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	 Endothelial dysfunction is a critical precursor to vascular complications in type?2 
diabetes, largely driven by oxidative stress, impaired nitric oxide (NO) bioavailability, and 
inflammation. This study evaluated the protective effects of phenolic-rich Moringa oleifera 
extract (PMOE) against streptozotocin-nicotinamide-induced endothelial dysfunction in rats, 
focusing on the arginase?1/eNOS axis and the Nrf-2 pathway. Male Wistar rats were divided 
into four groups (n?=?6): normal control, diabetic control, and diabetic rats treated with 
PMOE (250?mg/kg or 500?mg/kg) orally for 45?days. Diabetic controls exhibited significant 
hyperglycemia, elevated HbA1c, reduced serum insulin, increased blood pressure, and higher 
serum arginase activity compared to normal rats. These changes were accompanied by reduced 
NO levels, decreased NO synthase (NOS) activity, and enhanced reactive oxygen species (ROS) 
generation with concomitant depletion of endogenous antioxidants (reduced glutathione, 
superoxide dismutase, catalase, glutathione peroxidase). PMOE administration significantly 
lowered fasting glucose, HbA1c, blood pressure, and arginase activity while restoring insulin, 
NO concentrations, NOS activity, and antioxidant status in a dose-dependent manner. RT-
qPCR analysis revealed that PMOE suppressed ARG1, VCAM-1, and ICAM-1 expression, 
while upregulating eNOS, Nrf-2, HO-1, and NQO1 transcripts. Histopathological examination 
confirmed severe vascular disruption in diabetic controls, whereas PMOE treatment preserved 
endothelial integrity and medial structure, particularly at the higher dose, which closely 
resembled normal controls. These findings indicate that PMOE mitigates diabetes-induced 
endothelial dysfunction by reducing arginase activity, restoring NO bioavailability, and 
activating the Nrf-2 antioxidant pathway.
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	 Diabetes mellitus (DM) is a chronic 
metabolic disorder characterized by persistent 
hyperglycemia resulting from impaired insulin 
secretion, action, or both. 1,2 A central and 
devastating complication of DM is endothelial 

dysfunction, a pathological state marked by 
reduced bioavailability of nitric oxide (NO), 
increased oxidative stress, and inflammation, which 
together promote atherogenesis and microvascular 
damage. 3,4 Endothelial dysfunction is not only an 
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early biomarker but also a critical driver of diabetic 
vascular complications such as retinopathy, 
nephropathy, neuropathy, and cardiovascular 
disease. 3 Despite advances in pharmacotherapy, 
the burden of diabetic vascular disease remains 
high, underscoring the need for novel and effective 
therapeutic strategies that specifically target 
endothelial health. 5

	 At the molecular level, endothelial 
dysfunction in DM is closely associated with 
dysregulated arginine metabolism and redox 
imbalance. Arginase 1 (ARG1) competes with 
endothelial nitric oxide synthase (eNOS) for 
the common substrate L-arginine, diverting it 
away from NO production toward ornithine and 
polyamines. 6 Upregulation of ARG1 in diabetes 
leads to reduced NO bioavailability and exacerbated 
vascular tone dysregulation, inflammation, and 
oxidative stress. Meanwhile, the nuclear factor 
erythroid 2-related factor 2 (Nrf-2) pathway plays 
a pivotal role in cellular antioxidant defense by 
regulating the transcription of genes encoding 
antioxidant enzymes such as heme oxygenase-1 
(HO-1), NAD(P)H quinone oxidoreductase-1 
(NQO1), and glutathione-related enzymes. 7,8 
However, hyperglycemia and oxidative stress in 
diabetes impair Nrf-2 signaling, diminishing the 
endothelium’s capacity to counteract reactive 
oxygen species (ROS) mediated injury. 9,10 The 
coordinated dysregulation of ARG1 and Nrf-2 
pathways thus represents a mechanistic nexus 
underlying diabetic endothelial dysfunction. 3,8

	 Given this mechanistic insight, there 
is growing interest in the use of plant-derived, 
phenolic-rich extracts as adjunctive or alternative 
therapies for vascular complications in DM. 11 
Polyphenols are well-known for their potent 
antioxidant, anti-inflammatory, and vasoprotective 
properties. 12 They have been shown to restore 
NO bioavailability, inhibit ARG1 activity, and 
activate Nrf-2-dependent antioxidant pathways, 
thereby counteracting the multifaceted insults of 
hyperglycemia-induced endothelial dysfunction. 
13,14 Among medicinal plants, Moringa oleifera 
stands out as a rich source of phenolic compounds 
such as flavonoids, phenolic acids, and tannins. 
These phytochemicals have demonstrated diverse 
bioactivities, including modulation of oxidative 
stress, inflammation, and glucose metabolism, 

making Moringa a promising candidate for 
mitigating diabetic complications. 15

	 Despite extensive ethnomedicinal use 
and emerging evidence of Moringa’s anti-diabetic 
and cardioprotective effects, the specific role of 
phenolic-rich Moringa oleifera (PMOE) extract 
in ameliorating endothelial dysfunction via the 
ARG1 and Nrf-2 pathways remains inadequately 
elucidated. Addressing this knowledge gap is 
crucial for validating the therapeutic potential of 
Moringa in diabetic vasculopathy and informing the 
development of phytopharmaceutical interventions 
targeting molecular drivers of endothelial 
dysfunction. The present study is therefore designed 
with the hypothesis that PMOE can attenuate 
streptozotocin (STZ)-nicotinamide (NAD)-induced 
endothelial dysfunction in a diabetic model by 
downregulating ARG1 expression and activity 
while upregulating Nrf-2-mediated antioxidant 
defenses. By systematically evaluating the extract’s 
effects on vascular function, oxidative stress 
markers, ARG1/Nrf-2 signaling pathways, and 
related molecular endpoints, this work aims to 
provide mechanistic evidence supporting the use 
of PMOE as a promising plant-based therapeutic 
strategy for diabetic endothelial dysfunction.

MATERIALS AND METHODS

Preparation of PMOE
	 Fresh leaves of M. oleifera  were 
collected from a cultivated garden in Hyderabad, 
Telangana, India (17.418974°/ N, 78.526596°/ 
E) and authenticated by a taxonomist at Osmania 
University (Voucher specimen: OUH/BDH/11231). 
The leaves were thoroughly washed, shade-
dried at ambient temperature to prevent thermal 
degradation of phytoconstituents, and milled to 
obtain a fine powder. The powdered material 
was extracted using 70% ethanol through cold 
maceration for 72/ h with intermittent stirring to 
enhance solvent penetration. The resulting extract 
was filtered, concentrated under reduced pressure 
at 40/ °C using a rotary evaporator, and lyophilized 
to yield a dry powder.
Preliminary phytochemical analysis
	 Preliminary phytochemical screening 
of the PMOE was conducted using standard 
qualitative tests to identify major secondary 
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metabolite classes. Small aliquots of the extract 
were subjected to established chemical assays to 
detect alkaloids (Mayer’s and Wagner’s reagents), 
flavonoids (alkaline reagent and Shinoda tests), 
tannins and phenolics (Ferric chloride reaction). 
Quantitative analysis of phytochemicals
	 Quan t i t a t ive  ana lys i s  o f  ma jo r 
phytochemical groups in the PMOE was performed 
using standard spectrophotometric methods. Total 
phenolic content was determined by the Folin-
Ciocalteu assay and expressed as milligrams of 
gallic acid equivalents per gram of extract (mg/ 
GAE/g). Total flavonoid content was measured 
using the aluminum chloride colorimetric method, 
calculated as milligrams of quercetin equivalents 
per gram of extract (mg/ QE/g). Condensed 
tannins were estimated by the vanillin-HCl assay, 
expressed as catechin equivalents (mg/ CE/g). 
Each analysis was conducted in triplicate to ensure 
reproducibility.
Animal experimental design
	 Male Wistar rats (8/ weeks old, 180-220/ 
g) were maintained under controlled conditions 
(22/ ±/ 2/ °C, 50-60% humidity, 12/ h light/dark 
cycle) with ad libitum access to standard diet and 
water. Experimental procedures were approved 
by the Institutional Animal Ethics Committee, 
Jeeva Life Sciences, Hyderabad, Telangana, India 
(Approval No: CCSEA/IAEC/JLS/21/04/24/043). 
DM was induced by intraperitoneal administration 
of NAD (110/ mg/kg), followed after 15/ min by 
STZ (55/ mg/kg) in citrate buffer (pH/ 4.5). Fasting 
blood glucose was measured 72/ h later, and 
animals with levels >/ 250/ mg/dL were included 
as diabetic. Rats were randomly assigned to four 
groups (n/ =/ 6): normal control (saline, 2/ mL/
kg), diabetic control (saline, 2/ mL/kg), diabetic/ 
+/ PMOE (250/ mg/kg), and diabetic/ +/ PMOE 
(500/ mg/kg) and respective doses were orally 
administered for 45 days.
Determination of blood glucose, insulin and 
glycated hemoglobin
	 Fasting blood glucose was measured 
using the glucose oxidase-peroxidase method 
with a standard diagnostic kit (Cat. No: G3660-
1CAP, Sigma-Aldrich®, India). Serum insulin 
concentrations were quantified by a rat-specific 
ELISA kit (Cat. No: RAB0904, Sigma-Aldrich®, 
India) according to the manufacturer’s instructions. 
Glycated hemoglobin (HbA1c) levels were 

determined in whole blood samples using an 
ion-exchange resin method and expressed as a 
percentage of total hemoglobin.
Measurement of blood pressure
	 Systolic blood pressure was assessed 
non-invasively using the tail-cuff method in 
conscious, minimally restrained rats. Animals 
were acclimatized to the warming chamber (35/ 
°C), restrainer, and tail cuff for 20/ min per day 
over three consecutive days prior to recording. 
On the day of measurement, rats were placed in 
the warming chamber and restrainer for a 5-10 
min equilibration period. Blood pressure was 
then recorded using an automated tail-cuff system 
with 10 inflation-deflation cycles. The mean of six 
consecutive readings falling within a 5-10/ mmHg 
variation range was considered the final blood 
pressure value.
Determination of serum arginase activity and 
advanced glycation end products (AGEs)
	 Serum arginase activity was quantified by 
measuring urea formation, the enzymatic product 
of arginase-mediated hydrolysis of L-arginine. 
Briefly, serum samples were incubated for 1/ h in 
carbonate buffer (pH/ 9.5) containing manganese 
sulfate as an activator and L-arginine as the 
substrate. The urea generated was reacted with 
diacetyl monoxime under acidic conditions in 
the presence of ferric chloride (oxidizing agent) 
and carbazide (color development enhancer). 
The resulting chromophore was measured 
spectrophotometrically at 525/ nm. Serum AGEs 
were analyzed following the method described 
by Sampathkumar et/ al. 16 Serum samples 
were diluted (1:15) in saline, and fluorescence 
intensity was recorded using a LS45 fluorescence 
spectrophotometer (PerkinElmer®, UK) at an 
excitation wavelength of 370/ nm and emission at 
440/ nm.
Assessment of intracellular ROS levels
	 Intracellular ROS generation in aortic 
tissues was evaluated using the fluorescent probe 22 
,72 -dichlorofluorescein diacetate (DCF-DA) with 
slight modifications to the method of Ugochukwu 
and Cobourne. 17 Frozen aortic samples were 
homogenized in 0.32/ mol/L sucrose solution (1:20, 
w/v) on ice and centrifuged at 2000/ rpm for 15/ 
min at 4/ °C. An aliquot of the resulting supernatant 
(100/ µL) was mixed with 1.9/ mL of Tris-HEPES 
buffer (40/ mmol/L Tris, pH/ 7.4; containing 10/ 
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mmol/L HEPES, 120/ mmol/L NaCl, 2.5/ mmol/L 
KCl, 1.2/ mmol/L NaH2PO4, 0.1/ mmol/L MgCl2, 
5/ mmol/L NaHCO3, 6/ mmol/L glucose, and 1/ 
mmol/L CaCl2) supplemented with 5/ µM DCF-DA 
and 0.1% pluronic F-127. Fluorescence intensity 
was recorded at an excitation wavelength of 485/ 
nm and emission wavelength of 515/ nm both 
prior to and following 2/ h incubation at 37/ °C. 
The hourly change in fluorescence was used as an 
index of ROS production.
Determination of NO, NOS activity, and 
argininosuccinate enzyme activities
	 Serum NO levels were determined 
using the Griess reaction. Nitric oxide synthase 
(NOS) activity was measured with a commercial 
assay kit (Cat. No: MAK532, Sigma-Aldrich®, 
India). Argininosuccinate synthetase (AS) and 
argininosuccinate lyase (ASL) activities were 
assessed according to the methods as described by 
Swamy et/ al. 18

Assessment of oxidative stress markers in aortic 
tissue
	 Aortic tissues were rapidly excised, rinsed 
in ice-cold saline to remove residual blood, blotted 
dry, and weighed. Samples were homogenized 
in ice-cold buffer containing 0.25/ M sucrose 
and 0.02/ M triethanolamine hydrochloride 
(pH/ 7.4), followed by centrifugation at 1000/ g 
for 10/ min at 4/ °C. The resulting supernatant 
was collected and used for the determination of 
thiobarbituric acid-reactive substances (TBARS), 

lipid hydroperoxides, reduced glutathione (GSH), 
superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GPx) levels. All 
biochemical parameters were measured using 
standard assay kits (Sigma-Aldrich®, India) 
according to the manufacturer’s instructions.
Histopathological examination of aortic tissue
	 Aortic tissues were collected, fixed 
in 10% neutral-buffered formalin, dehydrated 
through graded ethanol, and embedded in paraffin. 
Sections of 5/ µm thickness were cut using a rotary 
microtome and stained with hematoxylin and eosin 
(H&E) for microscopic evaluation.
Quantitative real-time PCR (qRT-PCR) analysis
	 Total RNA was isolated from frozen aortic 
tissues using TRIzol reagent (Invitrogen, USA) 
according to the manufacturer’s instructions. The 
purity and concentration of RNA were determined 
spectrophotometrically by measuring absorbance 
at 260/280/ nm. One microgram of total RNA 
was reverse-transcribed into cDNA using a High-
Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, USA). qRT-PCR was performed using 
SYBR Green Master Mix (Applied Biosystems) in 
a StepOnePlus Real-Time PCR System (Applied 
Biosystems) under standard cycling conditions. 
Gene-specific primers were designed to target 
endothelial dysfunction-related and oxidative 
stress-associated transcripts, including arginase 1 
(ARG1), endothelial nitric oxide synthase (eNOS), 
Nrf-2, heme oxygenase-1 (HO-1), NAD(P)H 

Table 1. Primer sequence used for the qRT-PCR analysis

Gene	 Primer sequence

ARG1	 F: 52 -TGGACAGACTAGGAATTGGCA-32 
	 R: 52 -CCAGTCCGTCAACATCAAAACT-32 
eNOS	 F: 52 -CTGCAGGTCTTTGACGCTCGG-32 
	 R: 52 -GTGGAACACAGGGGTGATGCT-32 
Nrf-2	 F: 52 -GAGAGCCCAGTCTTCATTGC-32 
	 R: 52 -TGCTCAATGTCCTGTTGCAT-32 
HO-1	 F: 52 -TTCTACCTGTTCGAGCATGTGG-32 
	 R: 52 -TGTTAGCATGGAGCCAGCCT-32 
NQO1	 F: 52 -ATCCTGGAAGGATGGAAG-32 
	 R: 52 -CCTGCCTGGAAGTTTAGG-32 
VCAM-1	 F: 52 -GAATTCTCCCAAATCGACATATTCCC-32 
	 R: 52 -CTCGAGTTATTTCTCTTGAACAGTTAATT-32 
ICAM-1	 F: 52 -TCTCAGCAGACTCTTACATC-32 
	 R: 52 -ATATCCTGATCTTCCTCTGG-32 
β-actin	 F: 52 -GGCACCACACTTTCTACAAT-32 
	 R: 52 -AGGTCTCAAACATGATCTGG-32 
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Fig. 1. Effect of PMOE on (A) Fasting blood glucose, (B) serum insulin, (C) total hemoglobin, and (D) HbA1c in 
control and experimental diabetic rats. Data are expressed as mean/ ±/ SD (n/ =/ 6). *P<0.05 vs. normal control; 

#P<0.05 vs. diabetic control.
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Fig. 2. Effect of PMOE on blood pressure, arginase activity, and AGE levels in diabetic rats. Systolic (A) and diastolic 
(B) blood pressures were significantly elevated in diabetic controls, indicating vascular dysfunction, while PMOE 
treatment dose-dependently restored these parameters. Arginase activity (C) and circulating AGEs (D) were markedly 
increased in diabetic rats, reflecting endothelial stress and glycation burden, both of which were significantly reduced 
by PMOE, suggesting improved endothelial integrity and reduced oxidative stress. Data are expressed as mean/ ±/ 
SD (n/ =/ 6). *P<0.05 vs. normal control; #P<0.05 vs. diabetic control.
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Fig. 3. Effect of PMOE on oxidative stress and endothelial nitric oxide pathway in diabetic rats. (A) Intracellular 
ROS levels were significantly elevated in diabetic controls and attenuated by PMOE treatment, indicating 

antioxidant activity. (B) Nitric oxide (NO) levels and (C) nitric oxide synthase (NOS) activity were reduced in 
diabetic rats but significantly restored by PMOE, suggesting improved endothelial function. PMOE also enhanced 
the activities of (D) argininosuccinate synthase (AS) and (E) argininosuccinate lyase (ASL), enzymes critical for 
endogenous L-arginine regeneration and sustained NO production. Data are expressed as mean/ ±/ SD (n/ =/ 6). 

*P<0.05 vs. normal control; #P<0.05 vs. diabetic control.

quinone oxidoreductase 1 (NQO1), vascular cell 
adhesion molecule-1 (VCAM-1), and intercellular 
adhesion molecule-1 (ICAM-1). â-actin was used 
as the internal control. Relative mRNA expression 
levels were calculated using the 2^”ÄÄCt method.
Statistical analysis
	 All data were expressed as mean/ ±/ SD. 
Statistical significance was determined by one-
way ANOVA followed by Tukey’s post hoc test. 
A p-value/ </ 0.05 was considered significant. 

Analyses were performed using GraphPad Prism 
(version 8).

RESULTS

PMOE exhibits high polyphenol content and 
diverse phytochemical composition
	 The prepared PMOE demonstrated a 
substantial yield and contained a rich profile of 
secondary metabolites. Preliminary phytochemical 
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Fig. 4. Effect of PMOE on oxidative stress markers and antioxidant enzyme activities in aortic tissue of diabetic 
rats. (A) TBARS levels were significantly elevated in diabetic controls, indicating enhanced lipid peroxidation, 
and were reduced by PMOE. (B) Reduced glutathione (GSH), (C) superoxide dismutase (SOD), (D) catalase 

(CAT), and (E) glutathione peroxidase (GPx) activities were all significantly depleted in diabetic rats and dose-
dependently restored by PMOE treatment, suggesting reinforced endogenous antioxidant defense. Data are 

expressed as mean/ ±/ SD (n/ =/ 6). *P<0.05 vs. normal control; #P<0.05 vs. diabetic control.

screening confirmed the presence of alkaloids, 
flavonoids, tannins and phenolics, with intense 
coloration reactions indicative of abundant 
flavonoid and phenolic constituents. Quantitative 
spectrophotometric analyses revealed a high total 
phenolic content (195.73/ ±/ 1.25/ mg/ GAE/g 
extract), prominent flavonoid levels (24.82/ ±/ 
0.48/ mg/ QE/g), and considerable tannin (37.89±/ 
0.94 mg GAE/100 g DM), validating the phenolic-
enriched nature of the extract.

PMOE ameliorates hyperglycemia, improves 
insulin levels, and reduces HbA1c in diabetic 
rats
	 STZ and NAD administration significantly 
(P</ 0.05) increased fasting blood glucose in 
diabetic control rats compared to normal controls. 
Oral administration of PMOE at both 250/ mg/
kg and 500/ mg/kg markedly (P</ 0.05) reduced 
fasting glucose levels throughout the 45-day 
treatment period, with the higher dose producing a 
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Fig. 5. Histological evaluation of aortic tissue architecture across experimental groups.
Representative H&E-stained aortic sections are shown for: (A) Normal control rats, displaying well-preserved 
vascular architecture with intact tunica intima (red arrow), organized tunica media (TM), and tunica adventitia 
(TA); black arrows highlight elastic tissues with intact endothelium and smooth muscle layers. (B) Diabetic control 
rats exhibit severe vascular injury with blue arrows indicating intimal destruction, green arrows marking clefts in 
the sub-intimal layer, and violet arrows showing sub-medial separation. (C) PMOE (250/ mg/kg)-treated rats show 
partial improvement, with orange arrows indicating mild intimal destruction and yellow arrows pointing to slight 
medial clefting. (D) PMOE (500/ mg/kg)-treated rats reveal near-normal histoarchitecture resembling controls, with 
restored endothelial integrity and preserved elastic lamellae. L = lumen. H&E, 40X, scale bar = 100µm.

more pronounced effect (Fig. 1A). Consistent with 
glucose regulation, diabetic rats exhibited reduced 
serum insulin, hemoglobin and elevated HbA1c 
levels, all of which were significantly corrected 
by PMOE treatment (Fig. 1B-D). 
PMOE ameliorates hypertension
	 Tail-cuff plethysmography revealed a 
significant (P<0.05) elevation in both systolic 
and diastolic blood pressure in diabetic control 
animals compared to normal controls, indicating 
compromised vascular tone and endothelial 
dysfunction (Fig. 2A&B). At the same time, 
treatment with PMOE dose-dependently attenuated 
these elevations. In the 250/ mg/kg group, both 

systolic and diastolic pressures were moderately 
reduced, while the 500/ mg/kg PMOE-treated 
group demonstrated near-normalization of both 
parameters (P<0.05 vs. diabetic control), suggesting 
restoration of vascular homeostasis and improved 
endothelial function.
PMOE suppresses arginase activity and lowers 
circulating AGEs
	 Serum arginase activity was markedly 
(P</ 0.05) elevated in diabetic controls (Fig. 2C), 
indicating enhanced L-arginine diversion from NO 
synthesis. PMOE treatment significantly reduced 
arginase activity in a dose-dependent manner (P</ 
0.05), thereby preserving substrate availability for 



431 Sowjanya et al., Biosci., Biotech. Res. Asia,  Vol. 23(1), 422-437 (2026)

Fig. 6. Effect of PMOE on gene expression related to nitric oxide metabolism, antioxidant defense, and 
endothelial inflammation in aortic tissue. qRT-PCR analysis of mRNA expression in aortic tissues shows: (A) 

upregulation of Arginase-1 (ARG1) in diabetic rats, which was dose-dependently downregulated by PMOE; (B) 
suppression of eNOS in diabetes, restored by PMOE; (C-E) antioxidant genes Nrf-2, HO-1, and NQO1 were 

downregulated in diabetic controls but significantly upregulated following PMOE treatment; (F-G) inflammatory 
adhesion molecules VCAM-1 and ICAM-1 were elevated in diabetic rats and reduced by PMOE, indicating 

improved endothelial function. Data are expressed as mean/ ±/ SD (n/ =/ 6). *P<0.05 vs. normal control; #P<0.05 
vs. diabetic control.

eNOS. Similarly, AGEs, which were significantly 
(P</ 0.05) increased in diabetic rats (Fig. 2D), 
were reduced following PMOE administration, 
suggesting attenuation of non-enzymatic protein 
glycation and reduced glycoxidative stress.
PMOE diminishes intracellular ROS levels and 
enhances nitric oxide bioavailability
	 Aortic homogenates from diabetic rats 
displayed elevated ROS generation (Fig. 3A), 
as evidenced by increased DCF fluorescence. 
PMOE treatment significantly (P</ 0.05) reduced 
intracellular ROS levels, indicating potent 
antioxidant activity. Concurrently, serum NO 
concentrations were restored, and NOS enzymatic 
activity was significantly (P</ 0.05) enhanced 
compared to diabetic controls (Fig. 3B&C), 

suggesting that PMOE improves endothelial NO 
bioavailability by reducing oxidative degradation 
and arginase competition. On the other hand, 
diabetic rats exhibited markedly reduced activities 
of AS and ASL, but PMOE treatment dose-
dependently restored these enzymes, with the 500/ 
mg/kg group approaching normal values (Fig. 
3D&E). 
PMOE restores antioxidant enzyme activities 
and lowers lipid peroxidation in aortic tissue
	 Diabetic rats exhibited marked oxidative 
stress characterized by increased TBARS and 
lipid hydroperoxide levels, along with significant 
depletion of GSH, SOD, CAT, and GPx activities 
(Fig. 4A-E). Treatment with PMOE resulted 
in significant (P</ 0.05) reductions in lipid 
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peroxidation products and a dose-dependent 
restoration of endogenous antioxidant defenses. 
PMOE preserves aortic histological architecture 
and reduces structural damage
	 Histopathological examination of aortic 
tissues from the normal control group revealed 
well-preserved vascular architecture characterized 
by an intact endothelial lining, regular elastic 
lamellae, and uniform medial thickness without any 
evidence of edema, inflammatory infiltration, or 
structural disruption (Fig. 5A). In contrast, sections 
from the diabetic control group exhibited marked 
pathological alterations, including endothelial 
cell detachment, fragmentation of elastic fibers, 
subendothelial edema, and pronounced medial 
thickening (Fig. 5B). Treatment with PMOE 
produced a clear dose-dependent improvement 
in vascular morphology. Aortic tissues from rats 
receiving 250/ mg/kg PMOE showed partial 
restoration of endothelial continuity, reduced 
medial hypertrophy, and improved elastic fiber 
organization compared to diabetic controls (Fig. 
5C). The 500/ mg/kg PMOE group demonstrated 
near-normal histological features with a continuous 
endothelial layer, preserved elastic lamellae, 
and minimal structural abnormalities, closely 
resembling those observed in the normal control 
group (Fig. 5D).
PMOE downregulates arginase 1 expression and 
upregulates Nrf-2-mediated antioxidant genes
	 qRT-PCR showed that diabetic rats had 
markedly (P</ 0.05) elevated ARG1 and reduced 
eNOS expression compared to normal control 
group (Fig. 6A&B). PMOE dose-dependently 
suppressed ARG1 and restored eNOS. Antioxidant 
genes Nrf-2, HO-1, and NQO1 were downregulated 
in diabetic rats but increased (P</ 0.05) with PMOE 
treatment (Fig. 6C-E). In addition, inflammatory 
markers VCAM-1 and ICAM-1 were upregulated 
in diabetic rats but significantly (P</ 0.05) 
downregulated by PMOE (Fig. 6F&G), indicating 
improved endothelial function.

DISCUSSION

	 The findings from the present investigation 
clearly demonstrate that chronic hyperglycemia 
induced by STZ and NAD administration 
profoundly disrupts systemic metabolic 
homeostasis and vascular function, consistent 

with the well-established role of glucotoxicity 
in the pathogenesis of diabetic complications. In 
the diabetic control group, fasting blood glucose 
levels remained markedly elevated throughout 
the study period, accompanied by a significant 
rise in HbA1c and a notable decline in circulating 
insulin concentrations. These alterations indicate 
both pancreatic â-cell impairment and peripheral 
insulin resistance, leading to persistent glucose 
overload and non-enzymatic protein glycation. 19 
Elevated HbA1c reflects cumulative exposure of 
hemoglobin to glucose and is a surrogate marker 
for chronic hyperglycemia-driven biochemical 
stress. This persistent hyperglycemia sets in motion 
a cascade of pathogenic events including enhanced 
mitochondrial superoxide generation, activation 
of polyol and hexosamine. pathways, and the 
accumulation of AGEs, all of which collectively 
impair endothelial integrity 4,20,21 Treatment with 
PMOE produced a clear improvement in these 
indices. Animals receiving PMOE displayed a 
dose-dependent reduction in fasting blood glucose 
and HbA1c, along with a partial restoration of 
serum insulin levels. Such effects strongly suggest 
that the extract exerts dual antidiabetic actions 
first, by preserving pancreatic â-cell viability 
against oxidative insult, and second, by enhancing 
peripheral glucose utilization. Phenolic compounds 
such as quercetin, kaempferol, and chlorogenic 
acid known constituents of M. oleifera have been 
reported to improve insulin signalling through 
modulation of the PI3K/Akt pathway, increase 
GLUT4 translocation in muscle and adipose 
tissues, and suppress hepatic gluconeogenesis. 
22 By lowering systemic glucose levels, PMOE 
indirectly reduces glucose auto-oxidation and 
the formation of reactive carbonyl intermediates, 
which are primary contributors to glycoxidative 
vascular injury. 23

	 The elevated blood pressure observed 
in diabetic control animals is consistent with 
endothelial dysfunction and impaired vasodilatory 
capacity, which are hallmark features of vascular 
complications in type/ 2 DM. 24 Chronic 
hyperglycemia promotes structural and functional 
changes in large arteries, including increased 
vascular stiffness, reduced elastin content, and 
enhanced smooth muscle tone, all contributing 
to systolic hypertension. 25,26 In the present study, 
PMOE administration significantly reduced 
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systolic blood pressure toward near-normal levels, 
indicating an improvement in vascular compliance. 
This antihypertensive effect can be mechanistically 
attributed to the restoration of eNOS activity and 
enhanced NO bioavailability, both of which are 
critical for vasorelaxation. 27,28 Additionally, the 
suppression of oxidative stress by PMOE may 
prevent the rapid inactivation of NO by superoxide 
radicals, thereby prolonging its biological half-life 
and improving vascular tone.
	 The marked elevation of arginase activity 
observed in the diabetic control group provides 
mechanistic insight into the impaired NO signaling 
that characterizes diabetic endothelial dysfunction. 
Arginase competes with eNOS for their common 
substrate, L-arginine, diverting it toward urea and 
ornithine production rather than NO synthesis. 29,30 
This substrate depletion limits NO availability, 
while excessive arginase activity further promotes 
“eNOS uncoupling,” a pathological state in 
which eNOS, instead of generating NO, produces 
superoxide radicals. The combined effects of 
substrate competition and eNOS uncoupling 
contribute to a profound reduction in vascular NO 
levels, which compromises vasodilatory capacity, 
increases vascular resistance, and exacerbates 
oxidative stress. 31 In this study, diabetic rats 
showed significantly elevated serum arginase 
activity along with decreased NOS activity and 
lower circulating NO concentrations, clearly 
reflecting this dysfunctional pathway. PMOE 
treatment significantly suppressed arginase activity 
in a dose-dependent manner while enhancing 
NOS activity and restoring NO levels. The 
transcriptional data reinforce these biochemical 
findings: ARG1 gene expression was markedly 
upregulated in diabetic rats but reduced toward 
normal levels following PMOE administration. By 
lowering ARG1 expression and enzymatic activity, 
PMOE likely increased intracellular L-arginine 
availability, allowing eNOS to remain in a coupled, 
NO-producing state and these results are in line 
with previous study. 32 The resulting improvement 
in NO bioavailability explains, at least in part, 
the observed blood pressure reduction and better 
endothelial function in PMOE-treated animals. 
Furthermore, phenolic compounds are known 
to modulate arginase activity directly through 
competitive inhibition and indirectly by reducing 
oxidative stimuli that otherwise enhance arginase 

expression via inflammatory transcription factors 
such as NF-êB. 14,33

	 Parallel to changes in arginase activity, 
diabetic rats exhibited pronounced oxidative 
stress, as evidenced by significantly elevated 
ROS generation in aortic tissues, increased 
lipid peroxidation products (TBARS and lipid 
hydroperoxides), and depletion of critical 
endogenous antioxidants including GSH, SOD, 
CAT, and GPx. Persistent hyperglycemia is 
known to increase ROS production through 
mitochondrial electron transport chain overload, 
activation of NADPH oxidase, and auto-oxidation 
of glucose. These excessive free radicals damage 
lipids, proteins, and DNA, 34,35 and further impair 
eNOS function by oxidizing its essential cofactor 
tetrahydrobiopterin (BH4), reinforcing the cycle 
of endothelial dysfunction. 4,36 Administration 
of PMOE markedly reduced ROS levels and 
lipid peroxidation while restoring GSH and the 
activities of SOD, CAT, and GPx. This strong 
antioxidant effect is likely mediated by both direct 
and indirect mechanisms. The direct mechanism 
involves the radical scavenging ability of phenolic 
hydroxyl groups, which neutralize reactive species 
before they can initiate lipid peroxidation. 37,38 
The indirect mechanism is supported by the 
observed upregulation of Nrf-2 expression and its 
downstream antioxidant genes HO-1 and NQO1. 
Activation of the Nrf-2 pathway enhances cellular 
defense by promoting the transcription of phase 
II detoxifying enzymes and antioxidant proteins. 
8,10,39 These molecular findings suggest that PMOE 
not only provides immediate antioxidant activity 
but also triggers sustained endogenous protection, 
which is particularly important for chronic diseases 
like DM where ongoing oxidative stress is a key 
driver of vascular damage and these findings were 
in line with previous study. 40

	 A critical observation from this study is 
the substantial increase in AGEs in the diabetic 
control group. Chronic hyperglycemia promotes 
nonenzymatic glycation of proteins, leading 
to irreversible AGE formation. These AGEs 
contribute to vascular pathology through two 
principal mechanisms: structural crosslinking of 
extracellular matrix proteins, which reduces arterial 
elasticity and increases stiffness, and activation 
of the receptor for AGEs (RAGE), which triggers 
intracellular signaling cascades that enhance 
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oxidative stress and inflammatory gene expression. 
41 The elevated AGE levels observed in diabetic 
rats are therefore a major factor underlying their 
increased vascular rigidity, heightened oxidative 
burden, and endothelial activation. Treatment with 
PMOE significantly lowered AGE accumulation 
in a dose-dependent manner, an effect that likely 
stems from its dual ability to improve glycemic 
control and directly scavenge reactive carbonyl 
intermediates that participate in glycation reactions. 
Moreover, phenolic compounds have been shown 
to inhibit the binding of AGEs to RAGE, thereby 
attenuating downstream signaling events that 
would otherwise amplify ROS production and 
NF-êB-dependent transcription of proinflammatory 
mediators. 42

	 This suppression of AGE-RAGE-
mediated inflammatory signaling is reflected 
in the expression patterns of vascular adhesion 
molecules. 43 Diabetic rats exhibited a marked 
upregulation of VCAM-1 and ICAM-1 mRNA in 
aortic tissues. These molecules are central to the 
early stages of atherogenesis, as they facilitate 
leukocyte rolling, adhesion, and transmigration into 
the vascular wall, leading to chronic inflammation 
and endothelial injury. 44 Their increased expression 
in diabetic controls is consistent with sustained 
oxidative stress, NF-êB activation, and AGE-
RAGE engagement. PMOE administration 
resulted in a significant reduction in VCAM-1 
and ICAM-1 expression, suggesting that the 
extract interrupts these inflammatory pathways. 
By restoring Nrf-2 signaling, reducing ROS, 
and enhancing NO bioavailability, PMOE may 
prevent the activation of NF-êB and other redox-
sensitive transcription factors that drive adhesion 
molecule gene transcription. The simultaneous 
upregulation of antioxidant genes such as HO-1 
and NQO1 further supports the notion that PMOE 
shifts the vascular redox environment from a pro-
oxidant, pro-inflammatory state to one favoring 
endothelial quiescence and structural stability. 
45,46 Histopathological analysis of aortic tissue 
corroborates these biochemical and molecular 
findings. At the molecular level, the coordinated 
gene expression changes induced by PMOE 
provide a mechanistic framework for its vascular 
protective effects.
	 Despite the strengths of the current study, 
certain limitations should be acknowledged. 

The research focused primarily on biochemical, 
molecular, and histological endpoints, and although 
these parameters provide strong mechanistic 
evidence, additional functional assays such as 
vascular reactivity studies or measurements of 
arterial stiffness would provide further insight 
into the physiological relevance of the observed 
molecular changes. Moreover, while the extract 
was characterized for total phenolic content, 
the specific contributions of individual phenolic 
compounds remain to be determined. Detailed 
phytochemical profiling, along with fractionation 
and bioactivity-guided studies, could help identify 
the most potent constituents responsible for the 
observed effects. Finally, although the STZ-NAD 
rat model replicates several features of human 
type/ 2 DM, differences in metabolic rate, immune 
responses, and long-term disease progression 
mean that clinical validation is necessary before 
therapeutic recommendations can be made. 

CONCLUSION

	 In conclusion, the results obtained 
from this study provide strong experimental 
evidence that PMOE protects against DM-
induced endothelial dysfunction by reducing 
hyperglycemia, suppressing arginase activity, 
restoring NO bioavailability, activating the Nrf-
2 antioxidant pathway, and attenuating vascular 
inflammation and structural damage. These findings 
highlight the potential of PMOE as a promising 
phytotherapeutic candidate for preventing or 
delaying diabetic vascular complications and 
underscore the importance of plant-derived 
phenolic compounds as multi-target modulators of 
vascular health. Further studies aimed at isolating 
active constituents, optimizing dosage, and 
evaluating long-term safety and efficacy in clinical 
settings are warranted to translate these preclinical 
findings into practical therapeutic strategies.
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