


GC-MS based phytochemical profiling and correlation with antioxidant and antidiabetic activities of Terminalia arjuna (Roxb.) Wight & Arn. leaf extracts


Abstract:
Terminalia arjuna, a traditional medicinal plant used for metabolic and cardiovascular disorders, was investigated to validate its potential as a natural antidiabetic agent. The study aimed to generate the phytochemical profiling using GC-MS and assess its antioxidant and α-amylase inhibitory activity of ethanolic (TAE) and acetone (TAA) leaf extracts. Both extracts contained phenolics, flavonoids, tannins, and saponins in preliminary phytochemical screening while GC–MS identified fatty acids, terpenoids, phytol derivatives, and phenolic esters found to be linked to antioxidant and antidiabetic effects. Dose dependent radical scavenging activity (DPPH and ABTS assays) and α-amylase inhibition were observed, with TAE extract more potent at lower concentrations due to polar phenolics, and TAA stronger at higher concentrations from less polar compounds. TAE showed greater α-amylase inhibition (IC₅₀ = 79.85 µg/mL) than TAA (IC₅₀ = 82.44 µg/mL), though less effective than Acarbose. Overall, the dual antioxidant and α-amylase inhibitory activities validate the traditional use of T. arjuna leaves and highlight their potential as natural antidiabetic agents.
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1. Introduction
Diabetes mellitus, particularly Type 2 diabetes (T2D), represents one of the major public health challenges of the 21st century. Characterized by chronic hyperglycemia resulting from impaired insulin secretion, the disease has reached epidemic proportions globally. Currently, an estimated 537 million people, accounting for 10.5% of the global population, are affected, with healthcare expenditures reaching nearly $966 billion annually (Magliano and Boyko., 2021). These numbers are predicted to rise to 643 million (11.3%) by 2030 and 783 million (12.2%) by 2045 (Hossain  et al., 2024). Postprandial hyperglycemia, a T2D, is directly associated with the action of pancreatic α-amylase, an enzyme that hydrolyzes α‑1,4‑glycosidic bonds in starch and glycogen (Hiyoshi et al., 2017). Excessive α-amylase activity causes hyperglycemia, making enzyme inhibition a key therapeutic strategy for controlling postprandial glucose levels (Abdulkareem et al., 2024).  
Medicinal plants have long played a vital role in traditional and modern healthcare, often being preferred over synthetic pharmaceuticals due to their effectiveness, affordability, cultural acceptance and comparatively fewer side effects (Kashtoh and Baek., 2023;  Gulati  et al.,  2012; Rao et al., 2010).  For centuries plant-based remedies have been widely used in the developing countries as cost effective alternatives for managing diabetes (Arumugam et al., 2013) and in recent years, there has been growing interest in such approaches in developed nations (Przeor., 2021). These plants are rich sources of diverse phytoconstituents- including terpenoids, saponins, flavonoids, carotenoids, alkaloids, glycosides- that exhibit antidiabetic properties (Jugran et al., 2021). However, the complexity of plant systems, which act as reservoir of many bioactive compounds, makes it challenging to fully exploit and translate their synergistic health benefits (Durazzo et al., 2018). It was reported that antidiabetic metabolites are most frequently found in leaves accounting for more than 35% of the analyzed plants, whereas their occurrence in other morphological parts is nearly three times lower (about 10% each) (Chan et al., 2012).
The genus Terminalia (family Combretaceae), comprising more than 250 species distributed across South Asia, Africa, Madagascar, and Australia have long been integrated into traditional medical systems such as Ayurveda, Unani, Tibetan and Chinese medicine (Zhang et al., 2019). Among these, Terminalia arjuna (Roxb.) Wight & Arn., commonly known as "Arjuna," is native of India and its bark is highly valued as a cardioprotective agent. Beyond cardiovascular benefits, its bark has been described as astringent, demulcent, expectorant, antidysenteric and used to treat anemia, liver issues, ulcers, myocardial necrosis and atherosclerosis (Dwivedi and Chopra., 2014). Modern pharmacological studies further support its diverse therapeutic potential, demonstrating antioxidant, antibacterial, anticancer, antiallergic, antifertility, and anti-HIV activities (Amalraj and Gopi 2017, Kumar et al., 2021).
Oxidative stress is a critical key factor of diabetes, and its complications and plant derived phenolic compounds are well recognized for their strong antioxidant properties, primarily through radical scavenging and donating hydrogen ions, thereby reducing oxidative damage (Shahid et al., 2014; Shahriar et al., 2012; Singh and Singh., 2008). 
The rationale for the present study is that although T. arjuna has been widely studied for its cardioprotective properties, comparatively fewer investigations have focused on its antidiabetic potential via α-amylase inhibition and the phytochemical basis of its antioxidant activity. Therefore, this work aims at to evaluate the antioxidant capacity of T. arjuna leaf extracts, assess their α-amylase inhibitory activity and characterize their phytochemical constituents using GC-MS to establish a scientific basis for its traditional use in metabolic disorders.
2. Materials and Methods
2.1. Collection of Plant Material: Fresh leaves of Terminalia arjuna (Roxb. ex-DC.) Wight & Arn., member of the Combretaceae family, were collected from Mahim Nature Park, Mumbai. The plant specimen was authenticated at the Blatter Herbarium, Xavier’s College, Mumbai and a voucher specimen (NYD-2744 of N.Y.Das) was submitted for reference.
2.2. Plant Extract Preparation: The collected leaves were washed, air dried and pulverized into a fine powder. The powdered material was subjected to successive extractions using different organic solvents: alcohol (95%, 90% and 75%), acetone, hexane and ethyl acetate, ethanol, methanol by maceration for 72 hours. The filtrates were collected, and the extractive values were calculated for each solvent. Among the tested solvents, the maximum extractive value was obtained with ethanol (95%) and followed by acetone, which was thus selected for further analysis.  For large scale extraction, the powdered leaf material was macerated with 95% ethanol and acetone in shaker with continuous agitation for 72 hours. The extract was concentrated using rotary evaporator to obtain the crude ethanol (TAE) and acetone extract (TAA). This extract was subsequently used for GC-MS profiling as well as for biological activity assays: alpha amylase inhibition and antioxidant studies. 
2.3 Qualitative Phytochemical Screening: The screening for various phytochemicals for the extract was performed as per standard procedure using the crude extract prepared in ethanol (95%) and acetone. The procedure for the qualitative tests performed are mentioned in the table no. 1.
2.4. GC-MS Analysis: Leaf extracts were analyzed using GC–MS using Shimadzu GCMS‑QP2010 Ultra system following the procedure described by Gupta and Kumar (2017) with slight modifications. The sample was injected in split mode at an injection temperature of 250 °C. The oven temperature was set as follows: an initial hold at 80°C for 2 minutes, followed by a ramp of 5°C/min till 280°C, and a final isothermal hold at 280°C for 5 minutes, giving a total run time of 30 minutes. Mass spectral data was acquired in full scan mode using total ion chromatogram (TIC). The entire analytical run lasted 35 minutes. The obtained mass spectra were compared with reference compounds in the NIST (National Institute of Standards and Technology) Mass Spectral Library for compound identification (Iheagwam et al., 2019, Gutiérrez-Grijalva et al., 2019). 
[bookmark: _Hlk213104240]2.5. α-Amylase inhibition: The α-amylase inhibitory activity was evaluated following the method of Saibu et al (2016). The reaction mixture contained α-amylase enzyme (1U/1mL) and varying concentrations of T. arjuna extracts prepared in 0.2 M phosphate buffer (pH 7.0). The mixture was incubated at 35°C for 10minutes, after which 500 µL of a 1% soluble starch solution was added. The reaction mixture was again incubated for 10minutes at 35°C and the reaction was terminated by adding 1 mL of dinitrosalicylic acid (DNS) reagent. Absorbance was measured at 504 nm with acarbose serving as positive control. All assays were performed in triplicate. The percentage inhibition of α-amylase activity was calculated using the following formula:
 % of inhibition:      A control –   A sample x 100           
                                                                                             
                                       A control  
where A control is the absorbance of control and A sample is the absorbance of test sample.
2.6. Antioxidant activity: 
[bookmark: _Hlk213104379]2.6.1. ABTS (2,2’-Azino-bis-(3-ethyl) benzothiazoline)-6-sulfonic acid diammonium salt) radical cation scavenging assay:  The antioxidant activity of leaf extracts was assessed using the ABTS [2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] radical scavenging method (Re et al., 1999). The ABTS⁺ radical cation was generated by mixing 7 mM ABTS solution with 2.45 mM potassium persulfate in a ratio 1:1 (v/v) and allowing the mixture to stand in the dark at room temperature for 12 hours. The resulting ABTS⁺ stock solution was diluted with ethanol (1:10, v/v) to prepare the working solution. For the assay, 1000µL of leaf extract was added to the ABTS⁺ working solution and incubated for 10 minutes. Absorbance was measured at 734 nm. Trolox was used as standard reference and all experiments were performed in triplicate. The percentage of radical scavenging activity was calculated using the following formula:
% of radical scavenging activity: A control –   A sample     x 100           
                                                                                                 
                                                             A control  
where A control is the absorbance of control and A sample is the absorbance of test sample.
2.6.2. DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical scavenging assay: The free radical scavenging activity was conducted using the protocol described by Brand-Williams (Brand-Williams et al., 1995). A 0.1 mM DPPH solution was prepared in methanol and was mixed with 1000 µL of T. arjuna extract at varying concentrations. The reaction mixture was kept in dark for 30 minutes at room temperature. Absorbance was recorded at 734 nm with ascorbic acid serving as positive control. All experiments were performed in triplicate. The percentage of radical scavenging activity was calculated using the formula as mentioned for ABTS assay.
3.Statistical analysis: Data were expressed as mean ± standard error of mean (SEM) from three independent replicates. Statistical significance was determined using one-way analysis of variance (ANOVA), with differences considered significant at p< 0.05.
4. Results
4.1. Determination of extractive values
The extractive values presented in the table 1 indicated that T. arjuna leaf powder showed the highest yield with acetone and ethanol (approximately 65%), followed by ethyl acetate (45%), hexane (34%), and methanol (13%). These findings suggest the efficiency of polar solvents, particularly ethanol and acetone, in extracting phytoconstituents from T. arjuna leaves. The comparatively higher yields obtained with these solvents suggest their suitability for recovering bioactive metabolites.
Table 1: Extractive values for T. arjuna leaf powder 
	Solvent
	Ethyl acetate
	Hexane
	Acetone
	Ethanol
	Methanol

	Extractive values
	45%
	34%
	65%
	65%
	13%


4.2. Preliminary Phytochemical screening
Phytochemical screening at the preliminary level revealed the presence of various bioactive constituents, including phenols, tannins, alkaloids, carbohydrates, flavonoids, and other secondary metabolites (table 2). These compounds are widely recognized for their diverse physiological and pharmacological activities such as anti-inflammatory, antibacterial, antidiabetic, and antioxidant properties (Orhan et al., 2012; Singh and Singh., 2008). 
Table 2: Phytochemical screening of TAA and TAE extracts
	S.No.
	Preliminary Qualitative Analysis
	Constituents
	TAA
	TAE

	1
	Mayer’ s test
	Alkaloids
	+
	+

	2
	Wagner’s test
	Alkaloids
	+
	+

	3
	Ninhydrin test
	Amino acids
	-
	-

	4
	Molish’ s test
	Carbohydrates
	+
	-

	5
	Benedict’ s test
	Carbohydrates
	+
	+

	6
	Spot test
	Fixed oils
	+
	+

	7
	Borntrager’s test
	Glycosides
	-
	-

	8
	Ferric Chloride test
	Phenolic compounds and Tannins
	+
	+

	9
	Gelatine test
	Phenolic compounds and Tannins
	+
	+

	10
	Lead acetate test
	Phenolic compounds and Tannins
	+
	+

	11
	Alkaline reagent test
	Phenolic compounds and Tannins
	+
	+

	12
	Millon’s test
	Proteins
	+
	+

	13
	Biuret test
	Proteins
	+
	+

	14
	Test for Saponins
	Saponins
	+
	-

	15
	Test for gum and Mucilage
	Gums and mucilage
	-
	-


                   Presence (+), Absence (-)
4.3. GC-MS analysis
GC-MS analysis of TAA and TAE extracts were performed to identify bioactive phytoconstituents potentially responsible for the plant's antidiabetic effects. Compounds were identified through comparison of their mass spectra with the NIST database, and categorized into phenolic compounds, fatty acids and their esters, diterpenes, quinones, glutarimides, and polyunsaturated or monounsaturated fatty acids (PUFAs and MUFAs). A literature survey was conducted to evaluate the reported antidiabetic relevance of these compounds.
A total of fifteen major constituents were detected in the TAA extract (table 3). Among them, phenol, 2,4-bis(1,1-dimethylethyl)- (0.23%) was noticeable for its ability to block α-glucosidase activity and decrease postprandial glucose absorption (Hossain et al., 2024). Diterpenes such as phytol acetate (1.94%) and phytol (3.54%) have been associated with activation of Peroxisome proliferator-activated receptor alpha (PPAR‑α), enhancing lipid metabolism and insulin sensitivity (Kang et al., 2013; Zhang et al., 2011).  The extract was largely composed of fatty acids, including n-Hexadecanoic acid (13.12%), Octadecanoic acid (10.38%), and cis-Vaccenic acid (31.40%), which are linked to improve insulin responsiveness, modulation of lipid metabolism, and anti-inflammatory activities (Sayeed et al., 2015; Wen et al., 2025). Furthermore, glutarimide, N-(2-octyl)- (0.65%), was identified as a metabolite reported to exert hypoglycemic activity (Sangeetha.,  2014). 
A total of 12 major constituents were identified with a distinct profile in TAE extract (table 4). Cis-vaccenic acid (11.12%) and n-hexadecanoic acid (9.10%) were predominant fatty acids in TAE extract that are known to improve insulin sensitivity and cholesterol management  in TAA extracts (Sayeed et al., 2015). Diterpenes like phytol acetate (2.63%) and phytol (0.85%) were consistently present supporting their contribution to metabolic regulation (Kang  et al., 2013). Additionally, 9,12-Octadecadienoic acid (Z,Z)- (3.21%) and its methyl ester form (2.57%) were detected, both recognized for their strong antioxidant capacity and insulin enhancing effects (Kim  et al., 2010; Alarcón-Aguilar  et al., 2002). The presence of glutarimide, N-(3-pentyl)- (0.23%), further confirmed the presence of this bioactive class in both solvent extracts.
Overall, the GC–MS profiling revealed that both extracts of leaf samples of T. arjuna, are rich in bioactive compounds with established antidiabetic and antioxidant activities. These findings suggest that the extracts exert beneficial effects on glucose metabolism and oxidative stress through the synergistic action of multiple bioactive compounds.
Table 3: Major phytoconstituents with antidiabetic potential identified using GC-MS profile of TAA extracts 
	S. No
	Peak
	Compound Name
	Area %
	Classification
	Antidiabetic Potential

	1
	3
	Phenol, 2,4-bis(1,1-dimethylethyl)-
	0.23
	Phenolic antioxidant
	Inhibits α-glucosidase (Hossain et al., 2024)

	2
	10
	Phytol, acetate
	1.94
	Diterpene ester
	May improve insulin sensitivity (Kang et al., 2013)

	3
	12
	3,7,11,15-Tetramethyl-2-hexadecen-1-ol
	0.33
	Diterpene alcohol
	PPAR-α activation  (Zhang et al., 2011)

	4
	26
	Phytol
	3.54
	Diterpene alcohol
	PPAR-α activation (Kang et al., 2013)

	5
	15
	7,9-Di-tert-butyl-1-oxaspiro(...)diene-2,8-dione
	2.13
	Quinone derivative
	ROS modulation (Gupta et al., 2015)

	6
	19
	n-Hexadecanoic acid
	13.12
	Fatty acid
	Lipid metabolism (Sayeed et al., 2015)

	7
	20
	Hexadecanoic acid, ethyl ester
	1.49
	Fatty acid ester
	Mild hypoglycemic activity (Subash-Babu et al., 2014)

	8
	23
	Linoleic acid ethyl ester
	0.26
	PUFA ester
	Enhances insulin sensitivity (Alarcón-Aguilar et al., 2002)

	9
	28
	cis-Vaccenic acid
	31.40
	MUFA
	Improves insulin response  (Wen et al., 2025)

	10
	29
	cis-11-Eicosenoic acid
	8.28
	MUFA
	Insulin-sensitizer (Noh  et al., 2025)

	11
	30
	Ethyl oleate
	2.54
	Fatty acid ester
	Improves glucose tolerance (Liu  et al., 2024)

	12
	31
	Octadecanoic acid
	10.38
	Saturated fatty acid
	Neutral to weak activity (Igarashi  et al., 2007)

	13
	32
	Octadecanoic acid, ethyl ester
	4.74
	Saturated fatty acid ester
	Similar to stearic acid (Vessby, 2000)

	14
	35
	9,12-Octadecadienoic acid (Z, Z)-
	1.23
	PUFA
	Enhances insulin sensitivity (Kim  et al., 2010)

	15
	34
	Glutarimide, N-(2-octyl)-
	0.65
	Glutarimide derivative
	Possible hypoglycemic (Sangeetha, 2014)


Table 4: Major phytoconstituents with antidiabetic potential identified using GC-MS of TAE extracts
	S. No.
	Peak No.
	Compound Name
	Area %
	Classification
	Antidiabetic Potential

	1
	8
	Phenol, 2,4-bis(1,1-dimethylethyl)-
	0.19
	Phenolic antioxidant
	Inhibits α-glucosidase (Hossain et al., 2024)

	2
	22
	Phytol, acetate
	2.63
	Diterpene ester
	May improve insulin sensitivity (Kang et al., 2013))

	3
	24
	3,7,11,15-Tetramethyl-2-hexadecen-1-ol
	0.95
	Diterpene alcohol
	PPAR-α activation (Zhang et al., 2011)

	4
	42
	Phytol
	0.85
	Diterpene alcohol
	PPAR-α activation (Kang et al., 2013)

	5
	29
	7,9-Di-tert-butyl-1-oxaspiro(...)diene-2,8-dione
	1.05
	Quinone derivative
	ROS modulation (Gupta et al., 2015)

	6
	33
	n-Hexadecanoic acid
	9.10
	Fatty acid
	Lipid metabolism (Sayeed et al., 2015)

	7
	30
	Hexadecenoic acid, methyl ester
	5.89
	Fatty acid ester
	Mild hypoglycemic activity ((Subash-Babu et al., 2014))

	8
	39
	9,12-Octadecadienoic acid (Z, Z)-, methyl ester
	2.57
	PUFA ester
	Enhances insulin sensitivity ((Alarcón-Aguilar et al., 2002)

	9
	44
	9,12-Octadecadienoic acid (Z, Z)-
	3.21
	PUFA
	Enhances insulin sensitivity (Kim  et al., 2010)

	10
	45
	cis-Vaccenic acid
	11.12
	MUFA
	Improves insulin response ((Wen et al., 2025)

	11
	47
	Octadecanoic acid
	3.31
	Saturated fatty acid
	Neutral to weak activity ((Igarashi  et al., 2007)

	12
	49
	Glutarimide, N-(3-pentyl)-
	0.23
	Glutarimide derivative
	Possible hypoglycemic ((Sangeetha, 2014)


4.4. α-Amylase inhibition:  The inhibitory activity of T. arjuna extracts—TAA (acetone) and TAE (ethanol)—was evaluated against the α-amylase with the concentration ranging from 100–500 µg/mL (table 5). Both extracts showed significant dose dependent inhibition indicating their ability to modulate carbohydrate digestion. Among the two, TAE demonstrated higher α-amylase inhibition with a lower IC₅₀ value (79.85 µg/mL) compared to TAA (82.44 µg/mL) indicating slightly better potency. Acarbose, a known α-amylase inhibitor, was used as a positive control, exhibited the highest inhibitory effect with the lowest IC₅₀ value (69.99 µg/mL), thereby validating the experimental assay.
                                             
Table 5: Inhibitory activity of TAA and TAE extracts on α-amylase activity

	Concentration (ug/ml)
	Control
Acarbose*
	TAA
Extract*
	TAE
Extract*

	100
	86.823 ± 1.160
	62.666 ± 0.754
	82.127 ± 2.570

	200
	92.078 ± 0.220
	78.989 ± 0.544
	91.262 ± 0.960

	300
	90.744 ± 1.396
	72.862 ± 1.059
	91.282 ± 1.806

	400
	87.389 ± 1.464
	69.022 ± 2.639
	90.790 ± 1.980

	500
	86.741 ± 1.538
	65.699 ± 2.163
	89.642 ± 1.263

	IC50
	69.99 ug/ml
	82.44 ug/ml 
	79.85 ug/ml


             *Data values are represented as mean ± SD (n=3), Significantly different (P<0.05)
4.5. Antioxidant activity:
4.5.1. ABTS radical cation scavenging assay: At lower concentrations (100–300 µg/mL), the TAE extracts demonstrated significantly higher ABTS radical scavenging capacity than TAA extracts (Figure 1), likely due to the presence of more polar phenolic constituents in the ethanolic fraction, which are known to act as efficient electron donors and radical scavengers (Singh and Singh,  2008, Chew et al., 2011). However, at higher concentrations (400–500 µg/mL), the TAA extract marginally better activity than TAE extract, possibly due to slower-acting or less polar antioxidant constituents that become more effective at elevated doses. Trolox, used as the reference antioxidant, displayed the highest scavenging activity at all concentrations tested, thereby validating the sensitivity of the assay system. These results are consistent with previous findings on T. arjuna extracts exhibiting notable radical-scavenging properties attributable to their rich phytochemical content  (Amalraj and Gopi, 2017, Shahriar et al., 2012). 
  [image: ]             
Figure 1: ABTS antioxidant assay in TAA and TAM extracts  

4.5.2. DPPH free radical scavenging assay: Both extracts demonstrated a progressive increase in scavenging activity with increasing concentrations (100 to 500 µg/mL), demonstrating a dose-dependent antioxidant response (figure 2). Across all concentrations tested, the ethanolic extract showed stronger radical scavenging activity than acetone extract due to its higher content of polar phenolic compounds capable of readily donating hydrogen atoms (Singh and Singh, 2008; Chew et al 2011). Ascorbic acid, used as the standard reference antioxidant compound, exhibited higher scavenging activity at concentrations, thereby validating the assay. These observations are in aligned with previous reports indicating T. arjuna extracts possess modest yet significant antioxidant activity, particularly in ethanol-based fractions (Shahid Chatha et al 2014, Shahriar et al., 2012). 
[image: ]
Figure 2: DPPH antioxidant assay in TAA and TAM extracts 

5. Discussion
Inhibition α-amylase is a well-established strategy for managing Type 2 diabetes, as it helps by reducing postprandial hyperglycemia (Sabiu et al., 2016; Agarwal and Gupta, 2016). In recent years, plant-derived α-amylase inhibitors have gained significant attention because of their dual antioxidant benefits, lower toxicity, and cost-effectiveness compared to synthetic drugs such Acarbose (Iheagwam et al ., 2019; Gutiérrez-Grijalva et al., 2019). 
In this study, both TAA and TAE extracts showed concentration dependent α-amylase inhibition, with TAE showing an IC₅₀ as 79.85 µg/mL and TAA an IC₅₀ of 82.44 µg/mL. Although less effective than acarbose (IC₅₀ = 69.99 µg/mL), the ethanolic extract demonstrated slightly stronger activity than the acetone extract.  This difference may be due to the higher polarity of ethanol, which can extract a greater proportion of bioactive polar phytochemicals such as flavonoids, tannins, or phenolic acids compounds well known for α-amylase inhibitory activity. These findings are consistent with earlier studies on the plant’s antidiabetic potential (Sayeed et al 2015, Gupta and Chaphalkar, 2016). 
Antioxidant assays (DPPH and ABTS) further demonstrated notable concentration-dependent radical scavenging activity of both extracts. TAE showed greater activity at lower concentrations due to abundant polar phenolics, whereas TAA performed marginally better at higher concentrations (400–500 µg/mL), due to less polar antioxidants. Standards (Trolox, ascorbic acid) confirmed assay reliability. These results align with previous studies attributing the antioxidant activity of T. arjuna to polyphenolic constituents (Shahid Chatha, 2014; Kulisic et al., 2004, Letelier  et al 2008) .
GC-MS analysis revealed diverse phytochemicals, including fatty acids (hexadecanoic acid and vaccenic acid), phytol, phytol acetate and phenolic esters compounds known to improve insulin sensitivity, glucose uptake and oxidative stress responses  (Amalraj and Gopi, 2017; Kang et al., 2013). TAA contained more long chain of fatty acids and MUFAs (such as 9,12-octadecadienoic acids, diterpenes) enhancing lipid metabolism and glucose absorption (Kim et al.,  2010; Hossain et al., 2020) while TAE was richer in PUFAs and esters correlating with stronger α-amylase inhibition (Singh and Singh, 2008, Orhan et al 2012). The presence of cis-vaccenic acid and glutarimide derivatives further supports their metabolic benefits.
Thus, the leaf extracts of T. arjuna extracts display dual antioxidant and α-amylase inhibitory activities, strengthened by complex phytochemical profile. These findings validate its traditional use in diabetes management and highlight its potential natural source of antioxidant and antidiabetic agents, necessitating further in vivo and bioavailability studies. 
6. Conclusion:
The findings of this study provide strong evidence for the antioxidant and antidiabetic potential of Terminalia arjuna leaf extracts, with the ethanolic extract (TAE) showing distinguished activity. GC-MS analysis revealed the presence of phenolic derivatives, phytol, and fatty acids which likely act synergistically to inhibit key enzymes by binding to their active sites thereby slowing carbohydrate metabolism. The antioxidant capacity, confirmed through ABTS and DPPH radical scavenging assays, further emphasizes the efficacy of these extracts. Thus, these results suggest that both extracts can act as a promising dual-purpose therapeutic agent of mitigating oxidative stress and regulating postprandial blood sugar levels. Nonetheless, further work involving isolation and characterization of individual phytochemicals, along with in vivo validation, is essential to fully elucidate their pharmacological potential and mechanism of action.
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