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INTRODUCTION
Diabetes mellitus is a metabolic disorder characterized by 
chronic hyperglycemia due to defects in insulin 
production, insulin sensitivity, or insulin availability 
(Dilworth et al., 2021).  It manifests as Type 1 diabetes 
(T1D), caused by pancreatic beta-cell dysfunction, or Type 
2 diabetes (T2D), resulting from insulin resistance 
(Tesauro & Mazzotta, 2020).  Both types contribute 
significantly to global health challenges, with oxidative 
stress playing a key role in disease progression and 
complications affecting multiple organs (Kharroubi & 
Darwish, 2015).  The imbalance in antioxidant defense 

mechanisms, including SOD, CAT, GPx, and GSH, 
exacerbates diabetic pathology and its complications 
(Sharifi-Rad et al., 2020). 

Natural antioxidants, particularly plant-based 
nutraceuticals rich in polyphenols and flavonoids, have 
attracted attention for their potential to manage diabetes 
and oxidative stress (Roy et al., 2014).  Abelmoschus 
esculentus (okra) is widely recognized for its nutritional and 
medicinal properties, including its hypoglycemic and 
antioxidant effects (Sereno et al., 2022; Tavakolizadeh et 
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ABSTRACT 
Nutraceuticals with strong antioxidant properties offer a promising approach for managing 
various oxidative stress-related disorders, including diabetes.  This study evaluated the antioxidant 
and antihyperglycaemic potentials of the previously developed okra-based antidiabetic 
nutraceutical formulation derived from the Ex-Maradi variety of Abelmoschus esculentus in alloxan-
induced diabetic rats.  Phytochemicals and in vitro antioxidant capacity of the formulation were 
assessed by measuring total phenolic content (TPC), total flavonoid content (TFC), and 

scavenging activities against DPPH, superoxide (O₂*⁻) and hydrogen peroxide (H2O2).  
Furthermore, in vivo antioxidant parameters, including SOD, CAT, GPx, GSH, MDA, and 
essential antioxidant minerals (Zn, Cu, Mn, and Fe), were evaluated in both the serum and tissue 
homogenates of diabetic rats.  The formulation exhibited good TPC (61.84 ± 5.31 mg GAE/g) 
and TFC (18.31 ± 2.17 mg QE/g) content.  It also demonstrated strong free radical scavenging 
activities with low IC50 values of (0.086 ± 0.022, 0.064 ± 0.014, and 0.16 ± 0.03) mg/mL against 

DPPH, O₂*⁻ and H2O2, respectively.  In vivo, administration of the formulation at doses of 250 
and 500 mg/kg body weight for three weeks significantly (P < 0.05) ameliorated the elevated 
blood glucose levels in alloxan-induced hyperglycaemic rats, lowering them by about 56.66% at 
the 500 mg/kg dose.  Additionally, it improved the activities of antioxidant enzymes (SOD, CAT, 
and GPx) and increased the concentrations of antioxidant minerals (Zn, Cu, Mn, and Fe) 
compared to the diabetic control group.  These findings highlight the nutraceutical formulation's 
potent antioxidant and antihyperglycaemic properties, underscoring its potential as a therapeutic 
option for managing diabetes and conditions associated with oxidative stress. 
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al., 2023).  Its bioactive compounds, such as polyphenols, 
polysaccharides, mucilage, and fibers, contribute to 
glucose regulation, lipid metabolism, and antioxidant 
enzyme activity (Uddin Zim et al., 2021).  Studies have also 
demonstrated its ability to scavenge free radicals and 
mitigate oxidative stress in diabetes (Patwardhan & Bhatt, 
2016; Phoswa & Mokgalaboni, 2023).  Extensive research 
demonstrates that okra (Abelmoschus esculentus), 
including the ex-Maradi variety, possesses significant 
antioxidative and antidiabetic properties, making it a 
strong candidate for nutraceutical development (Durazzo 
et al., 2018; Tavakolizadeh et al., 2023; Mokgalaboni et al., 
2023).  Okra is rich in polyphenols, flavonoids (notably 
quercetin and catechin), and polysaccharides, which 
contribute to its robust antioxidant activity.  These 
compounds enhance antioxidant enzyme levels (such as 
SOD, CAT, and GPx), reduce oxidative stress markers, 
and protect tissues from oxidative damage in diabetic 
models (Woumbo et al., 2022; Liao et al., 2019; Kwok et 
al., 2025).  Okra extracts and mucilage have demonstrated 
strong free radical scavenging abilities in vitro, as well as the 
ability to inhibit lipid peroxidation and improve 
antioxidant status in animal studies (Woumbo et al., 2022; 
Liao et al., 2019). 

Okra-based formulations, including those from the ex-
Maradi variety, have shown the ability to lower fasting 
blood glucose, improve lipid profiles, and reduce HbA1c 
in both animal and human studies (Woumbo et al., 2022; 
Nasrollahi et al., 2022; Nikpayam et al., 2021; Durazzo et 
al., 2018; Bahari et al., 2024; Tavakolizadeh et al., 2023; 
Mokgalaboni et al., 2023).  The antidiabetic action is 
attributed to several mechanisms including: Inhibition of 
carbohydrate-digesting enzymes (α-amylase and α-
glucosidase), leading to reduced postprandial glucose 
spikes (Woumbo et al., 2022; Ijarotimi et al., 2023; 
Elkhalifa et al., 2021).  Enhancement of insulin sensitivity 
and modulation of key metabolic pathways (e.g., 
PI3K/AKT, PPAR, and Nrf2) (Liao et al., 2019; 
Nasrollahi et al., 2022; Durazzo et al., 2018).  Promotion 
of pancreatic islet cell regeneration and improved 
glycogen synthesis in the liver (Durazzo et al., 2018; 
Anjani et al., 2018).  Reduction of chronic inflammation 
and improvement in lipid metabolism (Bahari et al., 2024; 
Tavakolizadeh et al., 2023). 

The Ex-Maradi variety of A. esculentus, cultivated in Niger, 
West Africa, is particularly rich in phenolic and flavonoid 
compounds, thereby enhancing its antioxidant and 
antidiabetic properties (Muhammad et al., 2018).  Studies 
specifically on the Ex-Maradi variety confirm that both 
seeds and peels contribute to antidiabetic effects, with the 
optimal formulation (10:90%) seed:peel ratio effectively 
reducing glucose adsorption and diffusion, thereby 
controlling postprandial blood glucose, as previously 
reported by Muhammad et al. (2018) and Matazu et al. 
(2018).  These formulations also show potential for 
pancreatic protection and regeneration, further supporting 
their use in diabetes management (Durazzo et al., 2018). 

Our previous research explored the effects of the seeds, 
peels, and whole fruit of the Ex-Maradi variety of A. 
esculentus on alloxan-induced diabetic rats (Abbas et al., 

2018; Muhammad et al., 2018).  Further studies 
formulated an okra-based antidiabetic nutraceutical by 
optimizing the seed and peel combinations of Ex-Maradi 
fruit and evaluating its antidiabetic effects (Matazu et al., 
2018; Muhammad et al., 2018).  While the antidiabetic 
effect of the formulation has been reported, a 
comprehensive investigation of its in vivo antioxidant 
defence mechanisms, particularly its impact on essential 
antioxidant minerals and organ-specific oxidative stress, 
remains unexplored.  Hence, this strengthens the rationale 
for conducting this research to investigate whether the 
specific formulation from the Ex maradi variety of 
Abelmoschus esculentus has superior effects. 

This study evaluates the antioxidative and 
antihyperglycemic potential of the developed okra-based 
antidiabetic nutraceutical formulation in alloxan-induced 
diabetic rats with oxidative stress.  Using an in-vitro and in-
vivo approach, its antioxidant efficacy was assessed by 
measuring MDA levels, antioxidant enzyme activities 
(SOD, CAT, GPx), and key antioxidant minerals (Zn, Cu, 
Mn, Fe) in the serum and organ (liver, kidney, pancreas) 
homogenates of the experimentally-induced oxidative 
stress-related diabetic rats.  Additionally, its hypoglycemic 
effect was analyzed via an oral glucose tolerance test.  
Given the established role of alloxan-induced diabetes as 
a model for T1D in rats (Athmuri & Shiekh, 2023; 
Kottaisamy et al., 2021), we assess the nutraceutical’s 
potential as a therapeutic agent for the management of 
oxidative stress-related diseases, including diabetes. 

MATERIALS AND METHODS 

2.1 Chemicals and reagents 

Analytically grade laboratory chemicals and reagents were 
used for this study. 

2.2 Formulation of the Okra-based Antidiabetic 
Nutraceutical 

The sample of the nutraceutical formula (10:90%) 
seed:peel ratio, previously prepared by Muhammad et al. 
(2018) and evaluated by Matazu et al. (2018), was obtained 
from the Department of Biochemistry, Faculty of Natural 
and Applied Sciences, Umaru Musa Yar’adua University, 
Katsina State, Nigeria.  The obtained sample was used 
throughout this research. 

2.3 In-vitro studies  

2.3.1 Preparation of extract from the nutraceutical 
formula 

To obtain the hydro-methanolic extract from the 
nutraceutical formula, the extraction procedure described 
by Yasin et al. (2020) was followed.  To do this, a precise 
amount (1g) of the formulation was weighed and 
dispersed in 100 mL of 70% methanol (1g:100 mL).  The 
mixture was stirred and allowed to stand at room 
temperature (25±20C) for three (3) days with occasional 
stirring to extract the crude components.  The entire 
mixture was sieved through a fine muslin cloth to obtain 
the filtrate (mucilage), while the solvent was allowed to 
evaporate at 39±20C in the drying cabinet to obtain the 
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mass paste concentrate of the crude extract (mucilage) 
labelled as ‘FX’, which was used for the in-vitro studies 
(Yasin et al., 2020). 

2.3.2 Estimation of total phenolic content of the 
formulation 

The total phenolic content of the nutraceutical 
formulation extract was determined using the Folin–
Ciocalteu method as described by Phuyal et al. (2020).  
Briefly, 100 µL of the sample extract solution (1 mg/mL) 
was loaded into Eppendorf tubes in triplicate, 400 µL of 
distilled water was added and vortexed, then 150 µL of 
(10% w/v) Folin–Ciocalteu reagent (FCR) was added, 
spun, and allowed to react in the dark for 8 to 10 minutes.  
Following that, 500 µL of 20% sodium carbonate was 
added and vortexed.  It was then incubated in a water bath 
at 40 °c for 20 minutes.  A blank sample was also prepared 
by replacing the 100 µL of the extract with 100 µL of the 
solvent (70% Methanol) used during the process, while 
maintaining the same volumes of FCR and sodium 
carbonate as in the test sample.  From each reacting 
mixture, 200 µL was transferred to a 96-well plate, and the 
absorbance was measured at 755 nm using a 96-well 
microplate reader.  The absorbance values of the blank 
were subtracted from those of each corresponding 
sample.  The same Folin-Ciocalteu assay procedure 
described above was applied to various concentrations 
(0.5, 0.25, 0.125, 0.063, 0.031, 0.016, 0.008, and 0.004 
mg/mL) of the standard (gallic acid) used.  All 
determinations were performed in triplicate.  A standard 
curve was created by plotting gallic acid concentration 
against corresponding absorbance in Excel.  The total 
phenolic content of the extract was then calculated from 
this curve using the linear equation (y = mx + b) for gallic 
acid, and the results were expressed as milligrams of gallic 
acid equivalents per gram of the extract (mg GAE/g 
extract).  

2.3.3 Estimation of total flavonoid content of the 
formulation 

The total flavonoid content of the extract was determined 
using a colourimetric method with Aluminium chloride, as 
described by Phuyal et al. (2020).  Briefly, 0.5 mL of each 
test solution and standard solutions at various 
concentrations (0.5, 0.25, 0.125, 0.063, 0.031, 0.016, 0.008, 
and 0.004 mg/mL of Quercetin) were separately placed in 
designated test tubes.  Each was combined with 2 mL of 
distilled water.  Next, 0.15 mL of Sodium nitrite (NaNO2, 
5% w/v) was added to each tube, and the mixture was 
allowed to stand for 6 minutes.  Following this, 0.15 mL 
of Aluminium trichloride (AlCl3, 10% w/v) was added, 
and the mixture was incubated for another 6 minutes.  
Then, 2 mL of Sodium hydroxide (NaOH, 4% w/v) was 
added, and the entire mixture was diluted with distilled 
water to a final volume of 5 ml.  The mixture was mixed 
thoroughly and kept at room temperature for 20 minutes 
to allow the colour to develop.  The absorbance of the 
pink colour was measured at 510 nm using a microplate 
reader, with distilled water serving as the blank.  The 
absorbance values from the standard (Quercetin 
solutions) were used to plot a standard curve.  All tests 

were performed in triplicate.  The total flavonoid content 
of the extract was calculated using the linear equation (y = 
mx + b) derived from the standard curve, and expressed 
as milligrams of quercetin equivalents per gram of the 
extract (mg QE/g extract)  

2.4 In-vitro antioxidant activity of the formulation 

Three different chemical methods, namely: DPPH, 
Hydrogen peroxide (H2O2) and Superoxide (O2

*-) radical 
scavenging assays were employed to evaluate the in-vitro 
antioxidant activity of the extract obtained from the 
nutraceutical formula.  A stock solution (1 mg/mL) of the 
crude extract in 70% methanol was prepared.  This stock 
solution was then serially diluted using 70% methanol to 
provide nine different concentrations: (1.0, 0.5, 0.25, 
0.125, 0.063, 0.031, 0.016, 0.008 and 0.004 mg/mL).  The 
same procedure was applied to prepare the stock solutions 
of the various standard antioxidants (Ascorbic acid (vit. 
C), Gallic acid (GA) and Quercetin (QC)) used in 
conducting the respective (DPPH, H2O2 and O2

*-) 
antioxidant scavenging assays. 

2.4.1 Estimation of DPPH radical scavenging activity 

The DPPH assay measures hydrogen-donating activity 
and thus provides a measure of free-radical-scavenging 
antioxidant activity.  DPPH is a purple-coloured stable 
free radical; it becomes reduced to the yellow-coloured 
diphenyl picryl-hydrazine upon reduction by antioxidant.  
Briefly, in a labelled 96-well microplate, 50 µL of various 
dilutions of the extract or standard (ascorbic acid (Vit. C) 
were separately mixed with 50 µL of DPPH in methanol 
solution (0.004%).  After an incubation period of 30 min 
in the dark at room temperature, the absorbance of the 
colour change was measured at 517 nm (Apak et al., 2022).  
The lower the absorbance, the higher the free radical-
scavenging activity.  The ability to scavenge the DPPH 
radical was calculated by using the following equation:  

% Scavenging effect =
(Ac −  Ae ) 

Ac
 × 100   

Where Ac: control absorbance and Ae: absorbance in the 
presence of extract or standard.  

The IC50 values (concentration of extract or standard 
necessary to decrease the initial concentration of DPPH 
by 50 %) were calculated and obtained by reference from 
the non-linear regression analysis: 

y = a lin(x) + b 

50 = a lin (IC50) + b 

IC50 = e (50-b)/a 

2.4.2 Estimation of H2O2 Decomposition activity 

The hydrogen peroxide (H2O2) decomposition activity of 
the extract obtained from the formulation was conducted 
as described by Apak et al. (2022).  In this method, when 
a scavenger is incubated with hydrogen peroxide, the 
decay or loss of hydrogen peroxide can be measured 
spectrophotometrically at 230 nm.  Briefly, 2 mL of 
hydrogen peroxide (20 mM) in phosphate-buffered saline 
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was added to 1 mL of various concentrations of extract or 
standard (Gallic acid) in methanol.  The decomposition 
activity was allowed to continue for 10 minutes.  After 10 
min, the absorbance was measured at 230 nm.  The ability 
of the formulation to decompose the H2O2 was calculated 
by using the following equation: 

% Decomposition effect =
(Ac −  Ae ) 

Ac
 × 100   

Where Ac: control absorbance and Ae: absorbance in the 
presence of extract or standard.  

The IC50 values (concentration of extract or standard 

required to decrease the initial H2O2 concentration by 

50%) were calculated from the non-linear regression 

analysis described in the DPPH assay above. 

y = a lin(x) + b 

50 = a lin(IC50)+b 

IC50 = e (50-b)/a 

2.4.3 Estimation of Superoxide Radical Scavenging 
Activity 

The superoxide radical scavenging activity of the 

formulation was determined by the NBT reduction 

method using alkaline DMSO (Apak et al., 2022).  In this 

method, superoxide radicals in alkaline DMSO were 

generated by the addition of 0.2 mL of 1% NaOH to 19.8 

mL of air-saturated DMSO.  The solution was allowed to 

stand at room temperature for 30 minutes.  The generated 

superoxide remains stable in solution and can reduce 

nitro-blue tetrazolium (NBT) to the formazan dye at room 

temperature, which can be measured at 560 nm.  Briefly, 

0.1 mL of NBT (1 mg/mL in DMSO) was added to the 

reaction mixtures containing 1 mL of the prepared alkaline 

DMSO and 0.3 mL of the extract or standard at the 

respective concentrations (Quercetin).  The absorbance 

was measured at 560 nm against an appropriate blank 

(Pure DMSO) to determine the quantity of formazan 

generated.  Quercetin was used as a positive control.  All 

tests were performed in triplicate.  Results were expressed 

as percentage scavenging of superoxide ions according to 

the equation below: 

% scavenging  effect

=
(Abs of Control − Abs of STD or Sample)

Abs of control
 x 100 

Where Abs of Control is the absorbance without plant 
extract or standard. 

The IC50 values (concentration of extract or standard 

required to decrease the initial concentration of 

superoxide radical by 50%) were calculated from the non-

linear regression analysis, as described in the DPPH assay 

above. 

2.5 In vivo studies 

2.5.1 Animals and ethics statement  

This research protocol was approved by the Usmanu 
Danfodiyo University Sokoto’s Research and Ethics 
Committee with approval number 
UDUS/UREC/2021/020.  The study was carried out in 
25 young male Wistar albino rats of about six to seven 
weeks old, weighing approximately 220–250 g.  The rats 
were procured from Usmanu Dan Fodiyo University, 
Sokoto.  They were placed in standard cages and housed 
under standard conditions in the animal house, 
maintaining an average ambient temperature of 22–25°C 
and humidity of 75%, with a 12-hour photoperiod 
(Hamisu and Salisu, 2025; Salisu et al., 2019, 2020; Usman 
et al., 2025).  All animals received standard rodent chow 
pellets and water ad libitum during the experiment.  The 
protocol for the handling and care of animals, as 
recommended by the ethical committee and stipulated in 
the guidelines for the use and care of animals, was carefully 
followed, with all possible efforts made to minimize 
animal suffering and reduce the number of rats used per 
experimental group.  

2.5.2 Induction of diabetes and grouping of the 
experimental animals  

The rats were randomly divided into five groups of five 

each.  Group 1: (Normal Control [NC]), Group 2: 

(Diabetic Control [DC]), Group 3: (Drug control [MC]), 

Group 4 and Group 5: are the Formulation groups (FX250 

and FX500), respectively (Figure 1).  All the rats were 

allowed to acclimatize for one week before the treatments.  

In Exception of the normal control group, diabetes was 

induced in all the remaining rats by intraperitoneal 

injection of alloxanmonohydrate at a dose of 120 mg/kg 

body weight as previously reported by Muhammad et al. 

(2018).  Alloxan (98% purity, Merck) was dissolved in 

saline solution for the intraperitoneal (IP) injection.  It was 

injected into the rats after 12 hours of fasting.  After 6 

hours of alloxan administration, the rats were allowed to 

drink 10 % glucose solution ad libitum for the next 24 

hours to prevent alloxan-induced hypoglycaemia 

(Muhammad et al., 2018).  The animals were observed for 

polydipsia, polyuria, and polyphagia as well as a general 

reduction of body weight.  72 hours after alloxan 

administration, the animals were fasted overnight for 12 

hours, and diabetes was confirmed by measuring fasting 

blood glucose levels from tail vein blood samples collected 

with a small cut using a lancet.  A glucometer and test 

strips were used for this estimation.  Only the rats with 

fasting blood glucose levels greater than 7.0 mmol/L (126 

mg/dL) were considered to have confirmed diabetes and 

included in the study (Muhammad et al., 2018; Uddin et 

al., 2021).  For the normal control group, 2 mL/kg body 

weight of vehicle saline (0.9% NaCl) was administered to 

the rats via the same route (IP) to balance the stress of 

https://scientifica.umyu.edu.ng/


 
 

UMYU Scientifica, Vol. 4 NO. 4, December 2025, Pp 215 – 230. 

 219 

 

 https://scientifica.umyu.edu.ng/                      Muhammad et al., /USci, 4(4): 215 – 230, December 2025  
 

intraperitoneal injection with that of the alloxan groups 

(Figure 1). 

2.5.3 Experimental design and treatment of the rats 

The normal group and the diabetic control group received 

normal saline (0.9% NaCl) orally at a dose of 2 mL/kg 

body weight orally once per day for three weeks.  The drug 

control group received Metformin at a dose of 100 mg/kg 

body weight, while the test groups (FX250 and FX500) 

received oral administration of the okra-based antidiabetic 

nutraceutical formulation at 250 and 500 mg/kg body 

weight, respectively.  All treatments started after the 

confirmation of the induction of diabetes.  Treatments 

were continued daily for three weeks.  Fasting blood 

glucose levels in all groups were checked using tail vein 

blood samples at the end of each week throughout the 

experimental period, in addition to body weight changes.  

At the end of week three of the treatment procedures, an 

oral glucose tolerance test was conducted in all the rats 

after fasting for 12 hours.  The following day, the rats were 

anaesthetized then sacrificed.  Blood and organ samples 

were collected for various biochemical analyses. 

Figure 1:  Experimental design: Illustrating the induction of diabetes, grouping and treatments of the 
experimental rats. 

2.5.4 Estimation of blood glucose levels  

At the end of every week of the experiment, all rats were 
fasted overnight for 12 hours.  With the aid of a fine test 
glucometer and test strips, the fasting blood glucose levels 
were estimated directly from the blood sample obtained 
through the rats’ tail vein puncture. 

2.5.5 Oral glucose tolerance test 

The oral glucose tolerance test was conducted following 
the protocol described by Islam et al. (2022).  Briefly, after 
the final treatment at the end of week 3 (day 21st) of the 
experimental procedure, the rats were fasted overnight for 
12 hours.  The following morning, the fasting blood 
glucose levels of all the rats was measured and recorded as 
the baseline.  Following this, a glucose-D solution (200 
mg/mL) was prepared in normal saline and orally 
administered to all the rats at a calculated dose of 2 g/kg 
body weight.  Subsequently, with the aid of a glucometer, 
the blood glucose levels of the rats were measured from 

blood samples collected from the rats’ tail vein at 30-
minute intervals for a total period of 2 hours.  During the 
OGTT experiment, the rats were provided with ad libitum 
access to drinking water while their diet was withheld.  
After the experiment, the rats’ diet was supplied and 
allowed ad libitum.  The animals were also allowed to sit 
until the next day before they were sacrificed.  A graph of 
the glucose tolerance curve was plotted using blood 
glucose levels on the (y-axis) against time on the (x-axis).  
Then, the blood glucose-lowering effect of the 
formulation was determined at 30-minute intervals for 120 
minutes during glucose loading, assessing the rate of 
glucose metabolism in the respective animal groups (Islam 
et al., 2022). 

2.5.6 Blood and organ sample collection and their 
preparation 

At the end of the final experimental procedures, all 
animals were anaesthetized by intraperitoneal injection of 
2.5 mL/kg body weight of Ketamine/Xylazine cocktail 
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solution [(Ketamine 75 mg/kg) / (Xylazine 8mg /kg)] 
(Yusof, 2020).  Blood samples were collected through 
cardiac puncture and then transferred into plain tubes.  
The blood samples were allowed to coagulate by standing 
at room temperature for 30 min, then centrifuged at 1000 
× g for 10 min to obtain the serum.  The serum was 
collected in cryovials and stored in the fridge at - 4 °C until 
later use.  

2.5.7 Isolation of organs, and estimation of organ 
index  

After the blood sample collection, the rats were 
euthanized using CO2 before the stomach was cut open.  
Vital organs, including the liver, kidney and pancreas were 
isolated, weighted and recorded to estimate the organ 
index based on the ratios of the organ to the live body 
weight of the rat as described by Sun (2022) using the 
formula below: 

Organ index =
Organ weight (g)

Rat live weight (g)
X 100 

A portion of each organ sample, according to the 
respective group, was cut and placed in a labelled 
container before being taken for homogenization.  To 
obtain a 10 % tissue homogenate of each respective organ, 
2 g of the tissue sample from respective organ was cut and 
rinsed with pre-chilled 0.9% saline to remove excess 
blood; then, carefully homogenized in 18 mL of pre-
chilled 0.9% saline using mortar and pestle tissue grinder 
under ice.  Subsequently, the mixture was centrifuged at 
4,500 rpm, maintaining a temperature of 4 °C for 15 
minutes.  The supernatant from the tissue homogenate 
was used for total protein estimation and further 
biochemical analysis (Gunas et al., 2023). 

The total protein content of the tissue homogenate was 
estimated using the Bradford method (Gunas et al., 2023). 

2.6 In-vivo antioxidant assays 

2.6.1 Estimation of lipid peroxidation product 
(Malondialdehyde) 

The determination of lipid peroxidation in the rat’s serum 
and tissue homogenates was conducted by estimating the 
concentration of Malondialdehyde (MDA) using the 
thiobarbituric acid reacting substances (TBARS) assay 
method as described by Ohkawa et al. (1979).  The 
principle of the assay is based on the spectrophotometric 
measurement of the pink-coloured MDA-TBA adduct 
generated by the reaction of thiobarbituric acid (TBA) 
with MDA (a marker of oxidative stress) present in the 
sample.  This reaction occurs under acidic and high-
temperature conditions.  Briefly, in labelled Eppendorf 
tubes, 200 µL of the serum or tissue homogenate was 
added to 1 mL of 10 % Trichloroacetic acid (TCA) to 
precipitate the proteins, then 1 mL of the TBA solution 
(0.67% of TBA (w/v) in 10% TCA) was added.  The 
reaction mixtures were heated for 30 minutes in a hot 
water bath at 95 °C to allow the reaction between MDA 
and TBA to form a pink-coloured complex (MDA-TBA 
adducts).  The reaction mixture was allowed to cool in a 

cold water bath, and then 2 mL of 15% TCA was added 
to precipitate out the proteins and other interfering 
substances.  The mixture was centrifuged at 3,000 g for 10 
minutes to separate the precipitate, leaving a clear 
supernatant for analysis.  Then, 0.5 mL of n-butanol was 
added to the mixture in order to extract the developed 
chromophore.  The mixture was centrifuged again to 
separate the phases. 

Subsequently, the absorbance of the chromophore 
developed was measured at 532 nm using a 
spectrophotometer.  A blank tube containing only 
reagents (no sample) was used to zero the 
spectrophotometer.  The measured absorbance is 
proportional to the concentration of MDA in the sample.  
To quantify the MDA levels in the samples, MDA 
standard solution (Stock: 1 mM tetraethoxypropane in 
ethanol) was used.  Tetraethoxypropane hydrolyses to 
MDA and serves as the standard.  A calibration curve was 
made using the MDA standard solutions (0.04, 0.08, 0.16, 
0.32, 0.64, 1.28, and 2.56) μM.  The absorbance values of 
the MDA standards were plotted against their known 
concentrations. 

MDA concentration =
Absorbance of sample

Slope of calibration curve
 

The final results for MDA concentrations were expressed 
as μM/mL for serum samples and μM/mg protein for 
tissue homogenate samples (Ohkawa et al., 1979). 

2.6.2 Determination of reduced glutathione (GSH) 
concentration 

The levels of reduced glutathione (GSH) were determined 
using the Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic 
acid (DTNB)) solution as described by Ellman (1961).  
This method is based on the reaction of DTNB with the 
sulfhydryl (-SH) group of GSH to form a yellow-coloured 
product called TNB (5-thio-2-nitrobenzoic acid) that can 
be measured spectrophotometrically.  Briefly, the serum 
or tissue homogenate was deproteinized by using 
metaphosphoric acid (MPA) to remove interfering 
proteins.  To do this, 0.1 mL of serum or tissue 
homogenate sample was mixed with 1.9 mL of 5% 
metaphosphoric acid (MPA), then centrifuged at 10,000 × 
g for 10 minutes to obtain the clear supernatant.  100 µL 
of the deproteinized serum or tissue supernatant was 
mixed with 100 µL of 5 mM (0.05) DTNB solution 
(freshly prepared in phosphate buffer, PH 7.4).  Then, 800 
µL of 0.1 M Phosphate buffer (PH 7.4) was added and 
mixed.  For the GSH standards, concentrations (10, 20, 
40, 60, 80, and 100 µM) of GSH were prepared and mixed 
using the same proportions as the sample (100 µL 
standard + 100 µL DTNB + 800 µL buffer).  The reaction 
mixture was incubated at room temperature for 10 
minutes to allow the reaction and colour development to 
occur.  The intensity of the yellow colour product 
developed in the reaction is directly proportional to the 
concentration of reduced glutathione in the sample.  The 
absorbance of the sample was measured at 412 nm using 
a spectrophotometer.  A blank reaction mixture 
(phosphate buffer + DTNB without GSH) was used to 
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zero the instrument.  The concentration of reduced 
glutathione in the samples was determined from 
absorbance values using a standard curve prepared with 
known concentrations of GSH.  The GSH concentration 
in the sample was calculated using the equation from the 
calibration curve: 

GSH concentration

=
Absorbance of sample

Slope of calibration curve
  

×  Dilution factor 

The results are expressed as µM/mL of GSH for serum 
and µM/mg of protein for tissue homogenates. 

2.6.3 Estimation of catalase (CAT) activity  

Quantification of catalase activity was performed 
according to the method of Aebi (1984).  This method 
relies on catalase’s ability to catalyze the breakdown of 

H₂O₂ into water and oxygen.  The decrease in H₂O₂ 
concentration, which has strong absorbance at 240 nm is 
monitored spectrophotometrically.  A reduction in 
absorbance over time is proportional to the catalase 
activity in the sample.  Briefly, 250 µL of 50 mM PBS, pH 
7, was added to a labelled 96-well microplate, and then 15 
µL of the sample (serum or tissue homogenate) was added.  
It was mixed, and the absorbance was read at 240 nm to 

obtain the blank reading (A₀).  With the aid of a 
multichannel pipette, 5 µL of 6% H2O2 in PBS pH 7 was 
immediately added to each well, and the mixture was 
mixed by pipetting to initiate the reaction.  After a minute 
(60 seconds) of reaction, the mixture was read again at 240 

nm to obtain the post-reaction absorbance (A₁).  The 
average change in hydrogen peroxide absorbance per 
minute was calculated using the following formula: 

Catalase activity =
ΔA ⋅ V total

𝜀 ⋅ 𝑑 ⋅ 𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 

Catalase activity was expressed in IU mL−1min−1 for 
serum and IU mg protein−1min−1 for tissue homogenates. 

Where:  

ΔA: Change in absorbance per minute (A₀ - A₁). 

Vtotal: Total reaction volume in the well (0.270 mL). 

ε: Extinction coefficient of H₂O₂ at 240 nm (0.0436 mM⁻¹ 

cm⁻¹). 

d: Path length (0.6 cm in a 96-well microplate). 

Vsample: Volume of the sample added (0.015 mL). 

2.6.4 Estimation of superoxide dismutase (SOD) 
activity 

Superoxide dismutase (SOD) activity was quantified 
according to the method described by Marklund and 
Marklund (1974).  The principle of this procedure is based 
on the ability of SOD to inhibit the generation of 

superoxide anion radicals (O₂⁻) during the auto-oxidation 
of pyrogallol in an alkaline environment.  SOD catalyzes 

the dismutation of O₂⁻ into oxygen (O₂) and hydrogen 

peroxide (H₂O₂).  The assay quantifies the extent of SOD 
inhibition of pyrogallol auto-oxidation by measuring the 
reduction in absorbance at 325 nm.  Briefly, in a labelled 
96-well microplate, 200 µL of 50 mM Tris-HCl buffer 
containing 1 mM EDTA at pH 8.2 was mixed with 50 µL 
of the sample (serum or tissue supernatant), alongside a 
blank of distilled water.  The mixtures were thoroughly 
mixed by pipetting.  Then, the initial absorbance was 
measured at 325nm using a microplate reader and 
recorded.  The reaction was initiated by adding 50 µL of 
24 mM pyrogallol solution to the wells, then mixing 
thoroughly by pipetting.  The absorbance was measured 
again at 325 nm over 60 seconds, with readings taken at 
15-second intervals.  The rate of pyrogallol auto-oxidation 
in the presence of the sample decreases relative to the 
blank.  One unit (U) of SOD activity is defined as the 
amount of enzyme required to inhibit pyrogallol auto-
oxidation by 50%.  The SOD activity was determined by 
comparing the auto-oxidation rate of pyrogallol (change in 
absorbance per minute) in the presence and absence of the 
sample, using the formula below: 

SOD activity =
Rate in Blank − Rate in  sample

Ratein Blank 
 

× 50 

Where: 

Rate in Blank: Change in absorbance per minute in the 
absence of the sample. 

Rate in Sample: Change in absorbance per minute in the 
presence of the sample. 

50% inhibition: Defined as 1 unit (U) of SOD activity. 

2.6.5 Estimation of Glutathione peroxidase (GPx) 
activity  

Glutathione peroxidase (GPx) activity was estimated using 
the indirect assay method described by Lawrence and 
Burk (1976).  The principle involves measuring the 
enzyme's (GPx) ability to catalyze the reduction of 

hydrogen peroxide (H₂O₂) to H₂O and O2 using reduced 
glutathione (GSH) as a substrate.  Oxidized glutathione 
(GSSG) is recycled back to GSH by glutathione reductase 
(GR) in the presence of NADPH.  The decrease in 
NADPH absorbance at 340 nm, proportional to GPx 
activity in the sample, is monitored 
spectrophotometrically.  Briefly, in labelled Eppendorf 
tubes, the reaction mixture containing 0.5 mL of 50 mM 
PBS (at pH7.0), 0.1 mL of 1 mM EDTA solution, 0.1 mL 
of 2 mM GSH solution, 0.05 mL of 0.2 mM NADPH 
solution, 0.05 mL of 0.24 U/mL of GR and 0.1 mL of 
sample (serum or tissue homogenate) were mixed 
thoroughly by pipetting.  Then, 200 µL of the mixture was 
placed in a 96-well microplate, and the initial absorbance 
(A1) was measured at 340 nm using a microplate reader.  
To simulate the reaction, 25 µL of 1.5 mM H2O2 was 
added and mixed thoroughly.  Subsequently, the change in 
absorbance (A2) was measured again at 340 nm for a 
period of 3 minutes at 30-second intervals.  GPx activity 
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(U/mL or U/mg protein) was calculated using the 
following formula below: 

Firstly, the rate (ΔA) of NADPH consumption was 
calculated: 

Rate of NADPH consumption  (ΔA)  

=
A1 − A2

Time in minutes 
 

Then, the GPx activity can be calculated using the molar 
extinction coefficient (ε) of NADPH at 340 nm as follows: 

GPx activity =
ΔA

ε  ×  reaction volume (mL) 
 

The amount of enzyme that catalyzes the conversion of 1 
µmol of NADPH per minute. 

2.6.6 Estimation of antioxidant mineral 
concentrations 

For the trace element analysis, atomic absorption 
spectroscopy (AAS) was used to quantify the selected 
trace elements, including Zinc (Zn), Copper (Cu), 
Manganese (Mn), and Iron (Fe), as outlined by Kizalaite 
(2019).  This procedure involves sample digestion, 
preparation of standards, calibration of the instrument, 
and element detection.  The principle is based on the 
release of elements from the sample into the solution via 
microwave digestion with concentrated acids.  Then the 
elements are quantified by AAS, where their (elements) 
specific absorption at characteristic wavelengths is 
measured.  Briefly, plasma and the various organ 
homogenate samples were prepared by microwave 
digestion as described by Kizalaite (2019) as follows: 0.5 
mL of each sample was deposited into labelled microwave 
digestion vessels.  To each vessel, 5 mL of concentrated 
nitric acid (70% HNO3) and 1 mL of hydrogen peroxide 
(30% H2O2) were added, covered with the vessel lid, and 
then submitted to the microwave at 200 °C for 20 minutes.  
After digestion and cooling, the samples were transferred 
into 25 mL volumetric flasks, diluted to the mark with 
deionized water, then filtered to remove any particulate 
matter.  Subsequently, the samples were further analyzed 
using an atomic absorption spectrometer equipped with a 
deuterium background corrector, while hollow cathode 
lamps for Zn, Cu, Mn, and Fe were used as radiation 
sources.  Atomization was carried out in an air-acetylene 
flame.  The operational conditions were established 
according to the manufacturer’s recommendations for 
each element.  The results are presented in µg/mL for 
plasma and µg/g wet tissue for the organ samples. 

2.7.0 Data Analysis  

The data obtained were presented as mean ± standard 
error of the mean (SEM).  Data from 3 sample replicates 
(n=3) per treatment in each group were used for statistical 
analysis across groups.  Results for the biochemical 
parameters were analyzed statistically using one-way 
analysis of variance (ANOVA) followed by Duncan’s post 
hoc multiple-comparison tests in SPSS version 20.  A p-
values ≤ 0.05 were considered statistically significant. 

RESULTS 

3.1.0 In-vitro studies 

3.1.1 Total phenolic content, total flavonoid content, 
and the in-vitro antioxidant activity of the 
formulation  

The results for the estimations of total phenolic content, 
total flavonoid contents and the in-vitro antioxidant activity 
of the nutraceutical formulation (FX) are presented in 
Figure 2.  The results showed that the formulation 
exhibited a good concentration of phenolic and flavonoid 
compounds, with estimated TPC and TFC values of 
61.84±5.31 mgGAE/g and 18.31±2.17 mgQE/g, 
respectively (Figure 2A).  This indicated that the 
nutraceutical formulation is rich in phenolic compounds, 
which are known to contribute to its antioxidant potential. 

The free radical scavenging activities of the FX extract 

were evaluated against DPPH, superoxide (O₂•⁻), and 

hydrogen peroxide (H₂O₂), with the results presented in 
Figures 2B, 2C, and 2D, respectively.  The formulation 
demonstrated dose-dependent radical scavenging activity 

with IC₅₀ values of 0.086 ± 0.022 mg/mL for DPPH; 

0.064 ± 0.014 mg/mL for O₂•⁻; and 0.16 ± 0.03 mg/mL 

for H₂O₂ as compared to the IC₅₀ values of the standard 
antioxidants used (0.031 ± 0.001 mg/mL for vitamin C; 
0.024 ± 0.002 mg/mL for quercetin; and 0.063 ± 0.01 
mg/mL for gallic acid).  The FX extract exhibited 
relatively strong, but lower, radical-scavenging activity.  
These findings suggest that while the formulation 
possesses significant antioxidant potential, its efficacy is 
slightly lower than that of pure standard antioxidants 
(vitamin C; quercetin and gallic acid).  Nonetheless, the 
results confirm that the nutraceutical formulation has 
notable free radical scavenging activity, supporting its 
potential therapeutic application in oxidative stress-related 
conditions. 

3.2.0 In-vivo studies 

3.2.1 Induction of diabetes and effect of FX 
administration on blood glucose levels 

Intraperitoneal administration of a single dose (120 mg/kg 
body weight) of alloxan to 12-hour fasted rats resulted in 
a significant (P < 0.05) elevation of fasting blood glucose 
levels reaching 16.48 mmol/L, compared to the normal 
control rats with a blood glucose level of 5.72 mmol/L.  
This hyperglycemic state was observed after three days of 
alloxan administration.  Additionally, clinical symptoms of 
diabetes, including polydipsia, polyphagia, polyuria, and 
general stress conditions, were observed in the diabetic 
rats. 

The fasting blood glucose levels monitored weekly 

throughout the study are presented in Figure 3A.  The 

results indicate that alloxan administration led to a 

persistent and significant (P < 0.05) elevation in fasting 

blood glucose levels, peaking at 19.48 mmol/L at week 

three (3) in the diabetic untreated rats, whereas the normal 

control group maintained a fasting blood glucose level of 
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5.72 mmol/L (Figure 3A).  However, administration of 

the nutraceutical formulation (FX) at 250 mg/kg and 500 

mg/kg body weight significantly (P < 0.05) reduced blood 

glucose levels compared with diabetic untreated rats 

(Figure 3A).  The steady weekly reduction in blood glucose 

levels in the FX250 and FX500-treated groups indicated 

gradual normalization, approaching those of the normal 

control and metformin-treated groups by the third week 

(Figure 3A).  In addition, at week three, there was no 

significant (P > 0.05) difference in blood glucose levels 

between the metformin-treated group (MC100) and the 

FX500-treated group (Figure 3A). 

 
Figure 2: Phytochemicals and in-vitro antioxidant activities of ‘FX’ formulation.[A]: Total phenolic andtotal 
flavonoid content;[B]: DPPH radical scavenging activity;[C]: O2

*- radical scavenging activity and [D]: H2O2 
decomposition activity.  Values are presented as mean ± SEM(n = 3).  

3.2.2 Effect of FX administration on Body weight 
changes  

The results of the effect of FX administration on body 
weight changes are presented in Figure 3B.  
Administration of alloxan resulted in a significant (P < 
0.05) decrease in body weight in diabetic rats, evident from 
week 1 through week 3 (Figure 3B).  While no significant 
(P > 0.05) weight changes were observed in any group at 
baseline (week 0), the normal control group showed a 
steady, significant (P < 0.05) increase in body weight 
throughout the experimental period.  The diabetic control 
(DC) group exhibited a progressive reduction in body 
weight, decreasing from 231.41 g at week 0 to 185.26 g at 
week 3, whereas the normal control group increased from 
232.10 g at week 0 to 265.13 g at week 3.  Treatment with 
FX250 and FX500 resulted in a gradual and significant (P < 
0.05) increase in body weight compared with untreated 
diabetic rats (Figure 3B).  This suggests that FX 
administration contributed to weight maintenance and 
mitigated the weight loss associated with alloxan-induced 
diabetes. 

3.2.3 Effect of FX administration on oral glucose 
tolerance test  

The results of the oral glucose tolerance test are depicted 
in Figure 3C.  The basal fasting blood glucose level was 

significantly higher in the diabetic control group than in 
the other groups.  Following the oral glucose load, a sharp 
increase in blood glucose levels was observed in all groups 
within the first 30 minutes, with the diabetic control group 
reaching a peak value of 21.05 mmol/L (Figure 3C).  
Subsequently, blood glucose levels began to decline 
steadily after 60 minutes and returned to near-normal 
levels at 90 and 120 minutes in all groups except the 
diabetic control, which exhibited delayed glucose 
clearance, as evidenced by a slight decline at 90 minutes 
followed by a plateau up to 120 minutes.  This result 
indicates impaired glucose metabolism in the diabetic 
control rats (Figure 3C). 

3.2.4 Effect of FX administration on organ index 

The results of the organ index analysis are presented in 
Figure 3D.  A slight decrease in liver index was observed 
in all diabetic rat groups (DC, MC, FX250, and FX500) 
compared to the normal control (NC) group.  However, 
there were no significant (P > 0.05) differences in liver 
indices between all the treated rats (NC, MC, FX250, and 
FX500) (Figure 3D).  Also, no significant differences (P > 
0.05) in kidney indices were observed among the 
experimental groups (NC, DC, MC, FX250, and FX500), 
including the diabetic control group.  Regarding pancreatic 
indices, the diabetic control group showed a significantly 
lower pancreatic index (0.12 mg/g; P < 0.05) than the 

https://scientifica.umyu.edu.ng/


 
 

UMYU Scientifica, Vol. 4 NO. 4, December 2025, Pp 215 – 230. 

 224 

 

 https://scientifica.umyu.edu.ng/                      Muhammad et al., /USci, 4(4): 215 – 230, December 2025  
 

normal control group (0.24 mg/g; Figure 3D).  However, 
administration of FX250 and FX500 significantly (P < 0.05) 
increased the pancreatic index, restoring it to levels 
comparable to those of the normal control group.  

Additionally, there were no significant differences (P > 
0.05) in the pancreatic index among the FX250, FX500, 
MC100, and normal control (NC) groups (Figure 3D). 

 
Figure 3: Effect of FX administration on blood glucose level, body weight changes and organ indices.[A]: 
Fasting lood glucose levels, [B]: Weekly body weight changes, [C]: Oral glucose tolerance test and [D]: Organ 
indices.  Values are presented as mean ± SEM;n= 3.  The experimental groups are: NC (Normal Control), DC 
(Diabetic Control), MC (Metformin-treated group), and FX250 and FX500 (formulation-treated groups).  
Superscript letter (‘a’ ‘b’) indicates statistically significant differences between groups at P ≤ 0.05 level of 
significance. 

Table 1A: Serum antioxidant enzyme activities 

Group 
MDA  

(nmol/mL) GSH (μmol/L) 
CAT 

(U/mL) 
SOD 

(U/mL) 
GPx 

(U/mL) 

 NC 1.61 ± 0.33a 4.99 ± 0.54 b 317.11 ± 38.19 b 136.16 ± 7.45 b 143.71 ± 4.79 b 

DC 5.77 ± 0.87b 0.66 ± 0.06 a 150.27 ± 13.47 a 60.85 ± 11.02 a 85.58 ± 8.52 a 

MT 1.63 ± 0.21b 5.66 ± 0.92 c 250.40 ± 31.53 b 135.07 ± 7.24 b 136.27 ± 12.44 b 

Fx250 1.97 ± 0.77 b 3.47 ± 0.62 b 293.95 ± 7.04 b 136.24 ± 7.93 b 136.97 ± 6.49 b 

Fx500 2.01 ± 0.11 b 4.68 ± 0.45 c 305.38 ± 15.42 b 139.33 ± 4.7 b 139.25 ± 7.5 b 

Table 1B: Liver antioxidant enzymes activities 

Grp MDA (nmol/mg Prot) GSH  
(μmole/g Prot) 

CAT  
(U/mg Prot) 

SOD 
 (U/mg Prot) 

GPx  
(U/mg Prot) 

NC 1.04±0.08a 5.32± 1.01b 660.27 ± 80.71 c 569.49± 155.34a 277.04± 53.44a 

DC 4.11 ±0.49 b 4.16±0.79 a 350.40 ± 76.76a 727.51± 47.31 a 518.68± 61.09 a 

MT 1.56±0.45 a 5.43±0.39 b 493.95 ± 7.04b 568.4± 52.96 a 236.27± 12.44 a 

Fx250 1.30 ±0.43 a 3.87±0.64 a 517.11 ± 38.19 b 636.31± 92.57 a 228.97± 5.82 a 

Fx500 1.61 ± 0.29 a 5.01 ± 0.82 b 575.38 ± 39.02 b 605.96 ± 15.14 a 252.56 ± 30.16 b 

Table 1C: Kidney antioxidant enzymes activities 

Grp MDA 
(nmol/mg Prot) 

GSH 
(µmol/g Prot) 

CAT 
(U/mg Prot) 

SOD 
(U/mg Prot) 

GPx 
(U/mg Prot) 

 NC 0.96±0.15a 5.65±0.06c 432.11± 68.82b 492.09± 48.91a  210.29 ± 53.81b 

DC 2.77±0.98b 1.19±0.35a 269.97± 16.26a 233.38± 30.97b 91.95± 3.39a 

MT 1.23± 20a 4.93 ± 0.70bc 423.77± 94.88b 481.87± 43.39a 186.57± 41.84b 

Fx250 1.30±0.43a 4.37±0.58b 403.39± 17.48b 529.81± 58.33a 162.3± 58.84ab 

Fx500 1.17±0.13a 5.34±0.40bc 470.75± 70.18b 545.86± 16.04a 208.96± 49.15b 
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Table 1D: Pancreas antioxidant enzymes activities 

Grp MDA(nmol/mg Prot) GSH 
(µmol/g Prot) 

CAT 
(U/mg Prot) 

SOD 
(U/mg Prot) 

GPx 
(U/mg Prot) 

 NC 0.84±0.08b 5.26±0.41b 517.11± 38.19c 569.49± 155.34b 317.04± 60.88c 

DC 4.71±0.64a 0.63±0.20a 193.60± 39.38b 194.18± 50.24a 152.01± 46.33c 

MT 0.97±0.19b 4.30 ±0.61b 383.79 ± 26.61b 568.40 ± 52.96b 232.64 ± 6.95b 

Fx250 1.24±0.51b 4.30 ±0.85b 483.75± 22.31c 636.31± 92.56b 227.68± 6.29b 

Fx500 0.94±0.33b 4.68±0.45b 508.71±20.69c 605.96± 155.14b 276.00±13.10b 

 
Figure 4: Effect of FX administration on antioxidant minerals levels in serum and tissues.  [A]: Zinc (Zn); [B]: 
Copper (Cu);[C] Manganese (Mn); and [D]: Iron (Fe).  Values are presented as mean ± SEM;n = 3.  
Experimental groups: NC (Normal Control); DC (Diabetic Control); MT (Metformin treated group); and FX250 
and FX500 (formulation treated groups).  Superscript letter (‘a’ ‘b’) indicates statistically significant differences 
between groups at P ≤ 0.05 level of significance.  

3.2.5 Effect of FX administration on antioxidant 
enzyme activities  

The results of the effect of FX administration on 
antioxidant enzyme activities in serum and organs (liver, 
kidney and pancreas) homogenates are presented in Table 
1.  The diabetic control group exhibited a significant (P < 
0.05) increase in malondialdehyde (MDA) levels (5.77 ± 
0.87 nmol/mL) and a significant (P < 0.05) decrease in 
glutathione (GSH) concentration (0.66 ± 0.06 μmol/L) in 
serum compared to the normal control group, which 
showed significantly (P < 0.05) lower MDA levels (1.61 ± 
0.33 nmol/mL) and higher GSH concentrations (4.99 ± 
0.54 μmol/L) (Table 1A).  Furthermore, in the serum, the 
diabetic control group exhibited reduced activities of 
catalase (CAT), superoxide dismutase (SOD), and 
glutathione peroxidase (GPx) (P < 0.05) compared to the 
normal control (Table 1A).  These observations indicate 
severe oxidative stress in the diabetic rats.  Treatment with 
FX250 and FX500 for 3 weeks significantly reduced MDA 
levels (P < 0.05), bringing them closer to normal control 
values.  Additionally, the activities of CAT, SOD, and GPx 
were significantly (P < 0.05) improved in the FX500-treated 

group (305.38 ± 15.42 U/mL, 139.33 ± 4.7 U/mL, and 
139.25 ± 7.5 U/mL), respectively compared to the 
diabetic untreated group (150.27 ± 13.47 U/mL, 60.85 ± 
11.02 U/mL, and 85.58 ± 8.52 U/mL), respectively (Table 
1A).  Similar trends were observed in the liver, kidney, and 
pancreas tissues.  These further reiterate the formulation's 
role in mitigating oxidative stress (Tables 1B, 1C, and 1D). 

Table 1A, 1B, 1C and 1D: Effect of FX administration 
on antioxidant makers/enzyme activities.  [1A]: Serum 
antioxidants [1B]: Liver antioxidants [1C]: Kidney 
antioxidants and [1D]: Pancreas antioxidants.  Values are 
presented as mean ± SEM; n = 3.  Experimental groups: 
NC (Normal Control), DC (Diabetic Control), MC 
(Metformin-treated group), and FX250 and FX500 
(Formulation-treated groups).  Superscript letter (‘a’ ‘b’ ‘c’) 
indicates statistically significant differences between 
groups at the P ≤ 0.05 level of significance. 

3.2.6 Effect of FX administration on antioxidant 
minerals (Zn, Cu, Mn and Fe) concentrations 

The results of the effect of FX administration on 
antioxidant minerals (Zn, Cu, Mn and Fe) concentrations 
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in the serum and tissue homogenates (liver, kidney and 
pancreas) of the alloxan induced diabetic rats are 
presented in Figure 4.  The untreated diabetic group 
exhibited a significant (P < 0.05) decrease in Zn, Mn, and 
Fe concentrations in both serum and tissues compared to 
the normal control group (Figure 4A-4D).  However, Cu 
levels were significantly elevated (P < 0.05) in the serum 
and liver of the diabetic untreated group compared with 
the normal control group (Figure 4B).  These suggest 
alterations in antioxidant mineral homeostasis in the 
diabetic rats.  However, treatment with the formulation 
(FX250 and FX500) for three weeks resulted in the 
restoration/normalization of these minerals (Zn, Cu, Mn, 
and Fe) in both serum and tissues relative to the normal 
control group (Figure 4).  These findings suggest that FX 
supplementation can replenish antioxidant minerals, 
mitigating oxidative stress-related mineral imbalances in 
diabetic conditions.  Interestingly, observations similar to 
those in the FX500-treated group were observed in the 
metformin-treated group (Figure 4D). 

DISCUSSION OF THE RESULTS 

4.1 In-vitro studies 

Hyperglycemia-induced oxidative stress is a key factor in 
the pathogenesis of diabetes.  Nutraceuticals with 
hypoglycemic and antioxidant properties offer a 
promising avenue for therapeutic potential, including in 
diabetes (Ghannadias and Lomer, 2022).  Abelmoschus 
esculentus (okra) is known for its rich phytoconstituents, 
including phenols, flavonoids, fibers, and mucilage, with 
notable biological activities which contribute to its 
medicinal benefits (Durazzo et al., 2018).  Previous studies 
highlight the antidiabetic properties of okra fruit, 
including the Ex-maradi variety, particularly its seeds and 
pods, leading to the formulation of an effective 
antidiabetic nutraceutical (Matazu et al., 2018; Muhammad 
et al., 2018; Abbas et al., 2017). 

This study evaluated the antioxidant potential of the Ex-
Maradi okra-based antidiabetic nutraceutical formulation 
in alloxan-induced diabetic rats.  The formulation 
exhibited substantial total phenolic (61.84 ± 5.31 mg 
GAE/g) and total flavonoid (18.31 ± 2.17 mg QE/g) 
content, with strong in-vitro antioxidant activity, effectively 
scavenging hydrogen peroxide and superoxide radicals, 

and demonstrating relatively low IC₅₀ values, providing 
direct free radical–scavenging capacity.  This chemical 
antioxidant action likely contributes to an immediate 
reduction in oxidative stress following the administration.  
These findings align with previous reports on okra’s 
antioxidant efficacy (Doreddula et al., 2014; Durazzo et 
al., 2018).  The observed free radical-scavenging efficacy 
of FX may be attributed to the bioactive metabolites it 
produces, reinforcing its potential therapeutic role in 
managing oxidative stress. 

The administration of alloxan (120 mg/kg) to the rats 
resulted in significantly elevated fasting blood glucose 
levels (P < 0.05) within 3 days.  Clinical signs such as 
polyphagia, polydipsia, polyuria, and general stress 
manifestations confirmed the successful establishment of 

diabetes in the experimental rat model.  The mechanism 
could involve selective beta-cell destruction by alloxan, via 
glucose transporter 2 (GLUT2), leading to the generation 
of reactive oxygen species (ROS), subsequent oxidative 
damages and impaired insulin secretion (Ajirioghene et al., 
2021).  This culminates in persistent hyperglycemia, 
contributing to the metabolic derangements characteristic 
of diabetes (Matazu et al., 2018).  Three-week treatment 
with the formulation (FX250 and FX500) significantly (P < 
0.05) reduced blood glucose levels, comparable to 
metformin. 

Additionally, the formulation modulated oxidative stress 
by improving antioxidant enzyme activities and 
normalizing the defective levels of antioxidant minerals.  
The hypoglycemic effect of the FX formulation may stem 
from its bioactive phytochemicals, which mitigate 
oxidative stress and thereby attenuate alloxan-induced 
oxidative injury to β-cells, enhancing pancreatic function 
and improving insulin sensitivity.  These are supported 
from the medicinal benefit of Abelmoschus esculentus L. 
(okra) as previously reported by Mokgalaboni et al. (2024).  

The exhibited significant (P < 0.05) weight loss in diabetic 
rats compared to normal control rats (Figure 3B) is likely 
due to impaired glucose metabolism and increased 
utilization of lipid and protein reserves (Ajirioghene et al., 
2021).  However, treatment with FX250 and FX500 led to 
weight restoration, suggesting improved insulin secretion 
and sensitivity, and a sustained glucose-lowering effect, 
thereby enhancing glucose uptake and utilization, 
suggesting the ability of FX to improve glucose 
metabolism and insulin sensitivity.  These are consistent 
with previous findings on okra's role in metabolic 
syndromes (Nikpayam et al., 2024; Mokgalaboni et al., 
2024), which support the antidiabetic potential of the FX 
formulation.  

The organ index analysis revealed no significant (P > 0.05) 
differences in liver and kidney indices across all diabetic 
rats compared to the normal control rats (group), 
suggesting resilience of these organs to alloxan-induced 
oxidative stress.  However, the significant reduction in 
pancreas index (P < 0.05) in diabetic rats highlights the 
pancreatic tissue's susceptibility to oxidative damage 
(Figure 3D).  Treatment with the formulations 
significantly improved pancreatic indices, underscoring 
their protective effects on pancreatic integrity.  This may 
also indicate the formulation's antioxidative effect, as 
generally supported by Doreddula et al. (2014).  
Nevertheless, more profound and biologically relevant 
effects were observed in vivo, where the treatment 
significantly improved endogenous antioxidant defences 
and glucose homeostasis. 

The significant increase (P < 0.05) in malondialdehyde 
(MDA) levels in the serum and tissues, indicating 
heightened lipid peroxidation and oxidative stress, 
alongside reduced antioxidant enzyme activities (CAT, 
SOD, GPx) and glutathione (GSH) levels in serum and 
organ homogenates of the diabetic rats, indicate that the 
findings are consistent with the pro-oxidant nature of 
alloxan, which disrupts the antioxidant defence system via 
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ROS generation (Doma et al., 2023).  Treatment with 
FX200 and FX500 significantly reduced lipid peroxidation 
and restored GSH levels, aligning with prior studies on 
antioxidant interventions of okra fruit (Doreddula et al., 
2014).  The observed protective effects are likely due to 
the formulation's phenolic flavonoids and other bioactive 
constituents, which scavenge ROS and mitigate oxidative 
damage.  These may arise from suppression of 
gluconeogenesis through antioxidant-mediated signalling 
pathways.  The concurrent reduction in MDA levels 
supports this interpretation, indicating that mitigation of 
oxidative damage plays a central role in restoring glucose 
metabolism (El Arem et al., 2014).  

Furthermore, from the results, diabetes significantly (P < 
0.05) reduced serum and organ levels of key antioxidant 
minerals, including zinc (Zn), copper (Cu), manganese 
(Mn), and iron (Fe), which serve as cofactors for critical 
antioxidant enzymes (SOD, GPx, and CAT).  The 
depletion of these trace elements likely reflects their 
overutilization in counteracting oxidative stress (Dilworth 
et al., 2021; Uddin et al., 2021).  Treatment with FX 
formulations restored mineral levels, supporting their role 
in enhancing antioxidant enzyme function and 
management of oxidative stress.  The significant 
improvement in antioxidant enzyme activities (SOD, 
CAT, and GPx) observed in the treated diabetic rats, 
together with the concurrent elevation of essential 
antioxidant minerals (Zn, Cu, Mn, and Fe), suggests a 
synergistic mechanism through which the okra-based 
nutraceutical formulation exerts its antihyperglycemic and 
antioxidant effects.  These findings align with prior 
research linking oxidative stress to trace mineral depletion 
and oxidative imbalance in diabetes (Pezonaga et al., 1996; 
Asadi et al., 2017; Ijarotimi et al., 2023).  Many of these 
minerals act as obligatory cofactors in the catalytic 
machinery of endogenous antioxidant enzymes 
(Satyanarayana, 2021).  For example, Cu and Zn are 
essential for the structural and catalytic integrity of 
Cu/Zn-SOD, while Mn serves as the central cofactor for 
mitochondrial Mn-SOD.  Likewise, Fe is required for 
catalase activity, as its heme-dependent active site relies on 

Fe³⁺ for the dismutation of hydrogen peroxide 
(Satyanarayana, 2021; Liao et al., 2019).  The improved 
mineral bioavailability could be attributed to the 
phytochemical composition of the formulation—
particularly its phenolics and flavonoids—which are 
known to facilitate mineral absorption, stabilize metal 
ions, and modulate redox cycling (Satyanarayana, 2021).  
These may represent a key mechanistic dimension of the 
formulation’s therapeutic effect.  

CONCLUSION AND RECOMMENDATIONS 

The okra-based nutraceutical formulation from ex-Maradi 
variety of Abelmoscus esculentus exhibited strong 
antioxidative and antidiabetic potential through multiple 
mechanisms.  These findings support its use as a 
functional food or supplement for diabetes management, 
though more clinical trials are needed to provide definitive 
recommendations.  

Further research, including conducting a thorough 
chemical characterization of the FX formulation to 
identify the specific bioactive components responsible for 
its antioxidant and antidiabetic properties, and elucidating 
the precise mechanisms of action, is recommended.  More 
pre-clinical and clinical trials are recommended to assess 
its clinical applicability and advance and commercialize 
innovations in diabetes management and other oxidative-
related diseases. 
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