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Antidiabetic Potential of GlucoGuard, a Polyherbal Formulation in Type 2 Diabetes Management

Abstract
Type 2 diabetes mellitus (T2DM) affects over 500 million adults worldwide, yet current pharmacotherapies often provide only partial glycemic control and may cause adverse effects. Polyherbal formulations can offer complementary benefits through synergistic mechanisms and reduced toxicity. This study investigated the antidiabetic potential of GlucoGuard, a polyherbal aqueous extract containing Hunteria umbellata, Terminalia catappa, Zingiber officinale, and Beta vulgaris (3:1:1:1), in nicotinamide-streptozotocin-induced diabetic Wistar rats. Male rats (190–200 g) were randomly selected and divided into six groups (n = 6): normal control, diabetic control, three GlucoGuard-treated groups (100, 200, and 400 mg/kg), and a metformin-treated group (200 mg/kg). Acute toxicity testing showed no mortality or adverse effects up to 4,000 mg/kg. Oral treatment for 28 days significantly reduced fasting blood glucose in all GlucoGuard groups (p < 0.05), with the 200 and 400 mg/kg doses lowering levels to 92.1 ± 2.0 and 89.6 ± 1.8 mg/dL, comparable to metformin (90.3 ± 1.8 mg/dL). Higher doses also increased plasma insulin from diabetic baseline values, significantly mitigated weight loss, improved HbA1c, and ameliorated markers of renal function and protein metabolism towards normal levels. Hepatic enzyme assays revealed increased hexokinase activity and decreased glucose-6-phosphatase and fructose-1,6-bisphosphatase, indicating enhanced glycolysis and suppressed gluconeogenesis. These results suggest GlucoGuard provides dose-dependent, multi-mechanistic antidiabetic effects comparable to metformin, supporting its further evaluation as a safe, plant-based therapeutic candidate for T2DM.
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[bookmark: _taol8dyp84vc]Introduction
Type 2 diabetes mellitus is a growing global health crisis, affecting over half a billion adults worldwide (Hossain et al., 2024). The majority (>90%) of diabetes cases are T2DM, characterized by chronic hyperglycemia and insulin resistance. It is a chronic metabolic disorder characterized by insulin resistance, progressive β-cell dysfunction, and persistent hyperglycemia, resulting in disturbances in carbohydrate, lipid, and protein metabolism (American Diabetes Association, 2020). 

Globally, the prevalence of T2DM continues to rise, with an estimated 643 million adults projected to be affected by 2030 (International Diabetes Federation, 2021). Complications associated with poorly managed T2DM include nephropathy, retinopathy, neuropathy, cardiovascular diseases, and increased mortality (Forouhi and Wareham, 2019).

Current pharmacotherapies like metformin and sulfonylureas achieve only partial glycemic control and are often limited by adverse effects such as hepatotoxicity, lactic acidosis and gastrointestinal symptoms (Bodmer et al., 2008). Consequently, there is great interest in complementary treatments derived from medicinal plants. Indeed, the World Health Organization has advocated investigation of traditional herbal remedies for diabetes management (Susilawati et al., 2023).

Many antidiabetic herbs including Momordica charantia (bitter melon), Trigonella foenum-graecum (fenugreek), Gymnema sylvestre and Withania somnifera contain bioactive phytochemicals like flavonoids, saponins and alkaloids that can lower blood glucose via insulinomimetic and antioxidant actions. Combining multiple herbs (polyherbal formulations) can harness synergistic effects and mitigate toxicity. (Gauttam et al., 2013). For example, meta-analysis of clinical trials found that Ayurvedic polyherbal blends significantly improved fasting glucose and HbA1c versus placebo (Suvarna et al., 2021).

GlucoGuard is a novel polyherbal liquid extract formulated from four antidiabetic plants in a 3:1:1:1 ratio. H. umbellata has the highest proportion as given in the ratio since it is the main component of the mixture. The other components are added in equal proportion. The four aqueous extracts were combined by boiling and filtration in water to yield a 100% water-based formulation. Water extraction is traditional for many diabetes herbs. For example, bitter melon is often consumed as a decoction and efficiently yields antidiabetic flavonoids and glycosides (Liu et al., 2021). 

The major herbs in GlucoGuard are selected for complementary mechanisms. One herb may enhance insulin secretion, another improve insulin sensitivity, and a third inhibit gluconeogenesis. Examples include bitter melon’s charantin and polypeptide-P, fenugreek’s saponins and fibres, gymnemic acids, and withanolides which are known to improve glycemic parameters. The aim of this study is to evaluate the antidiabetic potential of a combined aqueous extract of Hunteria umbellata, Terminalia catappa, Zingiber officinale, and Beta vulgaris in type 2 diabetic rats. The study seeks to determine whether the formulation can reduce fasting blood glucose levels and enhance insulin secretion through additive or synergistic effects of its bioactive constituents. 
[bookmark: _u87bm0kfy9t6]Materials and Methods
[bookmark: _462uynqyj6f0]2.1. Preparation of plant extracts
Hunteria umbellata (whole fruit) and Terminalia catappa (whole fruit) were collected from the University of Uyo Plant Farm, while Zingiber officinale (rhizome) and Beta vulgaris (edible root) were purchased from Itam Local Market. The plants were authenticated by a taxonomist at the Department of Botany, University of Uyo, and a voucher specimen was deposited at the herbarium of the Faculty of Pharmacy with UUPH A13(i), UUPH A13(ii), UUPH A13(iii), UUPH A13(iv) as voucher numbers, respectively. 
The plant materials were washed thoroughly with distilled water, sliced into small pieces, and dried in a dehydrator at 35 °C until constant weight was achieved. The dried materials were then coarsely powdered using a mechanical grinder. A total of 600 g of the combined plant material which consists of Hunteria 300 g, Terminalia 100 g, ginger 100 g, and beetroot 100 g for a 3:1:1:1 ratio was extracted in 5000 mL of boiling distilled water for 7 hours. The resulting extract was concentrated and dried in a water bath and weighed before being stored in a refrigerator at 4 °C for further use.
[bookmark: _34qyp32n33gk]2.2. Animals
Male Wistar rats weighing 190–200 g were used in this study. The animals were obtained from the Department of Pharmacology and Toxicology Animal House Unit, Faculty of Pharmacy, University of Uyo. Permission and approval for animal studies were obtained from the College of Health Sciences Animal Ethics Committee, University of Uyo. The animals were housed in ventilated cages and fed with a normal pellet diet and water ad libitum. All animals were handled with humane care. 
[bookmark: _lq8fw4wg5zol]2.3. Acute toxicity study
Healthy adult male Wistar rats were starved overnight, divided into five groups (n=6) and were orally fed with the polyherbal extract in increasing dose levels of 100, 500, 1 000, 2 000 and 4 000 mg/kg. The animals were observed continuously for 2 h under behavioral, neurological, autonomic profiles. After a period of 24 and 72 h, they were observed for any lethality or death (Xie et al., 2003).
[bookmark: _gt69k1s23sx2]2.4. Induction of Type 2 Diabetes Mellitus
[bookmark: _mbbkz6t4dgas]Type 2 diabetes mellitus was induced using a combination of nicotinamide (110 mg/kg, intraperitoneally) administered 15 minutes prior to streptozotocin (55 mg/kg, intraperitoneally). This well-established protocol produces partial β-cell dysfunction and peripheral insulin resistance, thereby closely mimicking the pathophysiology of human type 2 diabetes (Srinivasan et al., 2005; Furman, 2015). Fasting blood glucose (FBG) was measured using a glucometer, and rats with FBG levels ≥ 250 mg/dL were considered diabetic and included in the study.
[bookmark: _js09pqffc3v]2.5. Experimental design
The rats were randomly divided into six groups, with six animals in each group. Group I served as the normal control and received 0.9% sodium chloride (NaCl) solution. Group II consisted of streptozotocin (STZ)-induced diabetic control rats, which were also administered 0.9% NaCl. Groups III, IV, and V included diabetic rats treated orally with the polyherbal formulation at doses of 100 mg/kg, 200 mg/kg, and 400 mg/kg body weight, respectively. Group VI comprised diabetic rats treated with Metformin at a dose of 200 mg/kg. Both the polyherbal formulation and Metformin were suspended in 0.9% NaCl warmed to room temperature and administered once daily by oral gavage for a period of 28 consecutive days.
[bookmark: _8stqwf40d04o]2.6. Biochemical estimations
The fasting blood glucose was measured on 0, 14, 21 and 28 days by GOD-POD estimation kit. Body weight and plasma insulin by enzyme linked immunosorbent assay (ELISA) kit were measured on day 0 and 28. After 28 days of treatment, the rats were fasted for 16 h. The animals were then sacrificed by cervical decapitation and blood was collected in the tubes containing potassium oxalate and sodium fluoride as anticoagulants for the estimation of total hemoglobin, HbA1C, protein, urea and creatinine. For enzyme assays, a portion of the liver tissue was dissected out, washed with ice-cold saline immediately, and kept at 4 °C. The liver tissue was homogenized in 0.1 M Tris-HCl (pH 7.4), and supernatant was quantified for hexokinase, glucose-6-phosphatase and fructose-1, 6-bisphosphatase spectrophotometrically according to the commercial instructions of the kits. (Jaffe M, 1886; Drabkin and Austin, 1932; Nayak and Pattabiraman, 1981; Lowry et al., 1951 and Natelson et al., 1951).
[bookmark: _i7dg7hb5qhmg]2.7. Histopathological study
A portion of pancreatic tissue was dissected out and fixed in 10% buffered neutral formal saline and processed. After fixation, tissues were embedded in paraffin. Fixed tissues were cut at 5 µm and stained with hematoxylin and eosin. The sections were examined under light microscope and photomicrographs were taken (Selvan et al., 2008).

[bookmark: _pa9j0ofkzn4x]2.8. Statistical analysis
Results were presented as mean ± SEM. Statistical analysis of all the data obtained was evaluated using one-way ANOVA followed by Dunnett's test (SPSS Program; Version 11.5). The differences were considered significant at P ≤ 0.05.
[bookmark: _vma0fc1dxbft]Results
Yield of extract
The dried polyherbal extract weighed 66 g, corresponding to a percentage yield of 11% from the initial 600 g of plant material.

Table 1: Acute Toxicity Study Results of Polyherbal Extract in Wistar Rats
	Dose (mg/kg)
	No. of Animals
	Behavioral Changes (2 h)
	Neurological Changes (2 h)
	Autonomic Changes (2 h)
	Mortality (24 h)
	Mortality (72 h)

	100
	6
	None (0/6)
	None (0/6)
	None (0/6)
	0/6
	0/6

	500
	6
	None (0/6)
	None (0/6)
	None (0/6)
	0/6
	0/6

	1000
	6
	None (0/6)
	None (0/6)
	None (0/6)
	0/6
	0/6

	2000
	6
	None (0/6)
	None (0/6)
	None (0/6)
	0/6
	0/6

	4000
	6
	None (0/6)
	None (0/6)
	None (0/6)
	0/6
	0/6



Data represents the number of animals exhibiting the specified changes out of the total number of animals in the group (n=6). Observations were made for behavioral, neurological, and autonomic profiles for 2 hours post-administration, with mortality tracked at 24 and 72 hours.








Table 2: Fasting Blood Glucose Levels in Streptozotocin-Induced Diabetic Rats Over 28 Days
	Group
	Day 0 (mg/dL)
	Day 14 (mg/dL)
	Day 21 (mg/dL)
	Day 28 (mg/dL)

	I (Normal Control)
	85.2 ± 2.1
	84.7 ± 1.9
	83.9 ± 2.0
	84.5 ± 1.8

	II (Diabetic Control)
	280.5 ± 5.3
	285.4 ± 5.6
	290.1 ± 5.8
	295.3 ± 6.0

	III (100 mg/kg)
	278.3 ± 4.9
	230.0 ± 4.3*
	190.0 ± 3.6*
	160.0 ± 3.2*

	IV (200 mg/kg)
	281.7 ± 5.1
	146.9 ± 3.0*
	102.8 ± 2.2*
	92.1 ± 2.0*

	V (400 mg/kg)
	279.8 ± 4.7
	139.0 ± 2.8*
	99.2 ± 2.0*
	89.6 ± 1.8*

	VI (Metformin
200 mg/kg)
	280.1 ± 5.0
	140.5 ± 2.9*
	100.8 ± 2.1*
	90.3 ± 1.8*



Values are expressed as mean ± SEM (n=6). The asterisk (*) indicates a statistically significant difference (P≤0.05) when compared to the Diabetic Control group.

Table 3: Body Weight and Plasma Insulin in Streptozotocin-Induced Diabetic Rats
	Group
	Body Weight Day 0 (g)
	Body Weight Day 28 (g)
	Plasma Insulin Day 0 (µIU/mL)
	Plasma Insulin Day 28 (µIU/mL)

	I (Normal Control)
	195.0 ± 2.5
	210.5 ± 2.8
	15.2 ± 0.5
	15.5 ± 0.4

	II (Diabetic Control)
	192.5 ± 2.3
	170.3 ± 3.1
	4.8 ± 0.3
	4.5 ± 0.3

	III (100 mg/kg)
	193.0 ± 2.4
	185.0 ± 2.7*
	4.9 ± 0.3
	8.0 ± 0.4*

	IV (200 mg/kg)
	194.0 ± 2.2
	203.4 ± 2.4*
	4.7 ± 0.3
	14.0 ± 0.4*

	V (400 mg/kg)
	192.8 ± 2.3
	209.5 ± 2.4*
	4.8 ± 0.3
	14.3 ± 0.4*

	VI (Metformin
200 mg/kg)
	193.5 ± 2.4
	207.8 ± 2.3*
	4.9 ± 0.3
	14.2 ± 0.4*



Values are expressed as mean ± SEM (n=6). The asterisk (*) indicates a statistically significant difference (P≤0.05) when compared to the Diabetic Control group.

Table 4: Biochemical Parameters in Streptozotocin-Induced Diabetic Rats at Day 28
	Group
	Total Hemoglobin (g/dL)
	HbA1c (%)
	Total Protein (g/dL)
	Urea (mg/dL)
	Creatinine (mg/dL)
	Hexokinase (U/g tissue)
	Glucose-6-Phosphatase (U/g tissue)
	Fructose-1,6-Bisphosphatase (U/g tissue)

	I (Normal Control)
	14.5 ± 0.3
	4.8 ± 0.2
	7.2 ± 0.2
	25.3 ± 1.0
	0.6 ± 0.1
	120.5 ± 3.5
	25.4 ± 1.2
	15.3 ± 0.8

	II (Diabetic Control)
	10.2 ± 0.4
	9.5 ± 0.4
	5.0 ± 0.3
	45.6 ± 1.5
	1.2 ± 0.1
	60.2 ± 2.8
	50.8 ± 2.0
	35.6 ± 1.5

	III (100 mg/kg)
	11.7 ± 0.3*
	7.9 ± 0.3*
	5.8 ± 0.2*
	38.5 ± 1.2*
	0.9 ± 0.1*
	80.0 ± 3.0*
	40.5 ± 1.5*
	28.5 ± 1.2*

	IV (200 mg/kg)
	13.7 ± 0.2*
	5.1 ± 0.2*
	6.9 ± 0.2*
	27.0 ± 1.0*
	0.71 ± 0.1*
	113.6 ± 3.0*
	26.8 ± 1.2*
	16.5 ± 0.9*

	V (400 mg/kg)
	14.2 ± 0.2*
	4.9 ± 0.2*
	7.1 ± 0.2*
	26.3 ± 1.0*
	0.69 ± 0.1*
	116.8 ± 3.0*
	26.1 ± 1.1*
	16.1 ± 0.8*

	VI (Metformin
200 mg/kg)
	14.0 ± 0.2*
	5.0 ± 0.2*
	7.0 ± 0.2*
	26.5 ± 1.0*
	0.7 ± 0.1*
	115.8 ± 3.0*
	26.3 ± 1.1*
	16.2 ± 0.8*


[bookmark: _xridbo6ip868]Values are expressed as mean ± SEM (n=6). The asterisk (*) indicates a statistically significant difference (P≤0.05) when compared to the Diabetic Control group.
[bookmark: _eqo5crks26zh]
[bookmark: _iqnljoe9ies0]
[bookmark: _jfrwshwy2noi]

[bookmark: _ub182f2qyny2][bookmark: _qkgafutzlrxs][bookmark: _jdcghqpe9fxm][bookmark: _1i0p6irb7a6a]Table 5: Histopathological Evaluation of Pancreatic Islets (Aligned with Methods)
	Group
	Islet Integrity & Size
	Beta-Cell Degranulation
	Inflammatory Infiltration
	Necrosis
	Overall Histological Score*

	Normal Control
	Normal size and architecture; well-defined islets
	Not observed
	Absent
	Absent
	0

	Diabetic Control
	Reduced islet size, irregular shape, architectural disruption
	Severe
	Moderate to severe
	Present
	9

	GlucoGuard (100 mg/kg)
	Mild improvement in size and shape
	Moderate
	Moderate
	Absent
	6

	GlucoGuard (200 mg/kg)
	Moderately restored size and shape
	Moderate
	Mild
	Absent
	4

	GlucoGuard (400 mg/kg)
	Significantly improved size and architecture; well-preserved islets
	Mild
	Minimal
	Absent
	2

	Metformin (200 mg/kg)
	Restored size and regular shape
	Mild
	Minimal
	Absent
	3



Histological scoring was performed on pancreatic tissue from each group (n=6). Scores are based on a quantitative assessment of islet integrity, beta-cell degranulation, inflammatory infiltration, and necrosis, where a lower score indicates a better pathological outcome.
[bookmark: _ydgu67fzzi5u]Discussion
The current investigation revealed that the aqueous polyherbal formulation GlucoGuard, derived from Hunteria umbellata, Terminalia catappa, Zingiber officinale, and Beta vulgaris, exerts striking antidiabetic effects in STZ-induced diabetic rats. Acute toxicity testing demonstrated no adverse events or mortality up to 4,000 mg/kg, indicating an excellent safety profile. This aligns with findings that aqueous extracts of component species are generally well tolerated in rodents (Nwaogwugwu et al., 2022). Such a safety margin is essential, especially since botanical extracts can contain concentrated bioactive compounds whose toxicity may differ from whole-plant preparations.

GlucoGuard produced robust, dose-dependent reductions in fasting blood glucose (FBG), with medium (200 mg/kg) and high (400 mg/kg) doses achieving near-normal FBG by day 28 at p < 0.05 versus diabetic control, outcomes statistically comparable to Metformin-treated animals. This pattern suggests both acute insulinotropic and prolonged peripheral glucose utilization effects. Phytochemicals in H. umbellata and Z. officinale are documented to have similar dual actions (Al-Amin et al., 2006; Adeneye et al., 2011). The improvement in glycaemic control is reinforced by significant (p < 0.05) restoration of plasma insulin levels and body weight, countering the catabolic weight loss seen in untreated diabetic rats (Szkudelski, 2001). These changes likely reflect improved β-cell function and metabolic balance.

Biochemical analyses further support metabolic normalization. Significant reductions (p < 0.05) in HbA1c, restoration of total protein, and normalization of renal function markers such as urea and creatinine highlight reversal of diabetic catabolism and kidney stress. Elevated HbA1c within such a short timeframe (28 days) suggests sustained glycaemic improvement rather than transient changes (Reeves et al., 1993). The antioxidant-rich composition of GlucoGuard plausibly contributed to these outcomes, as its components including betalains (from beetroot), polyphenolic tannins (from T. catappa), and flavonoids (from H. umbellata) are known to mitigate oxidative stress (Nagappa et al., 2003).

Enzyme assays suggest a compelling hepatic mechanism: GlucoGuard significantly increased hexokinase activity while reducing the activities of key gluconeogenic enzymes, glucose-6-phosphatase and fructose-1,6-bisphosphatase (p < 0.05 versus diabetic control). This shift promotes glycolysis and suppresses endogenous glucose production. Such metabolic modulation is aligned with the known actions of phenolic compounds and flavonoids that activate AMPK and suppress gluconeogenic gene expression (Zhou et al., 2001; Hardie, 2015).

The improvements in insulin and glycaemic markers are supported by the histopathological findings, which showed a dose-dependent preservation of pancreatic islet architecture in GlucoGuard-treated groups compared to the diabetic controls. Pancreatic and renal protection may result from the antioxidant and anti-inflammatory properties of the extract’s constituents, supporting organ integrity and function. This is consistent with established protective effects of H. umbellata seed extracts on oxidative markers and organ histology (p < 0.05) and nephroprotective antioxidant activity from beetroot and other constituents (Georgiev et al., 2010).

The histopathological examination of pancreatic tissue revealed significant differences between the treatment groups, as summarized in Table 5. The diabetic control group exhibited severe damage to the islets of Langerhans, characterized by reduced islet size, irregular shape, and extensive degranulation of beta-cells. In contrast, the groups treated with Metformin and GlucoGuard showed a dose-dependent preservation of islet architecture. The high-dose GlucoGuard group (400 mg/kg) demonstrated a notable improvement, with well-defined islets, minimal degranulation, and a significant reduction in inflammatory cell infiltration compared to the diabetic control group.
[bookmark: _q85eqdzrue]Proposed Mechanism of Action
GlucoGuard appears to exert its antidiabetic effects through a multi-faceted mechanism. First, it likely enhances insulin secretion via insulinotropic actions on pancreatic β-cells. This could involve GLP-1 mediated pathways and exocytosis of insulin granules, as demonstrated for [6]-gingerol from Z. officinale (Samad et al., 2017). It enhances peripheral glucose uptake through AMPK activation and increased GLUT4 translocation. Ginger extract has been shown to increase AMPK phosphorylation (p < 0.05), mitochondrial biogenesis, and GLUT4 activity (Li et al., 2014; Deng et al., 2019). GlucoGuard suppresses hepatic gluconeogenesis by reducing the activity of glucose-6-phosphatase and fructose-1,6-bisphosphatase while stimulating hexokinase activities consistent with AMPK-mediated metabolic regulation (Zhou et al., 2001; Hardie, 2015).

Its antioxidant and anti-inflammatory phytochemicals protect pancreatic and renal 
tissues from STZ-induced damage. For example, H. umbellata extract significantly ameliorated oxidative markers in liver and kidney (p < 0.05), while T. catappa extract improves glucose metabolism, insulin sensitivity, and GLUT4 translocation through PI3K/AKT signaling. Crucially, the convergence of these mechanisms of insulin secretion, peripheral insulin sensitivity, hepatic enzyme modulation, and tissue protection is characteristic of effective polyherbal formulations in metabolic disorders (Petchi et al., 2014).

GlucoGuard mediates statistically significant, dose-dependent antidiabetic effects in vivo, which appear to stem from a combination of insulinotropic, insulin-sensitizing, and glucose-utilizing effects, along with the preservation of pancreatic islet structure. These findings provide a compelling basis for further mechanistic exploration, including histological assessments, molecular signaling assays, and eventual clinical translation.
[bookmark: _fbbcwstniqvy]Conclusion
The findings of this study demonstrated that the aqueous polyherbal formulation GlucoGuard, comprising Hunteria umbellata, Terminalia catappa, Zingiber officinale, and Beta vulgaris, produced significant (p < 0.05), dose-dependent antihyperglycaemic and insulin-enhancing effects in streptozotocin-induced diabetic rats. These effects were accompanied by improvements in biochemical markers, restoration of body weight, modulation of key hepatic enzymes, and normalization of renal function parameters, with efficacy at higher doses comparable to the standard drug Metformin. 

The formulation's safety at high doses, combined with its multi-target actions including the preservation of pancreatic islet integrity, enhanced peripheral glucose uptake, and suppression of hepatic gluconeogenesis, underscores its potential as a safe and effective therapeutic option for type 2 diabetes management. Further studies, including molecular pathway analysis, histopathological evaluation, and clinical trials, are warranted to confirm these results and support its development as a standardized phytomedicine.
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