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Abstract 

Background: Diabetes mellitus (DM) affects 11.11% of adults globally in 2024, with prevalence 

projected to reach 13% by 2050. Chronic hyperglycaemia drives oxidative stress, 

neuroinflammation and structural brain injury which is termed diabetic encephalopathy, 

manifesting as anxiety-like behaviour, locomotor deficits and autonomic dysregulation. 

Conventional therapies have limitations, prompting interest in nutraceuticals like Citrullus lanatus 

(watermelon) seed, rich in citrulline, phenolics and flavonoids with documented antioxidant and 

antidiabetic properties. 

Methods: Diabetes was induced with STZ, and rats received EWS or metformin for six weeks 

alongside untreated diabetic and normal controls; an extract-only non-diabetic group assessed 

intrinsic extract effects. Parameters assessed included body and brain weight, blood glucose, open-

field neurobehavioural indices, oxidative stress markers (MDA, SOD, GSH, CAT), glucose-

metabolising enzymes (ALP, ACP, G6PDH, LDH), inflammatory/apoptotic markers (caspase-3, 

IL-6, TNF-α), and frontal cortical histoarchitecture. 

Results: Diabetic controls exhibited significant weight loss, hyperglycaemia, anxiety-like and 

hypoactive behaviour, elevated oxidative stress and inflammatory markers, depleted antioxidants 
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and metabolic enzymes, cortical neuronal necrosis, reactive astrogliosis and collagen deposition. 

Treatment with EWS or metformin significantly attenuated nearly all derangements, normalising 

blood glucose and restoring behavioural, biochemical and histological parameters close to normal, 

with only partial mitigation of collagen deposition. The extract-only group showed no differences 

from normal controls. 

Keywords: Watermelon seed, Diabetes mellitus, Frontal cortex, Oxidative stress, Enzyme of 

glucose metabolism, Neurobehavioural study 

Introduction 

Background 

Diabetes mellitus (DM) remains one of the fastest-growing non-communicable diseases of the 

modern era. According to the 11th edition of the International Diabetes Federation (IDF) Diabetes 

Atlas, 11.11% of adults worldwide were living with diabetes in 2024, corresponding to 

approximately 589 million people, with prevalence projected to rise to nearly 13% (853 million 

people) by 2050 (Genitsaridi et al., 2026). A parallel Global Burden of Disease analysis similarly 

documents a rising trajectory of type 2 diabetes prevalence across all socio-demographic strata 

between 1990 and 2021, with continued increases projected through 2044 (He et al., 2024). This 

escalating burden is driven by urbanisation, sedentary lifestyles, dietary transition and population 

ageing, and is compounded by a substantial proportion of undiagnosed cases, particularly in low- 

and middle-income settings (Genitsaridi et al., 2026). 

Beyond its classical metabolic and vascular complications, chronic hyperglycaemia exerts 

profound effects on the central nervous system. Persistently elevated glucose promotes 

mitochondrial dysfunction, excessive generation of reactive oxygen species, and impairment of 

endogenous antioxidant defences, culminating in neuronal injury, reactive astrogliosis and 

disrupted glial–neuronal signalling (He et al., 2024). This constellation of central changes, termed 

diabetic encephalopathy, is now recognised to affect a substantial proportion of people living with 

diabetes and manifests clinically and pre-clinically as cognitive decline, anxiety-like behaviour 

and altered psychomotor activity (Alrefaei & Elbeeh, 2025). In rodent models of streptozotocin 

(STZ)-induced diabetes, these central derangements are paralleled by increased astrocytic glial 

fibrillary acidic protein (GFAP) expression, neuronal necrosis and disturbances in exploratory, 
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anxiety-related and autonomic behaviours assessed using paradigms such as the open-field test 

(Alrefaei & Elbeeh, 2025). 

Metformin remains the first-line pharmacological agent for type 2 diabetes and has additionally 

been reported to exert central benefits through activation of AMP-activated protein kinase 

(AMPK), with downstream effects on neuroinflammation, oxidative stress and neurotrophic 

signalling (Ameen et al., 2022; Khaleghi-Mehr et al., 2023). However, its central efficacy is not 

uniform across studies, and gastrointestinal intolerance limits use in some patients, sustaining 

interest in complementary or alternative approaches, including nutraceuticals with combined 

antioxidant and antidiabetic activity (Alrefaei & Elbeeh, 2025). 

Rationale 

Citrullus lanatus (watermelon), a widely cultivated member of the Cucurbitaceae family, has long 

been used in traditional medicine for the management of hypertension, renal stones, urinary tract 

infection and diabetes. Its seeds are particularly rich in protein, unsaturated fatty acids, minerals 

and phytochemicals, including phenolics, flavonoids and the non-protein amino acid citrulline, 

which collectively confer antioxidant, anti-inflammatory and metabolic benefits (Benmeziane & 

Derradji, 2023). An ethanolic extract of C. lanatus seed has been shown to be well tolerated in 

Wistar rats, with no adverse behavioural, biochemical or histopathological effects at doses up to 

1000–2000 mg/kg, and with evidence of a protective effect on hepatic and renal histoarchitecture 

and on serum glucose and lipid profiles (Belemkar & Shendge, 2021). Related preparations of the 

plant, such as a leaf extract, have similarly been shown to attenuate hyperglycaemia, 

dyslipidaemia, oxidative stress and structural organ damage in high-fat diet/streptozotocin-induced 

diabetic rats (Jibril et al., 2022), lending biological plausibility to a central protective effect of 

seed-derived extracts as well. 

Despite this accumulating evidence for the peripheral antidiabetic and antioxidant activity of 

watermelon-derived extracts, the majority of existing studies have focused on metabolic, hepatic, 

renal or cardiovascular endpoints. Comparatively little is known about the effects of watermelon 

seed extract on diabetes-associated neurobehavioural change and frontal cortical histoarchitecture, 

an important gap given the growing clinical recognition of diabetic encephalopathy as a major, 

under-treated complication of diabetes (Alrefaei & Elbeeh, 2025). 
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Objectives 

The present study was therefore designed to characterize, in a single integrated model, the 

histological, histochemical, biochemical and neurobehavioural effects of an ethanolic extract of 

watermelon seed in STZ-induced diabetic male Wistar rats, using metformin as an active 

comparator. Specifically, the study evaluated: 

1.  The qualitative and quantitative phytochemical composition and in vitro antioxidant activity of 

the extract; 

2.  The effects of the extract on body weight, relative brain weight, and blood glucose levels; 

3.  The Neurobehavioural outcomes including locomotor activity, anxiety-related behaviours, and 

autonomic functions; 

4.  The oxidative stress markers (MDA, SOD, GSH, CAT), glucose-metabolising enzymes (ALP, 

ACP, G6PDH, LDH), and inflammatory/apoptotic markers (caspase-3, IL-6, TNF-α); 

5.  The frontal cortical histoarchitecture using H&E, PTAH, Cresyl Fast Violet, GFAP 

immunohistochemistry, and Masson's trichrome staining. 

The overarching goal was to establish whether this readily available agricultural by-product holds 

promise as a nutraceutical adjunct for the neurological complications of diabetes. 

Materials and Methods 

Acute oral toxicity (LD₅₀) study 

The acute oral toxicity of the ethanolic extract was evaluated in healthy adult Wistar rats using 

Lorke's (1983) up-and-down two-phase method, as adapted in recent toxicological studies 

(Olubodun et al., 2024). In Phase One, animals were randomly allocated into three groups (n = 3 

per group) and administered the extract orally as a single dose of 100, 400, or 1000 mg/kg body 

weight. Animals were observed continuously for the first 4 hours and then intermittently over 24 

hours, and daily thereafter for up to 14 days, for signs of toxicity including changes in behaviour, 

motor activity, salivation, tremors, convulsions, and mortality. As no mortality or overt toxicity 

was observed in Phase One at any dose, Phase Two was conducted using three new groups of rats 

(n = 3 per group) administered higher single oral doses of 2000, 3000, or 4000 mg/kg body weight, 

with the same observation protocol applied (Dumon et al., 2019). All animal procedures were 



 

 

5 

carried out in accordance with institutional and national guidelines for the care and use of 

laboratory animals, following approval by the relevant institutional animal ethics committee. 

Qualitative phytochemical screening 

The crude ethanolic extract was screened for the presence of tannins, phenols, phlobatannins, 

alkaloids, saponins, flavonoids, steroids, anthraquinones, terpenoids, cardiac glycosides, and 

reducing sugars using standard qualitative colour and precipitation reactions(Shah et al., 2023). 

Tannins and phenols were detected by the ferric chloride test, in which a few drops of 5% ferric 

chloride solution were added to the extract and observed for a blue-black or greenish-black 

colouration. Phlobatannins were identified by boiling the extract with 1% aqueous hydrochloric 

acid and observing for a red precipitate (Noor & Terefe, 2025). Alkaloids were detected using 

Mayer's and Wagner's reagents, with the appearance of a cream or reddish-brown precipitate, 

respectively, indicating a positive result. Saponins were assessed by the froth test, in which the 

extract was vigorously agitated with distilled water and observed for persistent, honeycomb-like 

froth. Flavonoids were tested using the sodium hydroxide test, where a yellow colouration that 

disappeared on addition of dilute acid confirmed their presence. Steroids and terpenoids were 

detected using the Salkowski and Liebermann–Burchard tests, indicated by a red-brown or blue-

green colouration at the interface of chloroform and concentrated sulphuric acid. Anthraquinones 

were identified by Borntrager's test, involving the appearance of a pink to red colouration in the 

ammoniacal layer. Cardiac glycosides were detected by the Keller-Kiliani test, indicated by a 

brown ring at the interface. Reducing sugars were confirmed using Fehling's test, with the 

formation of a brick-red precipitate on heating. Each test was recorded as positive (+) or negative 

(−) based on the characteristic colour change or precipitate formed. 

Quantitative phytochemical analysis 

Following confirmation of their presence, the concentrations of the seven quantifiable constituents 

(tannin, phenol, reducing sugar, alkaloid, flavonoid, saponin, and cardiac glycoside) were 

determined and expressed as mg per 100 g of extract, using standard spectrophotometric and 

gravimetric procedures (Nugrahani et al., 2025). Total tannin and total phenolic contents were 

determined by the Folin–Ciocalteu colorimetric method, with absorbance read at 700–760 nm 

against a tannic acid or gallic acid standard curve, respectively. Total flavonoid content was 

determined by the aluminium chloride colorimetric method, with absorbance measured at 415 nm 
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against a quercetin standard curve (Nyadanu et al., 2020). Alkaloid content was determined 

gravimetrically following precipitation with concentrated ammonium hydroxide and re-extraction 

into chloroform. Saponin content was determined by the vanillin–sulphuric acid 

spectrophotometric method, with absorbance read at 544 nm. Cardiac glycoside content was 

determined spectrophotometrically using the Baljet reagent, with absorbance read at 495 nm. 

Reducing sugar content was determined by the 3,5-dinitrosalicylic acid (DNS) method, with 

absorbance read at 540 nm against a glucose standard curve. All determinations were performed 

in triplicate, and results were expressed as the mean concentration in mg/100 g of dried extract. 

In vitro antioxidant assays 

The antioxidant capacity of the ethanolic extract was evaluated across five complementary assays 

at concentrations of 50, 100, 200, 400, and 500 µg/mL, with ascorbic acid used as the reference 

standard in each assay (Knez et al., 2025). The ferric reducing antioxidant power (FRAP) assay 

was based on the reduction of the Fe³⁺–TPTZ (2,4,6-tripyridyl-s-triazine) complex to its blue Fe²⁺ 

form in the presence of antioxidants, with absorbance measured at 593 nm (Fialho et al., 2025). 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay was performed by mixing the 

extract or standard with a methanolic DPPH solution, incubating in the dark for 30 minutes, and 

measuring the decrease in absorbance at 517 nm, with percentage inhibition calculated relative to 

the control. Nitric oxide (NO) scavenging activity was assessed using sodium nitroprusside as a 

nitric oxide donor in phosphate-buffered saline; the nitrite generated was quantified using the 

Griess reagent, with absorbance read at 546 nm. Hydrogen peroxide (H₂O₂) scavenging activity 

was determined by incubating the extract with a hydrogen peroxide solution prepared in phosphate 

buffer (pH 7.4) and measuring the residual H₂O₂ concentration spectrophotometrically at 230 nm. 

Lipid peroxidation inhibitory activity was evaluated using the thiobarbituric acid reactive 

substances (TBARS) method, in which lipid peroxidation was induced in an egg-yolk or tissue 

homogenate substrate using ferrous sulphate, and the malondialdehyde-thiobarbituric acid 

chromogen formed was measured at 532 nm. In each assay, percentage activity was calculated 

relative to the untreated control, and all determinations were performed in triplicate. 

Gas chromatography–mass spectrometry (GC-MS) analysis 

The chemical composition of the ethanolic extract was profiled using a gas chromatograph coupled 

to a mass spectrometer (GC-MS-QP series) fitted with a non-polar capillary column (Rtx-5MS or 
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equivalent, 30 m × 0.25 mm internal diameter, 0.25 µm film thickness), following the general 

approach of Shah et al., (2023). Helium was used as the carrier gas at a constant flow rate of 

approximately 1 mL/min. The injector temperature was maintained at approximately 250°C, with 

a sample injection volume of 1 µL in split mode. The column oven temperature was programmed 

from an initial 60°C, held for 2 minutes, and ramped at 3–10°C/min to a final temperature of 

280°C. Mass spectra were acquired in electron impact ionisation mode at 70 eV, scanning a mass 

range of approximately 40–600 m/z. Individual constituents were tentatively identified by 

comparing their mass spectral fragmentation patterns and retention times against reference spectra 

held in the National Institute of Standards and Technology (NIST) mass spectral library, and the 

relative percentage of each constituent was calculated from its corresponding peak area relative to 

the total ion chromatogram. 

Plant materials 

Ripe Water melon fruits (Citrullus lanatus) were harvested from Chipakama area Kapiri mposhi, 

central province, Zambia. The fruits were washed and cut open; the seeds were harvested, washed 

and dried under room temperature and were subjected to identification at the University of Zambia 

School of Natural Sciences under the Department of Biological Sciences before the study began. 

The seeds were manually extracted from the fruits, cleaned, and airdried before being processed 

into powder in an electric blender. Prior to analysis, they were stored in an airtight plastic container 

at 4°C. The dried seed powder was macerated in 2 liters of distilled water for 24 hours at room 

temperature. The extractive solvent was then filtered, and the aqueous soluble extract was dried in 

a hot air oven that was set at 45°C. To acquire the extract's flavonoid-rich parts, the oven-dried 

extract was first dissolved in distilled water at room temperature. This was done in accordance 

with the procedure outlined by Bazabang et al.,(2023), the procedure described entailed defatting 

the extract first by adding N-hexane to the aqueous component of the extract and allowing it to 

stand overnight. The two distinct layers generated were separated, and the water residue was 

treated with a hydroalcoholic solution (70:30 methanol to water). Polar compounds were removed 

further by soaking the hydroalcoholic extract in a diethyl ether solution overnight and collecting 

the two different layers that formed. Butanol was added to the water residual, which was violently 

mixed and left to stand overnight. The butanolic fraction contains saponins and will be split into 

two parts after the two different layers were separated. After the two unique layers had developed, 
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they were separated; the butanolic fraction, which includes saponins, was then split into two 

halves. One portion received 1% KOH in addition to being acidified with strong hydrochloric acid 

to produce the flavonoid fraction. The crude flavonoid fraction was the final product employed in 

this investigation. 

Animals 

Thirty adult presumably healthy male Wistar rats (Rattus norvegicus) were used for this study. The 

animals were between 8 to 10 weeks old; body weight (180-220 g). Animals were kept in five 

cages (6 rats per cage) and housed in the Animal house of, Mulungushi University School of 

Medicine and Health Sciences, Department of Human Anatomy, Livingstone campus. They were 

maintained on standard animal feeds (Wealth-gate pelletized feeds) and were given free access to 

clean water and feeds. 

Induction of diabetes 

Streptozotocin (STZ) was used for induction. The feeds were withdrawn overnight from the rats, 

the rats were weighed and a baseline glucose level was obtained. An injection of STZ was 

administered at a dose of 70 mg/kg body weight intraperitoneally, the rats were returned to their 

regular feeding schedule (Luambia, Siabwacha, & Ngosa, 2024). After 72 hours of induction, a 

tail vein puncture was used to obtain fasting blood glucose level in order to ascertain the onset of 

diabetes. The rats with fasting blood glucose level of more than 8 mmol/l or more than 220 mg/dl, 

were classified as diabetic. 

Experimental design 

Table 1  Experimental design 

Group Code Description 

1 NC Normal control 

2 WSO Watermelon seed extract only 

3 DW Diabetic treated with watermelon seed extract 

4 DM Diabetic treated with metformin 

5 DC Diabetic control 

 

Watermelon seed extract mode of administration 
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Watermelon seed extracts were dissolved in physiological saline daily and administered orally 

with the use of an oro-gastric cannula to Group WSO and DW rats (n=6 each group) at 400 mg/kg 

bw, (at 9.00 – 10.00 a.m. each day), for a maximum period of six weeks. Group DM (n=6) received 

10mg/kg bw of Metformin. Group NC rats (n=6) received neither STZ nor Guava leaves extract. 

Group DC rats (n=6) received STZ but no treatment was given (Luambia, Siabwacha, & Ngosa, 

2024). 

Measurement of the body weight (g) 

Body weight (g) of the rats was recorded for two weeks (acclimatisation period) prior to induction 

of diabetes and on a weekly basis during the experimental treatment for a duration of six weeks. 

Body Weight was taken with a weighing scale (Venus VT 30 SL);(Luambia, Siabwacha, & Ngosa, 

2024) 

The relative organ weight (%) 

Using a sensitive weighing balance (SonyF3G brand), the relative organ weight of the rat was 

calculated as the ratio of the weight of its brain to its terminal body weight; the unit of measurement 

was recorded as a percentage (%)(Luambia, Siabwacha, Ngosa, et al., 2024). 

Measurement of blood glucose 

Between 9:00 and 10:00 in the morning, blood glucose levels in Wistar rats that have fasted 

overnight was assessed using the glucose oxidase method of the One Touch Ultra 2 glucometer 

(Accu-Chek Compact Plus). By puncturing the tip of the tail, blood was drawn from the tail's 

median caudal vein. Weekly blood glucose monitoring began two weeks before to the induction 

of diabetes and continued for six weeks during the course of treatment (Luambia, Siabwacha, 

Ngosa, et al., 2024). 

Neurobehavioural studies 

Anxiety, exploration and locomotor activities: The Anxiety, Exploration and Locomotor activities 

were studied using open field maze method (Kehinde et al., 2018). The open field maze that was 

used was the large size (72 × 72 cm). The large open field was used for measuring anxiety and 

exploration as well as locomotion as it had a large center arena. The open field apparatus was 

constructed using plywood painted with white colour and measuring 72 × 72 cm with 36 cm walls. 
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Red lines were drawn on the floor with a marker for visibility on the floor. The lines divided the 

floor into sixteen 18 × 18 cm squares. A central square (18 cm × 18 cm) was drawn in the middle 

of the open field (Kehinde et al., 2018) . The central square was used because some rat strains have 

high locomotor activity and could cross the lines of the test chambers many times during a test 

session. The central square had sufficient space surrounding it to give meaning to the central 

location as being distinct from the outer locations. 

Procedures 

Rats were carried to the test room in their home cages and were handled by the base of their tails 

at all times. Rats were placed into the center, or one of the four corners of the open field and 

allowed to explore the apparatus for 5 minutes. After the 5-minute test, rats were returned in their 

home cages and the open field maze was disinfected with 70% ethyl alcohol and permitted to dry 

between tests (Kehinde et al., 2018). 

Behavioral parameters 

The behaviors that were scored include: 

1.  Line crossing: Frequency with which each of the rats crossed one of the grid lines with all four 

paws in 5 minutes. 

2.  Center square entries: Frequency with which each rat crossed one of the red lines with all four 

paws into the central square (Number of times each rat entered the center square). 

3.  Hinding: Frequency with which the rat stood on its hind limbs in the maze. 

4.  Walling: Number of times the rat touched the maze wall. 

5.  Urination: Number of puddles or streaks of urine in 5 minutes. 

6.  Defecation: Number of fecal boli produced in 5 minutes. 

Histological studies 

Euthanasia was used to sacrifice the animals at the conclusion of this investigation, consistent with 

current best-practice recommendations for the humane killing of laboratory rodents (Clarkson et 

al., 2022). The animals were pinned through the front and rear paws while lying supine on the 

dissecting board. Using bone forceps, the animals' skulls were dissected, and each organ was 

meticulously removed and weighed. In order to examine changes in cellular morphology, the tissue 
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for histological studies were fixed in freshly made formal saline for 72 hours before being 

processed for routine histological examination and stained with haematoxylin and eosin (H&E) 

(Golberg et al., 2024). Also, phosphotungstic acid-haematoxylin (PTAH) technique (Golberg et 

al., 2024), Cresyl Violet (CFV) staining (Bolon et al., 2025), glial fibrillary acidic protein (GFAP) 

immunohistochemistry (Luijerink et al., 2024) and Masson's trichrome (MT) stain (Golberg et al., 

2024) were employed. 

Determination of Oxidative Stress Markers, Phosphatase and Glucose-Metabolising 

Enzymes, and Inflammatory/Apoptotic Markers 

Immediately after dissection, the required brain tissue was rinsed free of blood in ice-cold normal 

saline and weighed. A 10% (w/v) tissue homogenate was then prepared by homogenising the tissue 

in ice-cold 0.1 M phosphate buffer (pH 7.4) using a mechanical tissue homogeniser, keeping the 

sample on ice throughout to minimise enzyme degradation and oxidative artefact. The resulting 

homogenate was centrifuged at 10,000 × g for 15 minutes at 4°C, and the clear supernatant 

obtained was collected and used for the biochemical estimation of carbohydrate metabolism 

enzymes, acid phosphatase, alkaline phosphatase, and caspase-3 (Elfakharany et al., 2024; 

Rajkumar et al., 2022). 

Malondialdehyde (MDA) levels were determined based on the reaction of MDA with 

thiobarbituric acid (TBA) under acidic conditions to form a pink chromogen, measured 

spectrophotometrically, reflecting the extent of lipid peroxidation in brain tissue homogenate 

(Chen et al., 2025a) Superoxide dismutase (SOD) activity was assessed by its ability to inhibit the 

autoxidation of the substrate under alkaline conditions, generating a colour change measured 

spectrophotometrically and expressed as units of enzyme activity per milligram of protein (Chen 

et al., 2025b). Reduced glutathione (GSH) levels were determined by the reaction of free 

sulfhydryl groups with a colorimetric reagent to yield a yellow-coloured product measured 

spectrophotometrically (Chen et al., 2025b). Catalase (CAT) activity was measured based on the 

enzyme's ability to decompose hydrogen peroxide, with the rate of decomposition monitored 

spectrophotometrically (Chen et al., 2025b). 

Alkaline phosphatase (ALP) and acid phosphatase (ACP) activities were determined using a 

kinetic colorimetric method based on the hydrolysis of p-nitrophenyl phosphate to p-nitrophenol, 

a yellow-coloured product whose rate of formation was measured spectrophotometrically under 
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alkaline (ALP) or acidic (ACP) conditions (Chen et al., 2025). Glucose-6-phosphate 

dehydrogenase (G6PDH) activity was assayed by monitoring the rate of NADPH generation from 

NADP⁺ during the oxidation of glucose-6-phosphate, measured spectrophotometrically at 340 nm 

(Dawi et al., 2024a). Lactate dehydrogenase (LDH) activity was determined by measuring the rate 

of NADH oxidation during the conversion of pyruvate to lactate, monitored 

spectrophotometrically at 340 nm (Dawi et al., 2024). 

Caspase-3, interleukin-6 (IL-6), and tumour necrosis factor-alpha (TNF-α) levels in brain tissue 

homogenate were quantified using commercially available rat-specific sandwich enzyme-linked 

immunosorbent assay (ELISA) kits, according to the manufacturer's instructions. Briefly, 

standards and samples were added to microtiter plates pre-coated with the relevant capture 

antibody, followed by incubation with a biotinylated detection antibody and a horseradish 

peroxidase-streptavidin conjugate; the enzymatic reaction was visualized using a 

tetramethylbenzidine (TMB) substrate, and absorbance was read at 450 nm and referenced against 

a standard curve to calculate analyte concentration (Chen et al., 2025). 

Photomicrography 

Photomicrography of histological sections of the Frontal cortices was taken with an Olympus 

Microscope (New York, United State of America) coupled with camera at Department of Human 

Anatomy, Mulungushi University School of Medicine and Health Sciences, Livingstone Campus, 

Zambia. 

Data analysis plan 

Data was presented as mean ± standard error of the mean (mean±SEM); analysed using one way 

ANOVA. All graphs will be drawn using Excel (Microsoft Corporation, U.S.A). P values less than 

0.05 (p<0.05) will be taken to be statistically significant. 

Ethical considerations 

Ethical and regulatory approval was obtained from Mulungushi University School of Medicine 

and Health Sciences Research Ethics and the National Health Research Authority with approval 

number: NHRA-1832/27/12/2024. 
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Results 

Median lethal dose (LD₅₀) 
The acute toxicity test results for watermelon seed extract (Table 2) revealed that administering 

lower doses of 100, 400, and 1000 mg/kg of these extracts did not produce any signs of toxicity in 

the animals. Higher doses of 2000, 3000, and 4000 mg/kg BW showed no toxicity symptoms, and 

no fatalities were observed. 

Table 2  Median lethal dose (LD₅₀) for watermelon seed extract 

Dosage (mg/kg BW) Number of animals Mortality 

Phase one   

100 3 0/3 

400 3 0/3 

1000 3 0/3 

Phase two   

2000 3 0/3 

3000 3 0/3 

4000 3 0/3 

 

Qualitative Analysis of Phytochemicals of Water Melon Seed 

The quantitative analysis revealed presence tannins, phenols, alkaloids, flavonoids, steroids, 

terpenoids, cardiac glycosides, and reducing sugars 

Table 3  Qualitative analysis of watermelon seeds 

Phytochemical Presence of phytochemicals 

Tannin + 

Phenol + 

Phlobatannin − 

Alkaloid + 

Saponin − 

Flavonoid + 

Steroid + 

Anthraquinone − 

Terpenoid + 
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Phytochemical Presence of phytochemicals 

Cardiac glycosides + 

Reducing sugar + 

 

Quantitative Analysis of Phytochemicals of watermelon seeds 

The quantitative phytochemical analysis of watermelon seeds showed tannins as the most abundant 

constituent (45 mg/100 g), followed closely by phenols (43 mg/100 g), alkaloids (37 mg/100 g), 

reducing sugars (30 mg/100 g), flavonoids (20 mg/100 g), and cardiac glycosides (12 mg/100 g). 

 

Fig. 1 Showing quantitative phytochemical analysis of watermelon seeds. 

In vitro biological activity results 

Figure 1 illustrates the quantitative assessment of the flavonoid and total phenolic content of 

watermelon seed. Ferric Reducing Antioxidant Power (FRAP) demonstrates that watermelon seed 

extract had significant ferric-reducing activity at all doses, however it was still less than ascorbic 

acid. In Figure 2, watermelon seed extract showed potent 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

free radical scavenging activity, at higher doses it was still less that of ascorbic acid. The nitric 

oxide (NO) scavenging action of watermelon seed is also displayed in Figure 3, and at greater 

doses, it was less to that of ascorbic acid. Figure 4 shows the hydrogen peroxide (H2O2) 
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scavenging activity in watermelon seed, which was good but still less the activity of ascorbic acid 

at greater doses. Finally, watermelon seed extract showed significant protection against lipid 

oxidation (fig 5). 

 

Fig. 2 Graph showing the effect of watermelon seed extract, compared with ascorbic acid, at various concentrations 

on ferric reducing antioxidant power. 

 

Fig. 3 Graph showing the effect of watermelon seed extract, compared with ascorbic acid, at various concentrations 

on inhibiting DPPH. 
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Fig. 4 Graph showing the effect of watermelon seed extract, compared with ascorbic acid, at various concentrations 

on inhibiting NO%. 

 

Fig. 5 Graph showing the effect of watermelon seed extract, compared with ascorbic acid, at various concentrations 

on inhibiting H2O2%. 

 

Fig. 6 Graph showing the effect of watermelon seed extract, compared with ascorbic acid, at various concentrations 

on inhibiting lipid peroxidation%. 

Phytochemical constituents in watermelon seed 

GC-MS analysis of the watermelon seed extract identified a wide range of phytochemical 

compounds with different retention times and concentrations. The predominant constituent 

detected was Octadecanoic acid, ethyl ester with a remarkably high peak area percentage of 

61.35% at a retention time of 13.931 min, indicating that it was the major phytochemical present 

in the extract. Other notable compounds included n-Hexadecanoic acid (14.11%), 5-

Hydroxymethylfurfural (3.91%), and Naphthalene derivatives (3.3%). Additional constituents 

identified were Caryophyllene, Methyl salicylate, Cinnamaldehyde, Tumerone, Neointermedeol, 

Tetradecanoic acid, Pentadecanoic acid, Ethyl oleate, and naturally occurring sugars such as D-

Allose and β-D-Glucopyranose. 
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Table 4 Results of GC-MS analysis of watermelon seed extract 

Retention time 

(RT) 
Area (%) Compound detected 

5.240 1.9 Caryophyllene, Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene- 

6.242 0.11 Humulene, 1,4,7-Cycloundecatriene, 1,5,9,9-tetramethyl-, Z,Z,Z- 

6.283 0.05 2-Furanmethanol, Methylenecyclopropanecarboxylic acid 

6.719 3.3 
Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-methylethenyl)-, [4aR-

(4a.alpha.,7.alpha.,8a.beta.)] 

7.357 0.30 Methyl salicylate 

8.286 0.24 5-Octadecene, (E)-, 1-Octadecene, Bromoacetic acid, tetradecyl ester 

9.479 0.21 
1,4-Benzenediol, 2-methyl-, Benzaldehyde, 4-fluoro-, 1,4-Benzenediol, 2-

methyl- 

9.739 0.13 3-Furancarboxylic acid, methyl ester, Cyclohexanol, 2-methylene-6-methyl 

10.034 0.39 Cinnamaldehyde, (E)-, 2-Propenal, 3-phenyl-, (Z)-3-Phenylacrylaldehyde 

10.226 0.24 1,6,10-Dodecatrien-3-ol, 3,7,11-trimethyl-, Nerolidol 

10.294 0.14 Cyclotetradecane, 9-Eicosene, (E)-, 5-Eicosene, (E)- 

11.254 0.28 Thymine 

11.399 0.30 Tumerone, (Z)-γ-Atlantone 

11.555 0.36 
2-Methoxy-4-vinylphenol, 3-Methoxyacetophenone, 4-Hydroxy-3-

methylacetophenone 

11.840 0.17 
Hexadecanoic acid, methyl ester, Pentadecanoic acid, 14-methyl-, methyl 

ester 

11.949 0.14 Curlone, 2-Methyl-6-(4-methylenecyclohex-2-en-1-yl)hept-2-en-4-one 

12.084 0.63 Neointermedeol 

12.188 0.36 Hexadecanoic acid, ethyl ester, Octadecanoic acid, ethyl ester 

12.266 0.95 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 

12.369 0.18 2-Propen-1-ol, 3-phenyl- 

12.691 0.32 2,4-Di-tert-butylphenol 

13.288 0.33 
Benzofuran, 2,3-dihydro-, N-Benzyl-2-phenethylamine, 1,2-

Benzenedimethanol 

13.931 61.35 Octadecanoic acid, ethyl ester, Undecanoic acid, ethyl ester 

14.076 0.28 Ethyl oleate 

14.274 3.91 5-Hydroxymethylfurfural 

15.783 0.13 Tetradecanoic acid 

16.567 0.11 Pentadecanoic acid 

17.506 14.11 n-Hexadecanoic acid 

17.636 0.28 Z-10-Tetradecen-1-ol acetate 

17.973 0.16 Hexanoic acid, 4-methyl- 
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Retention time 

(RT) 
Area (%) Compound detected 

18.072 0.11 Heptadecanoic acid 

20.562 0.47 Cyclooctene, 3-ethenyl-, 1-Hexadecyne, E,E-6,11-Tridecadien-1-ol acetate 

21.050 0.26 D-Allose, β-D-Glucopyranose, 1,6-anhydro- 

 

Effect of an ethanolic extract of Watermelon seed extract on the average body 

weight (g) 

Weekly changes in body weight in Wistar rats after diabetes mellitus induction are depicted in 

Figure 1. During acclimatization and diabetes induction (weeks -2 to 0), the body weights of all 

groups were similar. Compared to the NC group, the DC group showed significant and progressive 

body weight reduction following diabetes induction from week 1 (p < 0.05). In comparison to the 

DC group, the DW and DM maintained body weights that were significantly higher (p < 0.05). 

Effect of an ethanolic extract of Watermelon seed extract on relative brain weight 

(%) 

The impact of an ethanolic extract of watermelon seeds on relative brain weight is shown in Figure 

3. When compared to the NC group, the DC group's relative brain weight was considerably lower 

(P < 0.05). The relative brain weight of the treated groups DW and DM was greater than that of 

the DC group (P < 0.05). There was no discernible difference between the extract-only groups 

(WSO) and the NC (P > 0.05). 

Effect of an ethanolic extract of Watermelon seed extract on average blood glucose 

level (mg/dl) 

The long-term impact of an ethanolic extract of watermelon seeds on average blood glucose levels 

is depicted in Figure 2. After diabetes induction, blood glucose levels were considerably higher in 

the DC group than in the NC group (P < 0.05). Over time, blood glucose levels were significantly 

lower in the treated groups DW and DM (P < 0.05 versus DC), returning to nearly normal levels 

by week 6 (P > 0.05 vs NC). The extract-only group (WSO) did not significantly differ from the 

NC group (P > 0.05). 
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Fig. 7 Effect of an ethanolic extract of watermelon seed on weekly average body weight (g). Data are expressed as 

mean ± SEM. *p < 0.05. 

 

Fig. 8 Effect of an aqueous extract of watermelon seed on relative brain weight (%). Data are expressed as mean ± 

SEM. *p < 0.05. 

 

Fig. 9 Effect of an ethanolic extract of watermelon seed on weekly blood glucose level (mg/dl). Data are expressed 

as mean ± SEM. *p < 0.05. 
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Anxiety/exploratory and locomotor activities 

Figure 4 demonstrates that all groups showed comparable line-crossing activity throughout 

acclimatization (P > 0.05). The DC group's locomotor activity significantly decreased after 

diabetes induction (P < 0.05 vs. NC). When compared to DC (P < 0.05) and NC (P > 0.05), the 

treated groups DW and DM significantly increased line crossing. 

Weekly variations in center-square entries are seen in Figure 5. All groups displayed similar 

center-square entries throughout acclimatization (P > 0.05). The DC group showed a significant 

reduction (P < 0.05 vs NC) following diabetes induction. When compared to DC, treated groups 

DW and DM significantly improved center-square entries (P < 0.05), while extract-treated groups 

showed values near NC (P > 0.05). 

Figure 6 illustrates how the rats' hinding alter every week. The graph demonstrates that all groups 

displayed comparable hinding frequencies throughout acclimatization (P > 0.05). The DC group's 

hinding behavior significantly decreased during diabetes induction (P < 0.05 vs. NC). Hinding 

frequency was substantially higher in treated groups DW and DM than in DC (P < 0.05), while 

extract-only groups displayed values near NC (P > 0.05). 

Variations in walling frequency for each group are shown in Figure 7. All groups displayed 

comparable walling frequencies throughout acclimatization, with no significant variations (P > 

0.05). Walling activity significantly increased in the DC group following diabetes induction (P < 

0.05 vs. NC). Walling frequency was considerably lower in treatment groups DW and DM than in 

DC (P < 0.05), with extract-treated groups showing values near NC (P > 0.05). 

Figure 8 shows the weekly differences in micturition frequency for each of the study's groups. All 

groups displayed comparable micturition frequencies throughout acclimatization (P > 0.05). The 

DC group showed a substantial increase in micturition during diabetes induction (P < 0.05 vs NC). 

When compared to DC, treatment groups DW and DM significantly decreased the frequency of 

micturition (P < 0.05), while extract-only-treated groups displayed values near NC (P > 0.05). 

Weekly variations in defecation between the research groups are seen in Figure 9. All groups 

displayed comparable defecation frequencies throughout acclimatization (P > 0.05). The DC group 

showed a substantial increase in defecation after diabetes induction (P < 0.05 vs NC). Defecation 
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frequency was considerably lower in treated groups DW and DM than in DC (P < 0.05), while 

extract-only-treated groups had values near NC (P > 0.05). 

 

Fig. 10 Number of lines crossed per trial. Data are expressed as mean ± SEM. *p < 0.05. 

 

Fig. 11  Number of entrances in the central square. Data are expressed as mean ± SEM. *p < 0.05. 

 

Fig. 12 Number of hinding. Data are expressed as mean ± SEM. *p < 0.05. 
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Fig. 13 Number of walling. Data are expressed as mean ± SEM. *p < 0.05. 

 

Fig. 14 Number of micturition. Data are expressed as mean ± SEM. *p < 0.05. 

 

Fig. 15 Number of pellets. Data are expressed as mean ± SEM. *p < 0.05. 
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Histology results 

Hematoxylin and Eosin (H&E) stain 

In figure 10, the normal control and water melon seed only groups showed pyramidal cells that 

appeared normal. These cells were densely populated, and the histoarchitecture of the frontal 

cortices remained intact (fig.10: NC and WSO). In the diabetic+ watermelon seed and diabetic+ 

metformin groups, some cells were necrotic while others appeared normal (fig. 10: DIA + WS and 

DIA + MET). The diabetic group predominantly had necrotic cells, with few normal cells 

remaining (fig. 10: DC). 

Phosphotungstic acid haematoxylin (PTAH) stain 

Figure 11 showed that the rats in the control and water melon seed only groups exhibited a normal 

distribution of astrocytes, with typical histoarchitecture observed (fig. 11: NC and WSO). In 

contrast, the diabetic groups treated with watermelon seed or metformin showed some neurons 

that were degenerated, while others appeared normal with astrocytes (fig. 11: DIA+WS and 

DIA+MET). Additionally, the diabetic group alone had astrocytes alongside degenerated neurons 

(fig. 11: DC). 

Cresyl Fast Violet (CFV) stain 

In figure 12, the control and water melon seed only groups exhibited a normal distribution of 

astrocytes with typical histoarchitecture (fig.12: NC and WSO). In contrast, the diabetic groups 

treated with watermelon seed or metformin showed some neurons degenerating while others 

appeared normal with astrocytes (fig.12: DIA+WS and DIA+MET). The diabetic group also 

demonstrated significant astrocyte degeneration (fig 12: DC). 

Glial Fibrillary Acidic Protein (GFAP) stain 

Under figure 13 control and water melon seed only groups showed intact frontal cortical structures 

with little GFAP immunoreactivity (fig. 13: NC and WSO). Conversely, diabetic groups treated 

with watermelon seed or metformin maintained much of their neuronal architecture with only 

limited astrocytic activation (fig. 13: DIA+WS and DIA+MET). Additionally, the diabetic group 

exhibited increased GFAP immunoreactivity (fig. 13: DC). 
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Masson's Trichrome (MT) stain 

In figure 14 the rats in the control and watermelon seed only groups showed no abnormal 

interstitial collagen and maintained normal histoarchitecture (fig. 14: NC and WSO). In contrast, 

the diabetic+ watermelon seed displayed significantly increased collagen deposition compared to 

the normal control (fig.14: DIA+WS). Moreover, the diabetic+ metformin and diabetic groups 

exhibited extensive collagen buildup (fig. 14: DIA+MET and DC). 

 

Fig. 16 Photomicrograph showing the frontal cortex at week 6. NC- Normal control, WSO- Watermelon seeds only, 

DIA+WS- Diabetic+watermelon seed, DIA+MET- Diabetic+metformin and DC- Diabetic control. H&E stain X400. 

Green arrow = Normal pyramidal neuron; Red arrow = Necrotic cell. 

 

Fig. 17 Photomicrograph showing the frontal cortex at week 6. NC- Normal control, WSO- Watermelon seeds only, 

DIA+WS- Diabetic+watermelon seed, DIA+MET- Diabetic+metformin and DC- Diabetic control. PTAH stain 

X400. Green arrow = Normal astrocyte; Red arrow = Necrotic cell. 
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Fig. 18 Photomicrograph showing the frontal cortex at week 6. NC- Normal control, WSO- Watermelon seeds only, 

DIA+WS- Diabetic+watermelon seed, DIA+MET- Diabetic+metformin and DC- Diabetic control. CFV stain X400. 

Green arrow = Normal astrocyte; Red arrow = Necrotic cell. 

 

Fig. 19 Photomicrograph showing the frontal cortex at week 6. NC- Normal control, WSO- Watermelon seeds only, 

DIA+WS- Diabetic+watermelon seed, DIA+MET- Diabetic+metformin and DC- Diabetic control. GFAP stain 

X400. Green arrow = Normal astrocyte; Red arrow = Necrotic cell. 

 

Fig. 20 Photomicrograph showing the frontal cortex at week 6. NC- Normal control, WSO- Watermelon seeds only, 

DIA+WS- Diabetic+watermelon seed, DIA+MET- Diabetic+metformin and DC- Diabetic control. MT stain X400. 

Green arrow = Normal astrocyte; Red arrow = Necrotic cell; Blue arrow = Collagen deposition. 

Oxidative stress markers 

Malondialdehyde (MDA) levels were significantly elevated (fig. 15) in the DC group compared 

with NC (P < 0.05). Treatment groups DW and DM significantly reduced MDA levels compared 

with DC (P < 0.05). The extract-only group (WSO) showed no significant difference from NC (P 

> 0.05). 

A significant reduction in superoxide dismutase (SOD) activity and levels was seen in the DC 

group (fig. 16) compared with the NC (P < 0.05). Treatment groups DW and DM significantly 

increased SOD levels compared with DC (P < 0.05). The extract-only groups (WSO) showed no 

significant difference from NC (P > 0.05). 
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Glutathione (GSH) levels were significantly reduced in the DC group (fig. 17) compared with NC 

(P < 0.05). Treated groups DW and DM significantly increased GSH levels compared with DC (P 

< 0.05). The extract-only groups (WSO) showed no significant difference from NC (P > 0.05). 

Catalase (CAT) activity was significantly reduced in the DC group (fig. 18) compared with NC (P 

< 0.05). Treated groups DW and DM significantly increased CAT levels compared with DC (P < 

0.05). The extract-only group (WSO) showed no significant difference from NC (P > 0.05). 

 

Fig. 21 Effect of an ethanolic extract of watermelon seed on MDA levels. Data are expressed as mean ± SEM. *p < 

0.05. 

 

Fig. 22 Effect of an ethanolic extract of watermelon seed on SOD levels. Data are expressed as mean ± SEM. *p < 

0.05. 
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Fig. 23 Effect of an ethanolic extract of watermelon seed on GSH levels. Data are expressed as mean ± SEM. *p < 

0.05. 

 

Fig. 24 Effect of an ethanolic extract of watermelon seed on CAT levels. Data are expressed as mean ± SEM. *p < 

0.05. 

Enzymes of glucose metabolism results 

Alkaline phosphatase (ALP)levels were significantly elevated (fig. 19) in the DC group compared 

with the NC (P < 0.05). Treated groups DW and DM significantly reduced ALP levels compared 

with DC (P < 0.05). The extract-only groups (WSO) showed no significant difference from NC (P 

> 0.05). 

Acid phosphatase (ACP) levels (fig. 20) were significantly elevated in the DC group compared 

with NC (P < 0.05). Treated groups DW and DM significantly reduced ACP levels compared with 

DC (P < 0.05). The extract-only groups (WSO) showed no significant difference from NC (P > 

0.05). 

The levels of Glucose-6-phosphate dehydrogenase (G6PDH) (fig. 21) were significantly lower in 

the DC group than in NC (P < 0.05). Treated groups DW and DM significantly increased G6PDH 
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levels compared with DC (P < 0.05). The extract-only group (WSO) showed no significant 

difference from NC (P > 0.05). 

The effects of watermelon seeds ethanolic extract on lactate dehydrogenase (LDH) levels (fig. 22) 

were significantly higher in the DC group than in the NC (P < 0.05). Treated groups DW and DM 

significantly reduced LDH levels compared with DC (P < 0.05). The extract-only group (WSO) 

showed no significant difference from NC (P > 0.05). 

 

Fig. 25 Effect of an ethanolic extract of watermelon seed on ALP levels. Data are expressed as mean ± SEM. *p < 

0.05. 

 

Fig. 26 Effect of an ethanolic extract of watermelon seed on ACP levels. Data are expressed as mean ± SEM. *p < 

0.05. 
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Fig. 27 Effect of an ethanolic extract of watermelon seed on G6PDH levels. Data are expressed as mean ± SEM. *p 

< 0.05. 

 

Fig. 28 Effect of an ethanolic extract of watermelon seed on LDH levels. Data are expressed as mean ± SEM. *p < 

0.05. 

Anti-inflammatory markers 

Caspase-3 levels were significantly higher in the DC group (fig. 23) than in the NC group (P < 

0.05). Treatment with watermelon seed extract and metformin (DW and DM) significantly reduced 

caspase-3 levels (P < 0.05). Watermelon seed extract-only (WSO) group showed no significant 

difference from the NC group 

IL-6 levels were significantly higher in the DC group (fig. 24) than in the NC group (P < 0.05). 

Treatment with watermelon seeds and metformin (DW and DM) significantly reduced IL-6 levels 

(P < 0.05). Extract-only group (WSO) showed no significant difference from NC. 

Tumour necrosis factor-α (TNF-α) levels were significantly higher in the DC group (fig. 25) than 

in the NC group (P < 0.05). Treatment with watermelon seeds and metformin (DW and DM) 
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significantly reduced TNF-α levels (P < 0.05), whereas extract-only group (WSO) did not differ 

significantly from the NC group (P > 0.05). 

 

Fig. 29 Effect of an ethanolic extract of watermelon seeds on Caspase-3. Data are expressed as mean ± SEM. *p < 

0.05. 

 

Fig. 30 Effect of an ethanolic extract of watermelon seeds on IL-6 levels. Data are expressed as mean ± SEM. *p < 

0.05. 
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Fig. 31 Effect of an ethanolic extract of watermelon seeds on TNF-α levels. Data are expressed as mean ± SEM. *p 
< 0.05. 

Discussion 

The acute oral toxicity study showed no mortality or overt signs of toxicity at any dose tested 

(100–4000 mg/kg), indicating an LD₅₀ exceeding 4000 mg/kg body weight. Following the 

Globally Harmonised System and OECD guidelines (OECD, 2022), this places the extract in the 

practically non-toxic category. This finding aligns with recent literature reporting wide safety 

margins (LD₅₀ >2000–5000 mg/kg) for ethanolic extracts of edible or traditionally consumed plant 

parts. 

Qualitative screening of the ethanolic extract of Citrullus lanatus seeds revealed the presence of 

tannins, phenols, alkaloids, flavonoids, steroids, terpenoids, cardiac glycosides and reducing 

sugars, whereas phlobatannins, saponins and anthraquinones were absent. This profile aligns with 

earlier reports identifying these classes as major constituents of the species (Ismael et al., 2022). 

The absence of saponins and anthraquinones, in contrast to some previous findings, may be 

attributable to cultivar, geographic or extraction-condition variability. The presence of flavonoids, 

alkaloids, tannins and terpenoids provides a phytochemical foundation for the extract's antioxidant, 

toxicological and antidiabetic potential, as these classes have been independently linked to 

glucose-lowering and cytoprotective mechanisms (Roy et al., 2024; Shamsudin et al., 2022). 

Quantification showed tannins as the most abundant constituent (45 mg/100 g), followed by 

phenols (43 mg/100 g), alkaloids (37 mg/100 g), reducing sugars (30 mg/100 g), flavonoids (20 

mg/100 g) and cardiac glycosides (12 mg/100 g). The high abundance of tannins and phenolics is 

mechanistically significant, as polyphenolic compounds are primary drivers of antioxidant and α-

amylase/α-glucosidase inhibitory activities, with hydroxylation patterns determining the strength 

of antidiabetic and anti-inflammatory responses (Shamsudin et al., 2022). The flavonoid content 

(20 mg/100 g), though comparatively lower, remains biologically meaningful, as even modest 

concentrations can inhibit carbohydrate-digesting enzymes, enhance insulin secretion and improve 

peripheral glucose uptake (Shamsudin et al., 2022). Overall, this quantitative distribution mirrors 

the general pattern reported for Citrullus lanatus by-products, where phenolics and flavonoids are 

principal contributors to antidiabetic and antioxidant potential (Ermawati et al., 2024). 
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The extract demonstrated dose-dependent radical-scavenging and reducing activity across FRAP, 

DPPH, nitric oxide, hydrogen peroxide and lipid peroxidation inhibition assays, although potency 

was lower than that of the ascorbic acid standard. This pattern is appreciable but sub-standard 

activity relative to a pure reference, is typical of crude plant extracts, where antioxidant capacity 

is distributed across a mixture of phenolic, flavonoid and terpenoid constituents (Solanki et al., 

2023). Consistent activity across mechanistically distinct assays suggests that the antioxidant 

effect reflects combined hydrogen-donating, metal-chelating and radical-quenching properties 

conferred by the tannin, phenolic and flavonoid fractions. This is directly relevant to diabetes 

pathophysiology, where hyperglycaemia-driven oxidative stress contributes to pancreatic β-cell 

dysfunction and tissue injury (Roy et al., 2024). The comparatively lower H₂O₂ and lipid 

peroxidation inhibitory activity relative to FRAP/DPPH performance may reflect the differing 

polarity and reactivity requirements of these assays, which respond preferentially to specific 

phenolic subclasses rather than total phenolic content alone (Ermawati et al., 2024). 

GC-MS analysis identified octadecanoic acid, ethyl ester as the predominant constituent (61.35% 

peak area), followed by n-hexadecanoic acid (14.11%), 5-hydroxymethylfurfural (3.91%), 

naphthalene derivatives (3.3%), and minor constituents including caryophyllene, methyl 

salicylate, cinnamaldehyde, tumerone, neointermedeol, tetradecanoic and pentadecanoic acids, 

ethyl oleate, D-allose and β-D-glucopyranose. The dominance of long-chain fatty acid ethyl esters 

is consistent with reports identifying these compounds as antioxidant, anti-inflammatory and 

hepatoprotective agents, properties mechanistically relevant to protecting metabolically active 

organs from diabetic insults. The presence of 5-hydroxymethylfurfural is noteworthy, as this furan 

derivative activates the Keap1/Nrf2 antioxidant pathway and upregulates superoxide dismutase-2 

in pancreatic β-cells, contributing to β-cell protection against oxidative stress (Fletcher et al., 

2026). Its co-occurrence with D-allose and β-D-glucopyranose corroborates the qualitative 

detection of reducing sugars. The minor terpenoid constituents (caryophyllene, tumerone, 

neointermedeol) further corroborate the qualitative screening and add mechanistic weight, given 

the documented capacity of plant-derived terpenoids to improve insulin sensitivity, modulate 

glucose metabolism and mitigate oxidative stress via redox-sensitive pathways (Roy et al., 2024). 

The progressive, significant reduction in body weight (p < 0.05) observed in the diabetic control 

(DC) group compared with the normal control (NC) from the first week after diabetes induction is 
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a well-recognised consequence of insulin deficiency, which promotes a catabolic state 

characterised by accelerated proteolysis, lipolysis and impaired glucose utilisation for energy. This 

reduction in average body weight can be attributed to the body's inability to use glucose for energy 

due to insulin deficiency or resistance, forcing it into a catabolic state in which fat and muscle are 

broken down for fuel(Harreiter & Roden, 2023). In contrast, the Diabetic treated with watermelon 

extract (DW) group maintained a significantly higher body weight than the Diabetic Control (DC) 

group (p < 0.05) throughout the study period. This suggests that watermelon seed extract 

effectively countered the catabolic effects of diabetes, an effect that may be linked to its rich 

content of trace minerals and bioactive phytoconstituents that support glucose metabolism and 

reduce oxidative stress (Nadeem et al., 2022; Ogbeifun et al., 2023). By improving glycaemic 

control, the extract may reduce reliance on fat and protein catabolism for energy, thereby 

preserving body weight (Moiz et al., 2025).Watermelon seeds are rich in trace minerals, including 

zinc, selenium, manganese, and iron, which play crucial roles in glucose metabolism and insulin 

signalling; zinc in particular is essential for insulin synthesis, storage, and secretion, while 

selenium acts as a cofactor for antioxidant enzymes that protect pancreatic tissue from oxidative 

damage (Ogbeifun et al., 2023). 

The relative brain weight was significantly reduced in the diabetic control (DC) group compared 

with the NC group (p < 0.05). This reduction can be attributed to the loss of insulin and insulin-

like growth factor signaling in the brain, which disrupts the processes that maintain brain protein 

content and leads to widespread cell degeneration, including loss of essential structures such as 

myelin (Choudhary, 2025). Conversely, the diabetic treated with watermelon seed extract (DW) 

and diabetic treated with metformin (DM) showed significantly higher relative brain weight than 

the DC group (p < 0.05). The antioxidant properties of watermelon seed bioactive compounds may 

protect against cellular degeneration in the brain (Nadeem et al., 2022). 

In this study, blood glucose levels were significantly higher in the diabetic control (DC) group (p 

< 0.05). This elevation can be attributed to the destruction of pancreatic β-cells, generation of 

reactive oxygen species, and consequent insulin deficiency and sustained hyperglycaemia, 

consistent with the complex interaction of impaired insulin secretion, insulin resistance, excessive 

hepatic glucose production, defective peripheral glucose uptake, and increased renal glucose 

reabsorption that underlies uncontrolled diabetes mellitus (American Diabetes Association 
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Professional Practice Committee, 2025).Conversely, the treated groups; diabetic treated with 

watermelon seed extract (DW) and diabetic treated with metformin (DM) demonstrated 

significantly reduced blood glucose levels over time (p < 0.05 vs DC), restoring values close to 

normal by week 6 (p > 0.05 vs NC). The reduction in blood glucose in the DW group may be 

linked to the trace-mineral and phytochemical composition of watermelon seed extract: zinc 

supports insulin synthesis, storage, and secretion, while selenium functions as a cofactor for 

antioxidant enzymes that protect pancreatic tissue from oxidative damage (Ogbeifun et al., 2023). 

Flavonoids and other bioactive constituents present in the extract may further promote pancreatic 

β-cell proliferation and insulin secretion, contributing to reduced hyperglycaemia (Nadeem et al., 

2022). 

The diabetic control (DC) group exhibited a significant decline in locomotor activity compared 

with the normal control (NC) group (p < 0.05). This reduction is attributable to uncontrolled 

hyperglycaemia, which impairs the brain's motor control centers and weakens the neural drive 

generating movement commands (Mazumdar & Singh, 2025). Conversely, treatment with 

watermelon seed extract (DW) and metformin (DM) significantly increased line-crossing 

frequency compared with DC (p < 0.05), with values approaching those of NC (p > 0.05). This 

restoration of locomotor activity towards near-normal levels suggests that the extract improves 

neuronal integrity and supports recovery of movement-associated function through restoration of 

antioxidant defences and protection of striatal neurons (Djientcheu Tientcheu et al., 2023). 

Diabetes-induced skeletal muscle weakness and atrophy are also recognised contributors to 

reduced locomotor activity, so treatments that counter these processes would be expected to 

support the observed recovery of movement (Shen et al., 2022). More broadly, watermelon has 

been shown to reduce blood glucose, improve lipid profiles, and enhance antioxidant enzyme 

activity, thereby alleviating the systemic burden of diabetes and enabling recovery of normal motor 

function (Moore & Okoduwa, 2026). 

The diabetic control (DC) group exhibited a significant decline in center-square entries compared 

with normal control (NC) (p < 0.05), reflecting increased anxiety attributed to persistent 

hyperglycaemia-induced central nervous system dysfunction, including brain atrophy and white 

matter injury affecting mood-regulating areas such as the hippocampus and amygdala (Choudhary, 

2025). In contrast, the diabetic treated with watermelon seed extract (DW) and diabetic treated 
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with metformin (DM) groups significantly improved center-square entries compared with DC (p 

< 0.05), with values close to NC (p > 0.05). The restoration observed with watermelon seed extract 

is supported by evidence of its anxiolytic and neuroprotective properties, whereby antioxidant 

activity may restore monoamine neurotransmitter levels in anxiety-regulating brain regions by 

protecting serotonergic and dopaminergic neurons from diabetes-induced damage (Mohamad 

Salin et al., 2022). Studies on Citrullus colocynthis, a species closely related to watermelon, have 

demonstrated protective effects against cognitive impairments and anxiety-like behaviours in STZ-

induced diabetic rats (Rajizadeh et al., 2023a). The presence of flavonoids, predominantly 

catechin, in watermelon seeds acts as a powerful antioxidant protecting neural tissues from free 

radicals (Obehioye, 2023). 

The diabetic control (DC) group exhibited a significant decline in rearing behaviour compared 

with normal control (NC) (p < 0.05), signifying increased anxiety attributable to dopaminergic 

dysfunction. Rearing is predominantly mediated by dopamine neurotransmission within the 

nigrostriatal and mesolimbic pathways, with D1 and D2 receptor activation playing critical roles 

in initiating and sustaining this exploratory motor pattern (Singh et al., 2025). Conversely, the 

diabetic treated with watermelon seed extract (DW) and diabetic treated with metformin (DM) 

groups significantly increased rearing frequency compared with DC (p < 0.05), with extract-treated 

values close to NC (p > 0.05). The increased rearing observed is supported by the neuroprotective 

and antioxidant properties of the treatment agents: the flavonoid-rich watermelon seed extract 

protects dopaminergic neurons from oxidative damage, preserving dopamine synthesis and 

receptor function (Ogbeifun et al., 2023). Obehioye (2023), further demonstrated that watermelon 

and related seed extracts at moderate doses present significant anxiolytic activity without affecting 

locomotion, confirming specific anxiety reduction without general motor suppression. Research 

has shown that watermelon seed extract significantly increases line crossing in the open-field test, 

indicating restoration of both exploratory and locomotor activity (Ogbeifun et al., 2023). 

The diabetic control (DC) group exhibited a significant increase in walling activity compared with 

normal control (NC) (p < 0.05), attributable to a diabetes-induced state of heightened anxiety due 

to serotonergic dysfunction. Walling behaviour is primarily modulated by serotonergic 

neurotransmission within anxiety-regulating brain regions, including the amygdala, hippocampus, 

and prefrontal cortex, and diabetes alters serotonin synthesis, release, and receptor function in 
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these regions (Harreiter & Roden, 2023). Dysregulation of serotonergic tone shifts the behavioural 

balance towards avoidance and thigmotaxis (Özcanlı Çay & Çalışkan, 2026). In contrast, the 

diabetes treated with watermelon seed extratc (DW) and diabetes treated with metformin (DM) 

groups exhibited significantly reduced walling frequency compared with DC (p < 0.05), with 

values close to NC (p > 0.05). The reduced walling behaviour in the DW group is attributed to 

watermelon seed extract's ability to exert direct anxiolytic effects through modulation of 

GABAergic or serotonergic pathways; flavonoid components have been reported to possess 

anxiolytic properties through interaction with GABA-A receptors, reducing anxiety and promoting 

exploratory behaviour (Nadeem et al., 2022). Research on Cucurbitaceae seeds has demonstrated 

that ethanol seed extracts produce dose-dependent anxiolytic effects, significantly increasing open-

arm entries in the elevated plus maze without affecting motor coordination (Belemkar & Shendge, 

2021; Rajizadeh et al., 2023). 

The diabetic control (DC) group exhibited a significant increase in micturition frequency 

compared with normal control (NC) (p < 0.05), due to persistent hyperglycaemia resulting in 

glucose overflow into urine, creating an osmotic gradient that draws water into renal tubules and 

markedly increases urine production (Moneim et al., 2022). Conversely, the diabetic treated with 

watermelon seed extratc (DW) and diabetic treated with metformin (DM) groups significantly 

reduced micturition frequency compared with DC (p < 0.05), with extract-treated values close to 

NC (p > 0.05). The significant reduction following watermelon seed extract treatment is attributed 

to its antihyperglycaemic activity, which reduces the osmotic load on the kidneys; by lowering 

blood glucose, the extract reduces glycosuria, thereby decreasing the osmotic gradient driving 

excessive urine production (Ogbeifun et al., 2023). The hypoglycaemic effects of watermelon seed 

extract are well documented, with studies demonstrating significant blood glucose reductions in 

alloxan-induced diabetic rats through phytochemical effects, particularly flavonoids, on pancreatic 

β-cells leading to proliferation and increased insulin secretion (Ogbeifun et al., 2023). 

The diabetic control (DC) group exhibited a significant increase in defecation frequency compared 

with NC (p < 0.05), attributable to diabetic enteropathy–-damage to nerves controlling the 

digestive tract. Chronic high blood sugar damages autonomic nerves and the enteric nervous 

system that regulates gut motility (Cunningham et al., 2021), leading to uncoordinated 

contractions, rapid intestinal transit, and impaired absorption, resulting in frequent, loose stools. 
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In contrast, the diabetic treated with watermelon seed extract (DW) and diabetic treated with 

metformin (DM) groups significantly reduced defecation frequency compared with DC (p < 0.05), 

with extract-treated values close to NC (p > 0.05). The ability of watermelon seed extract to reduce 

defecation frequency is supported by evidence of its antispasmodic and antidiarrhoeal properties: 

bioactive compounds exert calcium channel-blocking activity, regulating smooth muscle 

contractile response and providing antiperistaltic and antisecretory effects (Banjo et al., 2024). The 

significant reduction in the DM group is linked to metformin's ability to stimulate GLP-1 secretion 

from gut tissue, which influences gastrointestinal motility and insulin secretion (Yaseen et al., 

2025). Studies on Citrullus colocynthis have demonstrated that diabetic rats exhibit significantly 

higher fecal pellet numbers compared with controls, with extract administration significantly 

decreasing this parameter while also increasing time spent in the center of the open field, indicating 

concurrent anxiolytic effects (Rajizadeh et al., 2023). 

Haematoxylin and Eosin (H&E) staining revealed that the diabetic control (DC) group 

predominantly exhibited necrotic cells with few remaining normal cells. This extensive necrosis 

is attributable to the brain's vulnerability to oxidative stress owing to its high oxygen consumption, 

abundant lipid content, and relatively low antioxidant capacity, which damages cellular 

membranes, proteins, and DNA, ultimately leading to neuronal necrosis or apoptosis (Szablewski, 

2025). Conversely, the diabetic groups treated with watermelon seed extract (DIA+WS) or 

metformin (DIA+MET) displayed a partial neuroprotective effect, with some necrotic cells 

alongside apparently normal cells. This preservation is likely attributable to the 

antihyperglycaemic effects of both treatments, which reduce the metabolic stress imposed on 

neurons by chronic hyperglycaemia (Ogbeifun et al., 2023). Watermelon seeds contain bioactive 

phytochemicals and trace minerals that exert significant free-radical-scavenging activity and 

support the endogenous antioxidant enzyme system (Belemkar & Shendge, 2021). The 

neuroprotective effects of watermelon seed extract are plausibly mediated through synergistic 

antioxidant activity of phenolic acids, flavonoids, and trace minerals (zinc and selenium) that 

support antioxidant enzyme function, neutralise ROS, and maintain cellular redox balance, 

consistent with preservation of reduced glutathione (GSH) and prevention of elevated lactate 

dehydrogenase (LDH) activity (Belemkar & Shendge, 2021; Szablewski, 2025). 
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Phosphotungstic acid haematoxylin (PTAH) staining revealed that the diabetic control (DC) group 

exhibited astrocytes alongside degenerated neurons, attributable to significant structural changes 

(astrogliosis) in astrocytes owing to chronic uncontrolled hyperglycaemia (Salem et al., 2025). 

Studies have demonstrated that in STZ-induced diabetic rats, astrocytes exhibit marked 

ultrastructural changes, including reduced nuclear electron density, electro-lucent 

heterochromatin, and vacuolated cytoplasm (Nurkenov et al., 2021a). In contrast, the diabetic 

groups treated with watermelon seed extract(DIA+WS) or metformin (DIA +MET) showed some 

degenerated neurons alongside normal-appearing neurons and astrocytes, representing partial 

preservation. This is attributed to the antioxidant effects of watermelon seed extract, rich in 

phenolic compounds, flavonoids, and trace minerals with potent antioxidant properties (Belemkar 

& Shendge, 2021; Ogbeifun et al., 2023). The flavonoid components may act as anti-inflammatory 

agents by limiting pro-inflammatory cytokine expression (TNF-α, IL-1β, and IL-6). The trace 

mineral content of watermelon seeds, including zinc, magnesium, and selenium, may contribute 

to neuroprotective effects through roles in antioxidant enzyme function and neurotransmitter 

regulation (Belemkar & Shendge, 2021). 

Cresyl Fast Violet (CFV) staining demonstrated that the diabetic group (DC) exhibited significant 

astrocyte degeneration, attributable to loss of astrocyte function and structural integrity due to 

chronic uncontrolled hyperglycaemia (Salem et al., 2025). This observation is consistent with 

previously reported ultrastructural changes in diabetic astrocytes, including reduced nuclear 

electron density, electro-lucent heterochromatin, and vacuolated cytoplasm (Nurkenov et al., 

2021). In contrast, the diabetic groups treated with watermelon seed extract (DIA+WS) or 

metformin (DIA + MET) showed an intermediate histological picture with some degenerating 

neurons alongside normal-appearing neurons and astrocytes. The preservation seen in the extract-

treated group is attributed to the extract's ability to reduce oxidative stress, likely protecting Nissl 

substance integrity and maintaining neuronal protein synthetic activity, as reflected by relatively 

strong CFV staining (Chavda et al., 2024). The anti-inflammatory properties of watermelon seed 

extract may further protect against microglial activation and the release of neurotoxic 

inflammatory mediators. The primary mechanism underlying partial preservation of Nissl 

substance in the watermelon-treated group likely involves antioxidant properties of phenolic and 

flavonoid content, which neutralise ROS and improve superoxide dismutase (T-SOD), glutathione 

peroxidase (GSH-Px), and catalase (CAT) activities (Belemkar & Shendge, 2021). 
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Glial Fibrillary Acidic Protein (GFAP) immunohistochemistry staining revealed that the diabetic 

control (DC) group exhibited increased GFAP immunoreactivity, attributable to hyperglycaemia-

induced astrocyte activation (Chavda et al., 2024). Studies have demonstrated that in diabetic 

animal models, reactive astrocytes undergo morphological changes characterised by somatic 

hypertrophy, dendrite extension, an increased number of dendritic processes, and elevated GFAP 

immunoreactivity (Nurkenov et al., 2021). Conversely, the diabetic groups treated with 

watermelon seed extract (DIA + WM) or metformin (DIA + MET) maintained much of their 

neuronal architecture with only limited astrocytic activation. This preservation is attributed to the 

ability of watermelon seed extract to significantly reduce hyperglycaemia, thereby reducing the 

metabolic stress that drives astrocyte activation and limiting GFAP upregulation (Liu et al., 2025). 

While direct studies on watermelon seed extract and GFAP expression remain limited, research on 

Momordica charantia, which contains phenolics and alkaloids comparable to watermelon seeds, 

has shown significant reduction of elevated GFAP levels in diabetic rats through antioxidant and 

anti-inflammatory mechanisms (Abou-El-Naga et al., 2025). 

Masson's Trichrome (MT) staining revealed that the diabetic + metformin (DIA + MET)and 

diabetic control (DC) groups exhibited extensive collagen buildup, attributable to hyperglycaemia-

induced cerebral microangiopathy characterised by capillary fibrosis and collagen accumulation 

(Chavda et al., 2024). Studies have demonstrated that in STZ-induced diabetic rats, brain 

microvessels show thickening of the basement membrane with accumulation of collagen fibrils in 

arteriole and capillary walls (Khan et al., 2025). In contrast, the diabetic + watermelon (DIA + 

WM) group displayed significantly increased collagen deposition compared with the normal 

control, though this deposition was less extensive than in the DC and DIA+MET groups. 

Watermelon seed extract may support vascular antioxidant status and help limit oxidative vascular 

damage, which could partially attenuate progression to fibrosis (Belemkar & Shendge, 2021). The 

finding of residual collagen deposition in the extract-treated group indicates that, while the extract 

provided some attenuation of fibrosis, complete prevention of collagen accumulation was not 

achieved. 

Malondialdehyde (MDA) levels were significantly elevated in the diabetic control (DC) group 

compared with normal control (NC) (p < 0.05), attributable to oxidative stress resulting from the 

decomposition of lipid hydroperoxides derived from polyunsaturated fatty acids, which occurs 
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through β-scission of the hydroperoxide and cleavage of the carbon chain, generating MDA as an 

end-product (Asfandiyar et al., 2024; Qiu et al., 2025). Conversely, the diabetic treated with 

watermelon seed extract (DW) and diabetic treated with metformin (DM) groups significantly 

reduced MDA levels compared with DC (p < 0.05), indicating that both interventions effectively 

attenuated diabetes-induced lipid peroxidation. The comparable efficacy of watermelon seed 

extract to metformin suggests substantial antioxidant potential (Bello et al., 2022). The reduction 

following extract treatment is ascribed to its rich polyphenolic content, including catechin-type 

flavonoids and phenolic acids, which scavenge free radicals and prevent the initiation and 

propagation of lipid peroxidation (Benmeziane & Derradji, 2023). 

Superoxide Dismutase (SOD) activity and levels were significantly reduced in the diabetic control 

(DC) group compared with normal control (NC) (p < 0.05), this is ascribed to impaired antioxidant 

defense caused by hyperglycaemia, with diabetic tissues expressing significantly lower amounts 

of extracellular SOD protein (Qiu et al., 2025). In contrast, the diabetic treated with watermelon 

seed extract (DW) and diabetic treated with metformin (DM) groups significantly increased SOD 

levels compared with DC (p < 0.05). The increase following extract treatment is attributed to the 

flavonoid-rich extract's notable SOD-like activity and antioxidant properties, which significantly 

increase SOD and GPx levels while decreasing MDA (Benmeziane & Derradji, 2023). Research 

on watermelon seed oil has demonstrated significant enhancement of SOD and CAT levels while 

decreasing cholesterol, triglyceride, LDL, and MDA levels, with no sign of toxicity even at 

maximal doses (Eke et al., 2021). 

Glutathione (GSH) levels were significantly reduced in the diabetic control (DC) group compared 

with normal control (NC) (p < 0.05), resulting from massive ROS production forcing accelerated 

GSH utilisation to neutralise free radicals, becoming oxidised glutathione (GSSG) in the process, 

with ROS production continuously outstripping GSH regeneration capacity (Backeström et al., 

2021). Conversely, the diabetic treated with watermelon seed extract extract (DW) and diabetic 

treated with metformin (DM) groups significantly increased GSH levels compared with DC (p < 

0.05). The increase following extract treatment is attributed to the antioxidant traits of watermelon 

seeds, with studies demonstrating significant increases in glutathione peroxidase and glutathione 

reductase activities, which play crucial roles in the glutathione redox cycle (Ogbeifun et al., 2023). 

These results are consistent with research showing that diabetes reduces glutathione reductase 
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activity, compromises GSH synthesis through impaired cysteine uptake, and reduces glutathione 

peroxidase activity (De Felice et al., 2022). The phytochemical composition of watermelon seeds, 

particularly catechin flavonoids, supports maintenance of GSH levels through antioxidant 

protection (Benmeziane & Derradji, 2023). 

Catalase (CAT) activity was significantly reduced in the diabetic control (DC) group compared 

with normal control (NC) (p < 0.05), this is attributed to direct chemical modification of the 

enzyme by high blood sugar and subsequent oxidative damage, with non-enzymatic glycation 

causing structural alterations and aggregation that drastically reduce catalytic activity, often 

resulting in efficiency loss of more than 80% (Burillo et al., 2021; Deshmukh & Jain, 2021). In 

contrast, the diabetic treated with watermelon seed extract (DW) and diabetic treated with 

metformin (DM) groups significantly increased CAT levels compared with DC (p < 0.05). The 

increase following watermelon seed extract treatment is attributed to the antioxidant potential of 

watermelon seeds, with studies showing that supplementing rats with watermelon seeds 

significantly maintains catalase activity relative to untreated diabetic controls (Rabiu et al., 2025). 

Research on watermelon juice and leaf extract has demonstrated that alloxan- and STZ-induced 

diabetic rats exhibit significant increases in catalase activity compared with untreated diabetic rats, 

with values approaching control levels (Jibril et al., 2022). 

Alkaline Phosphatase (ALP) levels were significantly elevated in the diabetic control (DC) group 

compared with normal control (NC) (p < 0.05), this elevation is attributed to damage to neuronal 

plasma membranes and intracellular organelles, resulting in increased membrane permeability and 

leakage of membrane-associated enzymes, including ALP (Chen et al., 2025). Conversely, the 

diabetic treated with watermelon seed extract (DW) and diabetic treated with metformin (DM) 

groups significantly reduced ALP levels compared with DC (p < 0.05). The reduction following 

watermelon seed extract treatment is attributed to the hepatoprotective and antioxidant features of 

watermelon seed extract, effective in reducing AST, ALT, and ALP levels in hepatotoxic states 

through mitigation of hepatic oxidative stress and preservation of hepatocyte membrane integrity 

(Ogbeifun et al., 2023). The reduction in the DM group is attributed to metformin's ability to lower 

blood glucose through AMPK activation, suppressing mitochondrial ROS production, inhibiting 

NF-κB signalling, and improving endothelial function (Xing et al., 2024). Research on aqueous 

alfalfa extract, sharing similar phytochemical profiles with watermelon seed extract, significantly 
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decreases glucose, AST, and ALT levels, suggesting beneficial effects in preventing diabetic 

complications (Mehreen et al., 2024). 

Acid Phosphatase (ACP) levels were significantly elevated in the diabetic control (DC) group 

compared with normal control (NC) (p < 0.05), this elevation is ascribed to marked lysosomal 

dysfunction within the frontal cortex due to hyperglycaemia, with diabetes associated with 

increased activity of multiple lysosomal hydrolases, including acid phosphatase, β-glucuronidase, 

and N-acetyl-β-glucosaminidase (Chen et al., 2025c; Okotie et al., 2023). Conversely, the diabetic 

treated with watermelon seed extract (DW) and diabetic treated with metformin (DM) groups 

significantly reduced ACP levels compared with DC (p < 0.05). The reduction following 

watermelon seed extract treatment is linked to the extract's ability to reduce oxidative stress, 

protecting lysosomal membranes from oxidative damage and preventing acid phosphatase leakage 

into the circulation (Rabiu et al., 2025). The rich flavonoid content contributes to this membrane-

stabilising effect. Studies have demonstrated that extracts of Citrullus lanatus exert significant 

impact in STZ-induced diabetic rats, affecting glucose levels and various biochemical parameters 

(Mehreen et al., 2024). 

Glucose-6-Phosphate Dehydrogenase (G6PDH) levels were significantly lower in the diabetic 

control (DC) group than in normal control (NC) (p < 0.05), this can be attributed to decreased 

expression of the G6PDH gene and increased phosphorylation of the enzyme due to elevated 

glucose levels (Szablewski, 2025). In contrast, the diabetic treated with watermelon seed extract 

(DW) and diabetic treated with metformin (DM) groups significantly increased G6PDH levels 

compared with DC (p < 0.05). The increase following watermelon seed extract treatment is 

attributed to the extract's ability to increase the activity of hepatic hexokinase, 

phosphofructokinase, and glucose-6-phosphate dehydrogenase in diabetic rats compared with 

untreated diabetic controls, promoting glucose metabolism through the pentose phosphate pathway 

(Ogbeifun et al., 2023). Watermelon seeds contain flavonoids, alkaloids, saponins, phenolic acids, 

and essential minerals (zinc, magnesium, and selenium) that exhibit antioxidant properties 

protecting G6PDH from oxidative inactivation (Ogbeifun et al., 2023). In another study it was 

found that the antidiabetic potential of watermelon juice involves modulation of glucose 

transporters, anti-inflammatory activities, and enhancement of the antioxidant defence system: the 

administration of different doses of watermelon juice significantly reduced fasting blood glucose 
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levels, serum lipid profile, and lipid peroxidation while significantly increasing antioxidant 

enzyme activities and hexokinase activity in diabetic rats (Moneim et al., 2022). 

Lactate Dehydrogenase (LDH) levels were significantly higher in the diabetic control (DC) group 

than in normal control (NC) (p < 0.05), this is mechanistically attributed to hyperglycaemia-

induced alterations in the NAD⁺/NADH ratio, increased flux through the polyol pathway, AGE 

formation, and activation of protein kinase C isoforms, all leading to elevated NADH/NAD⁺ ratio 

and increased lactate production, reflecting metabolic adaptation to mitochondrial dysfunction but 

indicating substantial neuronal stress and impaired bioenergetic homeostasis (Dawi et al., 2024). 

Conversely, the diabetic treated with watermelon seed extract (DW) and diabetic treated with 

metformin (DM) groups significantly reduced LDH levels compared with DC (p < 0.05). The 

reduction following watermelon seed extract treatment is due to the extract's ability to lower blood 

glucose levels, attenuating hyperglycaemia-induced glycolytic flux and associated LDH elevation 

(Bazabang et al., 2023). Furthermore, the bioactive phenolic and flavonoid compounds in 

watermelon seeds have demonstrated inhibitory effects against alpha-amylase and alpha-

glucosidase, promoting improved glycaemic control and protecting cellular membranes from LDH 

leakage. Bioactive compounds in watermelon seeds protect tissue from diabetic damage and 

reduce serum biomarkers of tissue dysfunction, including LDH (Jibril et al., 2022). 

Caspase-3 levels were significantly higher in the diabetic control (DC) group than in normal 

control (NC) (p < 0.05), this can be attributed to convergence of both intrinsic (mitochondrial) and 

extrinsic (death receptor) apoptotic pathways, consistent with established literature documenting 

that diabetes induces apoptosis through caspase-3 activation (Jiang et al., 2025). In contrast, the 

diabetic treated with watermelon seed extract (DW) and diabetic treated with metformin (DM) 

groups significantly reduced caspase-3 levels (p < 0.05). The reduction following watermelon seed 

extract treatment is attributed to the extract's antioxidant properties; UPLC/T-TOF-MS/MS 

analysis has identified phenolic acids such as chlorogenic acid, along with flavonoids, that possess 

antioxidant and anti-inflammatory properties capable of mitigating the oxidative stress driving 

caspase-3 activation (El Gizawy et al., 2022). 

Interleukin-6 (IL-6) levels were significantly higher in the diabetic control (DC) group than in the 

normal control (NC) (p < 0.05), this can be attributed to hyperglycaemia-induced oxidative stress 

activating the NF-κB pathway and resulting inflammatory cascade (Khaliq et al., 2025). 
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Conversely, the diabetic treated with watermelon seed extract (DW) and diabetic treated with 

metformin (DM) groups significantly reduced IL-6 levels (p < 0.05). The reduction in the DW 

group is attributable to the rich bioactive-compound profile of watermelon, including phenolic 

acids and flavonoids, which exert anti-inflammatory effects by scavenging ROS, reducing 

oxidative stress, and limiting activation of pro-inflammatory transcription factors such as NF-κB 

(Bazabang et al., 2023b; El Gizawy et al., 2022). By reducing hyperglycaemia, the extract 

decreases metabolic stress driving IL-6 production, and the presence of cucurbitacins, particularly 

cucurbitacin E, further contributes to anti-inflammatory properties by neutralising reactive 

nitrogen-containing molecules and inhibiting cyclo-oxygenase enzymes (Mehreen et al., 2024). 

Tumour Necrosis Factor-alpha (TNF-α) levels were significantly higher in the diabetic control 

(DC) group than in normal control (NC0 (p < 0.05), this can be attributed to hyperglycaemia-

induced ROS overproduction stimulating TNF-α synthesis; ROS trigger IκB kinase (IKK), which 

phosphorylates and degrades IκB, allowing NF-κB to enter the nucleus and activate transcription 

of the TNF-α gene (Khaliq et al., 2025). In contrast, the diabetic treated with watermelon (DW) 

and diabetic treated with metformin (DM) groups significantly reduced TNF-α levels (p < 0.05). 

This result in the DW group is attributable to metabolites derived from watermelon seed and rind 

extracts, which suppress NF-κB-driven inflammatory pathways, alleviating oxidative stress and 

apoptosis, with suppression of NF-κB directly reducing TNF-α transcription and secretion (El 

Gizawy et al., 2022). Citrullus lanatus seed flavonoids have been demonstrated to substantially 

reduce TNF-α and IL-1β levels in ethanol-treated rats (p < 0.05), accompanied by decreased 

oxidative stress markers and improved renal function, concluding that this flavonoid fraction may 

act as a plant-based natural therapy to minimise organ toxicity through its antioxidant and anti-

inflammatory properties (Bazabang et al., 2023). 

Conclusion 

The ethanolic extract of Citrullus lanatus (watermelon) seed, rich in tannins, phenolics, alkaloids 

and flavonoids, normalised blood glucose, preserved body and brain weight, and reversed anxiety-

like and hypoactive behaviours in STZ-induced diabetic rats, with efficacy comparable to 

metformin. The extract restored oxidative stress markers (MDA, SOD, GSH, CAT), glucose-

metabolising enzymes (ALP, ACP, G6PDH, LDH), and suppressed inflammatory/apoptotic 
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markers (caspase-3, IL-6, TNF-α), while providing partial histological protection against neuronal 

necrosis, astrogliosis, and Nissl substance loss in the frontal cortex. However, collagen deposition 

was only partially attenuated, indicating incomplete reversal of cerebral microvascular fibrosis 

within the six-week treatment window. The extract exhibited no toxicity in non-diabetic animals, 

consistent with its wide safety margin. These findings position watermelon seed extract as a 

promising, low-cost nutraceutical adjunct to conventional antidiabetic therapy, particularly in 

resource-limited settings. 
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