
		
			[image: 1.png]
		

	
		
			Research Article

		

		
			Exposure to Environmental Perfluorooctanoic Acid (PFOA) Induced Hepatocellular Apoptosis and Alteration in Serum Biomarkers in Diabetic Guinea Pigs

		

		
			Zahraa K. Shakir2*, Raghad N. Al-Saadi1

		

		
			1Department of Pathology and Poultry Disease, College of Veterinary Medicine, University of Baghdad, Iraq; 2Department of Pathology and Poultry Disease, College of Veterinary Medicine, University of Karbala, Iraq.

		

		
			Abstract | We aimed to study the association of serum perfluorooctanoic acid (PFOA) with incident of diabetes and hepatotoxicity in guinea pigs. With increasing rates of diabetes following PFOA exposure, remarkable increase in mortality among PFOA producing workers was occurred from liver disease. The association between diabetes and liver disease are well-known but not following PFOA exposure. In this research, biomarkers of hepatocytes apoptosis, serum alkaline phosphatase (ALP) and serum glutathione reductase (GR) were evaluated in healthy and diabetic male guinea pigs following PFOA exposure. The results showed that PFOA-induced higher expression of liver caspase 3 activity with high levels of serum glucose and non-diabetic guinea pigs exposed to PFOA. Further, significant increased (p <0.05) in serum ALP in both diabetic and non-diabetic animals, respectively after PFOA exposure. At the end of experimental period of 4 weeks, both diabetic and non-diabetic guinea pigs showed significant decrease in GR levels following PFOA treatment. In conclusion, evaluation of liver caspase 3 activity, serum ALP and GR following PFOA treatment was significantly affected by diabetes. PFOA induce higher mitochondrial-mediated apoptosis with increased liver enzyme ALP and oxidative stress in diabetic and non-diabetic animals, respectively. Our findings were constant with the previous studies that indicated exposure to PFOA was linked with increasing blood glucose concentrations and liver toxicity.
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			INTRODUCTION

			Per- and polyfluoroalkyl substances (PFAS) are earning worldwide attention due to their bio accumulative, toxicity and resistance to processes of biological degradation in the environment (Razak et al., 2023). Per- and polyfluoroalkyl substances including PFOA have been manufactured by using electrochemical flourination and telomerization techniques (Dhore and Murthy, 2021). The major exposure source of PFOA is drinking water in contaminated communities (De Silva et al., 2021). Moreover, PFOA was detected in food particularly in meat, fish, dairy products, vegetables (Journal, 2012) and also in human breast milk (Serrano et al., 2021). Perfluorooctanoic acid has been widely used since 1940s due to their unique chemical properties, making them very stable and repellents for water, stains and grease (Glüge et al., 2020; Kannan et al., 2004; Paul et al., 2009). Perfluorooctanoic acid is used in many industrial applications, such as carpeting, floor wax, upholstery, apparel, textiles, sealants and firefighting foam. Perfluorooctanoic acid also used for the production of another perfluoroalkyl-substituted compounds and polymeric materials (Lindstrom et al., 2011).

			

			Perfluorooctanoic acid represent a health and risk concern in spite of its manufacturing has been reduced in recent years (Everds and Kennedy, 2015). Perfluorooctanoic acid was highly persistent chemical that cannot degrade environmentally or break down by enzymes in the biological systems (McCutcheon, 2022). Systemic absorption of PFOA and other PFAS compounds occur by oral, inhalation and dermal routes. After absorbed, PFOA is widely distributed in the body and accumulating mainly in the liver, kidney and blood (Andersen et al., 2008). All animal and human data showed that PFOA not metabolized after absorption due to the high stability and low reactivity of carbon-fluorine bonds in PFOA chain (ATSDR, 2021). 

			Perfluorooctanoic acid have toxic effects in both animals and humans, like hepatotoxicity, immunotoxicity, genotoxicity and neurotoxicity (DeWitt et al., 2008). Perfluorooctanoic acid has also been related with hepatic damage resulting in fatty degeneration (Wen et al., 2020) due to alteration in the antioxidant enzyme activity and induction of oxidative stress in hepatocytes (Xu et al., 2019). Perfluorooctanoic acid exposure association with pancreatic damage and incidence of diabetic (Margolis and Sant, 2021). Moreover, PFOA can accumulate in mitochondria and change fatty acid (precursor of cholesterol) and mitochondrial transport process-related gene expression, leading to inhibit production of cholesterol (Tian et al., 2019).

			The aim of this research was to evaluate the relation between PFOA exposure and incidence of liver damage in diabetic and non-diabetic animals. 

			MATERIALS AND METHODS

			Ethics and Animals

			All procedures and experimental design used in this study were reviewed and approved by the Scientific Committee of the Department of Pathology, College of Veterinary Medicine, University of Baghdad, Iraq in compliance with the ethical principles of animal welfare (Shnawa and Abass, 2022). 

			Forty (40) male guinea pigs (Cavia porcellus) (aged 16-19 weeks and weighing 500-550g) were selected for this study. The animals apparently healthy and kept under hygienic environment at 22±4°C in air-conditioned room, a relative humidity of 50±10%, and the light system was 12/12 hrs. light/dark cycle. The air of the room was continuously changed by ventilation vacuum along period of experiment (28 days). 

			Experimental Design 

			Experimental animals (40 male guinea pigs) were divided randomly and equally into 4 groups. Group 1 (G1) represented as a control. Group 2 (G2) induced diabetic male guinea pigs using alloxan monohydrate. Animals in Group 3 (G3) were received 100 mg/kg BW of PFOA. Group 4 (G4) diabetic male guinea pigs were received 100 mg/kg BW. dose of PFOA orally by using stomach gavage. The duration of the experiment was 28 days. 

			Induction of Diabetes in Experimental Animals

			Diabetes was induced by injection of alloxan monohydrate intraperitoneally (200 mg/kg/BW.) in 24 hours intervals, respectively. Blood glucose test was performed before and after the injection as described in Akunneh and Aduema (2018) with modification.

			Diabetes induced in two groups of animals, G2 and G4, respectively and animals with blood glucose levels higher than 200 mg/dL were supposed to be diabetic and included in the study (Aslan et al., 2013; Al-Aaraje and Al-Saadi, 2023; Shakir et al., 2023). 

			Sampling and Laboratory Tests

			Blood samples (2.5ml) were collected from each animal weekly by cardiac puncture (Arrak, 2012). Serum was extracted by centrifugation at 3000 rpm for 15 min and stored in deep freezer in polyethylene Eppendorf tubes at (-20ºC) for later tests (Al-Mzaien, 2012).

			Biochemical tests were performed by using commercially kits. Caspase 3 antibody kit from biorbyt company (British). Alkaline phosphatase kit from (SPINRACT, Spain) and guinea glutathione reductase kit from (SunLong Biotech, China). 

			Caspase-3 Activity in Liver

			Rabbit polyclonal caspase-3 antibody was used for detection caspase-3 activity in liver (Obaid et al., 2021). The paraffin sections of the selected specimen were heated in microwave oven (30 min at 90˚C) to retrieval the antigen then Hydrogen peroxide was applied with incubation for 20 min. After that, the slides rinsed with DW. 100 μl of Reagent 1 was added and incubate for 20 min then slides were drained and blotted without washing. 100 μl of primary antibody was placed into the tissue section and incubated for 1 hour at 37˚C. 100 μl of the antibody amplifier applied into the sections with incubated at 37ºC for 60 min. 100 μl of HRP polymer conjugate was placed into the tissue section and incubated for 60 min at 37˚C. 50 μl of the DAB-substrate chromogen (20 microliter of DAB mixed with 1ml of substrate diluent) was placed into the tissue section and incubated for 5 min at 37˚C. The slides immersed in a bath of Mayer’s Hematoxylin for 1 minute and then washed three times in D.W, 1 min each. Slides were dehydrated by soaked in ethanol (50, 70, 90, absolute) and then in xylene for 5 min. Evaluation of IHC results was performed by high powered light microscope (Abduljalel and Al-saadi, 2022; Dietz et al., 2019).

			Statistical Analysis

			The data of the experiment were analyzed by using the Graph pad prism Statistical (version 8.0.2). Two-way ANOVA and Tukey’s multiple comparisons test were performed to evaluate significant differences among means of the groups. The results were expressed as mean ± stander errors and P < 0.05 was considered statistically significant.

			RESULTS 

			Serum Alkaline Phosphatase Concentrations 

			Figure 1 showed that serum alkaline phosphatase (ALP) concentrations were significantly increase (13.1±0.5) in diabetic group that exposed to PFOA (G4) compared with control group (12.06±0.5) at the 1st week of the experiment. Likewise, ALP concentrations were significantly increasing in G3 (13.53±0.8, 13. 8±0.1, 14 ±0.5) and in G4 (13.7±0.7, 13.7±0.7, 13.97±0.6) at weeks 2,3 and 4, respectively compared with control group. Moreover, ALP concentration increased significantly (12.9±0.3) in G2 (diabetic group) at 4th week compared with control group (11.7±0.7). 

			Guinea Glutathione Reductase Concentrations 

			Figure 2 illustrated that glutathione reductase concentrations were significantly reduced (p <0.05) in G3 (127.54±12.1) and G4 (114.9±9.4) compared with the control group (234.08±33) during the 1st week of the experiment. In the same way, GR activity was significantly reduced (p <0.05) in G2 (177.37±6.7, 169.7±13.7, 167.9±24.6), G3 (101.97±4, 98.33±15.3, 94.62 ±4.05) and G4 (107.7±3.6, 108.19±6.5, 100.8±1.3), respectively compared with control (G1) at 2nd, 3rd and 4th weeks of the experiment.

			Caspase 3 Activity in Liver 

			Figure 3 illustrate caspase 3 activity in control (G1) and treated guinea pigs with alloxan (G2), PFOA (G3) and PFOA + alloxan (G4). The results showed that caspase 3 activity was significantly rise (p<0.05) in G2, G3 and G4 (24.3 ±3.2, 103.3±6.1, 109.6±8.5) compared with the control group (8±2.1), respectively at the end of the experiment. Further, there were no significant differences (p≥0.05) between G3 that received PFOA and G4 diabetic animals dosed with PFOA.
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			Figure 1: Effect of perfluorooctanoic acid, on serum alkaline phosphatase concentrations (mg/dL) in the control, alloxan induced diabetic, treatment animals with PFOA at 100 mg/kg BW and diabetic guinea pigs exposed to PFOA at 100 mg/kg BW during the experimental period of 4 weeks. Mean ± SE, n = 10.
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			Figure 2: Effect of perfluorooctanoic acid, on serum glutathione reductase activities (mg/dL) in the control, alloxan induced diabetic, treatment animals with PFOA at 100 mg/kg BW and diabetic guinea pigs exposed to PFOA at 100 mg/kg BW during the experimental period of 4 weeks. Mean ± SE, n = 10.

			A photomicrograph of liver tissue sections stained immunohistochemically with caspase-3 antibody represented the normal caspase-3 activity in control group (G1) 3.26% (Figure 4A). Diabetic guinea pig (G2) shows mild increase 9.92% of caspase-3 activity when compared with control group 3.26% (Figure 4B). Additionally, guinea pig in G3 that dosed with PFOA illustrations increasing caspase-3 activity 42.10% compared with G1as shown in (Figure 4C). Diabetic male guinea pig that receives PFOA (G4) displays elevation caspase-3 activity 44.60% compared with control group (Figure 4D).
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			Figure 3: Effect of perfluorooctanoic acid, on apoptosis activities in the control, alloxan induced diabetic, treatment animals with PFOA at 100 mg/kg BW and diabetic guinea pigs exposed to PFOA at 100 mg/kg BW during the experimental period of 4 weeks. Mean ± SE, n = 10.
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			Figure 4: Immunohistochemical staining in guinea pigs liver. Localization of caspase 3 appears as dark brown color staining. (A) control group (G1). (B) diabetic group (G2). (C) Represented immunohistochemical staining of caspase-3 in liver of guinea pig in PFOA treated group (G3) at 100 mg/kg bw shows increasing expression of caspase-3 activity. (D) Represent diabetic male guinea pigs exposed to PFOA 100mg/kg bw (G4) reveled high expression of caspase-3 activity in liver. (X10).

			DISCUSSION

			Our results showed significant increasing of serum alkaline phosphatase (ALP) concentrations after 4 weeks of PFOA exposure. These results are in agreement with Qazi et al. (2010) who reported that that dietary exposure of male mice to 0.002% PFOA for 10 days lead to elevated the activity of alkaline phosphatase (ALP). Furthermore, PFOA administration at dose 1.5, 5 and 10 mg/kg/day for 17,14 and 18 day in mice induced a significantly increase in serum ALP level (Yang et al., 2014; Yahia et al., 2010). 

			Additionally, PFOA can disrupt hepatic metabolism and may be associated with increasing ALP enzyme in a representative sample of Canadian adults (Borghese et al., 2022). 

			Yang et al. (2014) revealed that exposure to PFOA cause structural damage in the liver with degeneration leading to leakage of large quantities of ALP into the blood stream.

			The results of our study displayed that the serum glutathione reductase concentrations were significantly decreased (p <0.05) in G3 that dosed with PFOA and in diabetic animals that dosed with PFOA (G4) compared with control group (G1) and diabetic guinea pigs (G2), respectively.

			Previous reports suggested that PFOA lead to decrease the activity of glutathione reductase (GR) Zhang et al. (2019). PFOA treatmenet also resulting in increased in oxidative stress and inhibition activity of glutathione reductase (Zhang et al., 2021). Moreover, alloxan treated group (G2) in this study decrease GR activity and this agree with West (2000) who reported that diabetic animals have decreased the activity of GR.

			PFOA induce liver toxicity cause degeneration, necrosis, and accumulation of fat droplets inside nucleus of hepatocytes due to disturbance in lipid metabolic pathways (Yan et al., 2015; Sheng et al., 2016; Wu et al., 2017). 

			The CD36 protein which also called fatty acid translocase (FAT), is member of cell surface proteins that located on differentiated adipocytes and other cells. This protein has important in regulation of uptake and distribution of fatty acids inside the cells (Glatz et al., 2022; Glatz and Luiken, 2017). PFOA exposure in mice cause expressions of CD36 protein in hepatocytes leading to lipid accumulation inside hepatocytes (Wu et al., 2017). 

			Our study reported diabetic and non-diabetic guinea pig that receives PFOA showed high caspase-3 activity when compare with control group. PFOA induced mitochondrial membrane potential collapse and reduced adenosine triphosphate levels, cardiolipin peroxidation and cytochrome c release (Suh et al., 2017). In addition, PFOA exposure results in β cell apoptosis in pancreatic tissue and glucose-enhance insulin secretion (He et al., 2022). PFOA induced mitochondrial apoptosis presumably by the effect on the expression of genes related apoptosis such as p53, Bcl-2, Bax and Caspase-3 (Cui et al., 2015; Wang et al., 2022). 

			According to the results in this study (as seen in Figure 1, 3 and 4), the alloxan treated group (G2) showed significant increase in caspase-3 activity in liver tissues, serum ALP and reduction in GR activity. However, these changes were significantly differences in animals that dosed with PFOA (G3 and G4). 

			Moreover, the non-significant result of caspase-3 activity in liver, serum ALP and GR between non-diabetic group (G3) and diabetic animals (G4) toxicated with PFOA, suggested that the exposure to PFOA directly induced diabetic like action in guinea pigs. 

			Emerging the toxicity data from G3 and G4 and compared with G2 (induced diabetes in guinea pigs) have been shown constant results related to Putri et al. (2021) who revealed that diabetes (DM) one of the health conditions which can be caused by perfluorooctanoic acid (PFOA). These findings indicated the toxic effect of PFOA lead to damaging of hepatocytes in diabetic and non-diabetic animals since PFOA itself can contribute to hyperglycemia.

			CONCLUSIONS AND RECOMMENDATIONS

			In conclusion, PFOA exposure induced apoptosis in the liver of diabetic and non- diabetic guinea pigs by activation of caspase-3. Moreover, PFOA induces liver toxicity and promotes the production of reactive oxygen species via increasing ALP enzyme and decreasing glutathione reductase activity. Our results suggested that PFOA was associated with liver damage and induce apoptosis in diabetic and non-diabetic animals since PFOA itself can contribute to hyperglycemia. 
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Exposure to Environmental Perfluorooctanoic Acid (PFOA) Induced
Hepatocellular Apoptosis and Alteration in Serum Biomarkers in

Diabetic Guinea Pigs

Zanraa K. SHAKIR?, RAGHAD N. AL-SaaD1!

ZDe])artment of Pathology and Poultry Disease, College of Veterinary Medicine, University of Baghdad, Irag;
IDepartment of Pathology and Poultry Disease, College of Veterinary Medicine, University of Karbala, Irag.

Abstract | We aimed to study the association of serum perfluorooctanoic acid (PFOA) with incident of diabetes and
hepatotoxicity in guinea pigs. With increasing rates of diabetes following PFOA exposure, remarkable increase in
mortality among PFOA producing workers was occurred from liver disease. The association between diabetes and
liver disease are well-known but not following PFOA exposure. In this research, biomarkers of hepatocytes apoptosis,
serum alkaline phosphatase (ALP) and serum glutathione reductase (GR) were evaluated in healthy and diabetic male
guinea pigs following PFOA exposure. The results showed that PFOA-induced higher expression of liver caspase 3
activity with high levels of serum glucose and non-diabetic guinea pigs exposed to PFOA. Further, significant increased
(p <0.05) in serum ALP in both diabetic and non-diabetic animals, respectively after PFOA exposure. At the end of
experimental period of 4 weeks, both diabetic and non-diabetic guinea pigs showed significant decrease in GR levels
following PFOA treatment. In conclusion, evaluation of liver caspase 3 activity, serum ALP and GR following PFOA
treatment was significantly affected by diabetes. PFOA induce higher mitochondrial-mediated apoptosis with increased
liver enzyme ALP and oxidative stress in diabetic and non-diabetic animals, respectively. Our findings were constant
with the previous studies that indicated exposure to PFOA was linked with increasing blood glucose concentrations
and liver toxicity.
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INTRODUCTION the environment (Razak ¢z a/., 2023). Per- and polyfluoro-
alkyl substances including PFOA have been manufactured

er- and polyfluoroalkyl substances (PFAS) are earning by using electrochemical flourination and telomerization
worldwide attention due to their bio accumulative, tox-  techniques (Dhore and Murthy, 2021). The major expo-
icity and resistance to processes of biological degradationin ~ sure source of PFOA is drinking water in contaminated
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