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[bookmark: _GoBack]ABSTRACT
[bookmark: _Hlk188527281]This study investigates the inhibitory effects of five selected plant extracts on gluconeogenesis in alloxan-induced diabetic Wistar rats. The plant extracts studied include Vernonia amygdalina, Moringa oleifera, Cymbopogon citratus, Ocimum gratissimum, and Azadirachta indica. The inhibitory effects of these extracts on gluconeogenesis were assessed by measuring fasting blood glucose (FBG) levels, as well as the activities of key gluconeogenic enzymes, glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase), in liver homogenates.                   The results suggest significant reductions in FBG and enzyme activities, particularly in V. amygdalina and M. oleifera treated groups, supporting their potential therapeutic role in diabetes management.
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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 [1,2].                       The disease affects millions globally and poses a significant health challenge due to its complications, such as cardiovascular disease, neuropathy, nephropathy, and retinopathy [3]. 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 [4].
One of the primary mechanisms contributing to hyperglycemia in diabetes is gluconeogenesis [5-6]. Gluconeogenesis is the metabolic process through which glucose is synthesized from non-carbohydrate precursors, primarily in the liver and, to a lesser extent, in the kidneys [7].                       This pathway is crucial for maintaining blood glucose levels during periods of fasting, prolonged exercise, or starvation, when dietary glucose is not available [8, 9]. 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 [10, 11].
In healthy individuals, gluconeogenesis is tightly regulated by insulin and glucagon, but in diabetic individuals, dysregulation of this process exacerbates hyperglycemia [12]. Key enzymes involved in gluconeogenesis include glucose-6-phosphatase (G6Pase) and fructose-1,6-bisphosphatase (FBPase), which catalyze the final steps in glucose production [13].                      Elevated activity of these enzymes is commonly observed in diabetic states, making them crucial targets for therapeutic intervention [14, 15].
Traditional medicinal plants have long been utilized for their potential therapeutic effects, including antidiabetic properties [15]. Numerous studies have demonstrated the ability of various plant extracts to modulate glucose metabolism, often by inhibiting key enzymes involved in gluconeogenesis [16, 17].  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 [18- 23]. For example, V. amygdalina has been shown to lower blood glucose levels by improving insulin sensitivity and inhibiting glucose production [19,24].  M. oleifera is identified for its antioxidant properties and ability to regulate blood glucose by modulating the expression of glucose-metabolizing enzymes [20, 25]. C. citratus, on the other hand has demonstrated glucose-lowering effects by enhancing insulin secretion and reducing oxidative stress [21, 26]. Similarly, the glucose-lowering activities and of O. gratissimum and A. indica and their potential to improve insulin sensitivity have been studied [22, 23, 27].
There is little or no study focusing on their inhibitory effects on key gluconeogenic enzymes, hence, investigating the antidiabetic potential of plant extracts through their inhibitory effects on gluconeogenic enzymes could lead to the development of effective natural therapeutics for diabetes management.
Given the promising antidiabetic potential of these plants, this study aims to comparatively investigate their inhibitory effects on gluconeogenesis by measuring the activities of G6Pase and FBPase in liver homogenates of alloxan-induced diabetic rats.
2.0 MATERIALS AND METHODS
2.1. Plant Material and Extraction
The plant materials used in this study include V. amygdalina (bitter leaf), M. oleifera (moringa), C. citratus (lemon grass), O. gratissimum (scent leaf), and A. indica (neem). The leaves were collected, air-dried, and powdered. Methanolic extracts were prepared by macerating 100 g of powdered leaves in 500 mL methanol, followed by filtration and concentration under reduced pressure.
2.2. Animal Model
[bookmark: _Hlk188160514]Forty-five male Wistar rats (180-220 g) were obtained and acclimatized for one week. Diabetes was induced in rats by a single intraperitoneal injection of alloxan monohydrate (150 mg/kg).
2.3 Fasting Blood Glucose Measurement
Fasting blood glucose (FBG) levels were measured using a blood glucose meter (Accu-Chek) before and after the induction of diabetes, and then on days 0, 7, 14, and 28 post-treatments.  Rats with blood glucose levels greater than 250 mg/dL were considered diabetic.
2.4. Experimental Groups and Treatment
The rats were divided into six groups (n = 5 per group):
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.
2.5. Measurement of Enzyme Activities
After 28 days of treatment, rats were sacrificed by cervical dislocation. The liver was excised, weighed, and homogenized 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. [28]. The percentage inhibition of enzyme activities was calculated as follows: 
× 100)
2.6. 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. Effect of Plant Extracts on Fasting Blood Glucose (FBG)
The effects of the plant extracts on fasting blood glucose (FBG) levels are shown in Table 1. 
Table 1: The effects of the plant extracts on fasting blood glucose (FBG) levels
	Group
	FBG (mg/dL)                                           Pre-treatment                        (Day 0)
	FBG (mg/dL) post-treatment

	
	
	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
As shown in Table 1, the diabetic control group exhibited a significant increase in fasting blood glucose levels compared to the normal control group, which is consistent with previous studies that have reported elevated blood glucose levels in alloxan-induced diabetic rats [29].                      The increase in FBG in diabetic rats is a hallmark of impaired insulin secretion or insulin resistance, which is commonly observed in experimental models of diabetes [2, 30].
Treatment with the plant extracts led to a significant reduction in FBG levels, particularly in the V. amygdalina and M. oleifera groups, which showed reductions from 258 ± 20 mg/dL to 160 ± 12 mg/dL and 155 ± 15 mg/dL, respectively. Specifically, FBG levels decreased from 258 ± 20 mg/dL to 160 ± 12 mg/dL and 155 ± 15 mg/dL in the V. amygdalina and M. oleifera groups, respectively. These results suggest that both V. amygdalina and M. oleifera possess strong antidiabetic effects, as they are able to significantly lower blood glucose levels. Previous studies have similarly reported hypoglycemic effects of V. amygdalina [31-33] and M. oleifera [34-36}, which may be attributed to their bioactive compounds, such as flavonoids, alkaloids, and phenolic acids, that enhance insulin sensitivity or stimulate insulin secretion. Other plant extracts, such as C. citratus and O. gratissimum, also led to reductions in FBG levels, though their effects were less pronounced compared to V. amygdalina and M. oleifera. This could suggest that while these extracts have antidiabetic potential, their mechanisms may not be as potent as those of the former plants. However, the significant reduction in FBG levels observed in these groups still supports their potential for further exploration in diabetes management.
3.2. Effect of Plant Extracts on Glucose-6-phosphatase Activities
The inhibitory effects of the plant extracts on glucose-6-phosphatase (G6Pase) activities are presented in Table 2. 
Table 2: Effect of Plant Extracts on G6Pase Activities in U/mg
	Group
	       G6Pase Activity  (U/mg)
	
	
	
	
% Inhibition

	
	Day 0
	Day 7
	Day 14
	Day 28
	Mean ± SD
	

	Normal Control
	0.21 ± 0.02
	-
	-
	-
	-
	-

	Diabetic Control
	0.60 ± 0.04
	0.55 ± 0.03*
	0.53 ± 0.02*
	0.50 ± 0.02*
	0.55 ± 0.03*
	8.3%

	V. amygdalina
	[bookmark: _Hlk188430908]0.50 ± 0.05
	0.48 ± 0.04*
	0.46 ± 0.03*
	[bookmark: _Hlk188430940]0.44 ± 0.03*
	0.47 ± 0.04*
	6%

	M. oleifera
	0.48 ± 0.04
	0.47 ± 0.04*
	0.45 ± 0.03*
	0.44 ± 0.03*
	[bookmark: _Hlk188431822]0.46 ± 0.04*
	4.2%

	C. citratus
	0.45 ± 0.04
	0.45 ± 0.03**
	0.44 ± 0.02*
	[bookmark: _Hlk188431061]0.42 ± 0.02*
	0.44 ± 0.03*
	2.2%

	O. gratissimum
	0.55 ± 0.04
	0.54 ± 0.04*
	0.54 ± 0.03*
	0.53 ± 0.05*
	0.54 ± 0.04*
	1.8%

	A. indica
	[bookmark: _Hlk188431596]0.56 ± 0.03
	0.55 ± 0.04*
	0.53 ± 0.03*
	[bookmark: _Hlk188431623]0.52 ± 0.04**
	0.54 ± 0.04*
	3.6%


*p < 0.05 compared to diabetic control
The diabetic control group exhibited a consistently high G6Pase activity throughout the study period (0.60 ± 0.04 to 0.50 ± 0.02), with a mean value of 0.55 ± 0.03, representing 8.3% inhibition. The normal control group had significantly lower G6Pase activity (0.21 ± 0.02) compared to the diabetic group. Among the plant extracts, V. amygdalina showed the highest reduction in G6Pase activity, with values decreasing from 0.50 ± 0.05 at day 0 to 0.44 ± 0.03 at day 28, achieving a mean inhibition of 6%. M. oleifera (0.48 ± 0.04 to 0.42 ± 0.02) and A. indica (0.56 ± 0.03 to 0.52 ± 0.04) exhibited considerable reductions in G6Pase activity, with mean values of 0.46 ± 0.04 and 0.43 ± 0.03, representing 4.2% and 3.6% inhibition respectively. Compared to the diabetic control, both extracts significantly reduced G6Pase enzyme activity (p < 0.05), suggesting strong inhibitory effects. O. gratissimum and C. citratus demonstrated low reductions in G6Pase activity, with mean inhibitions of 1.8% and 2.2%, respectively. In comparison to the diabetic control, these reductions were statistically significant (p < 0.05) but less pronounced than those observed with V. amygdalina and M. oleifera.
The findings suggest that the plant extracts exhibit varying degrees of inhibitory effects on G6Pase activity, which plays a critical role in hepatic glucose production and blood glucose regulation [37]. Compared to the diabetic control group, all plant extracts significantly reduced G6Pase activity, with V. amygdalina and M. oleifera demonstrating the most pronounced effects. The significant reduction observed in these groups indicates their potential as potent inhibitors of hepatic gluconeogenesis, possibly due to their rich phytochemical composition, including flavonoids and polyphenols known for their antidiabetic properties [38].
3.3. Effects of Plant Extracts on FBPase Activities
The effect of various plant extracts on fructose-1,6-bisphosphatase (FBPase) activities in different experimental groups is presented in Table 3.
Table 3: Effect of Plant Extracts on FBPase Activities
	Group
	
Day 0
	
Day 7
	
Day 14
	
Day 28
	
Mean ± SD
	% Inhibition

	Normal Control
	0.20 ± 0.02
	-
	-
	-
	-
	-

	Diabetic Control
	0.59 ± 0.03
	0.54 ± 0.03*
	0.50 ± 0.03*
	0.48 ± 0.04*
	0.53 ± 0.03*
	10.2%

	V. amygdalina
	0.61 ± 0.05
	0.57 ± 0.04**
	0.56 ± 0.03**
	0.50 ± 0.03**
	0.56 ± 0.04**
	8.2%

	M. oleifera
	0.46 ± 0.04
	0.45 ± 0.04*
	0.42 ± 0.03*
	0.40 ± 0.05*
	0.43 ± 0.04*
	6.0%

	C. citratus
	0.55 ± 0.03
	0.53 ± 0.04*
	0.52 ± 0.03*
	0.47± 0.04*
	0.52 ± 0.04*
	5.5%

	O. gratissimum
	0.69 ± 0.04
	0.68 ± 0.03**
	0.67 ± 0.02**
	0.65 ± 0.02**
	0.67 ± 0.03**
	2.5%

	A. indica
	0.79 ± 0.05
	0.75 ± 0.04
	0.74 ± 0.05
	0.70 ± 0.05
	0.74 ± 0.05
	5.6%


*p < 0.05 compared to diabetic control
The normal control group showed an initial FBPase activity of 0.20 ± 0.02 with no further measurements taken. The diabetic control group exhibited a significant reduction in FBPase activity from 0.59 ± 0.03 on day 0 to 0.48 ± 0.04 on day 28, with a mean of 0.53 ± 0.03 and a percentage inhibition of 10.2% (p < 0.05).  Among the plant extracts, V. amygdalina demonstrated the most significant inhibition of FBPase activity, with values decreasing from 0.61 ± 0.05 to 0.50 ± 0.03 over 28 days, resulting in an 8.2% inhibition (p < 0.05).                                 M.  oleifera exhibited a moderate reduction in FBPase activity, with values declining from 0.46 ± 0.04 to 0.40 ± 0.05 and a mean of 0.43 ± 0.04, corresponding to 6.0% inhibition (p < 0.05).
C. citratus also showed a reduction in FBPase activity from 0.55 ± 0.03 to 0.47 ± 0.04, with a mean of 0.52 ± 0.04 and an inhibition of 5.5% (p < 0.05). O. gratissimum exhibited the least inhibition among the extracts, with values reducing from 0.69 ± 0.04 to 0.65 ± 0.02 and an inhibition percentage of 2.5% (p < 0.05). A. indica showed a decline from 0.79 ± 0.05 to 0.70 ± 0.05, with a mean of 0.74 ± 0.05 and an inhibition of 5.6%.
The results suggest that the administration of plant extracts led to a reduction in FBPase activity, with varying degrees of effectiveness [39]. The diabetic control group displayed a significant reduction in FBPase activity over the 28-day period, which may be attributed to the natural progression of the diabetic condition and possible compensatory metabolic responses [40]. Among the tested plant extracts, V. amygdalina exhibited the highest inhibitory effect on FBPase activity, indicating its potential in modulating gluconeogenesis and contributing to better glycemic control [41, 42]. This observation aligns with previous studies highlighting the antidiabetic properties of V. amygdalina, which may be attributed to its rich phytochemical content, including flavonoids and saponins known to possess hypoglycemic effects [43].                     M. oleifera and C. citratus showed moderate inhibition of FBPase activity, supporting their traditional use in diabetes management [44]. Their phytochemical constituents, such as polyphenols and alkaloids, may play a role in regulating key metabolic pathways involved in glucose homeostasis [45, 46]. The relatively lower inhibition observed with O. gratissimum suggests that while it may have some potential in modulating glucose metabolism, its effectiveness might be limited compared to the other plant extracts. This could be due to differences in bioactive compound concentrations and mechanisms of action [47].                                   A. indica displayed moderate inhibition, indicating its potential for glucose regulation, possibly through mechanisms involving insulin sensitization [48] and glucose uptake enhancement [49].
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 [50, 51]. 
Fructose-1,6-bisphosphatase and glucose-6-phosphatase are crucial enzymes involved in gluconeogenesis and their inhibition reduces hepatic glucose production, which is a critical factor in managing blood glucose levels in diabetes, especially in individuals with insulin resistance or type 2 diabetes, where the liver continues to release excessive amounts of glucose into the bloodstream despite high blood sugar levels [52-55].  The significance of this inhibition lies in its ability to regulate glucose production at a fundamental metabolic level, directly addressing one of the key contributors to hyperglycemia in diabetes [56]. By preventing excessive glucose release, these plant extracts help maintain a more stable blood glucose profile, thus alleviating symptoms of hyperglycemia [57]. Moreover, the bioactive compounds in these plants possess antioxidant and anti-inflammatory properties, which further enhance their role in diabetes management [47]. These compounds reduce oxidative stress and inflammation, both of which contribute to the development and progression of insulin resistance [58]. Through these mechanisms, the plant extracts not only support glucose homeostasis but also improve insulin sensitivity, thus enhancing the overall metabolic function [48]. This multifaceted approach makes the inhibition of G6Pase and FBPase by these plant extracts a promising complementary strategy for improving blood glucose control and mitigating the complications of diabetes, particularly when combined with conventional therapies.
5.0 CONCLUSION
This study provides compelling evidence for the antidiabetic potential of V. amygdalina, M. oleifera, C. citratus, O. gratissimum, and A. indica extracts in managing hyperglycemia in alloxan-induced diabetic Wistar rats. The results demonstrated significant reductions in fasting blood glucose levels and inhibition of key gluconeogenic enzymes (G6Pase and FBPase), which are crucial for regulating glucose production in the liver. Among the plant extracts tested, V. amygdalina and M. oleifera exhibited the most potent effects, suggesting their potential as therapeutic agents for diabetes management.
The observed antidiabetic effects of these plant extracts are likely due to their bioactive compounds, which may enhance insulin sensitivity, modulate gluconeogenesis, and possess antioxidant properties. These findings support the traditional use of these plants in treating diabetes and highlight their promise as alternative or adjunctive therapies in diabetes care. However, further studies are required to fully elucidate their mechanisms of action, long-term safety, and efficacy in clinical settings. Overall, the study contributes to the growing body of evidence supporting the use of plant-based remedies in the management of diabetes, and it lays the groundwork for future research aimed at exploring the clinical applicability of these extracts in diabetic patients.
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