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					ABSTRACT  

					ARTICLE INFO  

					Coenzyme Q10 (CoQ10) has been examined in several diabetic and/or insulin-resistant models;  

					however, a thorough explanation of its precise mechanisms is still lacking. This study investigated  

					the protective effect of CoQ10 in fructose-fed streptozotocin-induced diabetic rats via redox  

					regulation and modulation of some key pathways. Male Wistar rats were pre-fed with 20% (w/v)  

					fructose water for one week and thereafter injected with streptozotocin intraperitoneal. The  

					animals were treated with CoQ10 for two weeks after confirmation of diabetes. Thereafter, they  

					were euthanized, blood and liver samples were collected for biochemical and histopathological  

					studies. Glycemic indices, carbohydrate metabolizing enzymes (both in vitro and in vivo), liver  

					biomarkers, oxidative stress and inflammatory markers, and redox status were investigated. The  

					mRNA expression level of GSK-3β, GLUT-2, and some inflammatory genes was also assessed.  

					The results revealed that CoQ10 significantly modulates the glycemic indices, carbohydrate  

					metabolizing enzymes, and mitigates the detrimental effect of the STZ-induced diabetes in the  

					liver by lowering the concentrations of the oxidative stress markers and improving the activity of  

					the endogenous antioxidant enzymes and the concentration of the anti-inflammatory cytokine.  

					Administration of CoQ10 downregulated GSK-3β, TNF-α, and NF-kB mRNA expression levels,  

					and upregulated GLUT-2 and IL-10 mRNA expression levels. CoQ10 protected the hepatic tissue  

					from hyperglycemia and oxidative stress resulting from STZ-induced diabetes and also modulated  

					the expression of genes implicated in the insulin signaling pathway. CoQ10 protects by alleviating  

					the impairment of insulin signaling in diabetic rats and could be an effective therapeutic agent for  

					the management of diabetes.  
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					This inhibitory process, however, is disrupted in diabetes, which results  

					in elevated blood glucose and decreased glycogen synthesis. Current  

					Introduction  

					research highlights the possibility of using GSK-3β as a therapeutic  

					target for diabetes treatment.6 It has been demonstrated by studies that  

					GLUT-2 is down-regulated in the liver and pancreatic β-cells in type 2  

					diabetes, which reduces insulin production and glucose uptake.  

					Moreover, there is evidence that hyperglycemia and lipotoxicity, which  

					are prevalent in type 2 diabetes, can lower the expression of GLUT-2,  

					hence intensifying the condition.7 Inflammatory signaling pathways are  

					mainly responsible for mediating the relationship between  

					inflammation and diabetes. TNF-α, interleukin-1β (IL-1β), and  

					interleukin-6 (IL-6) are among the cytokines involved in these  

					pathways. Activation of nuclear factor-κB (NF-κB) may prevent insulin  

					signaling by enhancing serine phosphorylation of insulin receptor  

					substrate-1, which can result in insulin resistance. Due to their impact  

					on hepatic glucose production and lipid metabolism, they significantly  

					contribute to the exacerbation of metabolic dysfunctions. Numerous  

					genetic and environmental variables are involved in the complex  

					etiology of diabetes.8 While there are many medications available to  

					Diabetes is a long-term metabolic disease that can result in  

					serious health issues. It is characterized by hyperglycemia brought on  

					by insufficient insulin production or insulin resistance.1 It is worrisome  

					to note that 462 million adults, or 6.28% of the adult population, had  

					type 2 diabetes mellitus (T2DM) in 2020.2 Projections show that if  

					current trends continue, this figure may rise to 592 million by 2035,  

					highlighting the unchecked spread of the T2DM disease.3 An estimated  

					537 million adults worldwide are anticipated to have diabetes, with type  

					2 diabetes accounting for 90% of cases, according to the International  

					Diabetes Federation 2021 report. It is disturbing to note that by 2045,  

					this figure is expected to increase to 643 million.4 Glycogen synthase  

					kinase-3β (GSK-3β) plays a significant role in insulin signaling, beta-  

					cell function, and inflammation in the pathogenesis of diabetes.5 GSK-  

					3β activity is normally inhibited by insulin through phosphorylation,  

					enabling the activation of glycogen synthase and the subsequent storage  

					of glycogen.  
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					tolerance of these medications.9,  

					As such, the search for new  

					medications that can specifically target cutting-edge pathways  

					implicated in the etiology of diabetes is therefore necessary. Therefore,  

					there is an urgent need for novel strategies utilizing natural therapies.  

					The body contains two forms of Co-enzyme Q10 (CoQ10), a fat-  

					soluble, vitamin-like quinone that is also known as ubiquinone: the  

					reduced form, which functions as an endogenous antioxidant, and the  

					oxidized form, which serves as an electron transporter during  

					mitochondrial respiration.11, 12 Additionally, it controls the expression  

					of genes encoding other molecules involved in oxidative stress and  
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					inflammation, and effectively guards against the oxidation of proteins,  

					nucleic acids, and lipid membranes.13, 14  

					(Accu-Chek, Roche, Germany) was used to confirm diabetes following  

					a tail prick by measuring stable hyperglycemia 72 hours after STZ  

					injection. Rats with fasting blood glucose levels greater than 250 mg/dL  

					were considered diabetic. Treatment with CoQ10 commenced  

					immediately and lasted for two weeks.  

					It has been reported that some dietary components are deficient in  

					diabetes conditions, including CoQ10.15, 16 CoQ10 depletion may be  

					brought on by increased oxidative stress and/or decreased  

					mitochondrial substrate metabolism, 17 which may be connected to β-  

					cell dysfunction and the onset of insulin resistance.18 Prior research has  

					examined CoQ10 in several diabetic and/or insulin resistance (IR)  

					models; however, a thorough explanation of its precise mechanisms is  

					still lacking. This study investigated the protective effect of CoQ10 in  

					fructose-fed streptozotocin-induced diabetic rats via the modulation of  

					some key biochemical pathways.  

					Sample collection and preparation  

					At the end of the experiment, five rats from each group were sacrificed.  

					The rats were fasted overnight, weighed, and then anesthetized and  

					euthanized using 200 mg/kg sodium pentobarbital intraperitoneally.  

					After administration, the animals became unconscious and non-  

					responsive to injurious stimuli. Blood samples were drawn from the  

					abdominal aorta and the liver was also excised. The removal of the vital  

					organs after the animals became unconscious led to the death of the  

					animals. The procedures employed in this study complies with the  

					guidelines for the care and use of laboratory animals 8th edition and the  

					AVMA guidelines on euthanasia of animals. The serum was promptly  

					separated through centrifugation at 1000g for 5 minutes. The liver was,  

					quickly rinsed with ice-cold 10 mM phosphate-buffered saline (pH 7.2)  

					to eliminate any remaining blood, and then weighed. A portion of the  

					liver was preserved in a 10% buffered formalin for histological analysis.  

					The rest of the tissues were immediately homogenized in five volumes  

					of ice-cold phosphate buffer (pH 6.2) and stored frozen for subsequent  

					biochemical tests.  

					Materials and Methods  

					Chemicals  

					Streptozotocin, CoQ10, and Metformin were purchased from Sigma-  

					Aldrich (St. Louis, USA). All other chemicals and reagents as well as  

					the commercially available kits used in this study were of analytical  

					grade.  

					Preparation of CoQ10  

					CoQ10 was dissolved in dimethyl sulfoxide and 0.9% normal saline.  

					The mixture was then swiftly mixed and kept at -40°C in a dark bottle.  

					Every week, a fresh solution of CoQ10 was made.  

					Biochemical assays  

					Animal care and use  

					Serum insulin and hepatic lipase levels were quantitatively measured  

					using a microplate immunoenzymometric assay kit, following the  

					manufacturer's protocol, which was based on the principles outlined by  

					Tietz.21 Glycogen content in the liver homogenate was measured as  

					glucosyl units after undergoing acid hydrolysis, as described by  

					Passoneau and Lauderdale.22 HbA1c was assayed using the diagnostic  

					kit (cat no BXC0670A), Glut-2 (cat no E-EL-R0354), and Glut-4 (cat  

					no E-EL-R0430), which were assayed using ELISA assay kits. The in  

					vitro α-amylase and α-glucosidase inhibitory activities of CoQ10 and in  

					vivo activities were assayed in the serum according to the method of  

					Worthington23 and Apostolidis, 24 respectively. The method of Doumas  

					Wistar male rats weighing 190g±10g were procured from the Animal  

					House, Biochemistry Department of Ekiti State University, located in  

					Ado-Ekiti, Nigeria. For a week, the animals were acclimatized. They  

					were housed in conventional settings with a 12-hour light/dark cycle,  

					water, and rat feed available to them at all times. Regarding the care and  

					use of laboratory animals, all investigations were carried out in  

					compliance with National Institutes of Health guidelines (NIH  

					publication 85-23, 1985). Every procedure followed the Federal  

					University Oye-Ekiti Ethical Review guidelines and was approved by  

					the Faculty of Science Research Ethic Committees for animal  

					experimentation with approval number: FUOYEFSC 201122-  

					REC2024/025. The procedures are also in compliance with the Arrive  

					guidelines for animal research.  

					25  

					et al. was used to estimate serum bilirubin. Alanine and aspartate  

					transferase activities were evaluated according to the method described  

					by Reitman and Frankel.26 Alkaline phosphatase activity was assessed  

					using the method outlined by Wright et al.27 The concentration of  

					protein carbonyls was measured following the procedure detailed by  

					Levine et al.28 Malondialdehyde (MDA) was assessed as described by  

					Nelson.29 The total protein concentration in the serum and the liver was  

					assayed, using Biuret reagent as described by Gornall et al.30 The  

					Ethical statement  

					Every procedure followed the Federal University Oye-Ekiti Ethical  

					Review guidelines and was approved by the Faculty of Science  

					Research Ethic Committees for animal experimentation with approval  

					number: FUOYEFSC 201122-REC2024/025. All procedures in this  

					study conformed to the tenets of animal research as recommended by  

					the Declaration of Helsinki and the National Institute of Health and also  

					in compliance with the Arrive guidelines for animal research.  

					31  

					method of Misra and Fridovich was followed for the assessment of  

					superoxide dismutase (SOD) activity. Catalase activity was assayed  

					using the approach outlined by Beers and Sizer.32 The concentration of  

					reduced glutathione (GSH) was assessed according to the method of  

					Ellman.33 Inflammatory biomarkers like TNF-α (cat. no E-EL-R2856),  

					IL-10 (cat no E-CL-R0016), and C-reactive protein (CRP) (cat no E-  

					CL-R0021) were also assayed using the ELISA assay kits.  

					Experimental design  

					Thirty Wistar rats were divided randomly into five groups of 6 animals  

					per group. The streptozotocin (STZ)-induced diabetic rats were pre-fed  

					with 20% (w/v) fructose water for one week and injected with 40 mg/kg  

					STZ intraperitoneally. The animal grouping was as follows:  

					Group 1: Normal control  

					Group 2: Streptozotocin (STZ) (diabetic control)  

					Group 3: STZ + 100 mg/kg b.w. CoQ10 (STZQ10)  

					Group 4: 100 mg/kg b.w. CoQ10 (Q10)  

					Histopathological examination  

					The liver samples were prepared and embedded in wax after fixing. The  

					Hematoxylin-Eosin staining method was utilized. For the  

					histopathological evaluation and photomicrography of the slides, an  

					Olympus light microscope with a built-in camera was used.34  

					Group 5: STZ + 200 mg/kg b.w. metformin (STZMet)  

					A pilot study was initially conducted for the use of 100 mg/kg b.w.  

					CoQ10 (Q10). The dosage for metformin (Met) was based on a previous  

					investigation by Quaile et al.19 At the end of the two weeks experimental  

					period, five (5) animals were sacrificed from each group for  

					biochemical analysis due to cost implications.  

					Gene expression study  

					Total RNA was extracted from rat liver using the Quick-RNA  

					MiniPrep™ Kit from Zymo Research. DNA contamination was  

					removed through treatment with DNase I (NEB, Cat: M0303S). The  

					RNA was then quantified and reverse transcribed into cDNA using a  

					cDNA synthesis kit based on ProtoScript II first-strand technology from  

					New England BioLabs. Gene amplification was performed using PCR  

					with OneTaqR2X Master Mix (NEB) and primers provided by Inqaba  

					Biotec (Hatfield, South Africa), as detailed in Table 1. GAPDH was  

					employed as a reference gene for normalizing expression levels, and  

					band intensity was analyzed using ImageJ software.35  

					Induction of diabetes  

					Before the induction of diabetes, 20% (w/v) fructose water was given  

					ad libitum for one week. Diabetes was induced in overnight fasted rats  

					intraperitoneally (i.p) with  

					a

					single dose of freshly prepared  

					Streptozotocin (STZ) (40ꢀmg/kg b.w) as previously reported by Wilson  

					and Islam20 in citrate buffer (0.1M, pH 4.5). A portable glucometer  
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					environmental factors. Even though there are several anti-diabetic drugs  

					available for the treatment of diabetes, their effectiveness, safety, and  

					tolerability are among their many drawbacks, and they come with a  

					wide range of adverse effects. Therefore, there is an increasing effort  

					for the development of new drugs from natural compounds that can  

					target novel pathways involved in the pathogenesis of diabetes. Glucose  

					intolerance and persistently abnormally high blood glucose levels are  

					caused by peripheral insulin resistance, impaired β-cell function, and  

					enhanced hepatic glucose production. These factors are primarily  

					responsible for the hyperglycemia status in type 2 diabetes.  

					Table 1: Oligonucleotide primers for mRNA expression  

					S/N  

					Gene  

					Sequence of Primers  

					1

					GSK-3β  

					Forward: 5’-GGGACAGTGGTGTGGATCAG-3’  

					Reverse: 5’-GCCGAAAGACCTTCGTCCAA-3’  

					2

					3

					GLUT-2  

					NF-kB  

					Forward:  

					5’TAGTCAGATTGCTGGCCTCAGCTT-3’  

					The primary basis for the application of CoQ10 as a dietary supplement  

					and its mechanism of action in cardiovascular disease is its involvement  

					in the bioenergetics of the mitochondria.38, 39 CoQ10 plays a crucial role  

					in lipid-soluble antioxidant defense against potentially harmful effects  

					Reverse:  

					5’-  

					TTGCCCTGACTTCCTCTTCCAACT -3’  

					Forward: 5’- CTGGCAGCTCTTCTCAAAGC -3’  

					of toxic free radical species produced during regular cellular  

					Reverse: 5’- CCAGGTCATAGAGAGGCTCAA -  

					3’  

					40  

					metabolism (oxidative stress)  

					and also has an anti-inflammatory  

					impact.41  

					The disruption of cellular glucose homeostasis caused by the induction  

					of diabetes leads to a notable decrease in insulin production. A  

					significant decline in the weight of diabetic rats was observed when  

					compared with the control and the treatment groups. The result of the  

					body weight, organ weight, and organ weight to body weight ratio in  

					STZ-induced diabetic rats and treatment group is presented in Table 2.  

					The gluconeogenic conversion of protein and fat, which are non-  

					carbohydrates, into glucose may be the cause of the weight loss seen in  

					the diabetic group.42 An observed increase (hypertrophy) in the weight  

					of the liver could be attributed to triglyceride buildup. This may be due  

					to hypo-insulinemia's enhanced fatty acid infusion into the liver as well  

					as the liver's poor ability to excrete lipoproteins secretion.  

					4

					5

					TNF-α  

					Forward: 5’-ACCACGCTCTTCTGTCTACTG-3’  

					Reverse: 5’-CTTGGTGGTTTGCTACGAC-3’  

					IL-10  

					Forward: 5’- GAGAGAAGCTGAAGACCCTCT  

					G-3’  

					Reverse: 5’- TCATTCATGGCCTTGTAGACAC -  

					3’  

					6

					GAPDH  

					Forward: 5’-CCTCTATGCCAACACAGTGC-3’  

					Reverse: 5’-CATCGTACTCCTGCTTGCTG-3’  

					The effect of CoQ10 on the glucose level is presented in Fig. 2.  

					Administration of STZ significantly (P<0.05) increased the glucose  

					level of rats after 72 hours of induction, which increased throughout the  

					experimental period as seen in the diabetic untreated group (STZ).  

					However, treatment with CoQ10 and the reference drug, Metformin,  

					significantly (P<0.05) lowered the glucose level throughout the  

					experimental period. The hypoglycemic effect of CoQ10 is attributed to  

					its strong antioxidant property. The metabolism of glucose generally  

					involves several energy-dependent activities; hence, glycemic  

					regulation must be impacted if the body's energy supply system is  

					hampered due to mitochondrial dysfunction or CoQ10 shortage.43  

					Fig. 3 shows the protein concentration in the serum and liver of rats  

					following induction of diabetes with STZ and treatment with CoQ10. It  

					was observed that the protein concentration of the STZ group (diabetic  

					untreated) decreased significantly (P<0.05), both in the serum and the  

					liver. The protein concentration of the groups treated with CoQ10 and  

					metformin increased significantly when compared with the STZ group.  

					The group administered CoQ10 only also had increased protein content,  

					which compared considerably with the control.  

					Statistical Analysis  

					Results were expressed as a mean ± SEM. The data were statistically  

					analyzed using a descriptive one-way Analysis of variance (ANOVA)  

					with a Bonferroni post-hoc test for comparisons between groups using  

					GraphPad Prism 9.0. Differences were considered significant at P<0.05  

					for the post-hoc test.  

					Results and Discussion  

					The progressive deterioration of lipid, protein, and carbohydrate  

					metabolism statuses is the hallmark of diabetes mellitus (DM).  

					According to Daniel et al.36 and Bharti et al. it is one of the major  

					37  

					health threats facing people worldwide and affects both the wealthy and  

					the underprivileged. From the results of the in vitro carbohydrate  

					metabolizing enzymes as presented in Fig. 1, CoQ10 considerably  

					inhibited both the α-amylase and α-glucosidase in a concentration-  

					dependent manner. It was observed that the reference standard, acarbose  

					had higher inhibitory percentage when compared with CoQ10. Diabetes  

					has an intricate pathogenesis that involves several genetic and  

					Table 2: Effect of CoQ10 on body weight, organ weight, and organ to body ratio of fructose-fed streptozotocin-induced diabetic rat.  

					Body weight (g)  

					Initial Final  

					Liver weight (g)  

					Organ/Body ratio (%)  

					Control  

					252.50 ± 2.23a  

					248.30 ± 4.35b  

					255.20 ± 5.20ac  

					250.00 ± 3.30ab  

					249.50 ± 5.25b  

					273.20 ± 6.33a  

					5.40 ± 0.10a  

					8.65 ± 0.25b  

					6.70 ± 0.10c  

					5.70 ± 0.10a  

					6.60 ± 0.10c  

					1.98a  

					4.01b  

					2.52c  

					2.10a  

					2.46c  

					STZ (Diabetic control)  

					STZ + 100mg/kg CoQ10  

					100mg/kg CoQ10  

					200mg/kg Metformin  

					215.50 ± 5.45b  

					265.40 ± 4.26c  

					270.60 ± 3.27a  

					268.30 ± 5.35c  

					All values are expressed as mean ± SEM; n= 5 per group. Values with different alphabets differ significantly (P<0.05).  
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					B

					Figure 1: In vitro α-amylase and α-glucosidase inhibitory activities of CoQ10. All values are expressed as mean ± SEM; n= 3. A: α-  

					amylase; B: α-glucosidase. CoQ10: Coenzyme Q10; Acarbose: Reference standard  

					It was observed from the results that the insulin concentration and the  

					glycogen level reduced significantly in the diabetic group. However,  

					treatment with CoQ10 improves both the insulin concentration and the  

					glycogen level (Fig. 4A & C). Vascular wall proteins become glycated  

					as blood glucose levels rise, which in turn causes dysfunction in  

					endothelial cells. Moreover, it has been reported that advanced  

					glycation end products may foster inflammation and oxidative stress.44  

					The results showed a significant increase in the percentage of HbA1c in  

					the diabetic group when compared to the control and the treatment  

					groups (Fig. 4B). The hepatic lipase activity equally increased  

					significantly in the diabetic group when compared to the control and the  

					groups administered with CoQ10 and Met (Fig. 4D). The findings from  

					45  

					this study align with the work of Samimi et al.  

					who reported a  

					significant improvement in serum insulin and glucose homeostasis  

					markers in patients diagnosed with metabolic syndrome or type 2  

					diabetes after taking 100 mg of CoQ10 daily.  

					Figure 2: Effect of CoQ10 on the glucose level of fructose-fed  

					streptozotocin-induced diabetic rats. All values are expressed  

					as mean ± SEM; n= 5 per group. STZ: Streptozotocin (diabetic  

					untreated); STZQ10: Streptozotocin with 100 mg/kg body  

					weight CoQ10; Q10: CoQ10 alone; STZMet: Streptozotocin  

					with 200 mg/kg body weight Metformin. Values with different  

					alphabets differ significantly (P<0.05).  

					CoQ10 considerably inhibited the carbohydrate metabolizing enzymes,  

					α-amylase and α-glucosidase, in a concentration-dependent manner  

					when compared to the reference standard, acarbose, in vitro. Moreover,  

					the activities of these enzymes were significantly lowered by  

					administration of CoQ10 in vivo when compared to the diabetic group,  

					which was higher than the treatment group (Fig. 5A&B). As presented  

					in Fig. 6, the direct and total bilirubin concentration were significantly  

					higher in the diabetic untreated group when compared to the control and  

					the treatment groups. Serum metabolite and enzyme levels may be  

					significantly impacted by changes in tissue composition. Important  

					information regarding the type and degree of pathological damage to  

					any tissue can be obtained through measuring these enzymes. From the  

					result of this study, a significant increase in the serum aspartate  

					aminotransferase (AST), alanine aminotransferase (ALT), and alkaline  

					phosphatase (ALP) activities (Fig. 7A-C), as well as the total bilirubin  

					in the diabetic group, was observed. The elevated activity of these  

					enzymes and the serum level of total bilirubin indicate a major  

					disruption in the hepatocyte membrane, which results in the leakage of  

					these enzymes from the liver cells. This observation is also corroborated  

					by the histopathological results in the liver of diabetic untreated rats as  

					presented in Plate 1. Increased activity of these enzymes has also been  

					linked to an increased risk of type-2 diabetes in previous research,  

					indicating a potential role for the liver in the development of the  

					condition.46 Significant reduction of AST, ALT, ALP, and total  

					bilirubin levels in CoQ10-treated diabetic rats suggests the potential  

					protective effect of CoQ10 against diabetes-mediated hepatic damage.  

					Chronic hyperglycemia causes elevated reactive oxygen species  

					generation, and oxidative stress leads to diabetes.  

					Figure 3: Effect of CoQ10 on Serum and liver protein  

					concentrations in fructose-fed streptozotocin-induced diabetic  

					rats. All values are expressed as mean ± SEM; n= 5 per group.  

					STZ: Streptozotocin (diabetic untreated); STZQ10:  

					Streptozotocin with 100 mg/kg body weight CoQ10; Q10:  

					CoQ10 alone; STZMet: Streptozotocin with 200 mg/kg body  

					weight Metformin. Values with different alphabets differ  

					significantly (P<0.05).  
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					B

					C

					D

					Figure 4: Effect of CoQ10 on glycemic indices and hepatic lipase activity in fructose-fed streptozotocin-induced diabetic rats. All  

					values are expressed as mean ± SEM; n= 5 per group. A: Insulin concentration; B: Glycated hemoglobin; C: Glycogen level; D: Hepatic  

					lipase activity. STZ: Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10  

					alone; STZMet: Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabets differ significantly (P<0.05).  

					B

					A

					Figure 5: Effect of CoQ10 on in vivo α-amylase and α-glucosidase inhibitory activities in fructose-fed streptozotocin-induced diabetic  

					rats. All values are expressed as mean ± SEM; n= 5 per group. A: α-amylase; B: α-glucosidase. STZ: Streptozotocin (diabetic  

					untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone; STZMet: Streptozotocin with 200  

					mg/kg body weight Metformin. Values with different alphabets differ significantly (P<0.05)  

					From the result of this study, malondialdehyde (MDA) and protein  

					carbonyl (PC) concentrations in the diabetic group increased  

					significantly when compared to the treatment groups. The increase in  

					protein carbonyl and MDA in the diabetic rats could be attributed to the  

					Observations from this study are in line with the previous report, which  

					suggested that supplementation with CoQ10 both in vitro and in vivo  

					could ameliorate lipid peroxidation.47 The result is substantiated by the  

					histopathological examinations, which revealed that there were dilated  

					blood vessels with severe congestion and necrotic hepatocytes in the  

					liver of the diabetic untreated rats. However, treatment with CoQ10  

					showed moderate congestion of the hepatocytes (Plate 1).  

					generation of reactive oxygen species (ROS) as  

					a

					result of  

					hyperglycemia. Administration of CoQ10 significantly reduced the  

					MDA and the protein carbonyl concentrations (Fig. 8A&B).  
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					Figure 6: Effect of CoQ10 on bilirubin concentrations in fructose-fed streptozotocin-induced diabetic rat. All values are expressed as  

					mean ± SEM; n= 5 per group. STZ: Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10;  

					Q10: CoQ10 alone; STZMet: Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabet differ significantly  

					(P<0.05).  

					B

					A

					C

					Figure 7: Effect of CoQ10 on liver enzyme biomarkers in fructose-fed streptozotocin-induced diabetic rat. All values are expressed as  

					mean ± SEM; n= 5 per group. A: Aspartate aminotransferase activity; B: Alanine aminotransferase activity; C: Alkaline phosphatase  

					activity; STZ: Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone;  

					STZMet: Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabet differ significantly (P<0.05).  

					3807  

					© 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License  

				

			

		

		
			
				
					
				
			

			
				
					Trop J Nat Prod Res, August 2025; 9(8): 3802 - 3814  

					ISSN 2616-0684 (Print)  

					ISSN 2616-0692 (Electronic)  

					When cells are under oxidative stress, their antioxidant defense  

					mechanism is suppressed by excessive oxidation products, which  

					results in an overproduction of MDA and a decrease in antioxidant  

					levels.48 A significant reduction in the endogenous antioxidant  

					enzymes, reduced glutathione (GSH), superoxide dismutase (SOD), and  

					catalase activities was observed in the diabetic untreated group.  

					However, treatment with CoQ10 significantly improves the  

					concentration of GSH and activities of the SOD and catalase (Fig. 9A-  

					C). The result is consistent with a meta-analysis study by Jorat et al. 49  

					which found that CoQ10 supplementation markedly raised antioxidant  

					enzyme levels and lowered MDA levels in individuals with diabetes.  

					A

					B

					Figure 8: Effect of CoQ10 on oxidative stress markers in fructose-fed streptozotocin-induced diabetic rat. All values are expressed as  

					mean ± SEM; n= 5 per group. A: protein carbonyl; B: Malondialdehyde concentration; STZ: Streptozotocin (diabetic untreated);  

					STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone; STZMet: Streptozotocin with 200 mg/kg body  

					weight Metformin. Values with different alphabet differ significantly (P<0.05).  

					A

					B

					C

					Figure 9: Effect of CoQ10 on endogenous antioxidant enzyme status in fructose-fed streptozotocin-induced diabetic rat. All values are  

					expressed as mean ± SEM; n= 5 per group. A: Reduced glutathione level; B: Superoxide dismutase activity; C: Catalase activity; STZ:  

					Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone; STZMet:  

					Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabet differ significantly (P<0.05).  
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					Activation of the nuclear factor-κB (NF-κB) pathways, interleukin-1β  

					(IL-1β), and recruitment and activation of immune cells are thought to  

					be the mechanisms responsible for the inflammatory state in diabetes.  

					The inflammatory biomarkers following induction of STZ and  

					treatment with CoQ10 is presented in Fig. 10. From the results of this  

					study, there was a significant increase in the concentrations of the pro-  

					inflammatory markers, tumor necrosis factor-α (TNF-α), IL-1β, IL-6,  

					as well as C-reactive protein in the diabetic group when compared to  

					the control and the treatment groups. The observed increase in the  

					concentration of these pro-inflammatory markers in the diabetic  

					untreated group could be attributed to the fact that inflammation has  

					been recognized as a key contributor to the development and  

					progression of diabetes. Conversely, the concentration of the anti-  

					inflammatory marker, IL-10, increased significantly in the CoQ10-  

					treated group and the control when compared to the diabetic group.  

					Observations from this study are in agreement with the work of Dludla  

					50  

					et al.  

					who reported that supplementation of 100 mg/day CoQ10  

					resulted in decreased systemic levels of oxidative stress and  

					inflammatory markers.  

					A

					B

					D

					C

					E

					Figure 10: Effect of CoQ10 on inflammatory biomarkers in fructose-fed streptozotocin-induced diabetic rats. All values are expressed  

					as mean ± SEM; n= 5 per group. A: Tumor necrosis factor-α; B: C-reactive protein; C: Interleukin-1β; D: Interleukin-6; E: Interleukin-  

					10; STZ: Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone;  

					STZMet: Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabets differ significantly (P<0.05).  
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					As crucial players in insulin signaling and glucose metabolism, glucose  

					transporters-2 (GLUT-2) and -4 (GLUT-4) are critical targets in  

					diabetes. The activity of glucose transporter-2 was found to be  

					significantly (P<0.05) higher in the diabetic untreated rats when  

					compared to the control and the group treated with CoQ10 (Fig. 11A).  

					In contrary to this, glucose transporter-4 activity increased significantly  

					in the control and the group administered with CoQ10 and metformin  

					(Fig. 11B). The observed increase in GLUT-2 activity could be ascribed  

					to the inflammatory process contributing to insulin resistance.  

					However, there was a significant reduction in the activity of the GLUT-  

					4 in the diabetic group when compared to the control. Treatment with  

					CoQ10 significantly increased the activity of GLUT-4. According to  

					Garcia-Ropero et al. β-cell dysfunction and insulin resistance are  

					linked to lower GLUT-4 expression and altered GLUT-2 function.  

					51  

					C

					B
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					Plate 1: Photomicrograph of liver of rats with no induction (control) showing mild swelling (arrow) with no visible lesions (A);  

					Photomicrograph of liver of rats induced STZ (diabetic untreated) showing dilated blood vessel with severe congestion (arrowhead) and  

					necrotic hepatocytes ( denoted with A) (B); Photomicrograph of liver of rats induced with STZ and treated with 100mg/kg body weight  

					CoQ10 showing moderate congestion (denoted with A & arrowhead) (C); Photomicrograph of liver of rats administered with only  

					100mg/kg body weight CoQ10 showing moderate congestion (denoted with A & arrowhead) (D); Photomicrograph of liver of rats  

					induced with STZ and treated with 200mg/kg body weight metformin showing moderate congestion (denoted with A & arrowhead) (E).  

					All stained with H&E (Mag. x800).  

					Figure 11: Effect of CoQ10 on glucose transporter activities in fructose-fed streptozotocin-induced diabetic rat. All values are  

					expressed as mean ± SEM; n= 5 per group. A: Glucose transporter-2; B: Glucose transporter-4. STZ: Streptozotocin (diabetic  

					untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone; STZMet: Streptozotocin with 200 mg/kg  

					body weight Metformin. Values with different alphabet differ significantly (P<0.05).  
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					One promising treatment approach for lowering insulin resistance and  

					enhancing glycemic control in diabetic patients is to target novel  

					pathways implicated in the pathophysiology of the disease. GSK-3β  

					plays a critical role in insulin signaling by regulating glycogen  

					synthesis. Inhibition or down-regulation of GSK-3β leads to activation  

					of glycogen synthase and subsequent glycogen storage. In a diabetic  

					condition, this inhibitory mechanism is disrupted, leading to decreased  

					glycogen synthesis and high blood glucose. From the results of this  

					study, the mRNA expression level of the GSK-3β gene was up-  

					regulated in the diabetic group when compared to the control.  

					Significant increase in the mRNA expression level of the GSK-3β gene  

					in the diabetic group could be ascribed to the reduced phosphorylation  

					of the enzyme. Treatment with CoQ10 significantly downregulates the  

					mRNA expression level of the GSK-3β gene (Fig. 12D). Previous  

					studies have reported hyperactivity of GSK-3β in diabetes, contributing  

					to insulin resistance by disrupting the insulin signaling pathway. 52, 53  

					B
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					Figure 12: Effect of CoQ10 on mRNA expression level of GSK-3β, GLUT-2, and inflammatory genes in fructose-fed streptozotocin-  

					induced diabetic rats. All values are expressed as mean ± SEM; n = 5 per group. A: Tumor necrosis factor-α (TNF-α); B: Nuclear factor  

					kappa B (NF-kB); C: Interleukin-10 (IL-10); D: Glycogen synthase kinase-3β (GSK-3β); E: Glucose transporter-2 (GLUT-2). STZ:  

					Streptozotocin (diabetic untreated); STZQ10: Streptozotocin with 100 mg/kg body weight CoQ10; Q10: CoQ10 alone; STZMet:  

					Streptozotocin with 200 mg/kg body weight Metformin. Values with different alphabets differ significantly (P<0.05).  
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					inflammatory cytokine production in adipose tissue has been reported,  

					which is associated with insulin resistance and metabolic syndrome in  

					individuals with diabetes.5 Inflammatory genes play a major role in the  

					pathophysiology of diabetes, especially type 2 diabetes. Studies have  

					demonstrated an increase in inflammatory cytokines in individuals with  

					diabetes and obesity, which may lead to β-cell malfunction and insulin  

					resistance. From the result, there was a significant increase in the  

					mRNA expression level of TNF-α and NF-kB gene in the diabetic group  

					when compared to the control. The observed increase in the expression  

					of these genes in the diabetic group could be attributed to the activation  

					of inflammatory signaling pathways. Administration of CoQ10  

					significantly downregulates the mRNA expression of TNF-α and NF-  

					kB genes (Fig. 12A&B). Studies have demonstrated that the anti-  

					inflammatory properties of CoQ10 lead to modulation of the associated  

					inflammatory pathways by controlling the expression of CoQ10-  

					sensitive and stress-associated genes.54 However, the mRNA expression  

					level of the IL-10 gene was significantly lowered in the diabetic group  

					when compared to the control. Treatment with CoQ10 upregulates the  

					mRNA level of the IL-10 gene (Fig. 12C).  
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