cd in the Cd+ Nar-treated group was relatively complete, with few abnormal changes in renal tubules and glomeruli, and less pathological damage. It shows that Nar can effectively reduce the damage of rat kidney caused by Cd, and has a certain protective effect on Cd toxicity damage.

			Effects of Cadmium and Naringenin on oxidative stress in rat kidney

			GSH is a special glycine that can combine with free radicals and peroxides in the body to antagonize the damage to tissues and organs caused by free radicals. It has a variety of protective effects on the body, such as anti-oxidation, inhibition of free radical damage, free radical scavenging, etc., (Kamiyama et al., 1995). Cd can interact with -SH in GSH, the main intracellular defense against reactive oxygen species generation, lipid peroxidation, and oxidative damage. Especially during oxidative phosphorylation and detoxification, -SH consumption is one of the important mechanisms of Cd-induced oxidative stress (Jahan et al., 2014). These processes are ultimately responsible for the accumulation of reactive oxygen species (Wang et al., 2020). Therefore, changes in GSH content can reflect the degree of cellular oxidative damage. MDA is an important indicator reflecting the degree of peroxidation in the body, and it is the product of tissue cells after peroxidation. Therefore, the degree of peroxidation in the body can be preliminarily determined by measuring the content of MDA. The results of this study suggested that compared with the control group, the contents of GSH and MDA in the kidney tissue of the Cd-treated group were significantly increased, indicating that Cd led to the production of a large number of free radicals in the kidneys, resulting in an increase in the level of oxidation in the tissue, and the peroxidation of tissue cells, causing damage to them. Compared with the Cd-treated group, the contents of GSH and MDA in the kidney tissue of the Cd+ Nar-treated group were significantly reduced, indicating that Nar can reduce the increase in tissue oxidation caused by Cd and inhibit the body’s peroxidation caused by Cd. That is, Nar has a certain protective effect on kidney tissue damage caused by Cd.

			T-SOD has many effects on the body, such as slowing down aging, inhibiting tumors, maintaining body balance, and scavenging superoxide anion free radicals. In animals, hydroxyl radicals are particularly destructive, and their chemical properties are more active than other free radicals (Zhu et al., 2016). The hydrogen and oxygen free radicals can be decomposed by CAT and lose their activity, so as to maintain the balance of the internal environment of the body. Therefore, in scavenging reactive oxygen species, the role of CAT is particularly prominent. The results of this study suggested that compared with the control group, the activities of T-SOD and CAT in the kidneys of the Cd-treated group were significantly decreased. This may be due to the substitution of T-SOD metal auxiliary group by Cd ion, resulting in an inhibitory effect; or a direct inhibitory effect on CAT activity. Compared with the Cd-treated group, the activities of T-SOD and CAT in the kidney tissue of the Cd+ Nar-treated group were significantly increased. This indicates that Nar can alleviate the peroxidative damage of Cd poisoning to the body’s kidney tissue, and thus play a role in protecting the body.

			Effects of Cadmium on the expression levels of autophagy proteins P62 and Beclin1 in rat kidney tissue

			Autophagy is one of the important self-protection mechanisms of the body’s cells (Arab et al., 2022; Tong et al., 2022). When the body is stimulated by oxidative stress caused by Cd, the autophagy pathway will be activated, causing cells to undergo autophagy to protect the body from damage. Studies have shown that with the increase of Cd exposure dose, Cd accumulates in rat tissues and damages cells, activates the autophagy mechanism, triggers autophagic death of cells, and increases the expression level of autophagy-related proteins in cells (Wang et al., 2020; Zhao et al., 2021). Some studies have also shown that autophagy only occurs in early Cd poisoning. When the body is exposed to Cd for a long time, inhibiting autophagy can aggravate cell apoptosis. Studies showed that Cd exposure significantly increased the Cd content in duck renal tubular epithelial cells, the number of autophagosomes and LC3 punctate bodies, and up-regulated the mRNA levels of LC3A, LC3B, Beclin-1, Atg5, Beclin-1 and LC3II /LC3I protein level, down-regulated p62 mRNA level and p62 protein level (Wang et al., 2020). But the autophagy inhibitor 3-MA decreased Beclin-1, LC3II/LC3I protein levels, increased p62 protein levels, significantly increased Caspase-3, Cyt C, Bax and Bak-1 mRNA levels, Caspase-3 and cleaved Caspase- 3 protein levels, apoptosis rate and cell damage. These results suggest that Cd exposure induces autophagy in duck renal tubular epithelial cells, and inhibition of autophagy may exacerbate Cd-induced apoptosis through mitochondria-mediated pathways.

			The results of this study showed that compared with the control group, the expression levels of autophagy proteins Beclin1 and P62 in the Cd-treated group were significantly increased, indicating that Cd exposure led to a significant enhancement of cell autophagy, which may be one of the mechanisms of Cd-induced kidney injury. Compared with the Cd-treated group, the expression level of autophagy protein P62 in the Cd+ Nar-treated group was significantly decreased, which indicated that Nar had a certain inhibitory effect on cell autophagy, but could not reduce the expression level of Beclin1 protein. The specific mechanism needs to be further studied.

			Conclusions

			The Cd exposure causes pathological damage to the kidney, increases the level of lipid peroxides in the body tissue, weakens the activity and antioxidant capacity of antioxidant enzymes, and increases the content of autophagy protein in kidney tissue cells. This suggests that Cd causes kidney damage through oxidative stress and autophagy. Nar can reduce the oxidative damage and autophagy level of kidney tissue, and has a certain protective effect on the kidney damage caused by Cd.
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Cadmium (Cd) is a silver-white, toxic and rare metal that exists in nature and can adversely affect the
health of living organisms. Naringenin (Nar) is a natural flavonoid that protects many tissues of the
body from the toxic effects of heavy metals. Studies have explored the adverse effects of Cd on rats and
other animals, but the mechanism of Cd-induced autophagy in the kidney and the antagonistic effect
of Nar on Cd are still unclear. In this study, SD rats were treated with Cd and/or Nar to investigate the
protective effect of Nar on Cd-induced toxicity. The rats were treated for 4 weeks. The histopathological
observation, oxidative stress index and autophagy-related gene expression level were detected of rat
kidneys. The results showed that Cd caused the pathological changes of kidneys. And Cd also increased
the content of glutathione and malondialdehyde and decreased the content of catalase and total superoxide
dismutase. Instead, Nar significantly attenuated these Cd-induced toxic activities. Furthermore, the
protein expression levels of Beclinl and P62 were increased in the Cd-treated group. Treatment with Nar
can significantly inhibit the increase of P62 protein expression level caused by Cd, indicating that Nar has
a certain inhibitory effect on cell autophagy. In general, this study shows that Cd caused oxidative stress
and autophagy. Nar can reduce the toxicity of Cd by attenuating oxidative stress and inhibiting autophagy.
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Cadmium (Cd) is a kind of silver-white natural rare
metal element that exists in nature (Gong et al.,
2022). When Cd exists in the body, the organ with the
highest accumulation content is the kidney, which will
cause the metabolic dysfunction of the kidney and cause
serious impact on the kidney function. The damage to
the kidney during Cd poisoning is relatively mild in the
renal corpuscle and renal tubule, but more serious in the
proximal convoluted tubule, which can cause renal tubular
dysfunction and even cause autophagy (Wang et al., 2017).
Damaged organelles and protein-degrading fractions in the
cytoplasm can be removed by the process of autophagy.
The relationship between autophagy and cell death is
complex. Under normal physiological conditions, cells can
perform low levels of autophagy. However, autophagy is
activated when cells are stimulated by various stimuli, for
example alimentary deficiency, hypoxia, organelle damage,
exposure to certain chemicals, invasion of cells by certain
microorganisms, excessive accumulation of abnormal
proteins within cells, etc. In these cases, autophagy
functions to protect cell survival. But excessive autophagy
can lead to cell death, manifested by the destruction of the
basic components of the cell, known as autophagic cell

plants and human diet (Zhao ef al., 2021). Naringenin
(Nar), a natural polyphenolic compound, has received
extensive attention for its role in preventing and treating
oxidative stress damage (Wang er al., 2021). Nar has
diverse pharmacological activities, including antioxidant,
anti-inflammatory, immunomodulatory, neuroprotective,
nephroprotective,  hepatoprotective, — anticancer and
antidiabetic properties (Rauf ef a/., 2022; Renugadevi and
Prabu, 2010). Its content is as high as 43.5 mg/100mL in
grapefruit, 2.13 mg/100mL in orange juice, and only 0.38
mg/100mL in lemon juice. For the sake of study, the effect
and mechanism of Nar on rat kidney damage caused by
Cd, this study established a in vivo model in experimental
animal rats. This study aimed to explore the protective
effect of Nar on Cd-induced oxidative damage, and provide
theoretical basis for the clinical application of Nar.

MATERIALS AND METHODS

Chemicals
Glutathione (GSH), malondialdehyde (MDA), total
superoxide dismutase (T-SOD) and catalase (CAT) Kkits
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