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ABSTRACT 
Background: Type 2 diabetes mellitus is characterised by impaired insulin sensitivity, dysregulated glucose 
absorption, and progressive metabolic dysfunction. Despite the availability of synthetic antidiabetic agents, long-
term therapy is often limited by adverse effects and inadequate metabolic control. Pterocarpus marsupium has 
been traditionally used for glycaemic regulation, yet comprehensive mechanistic validation remains limited. 
Methods: Hydroalcoholic and aqueous extracts of Pterocarpus marsupium heartwood were prepared and 
standardised through phytochemical profiling and HPLC fingerprinting. In vitro antidiabetic activity was 
evaluated using α-amylase and α-glucosidase inhibition assays, glucose uptake studies in L6 skeletal muscle cells, 
and modulation of DPP-IV and PTP-1B enzymes. Cytotoxicity and short-term stability studies were also 
performed. 
Results: The hydroalcoholic extract demonstrated higher phenolic and flavonoid content, with quantifiable levels 
of epicatechin and pterostilbene. Significant inhibition of carbohydrate-digesting enzymes was observed, 
alongside marked enhancement of glucose uptake comparable to metformin. Moderate inhibition of DPP-IV and 
PTP-1B supported a multitarget metabolic regulatory mechanism. The extract exhibited no cytotoxicity and 
remained chemically stable under accelerated conditions. 
Conclusion: Pterocarpus marsupium exhibited significant in vitro antidiabetic and metabolic regulatory activity 
through coordinated modulation of glucose digestion, uptake, and insulin signalling pathways, supporting its 
potential as an adjunct therapeutic agent. 
Keywords: Pterocarpus marsupium, antidiabetic activity, glucose uptake, phytochemical standardisation, 
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INTRODUCTION 
Type 2 diabetes mellitus represents a major global 
health challenge, characterised by chronic 
hyperglycaemia arising from insulin resistance, 
impaired insulin secretion, and altered carbohydrate 
metabolism. The increasing prevalence of diabetes has 

been accompanied by a rise in associated 
complications, including cardiovascular disease, 
nephropathy, neuropathy, and retinopathy, which 
collectively impose a substantial socioeconomic 
burden. Current pharmacotherapy relies heavily on 
synthetic agents such as biguanides, sulfonylureas, α-
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glucosidase inhibitors, and incretin-based drugs. 
Although effective, these therapies are often associated 
with gastrointestinal intolerance, hypoglycaemia, 
weight gain, and diminished long-term efficacy, 
highlighting the need for safer and more holistic 
therapeutic strategies (E. Ahmad et al., 2022; Ahmed 
& Styers, 2022; Alhaji, 2022; M. K. Ali et al., 2022; M. 
M. Ali et al., 2022). Conventional antidiabetic drugs 
predominantly target single molecular pathways, 
which may be insufficient to address the multifactorial 
nature of metabolic dysregulation. Diabetes 
progression involves complex interactions between 
intestinal glucose absorption, hepatic gluconeogenesis, 
peripheral glucose uptake, and insulin signalling. 
Consequently, mono-target interventions frequently 
fail to provide durable glycaemic control. This 
limitation has stimulated growing interest in plant-
derived therapeutics capable of exerting multitarget 
effects through synergistic phytoconstituents (Abu-
Qamar et al., 2022; Aceves et al., 2022; Akbarizadeh et 
al., 2022; Akhtar et al., 2022; Ali Kazem et al., 2022). 
Pterocarpus marsupium Roxb., commonly known as 
Indian kino, has been extensively documented in 
traditional Indian medicine for the management of 
diabetes and related metabolic disorders. The 
heartwood is rich in polyphenolic compounds, 
including stilbenoids and flavonoids, which have been 
implicated in glucose regulation and antioxidant 
defence. However, many earlier investigations have 
focused primarily on hypoglycaemic outcomes without 
comprehensive phytochemical standardisation or 
mechanistic evaluation (A. Ahmad et al., 2022; Gupta 
et al., 2017; Аrbаin et al., 2021). Advances in in vitro 
pharmacological models now permit detailed 
exploration of metabolic pathways, enabling the 
assessment of enzyme inhibition, cellular glucose 
uptake, and insulin signalling modulation. Integrating 
these approaches with rigorous phytochemical 
characterisation enhances translational relevance and 
reproducibility. The objective of the present study was 
therefore to systematically standardise Pterocarpus 
marsupium extracts and evaluate their antidiabetic and 
metabolic regulatory potential using complementary in 
vitro models. By elucidating multiple mechanisms 
relevant to glucose homeostasis, this work aimed to 
bridge the gap between traditional use and 
contemporary pharmacological evidence. 
MATERIALS AND METHODS 
Plant Material Collection, Authentication, and 
Processing 
The heartwood of Pterocarpus marsupium Roxb. was 
procured from a certified crude drug supplier in 

Northern India during the post-monsoon season to 
ensure optimal phytochemical integrity. The plant 
material was taxonomically authenticated by a 
qualified botanist at an institutional herbarium, and a 
voucher specimen (PM-HW-2024-07) was deposited 
for future reference. The collected heartwood was 
thoroughly cleaned to remove extraneous matter, 
shade-dried at ambient temperature (25–30 °C) under 
controlled ventilation to prevent thermal degradation of 
thermolabile constituents, and subsequently pulverised 
using a mechanical grinder. The powdered material 
was passed through a #60 mesh sieve to ensure uniform 
particle size and stored in airtight, light-resistant 
containers until extraction. 
Preparation of Extracts 
Sequential solvent extraction was performed to obtain 
aqueous and hydroalcoholic extracts of Pterocarpus 
marsupium heartwood. Approximately 500 g of 
powdered material was subjected to Soxhlet extraction 
using ethanol: water (70:30 v/v) for 48 hours, followed 
by aqueous extraction through hot maceration at 60 °C 
for 6 hours. The extracts were filtered using Whatman 
No. 1 filter paper and concentrated under reduced 
pressure using a rotary vacuum evaporator maintained 
below 45 °C. The concentrated extracts were further 
dried in a vacuum desiccator to constant weight. 
Percentage yields were calculated based on dry weight, 
and extracts were stored at 4 °C until further analysis. 
Phytochemical Standardization 
Preliminary qualitative phytochemical screening was 
conducted on both extracts to detect the presence of 
major secondary metabolites, including flavonoids, 
phenolic compounds, tannins, saponins, alkaloids, 
terpenoids, and glycosides, using standard 
colourimetric and precipitation tests. Quantitative 
estimation of total phenolic content was performed 
using the Folin–Ciocalteu method, with gallic acid as 
the reference standard, and results were expressed as 
mg gallic acid equivalents (GAE)/g of extract. Total 
flavonoid content was determined by the aluminium 
chloride complexation method using quercetin as the 
standard, expressed as mg quercetin equivalents 
(QE)/g of extract. All measurements were performed in 
triplicate, and mean ± standard deviation values were 
recorded (Harborne, 1973; Harborne, 1998, 2012). 
HPLC Fingerprinting and Marker Compound 
Analysis 
High-performance liquid chromatography (HPLC) was 
employed for phytochemical fingerprinting and 
quantitative estimation of pterostilbene and epicatechin 
as marker compounds. Chromatographic separation 
was achieved using a reverse-phase C18 column (250 
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× 4.6 mm, 5 µm) maintained at 30 °C. The mobile 
phase consisted of acetonitrile and 0.1 % 
orthophosphoric acid in a gradient mode, with a flow 
rate of 1.0 mL/min. Detection was carried out using a 
photodiode array detector at 306 nm for pterostilbene 
and 280 nm for epicatechin. Calibration curves were 
constructed over appropriate concentration ranges, and 
validation parameters including linearity, precision, 
accuracy, and limit of detection were assessed in 
accordance with ICH guidelines (Harborne, 1973; 
Harborne, 1998, 2012). 
 
In Vitro Antidiabetic Assays 
The antidiabetic potential of the extracts was evaluated 
using multiple complementary in vitro assays targeting 
carbohydrate digestion, glucose uptake, and insulin 
sensitivity. α-Amylase inhibitory activity was assessed 
using porcine pancreatic α-amylase, with starch as the 
substrate, and absorbance measured at 540 nm 
following iodine-starch complex formation. α-
Glucosidase inhibition was evaluated using yeast α-
glucosidase and p-nitrophenyl-α-D-glucopyranoside as 
the substrate, with absorbance recorded at 405 nm. 
Acarbose served as the positive control in both assays. 
Percentage inhibition and IC₅₀ values were calculated 
from dose–response curves (Mata et al., 2023; Taviano 
et al., 2022; Tomassi et al., 2025). 
Glucose Uptake and Insulin Sensitisation Studies 
Glucose uptake studies were conducted using 
differentiated L6 skeletal muscle cells. Cells were 
cultured in Dulbecco’s Modified Eagle Medium 
supplemented with 10 % fetal bovine serum and 
differentiated using low-serum conditions. Following 
treatment with extracts at non-cytotoxic 
concentrations, glucose uptake was quantified using 2-
deoxy-D-glucose uptake assays. Metformin was used 
as the reference standard. Additionally, insulin-
sensitising effects were evaluated by assessing glucose 
uptake in the presence and absence of insulin, allowing 
determination of insulin-dependent and insulin-
independent mechanisms (Salau et al., 2022). 
Assessment of Metabolic Enzyme Modulation 
The inhibitory effects of the extracts on dipeptidyl 
peptidase-IV (DPP-IV) and protein tyrosine 
phosphatase-1B (PTP-1B) were evaluated using 
commercial enzyme assay kits following manufacturer 
protocols. Enzyme activity was measured 
spectrophotometrically, and percentage inhibition was 
calculated relative to untreated controls. Sitagliptin and 
sodium orthovanadate were employed as reference 
inhibitors for DPP-IV and PTP-1B, respectively 

(Ansari et al., 2021; Bhuvaneswari et al., 2025; Kumar 
et al., 2021; Pan et al., 2020). 
 
Cytotoxicity and Safety Evaluation 
Cytotoxicity was assessed using the MTT assay on L6 
cells to ensure safety of the extracts at 
pharmacologically relevant concentrations. Cell 
viability was expressed as a percentage relative to 
untreated control cells, and concentrations maintaining 
≥90 % viability were selected for subsequent functional 
assays (Pascua-Maestro et al., 2018; Präbst et al., 
2017). 
Stability Studies 
Short-term stability studies were conducted on the 
standardised extracts under accelerated conditions (40 
°C ± 2 °C/75 % ± 5 % RH) and refrigerated conditions 
(4 °C) for three months. Periodic evaluation included 
physical appearance, total phenolic content, and HPLC 
marker content (Zielińska et al., 2020). 
Statistical Analysis 
All experiments were conducted in triplicate unless 
otherwise stated. Data were expressed as mean ± 
standard deviation. Statistical analysis was performed 
using GraphPad Prism software. Differences between 
groups were analysed using one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test, 
with p < 0.05 considered statistically significant. 
RESULTS 
Extraction Yield and Organoleptic Characteristics 
The hydroalcoholic and aqueous extracts of 
Pterocarpus marsupium heartwood were obtained as 
dark brown, free-flowing solids with characteristic 
woody odour. The percentage yield of the 
hydroalcoholic extract was notably higher than that of 
the aqueous extract, indicating superior solubilisation 
of mid-polarity phytoconstituents in the ethanol–water 
system. The hydroalcoholic extract exhibited better 
dispersibility in aqueous media and was therefore 
prioritised for advanced pharmacological evaluations. 
 
Table 1. Percentage yield and physicochemical 
characteristics of Pterocarpus marsupium extracts 

Extract type Yiel
d 
(%) 
w/w 

Appearanc
e 

Moistur
e content 
(%) 

Aqueous 
extract 

8.42 
± 
0.36 

Dark brown 
powder 

4.8 ± 0.4 

Hydroalcoholi
c extract 

12.76 
± 
0.52 

Deep 
reddish-

3.9 ± 0.3 



Integrated Phytochemical Standardisation and Multitarget In Vitro Evaluation of the Antidiabetic 
and Metabolic Regulatory Potential of Pterocarpus marsupium 

 

IJDDT, Volume 16 Issue 20s, 2026 Page 79 

 

brown 
powder 

The lower moisture content of the hydroalcoholic 
extract suggested improved stability and reduced 
susceptibility to microbial growth during storage. 
Preliminary Phytochemical Screening 
Qualitative phytochemical screening revealed the 
presence of flavonoids, phenolic compounds, tannins, 
and triterpenoids in both extracts. Alkaloids and 
saponins were detected predominantly in the 
hydroalcoholic extract, whereas the aqueous extract 
showed comparatively weaker reactions. The 
abundance of polyphenolic constituents supported the 
traditional antidiabetic claims associated with 
Pterocarpus marsupium. 
Quantitative Phytochemical Estimation 
The hydroalcoholic extract demonstrated significantly 
higher total phenolic and flavonoid contents compared 
to the aqueous extract. This difference was statistically 
significant (p < 0.01) and was consistent with the 
extraction efficiency observed earlier. 
Table 2. Quantitative phytochemical content of 
Pterocarpus marsupium extracts 

Parameter Aqueous 
extract 

Hydroalcoholic 
extract 

Total phenolic 
content (mg GAE/g) 

84.6 ± 
3.2 

152.3 ± 4.8 

Total flavonoid 
content (mg QE/g) 

47.9 ± 
2.6 

96.4 ± 3.7 

 
The elevated polyphenolic concentration in the 
hydroalcoholic extract suggested enhanced potential 
for modulation of glucose-metabolising enzymes and 
oxidative pathways. 
HPLC Fingerprinting and Marker Quantification 
HPLC analysis confirmed the presence of pterostilbene 
and epicatechin as prominent marker compounds. 
Well-resolved peaks were obtained with retention 
times of approximately 11.4 minutes for epicatechin 
and 18.7 minutes for pterostilbene. Calibration curves 
exhibited excellent linearity (r² > 0.998). 
Table 3. HPLC quantification of marker compounds 

Marker 
compound 

Content (mg/g 
extract) 

r² 

Epicatechin 21.6 ± 1.1 0.9991 
Pterostilbene 7.8 ± 0.6 0.9984 

 

 
Figure 1. HPLC calibration curve for pterostilbene 

 
Figure 2. HPLC calibration curve for epicatechin. 

α-Amylase and α-Glucosidase Inhibitory Activity 
Both extracts exhibited dose-dependent inhibition of α-
amylase and α-glucosidase enzymes. The 
hydroalcoholic extract demonstrated significantly 
stronger inhibitory activity compared to the aqueous 
extract and approached the efficacy of the standard 
drug acarbose at higher concentrations. 
 

 
Figure 3. Representative HPLC chromatogram of 
hydroalcoholic extract of Pterocarpus marsupium 

showing epicatechin and pterostilbene peaks. 
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Table 4. Enzyme inhibitory activity of Pterocarpus 
marsupium extracts 

Sample α-Amylase 
IC₅₀ (µg/mL) 

α-Glucosidase 
IC₅₀ (µg/mL) 

Aqueous 
extract 

162.4 ± 8.3 148.7 ± 7.6 

Hydroalcoholic 
extract 

78.6 ± 4.9 64.2 ± 3.8 

Acarbose 52.3 ± 3.1 41.7 ± 2.6 
 

 
Figure 4. Dose-dependent α-glucosidase inhibition 

profile of Pterocarpus marsupium extracts compared 
with acarbose. 

The lower IC₅₀ values of the hydroalcoholic extract 
indicated a robust capacity to delay carbohydrate 
digestion and postprandial glucose absorption. 
Glucose Uptake in L6 Skeletal Muscle Cells 
Treatment with the hydroalcoholic extract significantly 
enhanced glucose uptake in differentiated L6 cells. The 
effect was concentration-dependent and further 
amplified in the presence of insulin, indicating both 
insulin-sensitising and insulin-mimetic properties. 
Table 5. Effect of Pterocarpus marsupium extract on 
glucose uptake 

Treatment Glucose uptake (% of 
control) 

Control 100 ± 4.2 
Metformin (100 
µM) 

162.8 ± 6.1 

Extract (25 µg/mL) 128.6 ± 5.4 
Extract (50 µg/mL) 148.3 ± 6.0 
Extract (100 
µg/mL) 

171.9 ± 7.2 

 

 
Figure 5. Enhancement of glucose uptake in L6 cells 

following treatment with Pterocarpus marsupium 
hydroalcoholic extract. 

At 100 µg/mL, the extract produced glucose uptake 
comparable to metformin, underscoring its metabolic 
regulatory potential. 
DPP-IV and PTP-1B Enzyme Inhibition 
The hydroalcoholic extract demonstrated moderate but 
significant inhibition of DPP-IV and PTP-1B enzymes, 
suggesting multi-target modulation of glucose 
homeostasis. 
Table 6. Inhibition of metabolic regulatory enzymes 

Sample DPP-IV 
inhibition (%) 

PTP-1B 
inhibition (%) 

Extract (100 
µg/mL) 

46.7 ± 2.9 51.3 ± 3.4 

Sitagliptin (10 
µg/mL) 

81.6 ± 3.2 – 

Sodium 
orthovanadate 

– 78.4 ± 2.8 

 

 
Figure 6. Comparative inhibition of DPP-IV enzymes 

by Pterocarpus marsupium extract. 
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Figure 7. Comparative inhibition of PTP-1B enzymes 

by Pterocarpus marsupium extract. 
Cytotoxicity Evaluation 
The MTT assay confirmed that the hydroalcoholic 
extract was non-cytotoxic to L6 cells up to a 
concentration of 200 µg/mL, maintaining cell viability 
above 92 %. This validated the safety of the extract for 
in vitro metabolic assays. 
 
Stability Studies 
No significant changes were observed in physical 
appearance, total phenolic content, or marker 
compound concentration during three months of 
storage under both refrigerated and accelerated 
conditions. 
Table 7. Stability profile of standardised 
hydroalcoholic extract 

Parameter Initial 3 
months 
(4 °C) 

3 months 
(40 °C/75 
% RH) 

Total phenolic 
content (mg 
GAE/g) 

152.3 
± 4.8 

149.7 ± 
5.1 

146.2 ± 5.6 

Pterostilbene 
(mg/g) 

7.8 ± 
0.6 

7.6 ± 
0.5 

7.3 ± 0.6 

 

 
Figure 8. Stability trend of total phenolic content 

under different storage conditions. 
DISCUSSION 

The present investigation was designed to generate a 
comprehensive in vitro evidence base supporting the 
antidiabetic and metabolic regulatory potential of 
Pterocarpus marsupium through systematic 
phytochemical standardisation and multi-target 
pharmacological validation. The discussion integrates 
phytochemical composition, enzyme inhibition, 
cellular glucose utilisation, and metabolic enzyme 
modulation to elucidate plausible mechanisms 
underlying the observed bioactivity. The extraction 
profile indicated that the hydroalcoholic solvent system 
was more efficient than aqueous extraction in 
recovering bioactive constituents from the heartwood. 
This observation aligned with earlier reports describing 
the preferential solubility of stilbenoids, flavonoids, 
and condensed tannins of Pterocarpus marsupium in 
moderately polar solvents. The higher extractive yield 
and reduced moisture content further suggested 
improved stability and suitability for downstream 
pharmacological investigations. From a formulation 
and industrial perspective, these physicochemical 
advantages are critical, as they influence shelf life, 
reproducibility, and scalability of botanical 
preparations. 
Quantitative phytochemical analyses demonstrated that 
the hydroalcoholic extract contained substantially 
higher total phenolic and flavonoid content. 
Polyphenols are well recognised for their ability to 
modulate glucose homeostasis through inhibition of 
digestive enzymes, enhancement of peripheral glucose 
uptake, and attenuation of oxidative stress. The 
elevated phenolic burden observed in the present study 
therefore provided a rational basis for the enhanced 
biological performance of the hydroalcoholic extract 
across multiple assays. Comparable phenolic ranges 
have been reported in earlier studies evaluating 
antidiabetic medicinal plants, reinforcing the relevance 
of phytochemical standardisation as a prerequisite for 
pharmacological validation. HPLC fingerprinting 
served as a critical quality control tool, confirming the 
presence and quantifiable levels of epicatechin and 
pterostilbene. Epicatechin has been widely reported to 
improve insulin sensitivity and endothelial function, 
while pterostilbene, a dimethylated analogue of 
resveratrol, exhibits superior bioavailability and potent 
antidiabetic effects through modulation of AMP-
activated protein kinase and peroxisome proliferator-
activated receptors. The consistent detection and 
stability of these markers under accelerated conditions 
underscored the chemical robustness of the 
standardised extract and supported its translational 
relevance. 
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The inhibitory activity against α-amylase and α-
glucosidase enzymes constituted a primary mechanism 
through which the extract could mitigate postprandial 
hyperglycaemia. The hydroalcoholic extract displayed 
IC₅₀ values that approached those of acarbose, a 
clinically used α-glucosidase inhibitor. Unlike 
synthetic inhibitors, which are frequently associated 
with gastrointestinal adverse effects due to excessive 
carbohydrate malabsorption, plant-derived inhibitors 
often exert moderate and balanced enzyme inhibition. 
This nuanced inhibition profile is advantageous in 
chronic metabolic disorders, where long-term 
tolerability is essential. The present findings suggested 
that Pterocarpus marsupium may offer glycaemic 
control without inducing abrupt alterations in intestinal 
carbohydrate digestion. 
Beyond digestive enzyme inhibition, enhancement of 
peripheral glucose utilisation is a critical determinant 
of metabolic regulation. The marked increase in 
glucose uptake observed in L6 skeletal muscle cells 
indicated that the extract actively facilitated glucose 
disposal in insulin-sensitive tissues. Notably, the 
glucose uptake achieved at higher extract 
concentrations was comparable to that of metformin, a 
first-line antidiabetic drug. This observation suggested 
that the extract may activate insulin-independent 
pathways, such as AMP-activated protein kinase, in 
addition to enhancing insulin responsiveness. The 
synergistic augmentation of glucose uptake in the 
presence of insulin further supported an insulin-
sensitising mechanism, which is particularly relevant 
in insulin-resistant states characteristic of type 2 
diabetes mellitus. 
The modulation of DPP-IV and PTP-1B enzymes 
provided additional insight into the multitarget 
antidiabetic potential of Pterocarpus marsupium. DPP-
IV inhibition prolongs the half-life of incretin 
hormones, thereby enhancing glucose-dependent 
insulin secretion and suppressing glucagon release. 
Although the extract exhibited moderate DPP-IV 
inhibition relative to sitagliptin, the degree of inhibition 
was pharmacologically meaningful when considered 
alongside complementary mechanisms. Similarly, 
inhibition of PTP-1B, a negative regulator of insulin 
receptor signalling, suggested improved insulin 
sensitivity at the cellular level. Dual modulation of 
these enzymes is rarely achieved by single-target 
synthetic drugs, highlighting the therapeutic advantage 
of phytoconstituent synergy inherent in botanical 
extracts. The absence of cytotoxicity across 
pharmacologically relevant concentrations was a 
critical finding supporting the safety of the extract. 

Maintenance of high cell viability in L6 myoblasts 
indicated that the observed metabolic effects were not 
secondary to cellular stress or toxicity. This safety 
profile is particularly important for chronic metabolic 
conditions that require prolonged therapeutic 
intervention. The results were consistent with the 
traditional use of Pterocarpus marsupium in 
ethnomedicine, where long-term administration has 
been historically documented. 
Stability studies further strengthened the translational 
value of the extract by demonstrating minimal 
degradation of total phenolics and marker compounds 
under both refrigerated and accelerated storage 
conditions. Chemical stability is often a limiting factor 
in herbal drug development, and the demonstrated 
stability over three months suggested suitability for 
formulation development and extended storage. These 
findings are especially relevant for industrial 
standardisation, regulatory approval, and batch-to-
batch consistency. When contextualised within 
existing literature, the present findings extended 
previous reports by integrating enzyme inhibition, 
cellular glucose uptake, and metabolic enzyme 
modulation within a single experimental framework. 
Earlier studies have often focused on isolated 
mechanisms or crude hypoglycaemic endpoints. In 
contrast, the current work provided mechanistic depth 
and quantitative validation, thereby addressing a 
critical gap between traditional claims and modern 
pharmacological evidence. The inclusion of multiple 
complementary assays strengthened causal inference 
and reduced the likelihood of artefactual conclusions. 
From a therapeutic standpoint, the multitarget profile 
observed in this study is particularly advantageous for 
managing complex metabolic disorders characterised 
by insulin resistance, impaired insulin secretion, and 
dysregulated glucose absorption. Rather than replacing 
conventional therapy, Pterocarpus marsupium extracts 
may serve as adjunctive agents capable of enhancing 
glycaemic control while potentially reducing the dose-
dependent adverse effects associated with synthetic 
drugs. Furthermore, the presence of antioxidant and 
anti-inflammatory polyphenols may confer additional 
protection against diabetes-associated complications, 
including endothelial dysfunction and oxidative tissue 
damage. 
Despite the strengths of the present investigation, 
certain limitations warrant consideration. The study 
was restricted to in vitro models, which, although 
mechanistically informative, cannot fully recapitulate 
systemic metabolic interactions. Bioavailability, 
pharmacokinetics, and long-term efficacy remain to be 
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validated through in vivo and clinical investigations. 
Additionally, while marker compounds were 
quantified, the contribution of minor constituents and 
potential synergistic interactions requires further 
elucidation using metabolomic and systems biology 
approaches. Overall, the discussion underscores that 
the antidiabetic and metabolic regulatory activity of 
Pterocarpus marsupium is not attributable to a single 
pathway but rather to coordinated modulation of 
digestive enzymes, insulin signalling, glucose uptake, 
and incretin regulation. Such a systems-level 
mechanism aligns well with contemporary paradigms 
in metabolic disease management and supports further 
translational development of this medicinal plant. 
CONCLUSION 
The present investigation provided a robust in vitro 
validation of the antidiabetic and metabolic regulatory 
potential of Pterocarpus marsupium through 
systematic phytochemical standardisation and multi-
target pharmacological evaluation. The hydroalcoholic 
extract demonstrated superior extraction efficiency, 
higher polyphenolic content, and consistent chemical 
stability, establishing a strong foundation for 
reproducible biological performance. Quantitative 
HPLC fingerprinting confirmed the presence of key 
bioactive markers, notably epicatechin and 
pterostilbene, which are mechanistically linked to 
improved insulin sensitivity and glucose homeostasis. 
Pharmacological assays revealed that the standardised 
extract effectively inhibited α-amylase and α-
glucosidase enzymes, suggesting a capacity to 
attenuate postprandial hyperglycaemia by delaying 
intestinal carbohydrate digestion. Beyond digestive 
enzyme modulation, the extract significantly enhanced 
glucose uptake in skeletal muscle cells, both in the 
presence and absence of insulin, indicating dual 
insulin-mimetic and insulin-sensitising actions. This 
finding is particularly relevant for the management of 
insulin resistance, a central pathophysiological feature 
of type 2 diabetes mellitus.  
Additional inhibition of DPP-IV and PTP-1B enzymes 
highlighted the multitarget nature of the extract, 
supporting improved incretin activity and enhanced 
insulin receptor signalling. The absence of cytotoxic 
effects at pharmacologically relevant concentrations 
further strengthened the safety profile of the extract for 
long-term metabolic intervention. Stability studies 
confirmed minimal degradation of phenolic content 
and marker compounds under accelerated and 
refrigerated conditions, reinforcing its suitability for 
formulation development and industrial translation. 
Collectively, these findings supported the traditional 

use of Pterocarpus marsupium in metabolic disorders 
and provided contemporary mechanistic evidence for 
its antidiabetic efficacy. The study underscored the 
therapeutic advantage of phytochemical synergy in 
addressing complex metabolic dysregulation. Future 
investigations should focus on in vivo validation, 
pharmacokinetic characterisation, and controlled 
clinical trials to establish efficacy, safety, and dosage 
parameters for potential clinical and nutraceutical 
applications. 
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