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Background: Diabetes mellitus is a global health challenge characterized by chronic hyperglycemia
and associated complications. Plant-derived polyphenolic compounds are emerging as promising
therapeutic agents due to their multifaceted pharmacological properties.

Objective: This study aimed to evaluate the antidiabetic potential of polyphenolic compounds
extracted from Momordica charantia, Syzygium cumini, Trigonella foenum-graecum, and
Gymnema sylvestre using integrated in vitro, in vivo, and chemical analysis approaches.

Methods: Medicinal plants were selected based on their ethnopharmacological relevance, and
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polyphenolic compounds were extracted using optimized maceration and Soxhlet techniques.
Phytochemical analysis was conducted using HPLC and LC-MS/MS to identify and quantify key
bioactive compounds. The in vitro antidiabetic activity was assessed via o-amylase and o-
glucosidase inhibition assays, glucose uptake studies, and antioxidant evaluations (DPPH and
FRAP). In vivo experiments were performed on streptozotocin-induced diabetic rats to investigate
blood glucose levels, lipid profiles, oxidative stress markers, and histopathological changes in
pancreatic tissues. Toxicological studies established the safety profile of the extracts, and statistical
analysis was carried out using ANOVA and post hoc tests.

Results: The extracts were rich in bioactive polyphenols such as catechins, quercetin, gallic acid,
and gymnemic acids. In vitro assays revealed significant enzymatic inhibition and enhanced glucose
uptake. In vivo studies demonstrated a 35-48% reduction in fasting blood glucose levels, improved
lipid profiles, and reduced oxidative stress. Histopathological analysis confirmed the protective
effects on pancreatic tissues. Toxicological studies indicated a high safety margin for the extracts.
Conclusion: The findings highlight the therapeutic potential of polyphenolic compounds as
antidiabetic agents, with mechanisms involving enzymatic inhibition, antioxidant activity, and
improved glucose metabolism. These results support their application in developing functional
foods, nutraceuticals, and complementary therapies. Future studies should focus on long-term
efficacy, advanced formulations, and clinical validation.

Keywords: Diabetes mellitus, polyphenolic compounds, antidiabetic activity, oxidative stress,
phytochemical analysis, Momordica charantia, Syzygium cumini, Trigonella foenum-graecum,
Gymnema sylvestre.

1. Introduction
1.1. Overview of Diabetes and Its Global Impact

Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycemia
resulting from impaired insulin secretion, insulin resistance, or both (American Diabetes
Association, 2020). Globally, diabetes poses a significant public health challenge, with an
estimated 537 million adults living with the condition in 2021, a figure expected to rise to 783
million by 2045 (International Diabetes Federation, 2021). This epidemic has been linked to
increased morbidity and mortality, primarily due to complications such as cardiovascular
diseases, neuropathy, nephropathy, and retinopathy (Forbes & Cooper, 2013). Current
pharmacological interventions, including insulin and oral hypoglycemic agents, have
limitations such as side effects, high costs, and suboptimal patient compliance, emphasizing
the need for alternative therapeutic strategies (Raskin & Donnelly, 2019).

1.2. Importance of Exploring Plant-Derived Polyphenolic Compounds as Therapeutic Agents

Medicinal plants have long been a cornerstone of traditional medicine for managing diabetes,
with polyphenolic compounds receiving particular attention due to their diverse
pharmacological properties (Tundis et al., 2010). Polyphenols, secondary metabolites found
abundantly in plants, exhibit strong antioxidant, anti-inflammatory, and enzyme-inhibitory
activities that can directly target the pathophysiology of diabetes (Scalbert et al., 2005). In
vitro studies have demonstrated that polyphenols can inhibit key enzymes like a-amylase and
a-glucosidase, while in vivo experiments highlight their potential to improve insulin
sensitivity and protect pancreatic 3-cells from oxidative stress (Rohn et al., 2002). These
findings underscore the promise of polyphenolic compounds as safer and cost-effective
alternatives to synthetic drugs in diabetes management.
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1.3. Objectives and Rationale of the Study

This study aims to evaluate the antidiabetic potential of polyphenolic compounds extracted
from medicinal plants by integrating in vitro, in vivo, and chemical analysis approaches. The
rationale lies in addressing the gap between traditional usage and scientific validation of plant-
based antidiabetic therapies. By identifying and characterizing bioactive polyphenols and
correlating their chemical properties with biological activity, the study seeks to provide a
robust framework for the development of plant-derived therapeutics. Moreover, the inclusion
of toxicity studies ensures that the findings contribute to the safe and effective application of
these compounds in future pharmacological interventions.

2. Materials and Methods
2.1. Plant Material Collection and Preparation

The study focused on selecting medicinal plants with ethnopharmacological relevance, known
for their traditional use in managing diabetes. Details of the plant material collection,
authentication, and processing are presented in the subsections below.

Table 1: Selected Medicinal Plants for the Study

Plant Name Family Part Used Traditional Use Source Location

Momordica charantia | Cucurbitaceae Fruits Blood . glucose Odisha
regulation

Syzygium cumini Myrtaceae Seeds Diabetes management | Odisha

Trigonella  foenum- Fabaceae Seeds Insulin secretion Odisha

graecum enhancement

Gymnema sylvestre Apocynaceae Leaves Glucose  absorption Odisha

inhibition

2.1.1. Selection of Medicinal Plants

Medicinal plants were selected based on a comprehensive review of traditional medicinal
practices and published literature highlighting their antidiabetic properties. Key criteria
included historical usage, availability, and phytochemical richness.

2.1.2. Collection and Authentication

Plant materials were collected during their optimal growing season (May-July 2024) from
authenticated herbal gardens and local sources across India. The collected specimens were
authenticated by a qualified taxonomist at the Botanical Survey of India. Herbarium vouchers
were prepared and deposited for future reference.

2.1.3. Processing of Plant Material

The collected plant parts were thoroughly washed with distilled water to remove dirt and
debris. They were air-dried under shade for 7-10 days to prevent photodegradation of active
compounds. Once dried, the materials were pulverized using a mechanical grinder and stored
in airtight containers at 4°C until further analysis.
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Table 2: Processing Parameters for Plant Material

Plant Name Drying Method Grinding Mesh Size Storage Condition
Momordica charantia Shade drying 40 mesh Airtight, 4°C
Syzygium cumini Shade drying 40 mesh Airtight, 4°C
Trigonella foenum-graecum | Oven drying (40°C) 50 mesh Airtight, 4°C
Gymnema sylvestre Shade drying 40 mesh Airtight, 4°C

This systematic preparation ensures consistency and reliability for subsequent extraction and
analysis of bioactive compounds.

2.2. Extraction of Polyphenolic Compounds

Polyphenolic compounds were extracted from the selected medicinal plants using different
extraction methods. The maceration and Soxhlet extraction methods were chosen due to their
efficiency in extracting bioactive compounds from plant material. Both methods were
optimized to ensure maximum yield and preservation of polyphenolic compounds.

2.2.1. Maceration Method

The maceration method was employed for initial extraction, involving the soaking of dried
and powdered plant material in solvents at room temperature. The solvent was allowed to
percolate through the plant material, and the mixture was stirred intermittently for 48 hours to
allow for thorough extraction of polyphenols. After the extraction period, the solvent was
filtered, and the extract was evaporated using a rotary evaporator under reduced pressure to
obtain a concentrated extract.

Table 3: Maceration Extraction Details

Plant Name Solvent Used Solvent-to-Plant Ratio Extraction Time
Momordica charantia Methanol 1.5 48 hours
Syzygium cumini Ethanol 1:4 48 hours
Trigonella foenum-graecum Acetone 1:6 48 hours
Gymnema sylvestre Methanol 1:5 48 hours

2.2.2. Soxhlet Extraction Method

The Soxhlet extraction technique was utilized for a more thorough extraction of polyphenols,
especially from plant materials with low extractable content. A Soxhlet apparatus was set up,
and the plant material was extracted using different solvents at their respective boiling points.
Extraction was conducted for 6-8 hours to ensure maximum yield of polyphenolic compounds.
The extracted solvent was then evaporated using a rotary evaporator, yielding a concentrated
polyphenolic extract.

Table 4: Soxhlet Extraction Details

Plant Name Solvent Used Boiling Point (°C) Extraction Time
Momordica charantia Methanol 64.7 6 hours
Syzygium cumini Ethanol 78.4 6 hours
Trigonella foenum-graecum | Acetone 56.5 8 hours
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Gymnema sylvestre Methanol 64.7 6 hours

2.2.3. Solvents and Conditions Used for Optimal Polyphenolic Extraction

The choice of solvent plays a crucial role in the efficiency of polyphenol extraction. In this
study, methanol, ethanol, and acetone were selected based on their ability to dissolve
polyphenolic compounds and their safety profile. The polarity of these solvents allows them
to extract a wide range of polyphenols, including flavonoids, phenolic acids, and tannins. The
solvents were used in varying concentrations to optimize the extraction process for each plant
material.

Table 5: Solvents and Their Polarity Used for Polyphenolic Extraction

Solvent Polarity Use

Methanol Moderate chifcljcslent for extracting a wide range of polyphenols, particularly flavonoids and phenolic
Ethanol Moderate Effective for extracting polyphenols with lower polarity, including flavonoids and tannins.
Acetone Less polar Ideal for extracting higher molecular weight polyphenols and tannins.

The extraction process was carried out under controlled temperature and humidity conditions
to prevent the degradation of sensitive compounds. The resulting extracts were stored at -20°C
until further analysis of polyphenolic content and biological activity.

2.3. Phytochemical Analysis

Phytochemical analysis of the extracts was carried out to identify and quantify the
polyphenolic compounds present. Both qualitative and quantitative techniques were employed
to ensure a comprehensive understanding of the polyphenolic profile of the plant extracts.
High-performance liquid chromatography (HPLC) and liquid chromatography-mass
spectrometry (LC-MS/MS) were used for the identification and quantification of polyphenolic
compounds in the extracts.

2.3.1. Qualitative Phytochemical Analysis

Qualitative analysis was performed to detect the presence of various phytochemicals,
including flavonoids, phenolic acids, tannins, and alkaloids, in the plant extracts. Standard
qualitative tests were used, such as:

. Flavonoids: Shinoda test (appearance of pink color upon addition of magnesium and
hydrochloric acid).

. Phenolic Compounds: Ferric chloride test (formation of a greenish-black color upon
reaction with ferric chloride).

. Tannins: Gelatin test (formation of a white precipitate when gelatin solution is added).
. Alkaloids: Dragendorff's test (formation of an orange precipitate).

The presence of these phytochemicals provides preliminary evidence for the potential
therapeutic value of the extracts.

Nanotechnology Perceptions Vol. 20 No. S15 (2024)



2347 Santosh Patnaik et al. Evaluating the Antidiabetic Potential of Polyphenolic...

Table 6: Qualitative Phytochemical Tests

Phytochemical Test Method Positive Result

Flavonoids Shinoda test Pink color formation

Phenolic compounds Ferric chloride test Greenish-black color formation
Tannins Gelatin test White precipitate

Alkaloids Dragendorff's test Orange precipitate

2.3.2. Quantitative Phytochemical Analysis

Quantitative analysis was performed to determine the total polyphenolic content of the plant
extracts. The total phenolic content (TPC) was measured using the Folin-Ciocalteu method,
based on the reduction of the Folin-Ciocalteu reagent by phenolic compounds. The results
were expressed as milligrams of gallic acid equivalents (GAE) per gram of extract.

Additionally, the total flavonoid content (TFC) was quantified using the aluminum chloride
colorimetric method, with results expressed as milligrams of quercetin equivalents (QE) per
gram of extract.

Table 7: Quantitative Analysis of Polyphenolic Compounds

Polyphenolic Compound Method Reagent Expressed as
Total Phenolic Content Folin-Ciocalteu method Folin-Ciocalteu reagent (GGaxlé) acid  equivalents
Total Flavonoid Content Aluminum chloride method | Aluminum chloride reagent | Quercetin equivalents (QE)

2.3.3. High-Performance Liquid Chromatography (HPLC)

To identify and quantify individual polyphenolic compounds in the extracts, HPLC was used.
The extracts were filtered and injected into a reverse-phase C18 column. The mobile phase
consisted of a gradient of acetonitrile and water (with 0.1% formic acid), and the compounds
were detected using a diode array detector (DAD) at 280 nm. The retention times of the peaks
were compared with those of authentic standards to identify the compounds. Calibration
curves were used to quantify the polyphenolic compounds present in the extracts.

Table 8: HPLC Conditions for Polyphenolic Analysis

Parameter Condition

Column C18 reverse-phase (4.6 mm x 250 mm)

Mobile Phase A: Water with 0.1% formic acid, B: Acetonitrile
Flow Rate 1.0 mL/min

Detection Wavelength 280 nm

Injection Volume 20 pL

2.3.4. Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

LC-MS/MS was employed for the detailed identification of polyphenolic compounds,
including those present in trace amounts. The extracts were analyzed using an HPLC system
coupled to a mass spectrometer equipped with an electrospray ionization (ESI) source. The
ions were detected in both positive and negative modes, and the resulting spectra were used to

Nanotechnology Perceptions Vol. 20 No. S15 (2024)



Evaluating the Antidiabetic Potential of Polyphenolic... Santosh Patnaik et al. 2348

identify the molecular ions and fragment ions corresponding to specific polyphenolic
compounds. This technique provided high sensitivity and resolution, allowing the
identification of a broad range of polyphenolic compounds with complex molecular structures.

Table 9: LC-MS/MS Conditions for Polyphenolic Identification

Parameter Condition

lonization Mode Positive and negative ESI modes
Mass Range 100-1200 m/z

Collision Energy 1540 eV

Mobile Phase 0.1% formic acid in water, acetonitrile

These techniques provided comprehensive data on both the qualitative and quantitative aspects
of polyphenolic composition, facilitating the identification of key bioactive compounds that
contribute to the therapeutic effects observed in the plant extracts.

2.4. In Vitro Antidiabetic Assays

The in vitro antidiabetic activity of the polyphenolic extracts from the selected medicinal
plants was assessed through various assays targeting key enzymes involved in glucose
metabolism, as well as evaluating their antioxidant potential. The assays included a-amylase
and a-glucosidase inhibition, glucose uptake in cell lines, and antioxidant activity using DPPH
and FRAP methods.

2.4.1. a-Amylase Inhibition Assay

The a-amylase inhibition assay was performed following a modified version of the method
described by Nayak et al. (2015). Briefly, a reaction mixture containing 100 uL of plant
extract, 100 puL of enzyme solution (0.5 mg/mL a-amylase in 0.02 M phosphate buffer, pH
6.9), and 100 pL of 1% starch solution was incubated at 37°C for 30 minutes. After incubation,
the reaction was stopped by adding 200 pL of DNS reagent (dinitrosalicylic acid), followed
by boiling for 5 minutes. The absorbance was measured at 540 nm using a UV-Vis
spectrophotometer. The percentage of inhibition was calculated using the formula:

A — Ag
[: control h-.ﬂllIJ].l':‘} % 100

Inhibition % —

*‘r']-{:nntml

where Acontrol IS the absorbance of the control reaction (without extract), and Asampe is the
absorbance of the reaction with the plant extract.

Table 10: a-Amylase Inhibition Assay Conditions

Parameter Condition

Enzyme Concentration 0.5 mg/mL
Substrate Concentration 1% Starch solution
Incubation Temperature 37°C

Incubation Time 30 minutes
Detection Wavelength 540 nm
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2.4.2. a-Glucosidase Inhibition Assay

The a-glucosidase inhibition assay was carried out according to the method described by Lee
et al. (2009). A reaction mixture containing 100 pL of the extract, 100 pL of enzyme solution
(0.5 U/mL a-glucosidase in 0.02 M phosphate buffer, pH 6.8), and 100 uL of 5 mM p-
nitrophenyl-a-D-glucopyranoside was incubated at 37°C for 30 minutes. The reaction was
terminated by adding 200 pL of 0.1 M sodium carbonate, and the absorbance of p-nitrophenol
released was measured at 405 nm. The inhibition percentage was calculated as:

A — A
[: control huun}:ulr:';II % 100

Inhibition % —
*‘r']-{:nntml

where Acontrol 2N Asample are the absorbances of the control and the sample, respectively.

Table 11: a-Glucosidase Inhibition Assay Conditions

Parameter Condition

Enzyme Concentration 0.5 U/mL

Substrate Concentration 5 mM p-nitrophenyl-a-D-glucopyranoside
Incubation Temperature 37°C

Incubation Time 30 minutes

Detection Wavelength 405 nm

2.4.3. Glucose Uptake Assay in 3T3-L1 Adipocytes

The glucose uptake assay was performed in 3T3-L1 adipocytes, a mouse preadipocyte cell
line, as described by Huang et al. (2014). Cells were cultured in DMEM (Dulbecco's Modified
Eagle Medium) containing 10% FBS (fetal bovine serum) and 1% penicillin-streptomycin
until they reached confluence. Differentiation of the preadipocytes into adipocytes was
induced by the addition of a differentiation cocktail (insulin, dexamethasone, and
methylisobutylxanthine) for 48 hours.

After differentiation, cells were treated with plant extracts (0-500 pg/mL) for 24 hours,
followed by the addition of 2-NBDG (2-[N-(7-Nitro-2-1,3-benzoxadiazol-4-yl)amino]-2-
deoxyglucose), a fluorescent glucose analog. The fluorescence intensity was measured using
a fluorescence plate reader at an excitation wavelength of 485 nm and emission wavelength of
530 nm. The glucose uptake was calculated based on the fluorescence intensity relative to the
control group.

Table 12: Glucose Uptake Assay Conditions

Parameter Condition

Cell Line 3T3-L1 Adipocytes

Differentiation Cocktail Insulin, dexamethasone, methylisobutylxanthine
Treatment Duration 24 hours

2-NBDG  (2-[N-(7-Nitro-2-1,3-benzoxadiazol-4-yl)amino]-

Glucose Analogue 2-deoxyglucose)

Measurement Wavelength Excitation: 485 nm, Emission: 530 nm
Nanotechnology Perceptions Vol. 20 No. S15 (2024)
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2.4.4. Antioxidant Potential Assays

Antioxidant potential was assessed using two different assays: the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging assay and the FRAP (Ferric Reducing Antioxidant Power)
assay.

. DPPH Radical Scavenging Assay: The DPPH assay was conducted by mixing 100 pL
of plant extract with 100 pL of 0.1 mM DPPH solution. After incubation for 30 minutes at
room temperature, the absorbance was measured at 517 nm. The percentage inhibition was
calculated using the formula:

(s‘r']-t.'mltrnl — J‘flmﬂnple] % 100

Inhibition % =
“r']-{:nnl.ml
. FRAP Assay: The FRAP assay was performed by mixing 100 uL of the extract with
3 mL of FRAP reagent (a mixture of 10 mM TPTZ, 20 mM FeCls, and 300 mM acetate buffer).
After 30 minutes of incubation, the absorbance was measured at 595 nm. The results were
expressed as uM Fe*" equivalents.
Table 13: Antioxidant Assay Conditions

Assay Parameter

DPPH Assay DPPH Concentration

Incubation Time

Detection Wavelength

FRAP Assay Reagent Composition

Incubation Time

Detection Wavelength

These in vitro assays provided insights into the potential antidiabetic and antioxidant activities
of the polyphenolic extracts, contributing to the evaluation of their therapeutic potential in
diabetes management.

2.5. In Vivo Studies

In vivo studies were conducted to evaluate the antidiabetic potential of polyphenolic
compounds from the medicinal plant extracts. The animal model used in this study was the
streptozotocin (STZ)-induced diabetic rat, a well-established model for Type 1 diabetes. The
study focused on the assessment of blood glucose levels, insulin sensitivity, lipid profiles, and
oxidative stress markers to gain a comprehensive understanding of the effects of the extracts
in vivo.

2.5.1. Animal Model Selection

The study utilized male Wistar rats (200-250 g) for the in vivo experiments. The rats were
housed in a controlled environment with a 12-hour light/dark cycle and were allowed free
access to standard laboratory chow and water. Diabetes was induced by a single intraperitoneal
injection of streptozotocin (STZ) at a dose of 50 mg/kg body weight, administered after
overnight fasting. The rats were allowed to recover for 72 hours before confirming the
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induction of diabetes through blood glucose measurement. Animals with blood glucose levels
above 200 mg/dL were considered diabetic and included in the study.

Table 14: Animal Model and STZ-Induced Diabetes

Parameter Condition

Animal Type Male Wistar rats (200-250 g)

Induction of Diabetes Single intraperitoneal injection of STZ (50 mg/kg)
Confirmation of Diabetes Blood glucose level > 200 mg/dL

2.5.2. Experimental Design and Grouping of Animals
The animals were randomly divided into the following groups:

. Group I (Control Group): Normal rats, not treated with STZ or extracts.
. Group Il (Diabetic Group): Diabetic rats treated with a vehicle (e.g., saline).
. Group 111 (Reference Group): Diabetic rats treated with metformin (50 mg/kg body

weight), a standard antidiabetic drug.

. Group IV (Treatment Group): Diabetic rats treated with the polyphenolic plant extract
at an optimal dose (e.g., 100 mg/kg body weight).

. Group V (High-dose Treatment Group): Diabetic rats treated with a higher dose of the
plant extract (e.g., 200 mg/kg body weight).

The treatment was administered daily via oral gavage for 4 weeks. Blood glucose levels were
measured on the Oth, 7th, 14th, 21st, and 28th days of the study. At the end of the experimental
period, the animals were sacrificed, and various parameters were assessed.

Table 15: Experimental Groups and Treatment Protocol

Group Treatment

Control No treatment

Diabetic (STZ-induced) Vehicle treatment (e.g., saline)
Reference Metformin

Treatment (Low Dose) Polyphenolic plant extract
Treatment (High Dose) Polyphenolic plant extract

2.5.3. Parameters Assessed

. Blood Glucose Levels: Blood glucose levels were measured using a glucometer on
days 0, 7, 14, 21, and 28. Fasting blood glucose levels (after overnight fasting) were recorded
to assess the effects of the treatment on hyperglycemia.

. Insulin Sensitivity: Insulin sensitivity was assessed by performing an insulin tolerance
test (ITT). After overnight fasting, rats were injected with insulin (0.75 1U/kg body weight),
and blood glucose levels were measured at 0, 30, 60, and 120 minutes post-injection. The rate
of decline in blood glucose levels after insulin injection was used to assess insulin sensitivity.
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. Lipid Profiles: At the end of the experiment, serum was collected to measure lipid
profiles, including total cholesterol, triglycerides, high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) levels. The lipid profiles were assessed using an automated
biochemical analyzer.

o Oxidative Stress Markers: The levels of oxidative stress markers, such as
malondialdehyde (MDA) and reduced glutathione (GSH), were measured in the liver and
kidney tissues. MDA levels were measured using the thiobarbituric acid reactive substances
(TBARS) assay, while GSH levels were assessed by the DTNB (5,5'-dithiobis-2-nitrobenzoic
acid) method. The antioxidant status of the tissues was also assessed by measuring superoxide
dismutase (SOD) and catalase (CAT) activity.

Table 16: Parameters Assessed in In Vivo Studies

Parameter Method Measurement
Blood Glucose Levels Glucometer mg/dL
Insulin Sensitivity Insulin tolerance test (ITT) Blood glucose levels (0, 30, 60, 120 min)

Total cholesterol, triglycerides, HDL, LDL

Lipid Profiles Automated biochemical analyzer (mg/dL)

TBARS assay for MDA, DTNB for
Oxidative Stress Markers GSH, enzyme activity for SOD and
CAT

MDA (nmol/mg tissue), GSH (umol/g tissue),
SOD and CAT activity (U/mg protein)

These in vivo assessments provided a thorough evaluation of the potential antidiabetic effects
of the polyphenolic compounds, focusing on key physiological parameters associated with
diabetes and related complications. The results from these studies helped in understanding the
therapeutic efficacy of plant-derived polyphenolic compounds in managing diabetes.

2.6. Toxicological Studies

Toxicological studies were conducted to assess the safety profile of the polyphenolic plant
extracts used in the study. Both acute and sub-acute toxicity studies were performed to
determine the potential toxic effects and establish the safe dosage levels for further therapeutic
use.

2.6.1. Acute Toxicity Study

Acute toxicity was assessed according to the guidelines outlined by the Organization for
Economic Cooperation and Development (OECD) for the testing of chemicals (OECD, 2001).
In this study, the polyphenolic extract was administered orally to fasted rats at escalating doses
(e.g., 200, 1000, and 2000 mg/kg body weight). The animals were observed continuously for
the first 4 hours and then at 24-hour intervals for 14 days. Parameters such as general behavior,
physical appearance, mortality, and signs of toxicity (e.g., lethargy, tremors, convulsions,
changes in skin color) were recorded. The median lethal dose (LDso) was determined, and the
safe dosage for further studies was established based on the absence of significant toxic effects
at the highest dose tested.
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Table 17: Acute Toxicity Study Protocol

Parameter Condition

Test Animals Wistar rats (male, 200-250 g)

Dosing Protocol Single oral dose of plant extract

Dose Levels 200, 1000, and 2000 mg/kg body weight
Observation Period 14 days

Parameters Observed Mortality, behavior, signs of toxicity

2.6.2. Sub-Acute Toxicity Study

Sub-acute toxicity was evaluated by administering the polyphenolic plant extract orally to
Wistar rats at doses of 100, 200, and 500 mg/kg body weight for a period of 28 days. The rats
were observed for any signs of adverse effects, including changes in behavior, body weight,
food and water intake, and general health. Blood samples were collected at the end of the study
for hematological and biochemical analysis. Liver and kidney functions were assessed by
measuring serum levels of enzymes such as alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), and creatinine. Histopathological
examinations of vital organs (liver, kidney, heart, and lungs) were also performed.

Table 18: Sub-Acute Toxicity Study Protocol

Parameter Condition

Test Animals Wistar rats (male, 200-250 g)

Dosing Protocol Daily oral doses of plant extract

Dose Levels 100, 200, and 500 mg/kg body weight
Observation Period 28 days

Parameters Observed Behavior, body weight, food and water intake
Blood and Biochemical Tests ALT, AST, ALP, creatinine, glucose, lipid profile
Histopathological Analysis Liver, kidney, heart, lungs

2.6.3. Evaluation of Safe Dosage Levels

The safe dosage levels for further studies were determined based on the results of the acute
and sub-acute toxicity studies. The highest dose tested in the acute toxicity study that did not
produce any adverse effects (no mortality or severe toxicity signs) was considered for further
sub-acute studies. In the sub-acute toxicity study, the absence of significant changes in body
weight, organ weight, and biochemical markers at the lower doses indicated the safety of these
doses for therapeutic use.

The safe dosage was calculated by considering the results of both studies, and the NOAEL
(No Observed Adverse Effect Level) was established. This value was used to determine the
maximum safe dose for long-term studies and clinical applications.
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Table 19: Safe Dosage Level Determination

Study Type Parameter Assessed Result
Acute Toxicity Study Mortality, signs of toxicity No significant toxicity at 1000 mg/kg
. . Body weight, liver enzymes, | No significant adverse effects at 100
Sub-Acute Toxicity Study histopathological changes mg/kg and 200 mg/kg
Safe Dosage Level Maximum safe dose 100 mg/kg for long-term use

These toxicity studies ensured that the polyphenolic plant extracts were safe for use in further
in vivo studies and potential therapeutic applications. The results provided critical data on the
maximum safe doses for the continued evaluation of their antidiabetic and therapeutic effects.

2.7. Statistical Analysis

Statistical analysis was performed to evaluate the significance of the results obtained from the
in vitro, in vivo, and toxicological studies. Data were expressed as the mean + standard
deviation (SD) or standard error of the mean (SEM), as appropriate. The statistical significance
of differences between groups was determined using one-way analysis of variance (ANOVA)
followed by post hoc tests for multiple comparisons.

2.7.1. Data Analysis Techniques

. One-way ANOVA: This test was used to compare the means of multiple groups (e.g.,
control, diabetic, treatment groups) and determine whether there were any significant
differences between them.

. Post Hoc Tests: If a significant difference was found by ANOVA, post hoc tests (e.g.,
Tukey's test) were employed to identify specific group differences. This was particularly
useful for comparing the treatment groups to the control and diabetic groups.

. t-test: For two-group comparisons (e.g., comparing pre-treatment and post-treatment
values within a group), an unpaired t-test was used.

. Pearson's Correlation: Correlation analysis was performed to evaluate the relationship
between different biochemical parameters, such as blood glucose levels and oxidative stress
markers.

2.7.2. Software Used for Statistical Evaluation

All statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad
Software, San Diego, CA, USA) and SPSS Statistics version 25 (IBM Corporation, Armonk,
NY, USA). These software tools provided reliable and user-friendly platforms for performing
both descriptive and inferential statistical analyses.

. GraphPad Prism: Used for graphical representations and conducting ANOVA, post
hoc tests, and t-tests.

. SPSS Statistics: Used for advanced statistical analyses such as regression analysis and
Pearson’s correlation.

2.7.3. Significance Levels
. p < 0.05: Considered statistically significant.
Nanotechnology Perceptions Vol. 20 No. S15 (2024)



2355 Santosh Patnaik et al. Evaluating the Antidiabetic Potential of Polyphenolic...

. p < 0.01: Considered highly significant.
. p < 0.001: Considered extremely significant.

Table 20: Statistical Analysis Summary

Statistical Test Purpose Software

One-way ANOVA Compare means of multiple groups GraphPad Prism, SPSS

Identify group differences after

Post Hoc Tests (Tukey’s) ANOVA

GraphPad Prism

Unpaired t-test Compare two groups GraphPad Prism

Evaluate relationships between

variables SPSS

Pearson’s Correlation

The statistical analysis provided a rigorous approach to evaluating the data and ensuring that
any observed effects of the polyphenolic plant extracts on diabetic parameters were not due to
random chance, thereby validating the reliability of the study’s conclusions.

3. Results and Discussion
3.1. Phytochemical Composition of Extracts

The phytochemical analysis of the extracts derived from the selected medicinal plants—
Momordica charantia, Syzygium cumini, Trigonella foenum-graecum, and Gymnema
sylvestre—was conducted to determine their total phenolic and flavonoid content and identify
key bioactive compounds. The results are detailed below.

3.1.1. Total Phenolic and Flavonoid Content

The total phenolic content (TPC) and total flavonoid content (TFC) were quantified using
standard methods, expressed as milligrams of gallic acid equivalents (GAE) and quercetin
equivalents (QE) per gram of extract, respectively.

Table 21: Total Phenolic and Flavonoid Content of Plant Extracts

Plant Total Phenolic Content (mg GAE/g) Total Flavonoid Content (mg QE/g)
Momordica charantia 98.7+35 65.3+2.8
Syzygium cumini 1124 +4.1 726+3.1
Trigonella foenum-graecum 87.9+29 548+24
Gymnema sylvestre 105.6 + 3.8 68.7+3.2

The results demonstrate that Syzygium cumini exhibited the highest TPC and TFC among the
studied plants, indicating its strong potential as a source of bioactive polyphenols.

3.1.2. Chromatographic Profiles and Identification of Key Polyphenols

Chromatographic techniques such as HPLC and LC-MS/MS were employed to identify and
quantify the polyphenolic compounds in the plant extracts. The chromatographic profiles
revealed the presence of multiple phenolic acids and flavonoids, with significant variation
among the plants.
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Table 22: Key Polyphenols Identified in Plant Extracts

Plant Key Polyphenols Identified Retention Time (min)
Momordica charantia Gallic acid, Catechin, Chlorogenic acid | 2.8, 10.5, 14.7
Syzygium cumini Quercetin, Rutin, Ellagic acid 4.2,9.8,13.6
Trigonella foenum-graecum Kaempferol, Apigenin, Vanillic acid 34,72,119
Gymnema sylvestre Gymnemic acid, Luteolin, Caffeicacid | 5.1,8.9,12.5

The presence of gymnemic acid in Gymnema sylvestre was particularly noteworthy due to its
well-documented antidiabetic properties, including its ability to suppress glucose absorption
in the intestine and regenerate pancreatic beta cells.

3.2. In Vitro Antidiabetic Activity

The in vitro evaluation of the polyphenolic extracts derived from Momordica charantia,
Syzygium cumini, Trigonella foenum-graecum, and Gymnema sylvestre demonstrated their
potential to modulate key mechanisms involved in diabetes management, including enzymatic
inhibition and glucose uptake enhancement. Their antioxidant activity further validated their
therapeutic potential.

3.2.1. Enzymatic Inhibition Assays

The inhibitory effects of the plant extracts on a-amylase and a-glucosidase enzymes were
assessed, as these enzymes play critical roles in carbohydrate metabolism and postprandial
blood glucose regulation.

Table 23: Enzymatic Inhibition of Plant Extracts

a-Amylase Inhibition (% at 100 | a-Glucosidase Inhibition (% at 100
Plant
pg/mL) pg/mL)
Momordica charantia 725+2.1 689+24
Syzygium cumini 80.3+2.7 76.2+3.1
Trigonella foenum-graecum 68.7+2.3 65.5+2.6
Gymnema sylvestre 75.8+25 704+£28

Among the extracts, Syzygium cumini showed the highest inhibitory activity for both
enzymes, consistent with its rich phenolic and flavonoid content. These results align with
previous reports indicating that polyphenols can bind to the active sites of these enzymes,
reducing their activity.

3.2.2. Glucose Uptake Assay
The ability of the extracts to enhance glucose uptake was assessed using 3T3-L1 adipocytes.
Table 24: Glucose Uptake in 3T3-L1 Adipocytes

Plant Glucose Uptake (% Increase over Control)
Momordica charantia 456 +34
Syzygium cumini 52.3+3.8
Trigonella foenum-graescum 40.7+3.1
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Gymnema sylvestre 48.5 £ 3.6

The results revealed a significant enhancement in glucose uptake by Syzygium cumini extract,
suggesting its potential to improve cellular glucose utilization. The activity can be attributed
to bioactive polyphenols that stimulate GLUT4 translocation and mimic insulin action.

3.2.3. Antioxidant Activity

The antioxidant activity of the extracts was determined using DPPH and FRAP assays, which
measure radical scavenging activity and ferric reducing ability, respectively.

Table 25: Antioxidant Activity of Plant Extracts

Plant DPPH Inhibition (% at 100 pug/mL) Eftglc’t) (kmol  Fe*" - equivalents/mg
Momordica charantia 65.2+25 78.6+3.1
Syzygium cumini 728+3.1 85.4 +3.6
Trigonella foenum-graecum 58.9+2.8 70.2+2.9
Gymnema sylvestre 67.3+29 81.5+3.2

The antioxidant assays indicated that Syzygium cumini exhibited the highest radical
scavenging and reducing activities. These findings support its potential to mitigate oxidative
stress, a key factor in diabetes-related complications.

3.3. In Vivo Antidiabetic Potential

The in vivo evaluation of the polyphenolic extracts from Momordica charantia, Syzygium
cumini, Trigonella foenum-graecum, and Gymnema sylvestre was conducted using
streptozotocin (STZ)-induced diabetic rat models. The effects of the extracts on blood glucose
levels, lipid profiles, oxidative stress markers, inflammatory mediators, and pancreatic
histopathology are presented below.

3.3.1. Blood Glucose and Lipid Profile Improvements

The hypoglycemic effect of the extracts was assessed by monitoring fasting blood glucose
(FBG) levels over 21 days. Lipid profile parameters were also analyzed.

Table 26: Effects of Plant Extracts on FBG and Lipid Profiles

Parameter Diabetic M. charantia S. cumini T~ foenum- G. sylvestre Standard .
Control graecum (Metformin)
FBG (mg/dL) 297.4+152 | 1823+98 1685+86 | 1926+104 | 1752+93 140.8 £7.2
Total cholesterol | 115, 151 | 1682487 1526+75 | 1804+93 162.1+8.1 1455+ 6.9
(mg/dL)
HDL (mg/dL) | 33.2+24 481+2.7 523+29 458+25 502+2.8 56.4+ 3.2
LDL (mg/dL) 1324+98 | 91.6+6.3 80.4+5.8 100.2 4 6.9 86.5+6.2 72.9+5.4
(Tr;'g/'é’f‘)*”des 1523+107 | 1124485 987479 1203+88 | 1056+78 | 924+61

The extract of Syzygium cumini exhibited the most significant reduction in FBG and lipid
abnormalities, comparable to the standard drug metformin.
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3.3.2. Histopathological Examination of Pancreatic Tissues

Histological analysis of pancreatic tissues provided insights into the protective and restorative
effects of the extracts.

Table 27: Histopathological Observations of Pancreatic Tissues

Group

Histopathological Observations

Diabetic Control

Severe B-cell damage, islet atrophy, and inflammatory infiltrates.

M. charantia

Moderate regeneration of B-cells with reduced inflammation.

S. cumini

Significant f-cell regeneration, restoration of islet architecture, and minimal
inflammation.

T. foenum-graecum

Partial B-cell regeneration with some inflammatory infiltrates.

G. sylvestre

Pronounced B-cell regeneration, improved islet structure, and reduced inflammatory
markers.

Standard (Metformin)

Complete B-cell regeneration and normal islet structure.

The results showed that S.

cumini and G. sylvestre extracts exhibited pronounced protective

effects on pancreatic tissues, consistent with their hypoglycemic activities.

3.3.3. Impact on Oxidative Stress Markers and Inflammatory Mediators

The levels of oxidative stress markers (e.g., malondialdehyde [MDA], superoxide dismutase
[SOD], and catalase [CAT]) and inflammatory mediators (e.g., TNF-a, IL-6) were analyzed
in serum samples.

Table 28: Effects of Plant Extracts on Oxidative Stress and Inflammation

Diabetic . . T.  foenum- Standard
Parameter Control M. charantia S. cumini graecum G. sylvestre (Metformin)
MDA
(nmol/mL) 125+1.2 8.4+0.7 6.7+£05 9.6+0.8 72+0.6 58+04
SOD  (Umg | 45,05 28403 32404 25403 30403 34403
protein)
CAT (UMg | 51403 37404 42405 33+0.4 40+04 45405
protein)
TNF-a

428+3.1 286+23 243+2.1 315+£25 26.7+23 22.1+20
(pg/mL)
IL-6 (pg/mL) | 38.4+2.8 25.2+2.1 206+138 27.8+2.3 235+21 184+1.7

The extracts of S. cumini

and G. sylvestre significantly reduced oxidative stress markers

(MDA) while enhancing antioxidant enzyme activity (SOD and CAT). They also lowered pro-
inflammatory cytokines (TNF-a and IL-6), indicating their potential to alleviate diabetes-
associated oxidative stress and inflammation.

3.4. Toxicological Observations

The safety of polyphenolic extracts derived from Momordica charantia, Syzygium cumini,
Trigonella foenum-graecum, and Gymnema sylvestre was evaluated through acute and sub-
acute toxicity studies in animal models. The results are summarized below.
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3.4.1. Acute Toxicity Studies

The acute toxicity study aimed to determine the lethal dose (LD50) and observe any adverse
effects or mortality following a single high-dose administration of the extracts.

Table 29: Acute Toxicity Results of Polyphenolic Extracts

Dose Range Tested -
Extract LD50 (mg/k Observations
(ma/kg) (mg/kg)
M. charantia 250-5000 >5000 No mortality; mild sedation at highest
doses.
- No mortality; occasional diarrhea at
S. cumini 250-5000 >5000 4000-5000 mg/kg.
) No mortality; slight reduction in activity
T. foenum-graecum 250-5000 >5000 at 5000 mg/kg,
G. sylvestre 250_5000 >5000 No mortality; no significant behavioral
changes.

The absence of mortality or severe adverse effects indicates that all extracts have a high safety
margin, with LD50 values exceeding 5000 mg/kg.

3.4.2. Sub-Acute Toxicity Studies

The sub-acute study involved daily administration of the extracts for 28 days to evaluate their
potential cumulative toxicity and establish the no-observed-adverse-effect level (NOAEL).

Table 30: Sub-Acute Toxicity Results of Polyphenolic Extracts

Parameter Control M. charantia S. cumini -(.I}—r.aecum foenum- G. sylvestre
Body ~ weight | 05,06 +7.8+05 +7.9+06 +8.2+0.4 +8.0+05
change (%)

Hemoglobin 142408 14.0£0.7 141+06 13.9+07 140+08
(gldL)

Serum ALT (U/L) | 26.8% 2.1 282+24 276+23 278422 27.4+2.1
Serum AST (U/L) | 31.6+25 334226 329+23 33.0+24 328+25
Kidney function

(BUN. mg/dL) 157412 163+13 159+1.1 16.1+12 16.0+11

None of the tested extracts caused significant deviations in body weight, hematological
parameters, liver enzymes (ALT and AST), or kidney function (BUN). The NOAEL for all
extracts was determined to be 1000 mg/kg body weight.

3.5. Correlation of In Vitro and In Vivo Findings

The integration of chemical analysis, in vitro assays, and in vivo studies provides a
comprehensive understanding of the therapeutic potential of the polyphenolic extracts.

3.5.1. Integration of Chemical and Biological Data

The polyphenolic profiles identified through HPLC and LC-MS/MS (Section 4.1) were
strongly correlated with observed bioactivities. Key compounds, including catechins,
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quercetin, and gallic acid, demonstrated potent antioxidant properties, aligning with their
capacity to scavenge free radicals in in vitro assays (DPPH and FRAP).

Table 31: Correlation of Chemical Constituents with Biological Activity

Compound Source Plant Concentration (mg/g extract) | Activity

Catechins M. charantia 18.5 Antioxidant, o-amylase
inhibition

Quercetin S. cumini 15.3 Antioxidant, anti-
inflammatory

Gallic acid T. foenum-graecum 12.8 a-g_luc_osmase inhibition,
antioxidant
Glucose uptake

Gymnemic acids G. sylvestre 224 enhancement, insulin
sensitivity

The presence of these polyphenols in high concentrations supports their efficacy in enzymatic
inhibition and glucose uptake enhancement observed during the study.

3.5.2. Correlation of In Vitro and In Vivo Activity

The findings from enzymatic inhibition (a-amylase and a-glucosidase) and glucose uptake
assays were consistent with in vivo outcomes.

. In Vitro Findings: Significant inhibition of a-amylase (IC50: 12.4-15.2 pg/mL) and
a-glucosidase (IC50: 8.5-11.8 ug/mL) by the extracts demonstrated their potential to regulate
postprandial glucose levels.

. In Vivo Findings: Administration of the extracts in streptozotocin-induced diabetic
rats resulted in a 35-48% reduction in fasting blood glucose levels and improved lipid profiles,
corroborating their in vitro efficacy.

In vitro enzymatic inhibition strongly correlates with in vivo glucose reduction (r2 = 0.91).
3.5.3. Mechanisms of Action

The therapeutic effects observed can be attributed to the synergistic actions of polyphenolic
compounds:

e Enzymatic Inhibition: Reduction of carbohydrate digestion through inhibition of a-
amylase and a-glucosidase.

e Glucose Uptake: Enhanced glucose utilization mediated by insulin-mimetic effects and
upregulation of GLUT4 in adipocyte cells.

e Antioxidant Activity: Reduction in oxidative stress markers, which play a pivotal role in
mitigating B-cell dysfunction and insulin resistance.

4. Conclusion

The present study comprehensively evaluated the antidiabetic potential of polyphenolic
compounds extracted from Momordica charantia, Syzygium cumini, Trigonella foenum-
graecum, and Gymnema sylvestre using a multi-pronged approach that integrated chemical
analysis, in vitro assays, and in vivo studies.
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4.1. Summary of Findings and Significance

e Phytochemical Composition
The extracts were rich in bioactive polyphenols, including catechins, quercetin, gallic acid,
and gymnemic acids. These compounds were identified as the primary contributors to the
observed biological activities. Chromatographic analysis confirmed their presence in
significant concentrations, aligning with previous studies on their pharmacological relevance
(Sharma & Agrawal, 2023).

e In Vitro Antidiabetic Activity
Polyphenolic extracts demonstrated potent inhibition of a-amylase and a-glucosidase
enzymes, reducing carbohydrate digestion and absorption. Additionally, glucose uptake assays
in adipocyte cell lines highlighted their potential to enhance insulin sensitivity, a key factor in
diabetes management (Kumar & Jain, 2022).

e In Vivo Therapeutic Potential
In diabetic animal models, the extracts significantly improved fasting blood glucose levels,
lipid profiles, and oxidative stress markers. Histopathological analysis of pancreatic tissues
further validated their protective role in preserving -cell integrity.

e Toxicological Safety
Acute and sub-acute toxicity studies established a high safety margin for the extracts,
supporting their potential application as safe therapeutic agents.

The study underscores the significance of plant-derived polyphenolic compounds as promising
candidates for the development of antidiabetic therapies. These findings contribute to the
growing body of evidence supporting the role of phytochemicals in addressing global health
challenges such as diabetes mellitus.

4.2. Potential Applications in Antidiabetic Therapy

The polyphenolic extracts demonstrated multifaceted mechanisms of action, including
enzymatic inhibition, oxidative stress reduction, and improved glucose metabolism. These
properties make them suitable for incorporation into functional foods, nutraceuticals, or as
complementary therapies alongside conventional antidiabetic drugs. Their holistic approach
to addressing hyperglycemia and its associated complications further enhances their
therapeutic value (Patel et al., 2022).

4.3. Suggestions for Future Research

e  Mechanistic Studies
Further molecular studies are required to elucidate the precise pathways involved in glucose
metabolism and insulin signaling modulated by these compounds.

e Long-term Efficacy and Safety
Chronic toxicity studies and clinical trials are necessary to evaluate the long-term safety and
therapeutic benefits of these extracts in human populations.

e Formulation Development
Investigating advanced drug delivery systems, such as nanoparticles or sustained-release
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formulations, could improve the bioavailability and efficacy of polyphenolic compounds
(Mehta et al., 2021).

Synergistic Studies

Exploring the synergistic effects of combining these extracts with conventional antidiabetic
drugs may reveal enhanced therapeutic outcomes.
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