Inhibition of Hepatic Gluconeogenic Enzymes by Selected Medicinal Plant Extracts in Alloxan-Induced Diabetic Rats.
Abstract
Background: Diabetes mellitus is characterised by persistent hyperglycaemia partly caused by increased hepatic gluconeogenesis mediated by glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase).
Aim: This study investigated the inhibitory effects of selected medicinal plant extracts on hepatic gluconeogenic enzymes in alloxan-induced diabetic Wistar rats.
Study Design: Experimental laboratory-based study.
Materials and Methods: Thirty-five Wistar rats were divided into seven groups. Diabetes was induced using alloxan monohydrate (150 mg/kg). Ethanolic leaf extracts of Vernonia amygdalina, Moringa oleifera, Cymbopogon citratus, Ocimum gratissimum, and Azadirachta indica were administered orally at 100 mg/kg for 28 days. Fasting blood glucose (FBG), hepatic G6Pase, and FBPase activities were evaluated. Phytochemical screening was also conducted.
Results: The findings showed that the extracts contained flavonoids, phenols, alkaloids, tannins, saponins, terpenoids, glycosides, and steroids. Significant reductions in FBG were observed in treated groups, with V. amygdalina and M. oleifera showing the greatest effects. C. citratus showed the highest inhibition of G6Pase activity (16.0%), while V. amygdalina and M. oleifera showed the highest inhibition of FBPase activity (16.7%). 
Conclusion and Recommendations: The plant extracts possess significant antidiabetic potential and may serve as complementary agents in diabetes management. The antihyperglycaemic effects could be due to the inhibition of hepatic gluconeogenesis. It could also be due to the enhancement of insulin signalling, AMPK activation, and reduction of oxidative stress.Further studies on mechanisms, safety, and clinical efficacy are recommended.
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1.0 Introduction
Diabetes mellitus is a chronic metabolic disorder characterized by abnormal glucose metabolism, resulting in hyperglycemia due to impaired insulin secretion, insulin resistance, or both (Dilworth et al., 2021; Owo & Beresford, 2020).  The disease affects millions globally and poses a significant health challenge due to its complications, such as cardiovascular disease, neuropathy, nephropathy, and retinopathy (Ibrahim, 2018). Approximately 537 million adults worldwide are living with diabetes, and this number is expected to rise to 783 million by 2045. This alarming increase in prevalence necessitates the exploration of novel therapeutic strategies, particularly those that can target the underlying mechanisms of the disease (Yu et al., 2025).
One of the primary mechanisms contributing to hyperglycemia in diabetes is gluconeogenesis (Sharma & Tiwari, 2021). It is the metabolic process through which glucose is synthesised from non-carbohydrate precursors, primarily in the liver and, to a lesser extent, in the kidneys (Qizi et al., 2017).   This pathway is crucial for maintaining blood glucose levels during the periods of fasting, prolonged exercise, or starvation, when dietary glucose is unavailable (Miyamoto & Amrein, 2017). It is essentially the reverse of glycolysis, involving different enzymes at key steps to ensure the synthesis of glucose from substrates such as lactate, glycerol, and amino acids (Gupta et al., 2021; Khalifa, 2015).
In healthy individuals, gluconeogenesis is tightly regulated by insulin and glucagon, but in diabetic individuals, dysregulation of this process exacerbates hyperglycemia (Onyango, 2020; Hatting et al., 2018). The two key enzymes involved in gluconeogenesis include glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase), which catalyse the final steps in glucose production (Wang & Dong, 2019). 
Glucose-6-phosphatase catalyses the terminal step of gluconeogenesis and glycogenolysis by hydrolysing glucose-6-phosphate into free glucose and inorganic phosphate within the endoplasmic reticulum of hepatocytes. This reaction helps glucose to be released from the liver into the bloodstream, thereby directly influencing blood glucose regulation (Nogueira-Ferreira et al., 2024). Glucose-6-phosphatase (G6Pase) has two main catalytic subunits which are G6PC1 and G6PC2 are central for glucose metabolism (Tan et al., 2025). 
On the other hand, fructose 1,6-bisphosphatase (FBPase) has evolved as a potential target for regulating the overproduction of glucose from gluconeogenesis (Sawant & Sawant, 2025).                              It catalyses another rate-limiting step in gluconeogenesis by converting fructose-1,6-bisphosphate to fructose-6-phosphate. This reaction bypasses the irreversible phosphofructokinase-1 (PFK-1) step of glycolysis, thereby leading to the synthesis of glucose synthesis instead of its utilisation. Elevated activity of these enzymes is commonly observed in diabetic states, making them crucial targets for therapeutic intervention (Sawant & Sawant, 2025; Salehi et al., 2019; Kaur et al., 2017).
Phytochemicals in traditional medicinal plants have long been explored for their potential therapeutic effects, including antidiabetic properties (Owo & Kpomah, 2023; Salehi et al., 2019). They play important roles in the inhibition of gluconeogenesis through their ability to modulate key metabolic enzymes and signalling pathways involved in hepatic glucose production, hence suppress excessive gluconeogenic activity, thereby reducing endogenous glucose output (Mata-Torres et al., 2020; Zhao et al., 2019; Bharti et al., 2018). 
Among the most important phytochemicals concerned with the inhibition of several metabolic pathways like the gluconeogenesis pathway are flavonoids, alkaloids, saponins, tannins, terpenoids, and phenolic compounds (Hussain, 2022; Shehadeh et al., 2021). These bioactive compounds interfere with the expression or catalytic activity of important gluconeogenic enzymes such as glucose-6-phosphatase and fructose-1,6-bisphosphatase (Naveen et al., 2021).  
As a matter of course, some phytochemicals prevent gluconeogenesis through the direct inhibition of gluconeogenic enzymes (Mata-Torres et al., 2020), downregulation of gluconeogenic gene expression (Govindarajan et al., 2021), activation of insulin signalling pathways (Rosenzweig & Sampson, 2021), activation of AMPK-mediated metabolic regulation (Chung et al., 2021), and reduction of oxidative stress and inflammation (De Deus et al., 2023).
The plants selected for this study (Vernonia amygdalina (bitter leaf), Moringa oleifera (moringa), Cymbopogon citratus (lemon grass), Ocimum gratissimum (scent leaf), and Azadirachta indica (neem)), have been widely studied for their potential antidiabetic effects (Okwelle et al., 2026; Talwar et al., 2024; Abduallah et al., 2023; Fatoumata et al., 2020; Garba et al., 2020; Okoduwa  et al., 2017; Alhassan et al., 2017). For example, V. amygdalina has been shown to have phytochemicals like flavonoids and phenolics that lower blood glucose levels by improving insulin sensitivity and inhibiting glucose production (Talwar et al., 2024; Jayaweera et al., 2022).  
M. oleifera is identified for its antioxidant properties and ability to regulate blood glucose by modulating the expression of glucose-metabolising enzymes (Fatoumata et al., 2020; Onyenibe et al., 2018).  C. citratus, on the other hand has demonstrated glucose-lowering effects by enhancing insulin secretion and reducing oxidative stress (Nnam et al., 2024; Garba et al., 2020). Similarly, the glucose-lowering activities and of O. gratissimum and A. indica and their potential to improve insulin sensitivity have been studied respectively (Abduallah et al., 2023; Sharma et al., 2022; Okoduwa et al., 2017).
Despite the well-known antidiabetic properties of these medicinal plants, there is limited evidence regarding their direct inhibitory effects on hepatic gluconeogenic enzymes involved in endogenous glucose production. This knowledge gap limits the mechanistic understanding of how these plant extracts regulate glucose homeostasis and exert their antihyperglycaemic effects.
Therefore, this study aims to validate the inhibitory effects of selected medicinal plant extracts on hepatic gluconeogenic enzymes by assessing the activities of G6Pase and FBPase in liver homogenates of alloxan-induced diabetic Wistar rats.
2.0 Materials and Methods
2.1 Plant Materials and Identification
Fresh leaves of Vernonia amygdalina, Moringa oleifera, Cymbopogon citratus, Ocimum gratissimum, and Azadirachta indica were collected from farmlands in Ebukuma town, Andoni Local Government Area, Rivers State, Nigeria. Plant authentication was carried out by a qualified taxonomist at the Department of Plant Science and Biotechnology, Rivers State University, Port Harcourt, Rivers State, and voucher specimens were deposited in the herbarium for reference.
2.2 Preparation of Plant Extracts
The plant materials were washed, air-dried at room temperature, and pulverised into fine powder. Specifically, 200 g of each powdered sample was soaked in 70% ethanol by maceration for 72 hours at room temperature with occasional stirring. The mixtures were then filtered using Whatman No. 1 filter paper. The resulting filtrates from each plant extract were concentrated under reduced pressure using a rotary evaporator at 40°C to obtain the crude ethanolic extracts. The yields obtained were as follows: Vernonia amygdalina (2.1 g), Moringa oleifera (2.4 g), Cymbopogon citratus (1.9 g), Ocimum gratissimum (2.0 g), and Azadirachta indica (2.2 g).                     All crude extracts were transferred into labelled airtight containers and stored at 4°C until further use for experimental analyses.
2.3 Phytochemical Screening
Preliminary phytochemical screening of the selected plants was conducted to identify the bioactive constituents responsible for its observed biological activity.  Standard qualitative procedures were employed to detect major secondary metabolites using established chemical tests reported by Okari et al. (2026). 
Alkaloids were assessed using Mayer’s and Dragendorff’s reagents; flavonoids were identified using the Shinoda test; tannins and phenolics were determined using the ferric chloride test; saponins were evaluated by the frothing test; while terpenoids and steroids were detected using the Salkowski reaction.  Glycosides were assessed using the Keller–Kiliani test. 
2.3. Animal Model
[bookmark: _Hlk188160514]Thirty-five (35) Wistar rats (180-220 g) were obtained and acclimatised for two weeks. Diabetes was induced in rats by a single intraperitoneal injection of alloxan monohydrate (150 mg/kg).
2.4. Induction of Diabetes 
Subsequent to a 12-hour overnight fast, diabetes was induced on Day 0 by a single intraperitoneal injection of alloxan monohydrate at a dose of 150 mg/kg body weight. Immediately after administration, rats were provided with 5% glucose solution for 24 hours to prevent acute hypoglycaemic shock associated with alloxan toxicity. Fasting blood glucose (FBG) levels were measured using a glucometer (Accu-Chek) at 48 hours (Day 2) and 72 hours (Day 3) post-induction. Animals with FBG values ≥ 250 mg/dL at 72 hours were considered diabetic and selected for the study.
2.5. Experimental Groups and Treatment
The animals were randomly assigned into seven groups (n = 5 rats per group) as follows:
Group 1 (Normal Control): Non-diabetic rats treated with vehicle (water)
Group 2 (Diabetic Control): Diabetic rats treated with vehicle (metformin)
Group 3: Diabetic rats treated with 100 mg/kg body weight of V. amygdalina extract.
Group 4: Diabetic rats treated with 100 mg/kg body weight of M. oleifera extract.
Group 5: Diabetic rats treated with 100 mg/kg body weight of C. citratus extract.
Group 6: Diabetic rats treated with 100 mg/kg body weight of O. gratissimum extract.
Group 7: Diabetic rats treated with 100 mg/kg body weight of A. indica extracts.
2.6. Preparation of Liver Homogenate
At the end of the experimental period, rats were fasted overnight and sacrificed. The liver was excised, rinsed in ice-cold normal saline, blotted dry, and weighed. A 10% (w/v) liver homogenate was prepared in ice-cold 0.1 M phosphate buffer (pH 7.4) using a homogeniser (Ultra-Turrax T25, IKA, Germany). The homogenate was centrifuged at 4,000 rpm for 15 minutes at 4°C, and the supernatant was collected for biochemical assays.
2.6. Biochemical Analyses
· Fasting Blood Glucose Measurement
Fasting blood glucose (FBG) levels were measured using a blood glucose meter before and after the induction of diabetes, and then on days 0, 7, 14, and 28 post-treatments.
· Measurement of Enzyme Activities
After 28 days of treatment, rats were sacrificed by cervical dislocation. The liver was excised, weighed, and homogenised in phosphate buffer (pH 7.4). The activities of glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase) were determined spectrophotometrically using standard protocols described by Dziewulska-Szwajkowska et al. (2003). The percentage inhibition of enzyme activities was calculated as follows: 
× 100)
2.7. Statistical Analysis
All data are presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. A p-value of < 0.05 was considered statistically significant.
3.0 Results and Discussions
3.1. Phytochemical Composition of the Selected Medicinal Plant Extracts
Table 1 shows the qualitative phytochemical composition of the selected medicinal plant extracts. Flavonoids, phenols, alkaloids, tannins, saponins, terpenoids, glycosides, and steroids were detected in varying proportions across all extracts.
Vernonia amygdalina and Moringa oleifera showed high abundance of flavonoids and phenolic compounds, Cymbopogon citratus exhibited high terpenoid content, and 
V. amygdalina and M. oleifera showed the highest abundance of flavonoids and phenolic compounds. C. citratus exhibited high terpenoid content. Similarly, the findings show high abundance of alkaloids and tannins in O. gratissimum and A. indica, 
Flavonoids are known to regulate glucose metabolism by suppressing hepatic glucose production (Hussain, 2022; Shehadeh et al., 2021; Mata-Torres et al., 2020), improving insulin signalling (Rosenzweig & Sampson, 2021), and activating AMP-activated protein kinase pathways (Chung et al., 2021), which subsequently downregulate the activities of glucose-6-phosphatase and fructose-1,6-bisphosphatase (Govindarajan et al., 2021). Phenolic compounds additionally contribute through antioxidant activity, reducing oxidative stress associated with diabetic metabolic dysfunction (De Deus et al., 2023). 
Table 1: Qualitative Phytochemical Screening of Selected Medicinal Plant Extracts
	Phytochemicals
	V. amygdalina
	M. oleifera
	C. citratus
	O. gratissimum
	A. indica

	Flavonoids
	+++
	+++
	++
	++
	++

	Alkaloids
	++
	++
	+
	++
	+++

	Saponins
	+++
	++
	+
	++
	++

	Tannins
	++
	++
	++
	+++
	++

	Phenols
	+++
	+++
	++
	++
	++

	Terpenoids
	++
	++
	+++
	++
	+++

	Glycosides
	++
	+
	+
	++
	++

	Steroids
	+
	++
	+
	+
	++


+++ = Highly present; ++ = Moderately present 
3.2. Effect of Plant Extracts on Fasting Blood Glucose (FBG)
Table 2 shows the effects of the selected medicinal plant extracts on fasting blood glucose levels in alloxan-induced diabetic rats over a 28-day treatment period. The findings indicated that the treatment with the selected medicinal plant extracts significantly reduced fasting blood glucose levels in alloxan-induced diabetic rats compared with the diabetic control group. M. oleifera and V. amygdalina produced the greatest hypoglycemic effects, while the others showed moderate reductions. These observed antihyperglycaemic effects may be associated with the phytochemical constituents of the extracts, particularly flavonoids and phenolic compounds, which have been known for their regulation of glucose homeostasis through the inhibition of hepatic gluconeogenic enzymes and the improvement of insulinotropic activity.

Table 2: The effects of the plant extracts on fasting blood glucose (FBG) levels
	Group
	(Day 0)
	Day 7	                      
	Day 14	
	Day 28

	Normal Control
	90 ± 10
	88 ± 9
	86 ± 8
	85 ± 8

	Diabetic Control
	260 ± 15
	270 ± 18
	275 ± 15
	280 ± 20

	V. amygdalina
	255 ± 20
	200 ± 15*
	180 ± 14*
	160 ± 12*

	M. oleifera
	250 ± 18
	195 ± 17*
	175 ± 14**
	155 ± 15*

	C. citratus
	262 ± 10
	240 ± 16*
	225 ± 15*
	210 ± 18*

	O. gratissimum
	255 ± 12
	230 ± 14*
	215 ± 12*
	200 ± 10*

	A. indica
	258 ± 18
	220 ± 16*
	200 ± 14*
	185 ± 15*


p < 0.05 compared to diabetic control
3.3. Effect of Plant Extracts on Hepatic Glucose-6-Phosphatase (G6Pase) Activity
The inhibitory effects of the plant extracts on glucose-6-phosphatase (G6Pase) activities are presented in Table 3. 
The result shows that hepatic G6Pase activity was markedly elevated in the diabetic control group (0.50 ± 0.02 U/mg protein) compared with the normal control group (0.21 ± 0.02 U/mg protein), indicating enhanced hepatic gluconeogenesis in diabetic rats. The treatment with the plant extracts led to fluctuating levels of inhibition of G6Pase activity. For instance, C. citratus produced the highest inhibition among the plant extracts (16.0%), followed by V. amygdalina and M. oleifera with 12.0% inhibition each. These reductions were statistically significant (p < 0.05) when compared to the diabetic control group. The standard inhibitor, sodium orthovanadate produced a substantially higher inhibition of 36.5%, confirming the sensitivity and validity of the assay.
Contrarywise, O. gratissimum and A. indica revealed negative inhibitory effect on G6Pase activity, suggesting that their antihyperglycaemic effects may not involve the direct suppression of hepatic glucose-6-phosphatase activity, rather may be through the activation of insulin signalling pathways (Rosenzweig & Sampson, 2021), reduction of oxidative stress and inflammation (De Deus et al., 2023), activation of AMPK-mediated metabolic regulation (Chung et al., 2021), and even the downregulation of gluconeogenic gene expression (Govindarajan et al., 2021). 
These observed inhibitory effects may be attributed to phytochemicals such as flavonoids, phenols, and terpenoids present in the extracts, which are known to regulate hepatic glucose metabolism and suppress endogenous glucose production (Talwar et al., 2024; Jayaweera et al., 2022; Hussain, 2022; Shehadeh et al., 2021). 
Table 3: Effect of Plant Extracts on G6Pase Activities in U/mg
	Group
	G6Pase Activity (U/mg protein)
	% Inhibition

	Normal Control
	0.21 ± 0.02
	—

	Diabetic Control
	0.50 ± 0.02
	0.0%

	Sodium orthovanadate (50 µM)
	0.30 ± 0.02*
	36.5%

	V. amygdalina
	0.44 ± 0.03*
	12.0%

	M. oleifera
	0.44 ± 0.03*
	12.0%

	C. citratus
	0.42 ± 0.02*
	16.0%

	O. gratissimum
	0.53 ± 0.05*
	-6.0%

	A. indica
	0.52 ± 0.04*
	-4.0%


*p < 0.05 compared to diabetic control
3.4. Effect of Plant Extracts on Hepatic Fructose-1,6-Bisphosphatase (FBPase) Activity 
[bookmark: _GoBack]The inhibitory effects of the plant extracts on hepatic fructose-1,6-bisphosphatase (FBPase) activities are shown in Table 3.3. 
The result indicated that hepatic FBPase activity was significantly elevated in the diabetic control group (0.48 ± 0.04 U/mg protein) compared with the normal control group (0.20 ± 0.02 U/mg protein), indicating increased gluconeogenic activity in diabetic rats. The treatment with the leaf extracts of V. amygdalina and M. oleifera significantly reduced the activity of fructose-1,6-bisphosphatase (FBPase) to 0.40 ± 0.05 U/mg protein, corresponding to 16.7% inhibition. C. citratus demonstrated minimal inhibition (2.1%), indicating a weak suppressive effect on hepatic FBPase activity. The standard inhibitor, adenosine monophosphate (100 µM), showed the highest inhibition (33.3%), validating the enzyme inhibition assay.
Conversely, the administration of the leaf extracts of O. gratissimum and A. indica increased the activity of FBPase above the diabetic control levels, resulting in negative inhibition values. This suggests that these extracts may not directly suppress hepatic fructose-1,6-bisphosphatase and could influence glucose metabolism through alternative mechanisms (Patil et al., 2024.
The inhibitory effects observed in V. amygdalina and M. oleifera may be linked to the presence of some bioactive compounds like flavonoids, phenolic compounds, and alkaloids, which are known for the suppression of hepatic gluconeogenesis and reduction of endogenous glucose synthesis (Adekemi et al., 2024; Atangwho et al., 2014). These findings indicate that the antihyperglycaemic effects of some of the plant extracts may partly involve inhibition of fructose-1,6-bisphosphatase activity in the liver (output (Naveen et al., 2021; Mata-Torres et al., 2020; Zhao et al., 2019; Bharti et al., 2018; ).  
Table 4: Effect of Plant Extracts on FBPase Activity
	Group
	FBPase Activity (U/mg protein)
	% Inhibition

	Normal Control
	0.20 ± 0.02
	—

	Diabetic Control
	0.48 ± 0.04
	0.0%

	Adenosine monophosphate (100 µM)
	0.32 ± 0.03*
	33.3%

	Vernonia amygdalina
	0.40 ± 0.05*
	16.7%

	Moringa oleifera
	0.40 ± 0.05*
	16.7%

	Cymbopogon citratus
	0.47 ± 0.04*
	2.1%

	Ocimum gratissimum
	0.65 ± 0.02*
	-35.4%

	Azadirachta indica
	0.70 ± 0.05*
	-45.8%


*p < 0.05 compared to diabetic control
3.5 Implication of the Study for Diabetes Management 
The inhibition of key gluconeogenic enzymes, glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase), by plant extracts such as V. amygdalina (bitter leaf), M. oleifera (moringa), C. citratus (lemon grass), C. gratissimum (scent leaf), and A. indica (neem) holds significant therapeutic potential for the management of hyperglycemia and the improvement of glucose homeostasis, particularly in individuals with diabetes (Mahdavi et al., 2021).. 
Fructose-1,6-bisphosphatase and glucose-6-phosphatase are key gluconeogenic enzymes whose inhibition reduces hepatic glucose production and improves blood glucose regulation in diabetes (Westermeier et al., 2019; Nogueira-Ferreira et al., 2024). By suppressing excessive glucose release, these plant extracts help alleviate hyperglycaemia (Fatoumata et al., 2020; Garba et al., 2020; Okoduwa et al., 2017; Alhassan et al., 2017). 
It is worthy of note that the bioactive compounds present in these medicinal plants also exhibit antioxidant and anti-inflammatory activities that reduce oxidative stress (Okwelle et al., 2026), improve insulin sensitivity (Talwar et al., 2024; Abduallah et al., 2023; Pannucci et al., 2023), and support glucose homeostasis (Tan et al., 2025; Sharma & Tiwari, 2021; Unuofin et al., 2020). Thus, inhibition of FBPase and G6Pase by these medicinal plants may serve as a promising complementary approach for diabetes management (Sawant & Sawant, 2025; Salehi et al., 2019).
4.0 Conclusion
[bookmark: _Hlk221624953]This study investigated the inhibitory effects of selected plant extracts on hepatic gluconeogenic enzymes in alloxan-induced diabetic rats. The findings showed that the five medicinal plant extracts contained important phytochemicals such as flavonoids, phenols, alkaloids, and terpenoids, which led to significant reductions in fasting blood glucose levels and the modulation of hepatic glucose metabolism. Among the extracts of these medicinal plants, V. amygdalina and M. oleifera showed the strongest antidiabetic effects through notable inhibition of glucose-6-phosphatase and fructose-1,6-bisphosphatase activities.
Above all, the outcomes of the study validate the therapeutic potential of these medicinal plants in diabetes management and validates their traditional use in controlling hyperglycaemia. We hereby recommended further studies to investigate their mechanisms of action, long-term safety, dosage standardization, and clinical efficacy in humans.
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