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A B S T R A C T

Persistent hyperglycemia is the hallmark of diabetes mellitus, and it involves complex metabolic and neuro- 
enteric disturbances that challenge single-target therapies. Fermentation of Musa paradisiaca (plantain) fruit 
pulp has previously been reported as a means of enhancing its bioactivity, which may exert multifaceted nu
traceutical benefits, including metabolic regulation. We tested the hypothesis that fermented M. paradisiaca fruit 
pulp methanolic extract (f-PUME) normalises body weight and fasting glycaemia, attenuates dyslipidaemia, 
preserves pancreatic β-cell mass and function via antioxidant and anti-inflammatory actions, and maintains the 
integrity of hypothalamic and jejunal morphology. Thirty adult male Sprague–Dawley rats were randomised into 
five groups: control, STZ-only, STZ + glibenclamide (5 mg/kg), STZ + unfermented extract (100 mg/kg), and 
STZ + fermented extract (100 mg/kg). Hyperglycemia was induced with a single i.p. STZ injection, followed by 
42 days of daily oral treatment. Body weight, glucose regulatory, coronary, and atherogenic indices, oxidative 
stress biomarkers, pancreatic proinflammatory cytokines, brain, jejunal, and pancreatic organosomatic indices, 
and their histomorphometry were assessed. By Day 14, f-PUME reversed STZ-induced weight loss and fasting 
hyperglycaemia. f-PUME modestly lowered total cholesterol and triglycerides while preserving HDL-c, normal
ising Castelli and atherogenic indices. In the pancreas, f-PUME restored organ weight, boosted insulin secretion, 
reactivated antioxidant enzyme activities, and suppressed MDA and proinflammatory cytokine levels, thereby 
preserving islet architecture and β-cell granule density. f-PUME also reversed hypothalamic- and jejunal- 
vacuolation and pyknotic nuclei and repaired jejunal crypt morphology. f-PUME exhibits a marked anti- 
hyperglycemic effect via antioxidant, glucose and lipid metabolic normalisation, organoprotection, and 
entero-neuronal morphological and functional restoration.

1. Introduction

Persistent hyperglycemia is synonymous with diabetes mellitus (DM) 
[1]. The combination of type I and type II has consistently maintained 
the top spot in global health crisis indices. DM affects an estimated 588.7 
million people worldwide in 2024 [2]. It is projected to increase by 45% 
by 2050 [2,3]. DM is a multifactorial metabolic disorder characterised 
by chronic hyperglycemia and progressive β-cell dysfunction, which 
collectively precipitate a cascade of systemic complications encom
passing cardiovascular disease, nephropathy, neuropathy, and 

enteropathy [1,2]. At the cellular level, sustained elevations in circu
lating glucose lead to an excessive generation of reactive oxygen species 
(ROS) through enhanced mitochondrial electron transport chain 
leakage, increased flux in the polyol pathway, and non-enzymatic pro
tein glycation [4]. The resultant oxidative milieu overwhelms intrinsic 
antioxidant defences such as superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GPx), culminating in lipid peroxi
dation, protein carbonylation, DNA strand breaks and activation of 
nuclear factor-κB (NF-κB)-mediated proinflammatory cascades within 
pancreatic islets [5,6].
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Moreover, hyperglycemia-induced dyslipidemia is characterised by 
elevated low-density lipoprotein cholesterol (LDL-c) and triglycerides 
(TG), and reduced high-density lipoprotein cholesterol (HDL-c). Thus, 
DM serves as a potent driver of atherosclerotic plaque formation and 
vascular thrombosis [7,8]. This lipoprotein imbalance exacerbates not 
only endothelial dysfunction through oxidative modification of apoli
poproteins but also perpetuates inflammatory signalling in vascular 
smooth muscle and macrophages, thereby amplifying cardiovascular 
risk [4,7,8].

Beyond these classical paradigms, emerging evidence implicates the 
neuro-enteric channel as a critical contributor to DM pathogenesis and 
its attendant neurological and enteric sequelae [6]. Also, DM is 
considered an independent risk factor of ischemic stroke, and coupled 
with the fact that some specific classes of antidiabetes drugs may even 
exhibit prooxidant effects, potentially exacerbating neurodegenerative 
processes [9,10]. Within the enteric region, hyperglycemia has been 
reported to induce disrupted intestinal barrier integrity. This condition 
facilitates the translocation of microbial lipopolysaccharide (m-LPS) 
into the circulatory system, thereby promoting systemic endotoxemia 
and microglial activation in hypothalamic and hippocampal nuclei [11, 
12]. This neuroinflammatory process disrupts central regulation of en
ergy homeostasis, insulin sensitivity, and neurotransmitter synthesis, 
thereby further perturbing glycemic control [13–15]. Additionally, 
oxidative stress within the central nervous system has been reported to 
impair Na⁺/K⁺-ATPase function and cholinergic neurotransmission. This 
mechanism has been intimately linked to diabetic-induced cognitive 
impairment and autonomic neuropathy [16–19].

To date, conventional antidiabetic medications such as biguanides, 
sulfonylureas, thiazolidinediones, dipeptidyl peptidase− 4 inhibitors 
(DPP4-i), and sodium-glucose co-transporter 2 inhibitors (SGLT2-i) have 
achieved significant success in glycemic normalisation. However, they 
often fall short of rectifying other diabetic complications, primarily 
oxidative and inflammatory derangements, or of restoring enter
oneuronal functions and integrity [20,21]. Indeed, evidence suggests 
that some of these medications may inadvertently generate prooxidant 
metabolites; hence, limiting their therapeutic benefits [9,10]. In this 
context, natural product-based interventions, especially nutraceuticals, 
have attracted considerable interest due to their multitargeted 
bioactivities.

Musa paradisiaca (plantain), a rich source of phenolic acids, flavo
noids, resistant starch, and oligosaccharides, is known to possess anti
oxidant, anti-inflammatory, and prebiotic properties [22–24]. 
Fermentation of M. paradisiaca fruit pulp by endogenous or probiotic 
microbiota significantly enhances the liberation and bioavailability of 
these bioactives. Hence, the phytoconstituents of fermented 
M. paradisiaca fruit pulp have been documented to enhance free-radical 
scavenging capacity, attenuate NF-κB signalling, and modulate micro
bial ecology [22,25]. Toxicological evaluations in rodent models further 
confirm that fermented M. paradisiaca preparations are safe at thera
peutic doses and can improve lipid profiles and atherogenic indices, 
underscoring their translational potential [26,27].

Against the multifaceted pathophysiological indices, the present 
study was set to investigate the hypothesis that fermented M. paradisiaca 
fruit pulp methanolic extract (f-PUME) exerts a protective effect on the 
pancreas, brain and jejunal regions, in addition to metabolic modulation 
in STZ-induced hyperglycemic in male rats. Hence, this study seeks to 
establish f-PUME as a multitargeted candidate for the management of 
hyperglycemia in diabetic conditions.

2. Materials and methods

2.1. Animal management and treatment

A total of thirty adult male Sprague-Dawley rats (average weight: 
150 ± 10 g) were obtained from the Department of Physiology, Faculty 
of Basic Medical Sciences, University of Ibadan, Oyo State, Nigeria. 

Upon arrival, animals were individually housed in ventilated poly
propylene cages lined with autoclaved wood shavings as bedding. The 
animal housing environment was maintained at 25 ± 1◦C and 55 ± 5% 
relative humidity. Also, the rats were kept under a natural photoperiod 
with a 12-hour light/dark daily cycle. These conditions were imple
mented to reduce environmental stress and ensure animal welfare 
throughout the study. Animals were allowed a two-week acclimatisation 
period prior to experimental interventions. During this period, all rats 
had unrestricted access to commercial rodent chow (Ladokun Feeds, 
Ibadan, Nigeria) and clean tap water. Food and water were replenished 
daily, and cage hygiene was routinely maintained to limit microbial 
exposure. All animal procedures were performed in accordance with 
internationally accepted ethical principles and regulatory standards. 
The study protocol was reviewed and approved by the Redeemer’s 
University Institutional Animal Care and Use Committee (RUN-IACUC), 
with ethical approval number RUN/REC/2025/327. Animal handling 
and experimental procedures complied with the Guide for the Care and 
Use of Laboratory Animals (8th Edition, National Research Council, 
2011) and adhered strictly to the ARRIVE guidelines to ensure meth
odological transparency, reproducibility, and humane care of animals.

2.2. Experimental design and grouping

After a two-week acclimatisation period, thirty adult male Sprague- 
Dawley rats (average body weight: 150 ± 10 g) were randomly divided 
into five experimental groups (n = 6 per group) using stratified ran
domisation based on body weight. The experimental groups and their 
treatments were as follows:

Control Group (CG): Received a single intraperitoneal injection of 
vehicle (0.05 M citrate buffer, pH 4.5) and no further treatment 
throughout the study duration.

STZ-Only Group (SO): Induced with diabetes via a single intraperi
toneal injection of streptozotocin (STZ) at a dose of 65 mg/kg body 
weight, prepared in 0.05 M citrate buffer (pH 4.5), without further 
treatment.

STZ + Glibenclamide (a known drug) Group (SD): Diabetes induced 
with STZ as above and treated orally with glibenclamide (5 mg/kg body 
weight [28]) once daily.

STZ + Unfermented M. paradisiaca Fruit Pulp Extract Group (SU): 
Diabetes induced with STZ and treated orally with unfermented 
M. paradisiaca pulp methanolic extract at a dose of 100 mg/kg body 
weight once daily (50% of the dose reported in M. paradisiaca pulp 
extract [29].

STZ + Fermented M. paradisiaca Fruit Pulp Extract Group (SF): 
Diabetes induced with STZ and treated orally with fermented 
M. paradisiaca pulp methanolic extract at a dose of 100 mg/kg body 
weight once daily.

All treatments were administered by oral gavage from the time of 
diabetes confirmation. The intervention was introduced to the diabetic 
rats and continued daily for 42 consecutive days. The treatment 
schedule was standardised across all groups to control for circadian in
fluence on metabolic parameters.

2.2.1. Induction of diabetes
On experimental Day 1, all animals in (SO, SD, SU, and SF) were 

fasted for 6–8 h prior to the induction of diabetes, whereas the control 
group (CG) was maintained under normal feeding conditions. A 0.05 M 
sodium citrate buffer (pH 4.5) was freshly prepared and used as the 
vehicle for streptozotocin (STZ). STZ (AK Scientific, Inc., USA; Catalogue 
No: E301) was dissolved in the citrate buffer to a final concentration of 
10 mg/mL. It was prepared immediately before use to preserve its sta
bility and potency. Each rat in the diabetic group received a single 
intraperitoneal (i.p.) injection of STZ at a dose of 65 mg/kg body weight 
using a sterile 1-mL syringe fitted with a 23-gauge needle, 15 min after 
initial i.p. administration of 230 mg/kg body weight nicotinamide [30]. 
Control rats (CG) were administered an equivalent volume of the sodium 
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citrate buffer via the same route. Following the injection, all animals 
were returned to their respective cages and provided with standard rat 
chow. To all the STZ groups, a 10% sucrose solution was given in place 
of regular drinking water to mitigate acute hypoglycemia typically 
observed after STZ administration [31]. On experimental day 2, the 10% 
sucrose solution was withdrawn and replaced with normal drinking 
water. Throughout the post-induction period, the rats were monitored 
for clinical signs of diabetes and behavioural changes, with body 
weights and general health recorded at regular intervals.

2.2.2. Confirmation of hyperglycemia
On the experimental day 3, all rats were fasted for 6–8 h. Blood 

glucose levels were measured from tail vein samples using a One Touch 
Basic Blood Glucose Monitoring System. Hyperglycemia was defined as 
a blood glucose level > 150 mg/dL and/or statistically higher than that 
of control rats. Rats exhibiting hyperglycemia were considered validated 
diabetic models and included in the study [2,31,32].

2.2.3. Preparation and administration of plant extracts
The methanol extracts of both fermented and unfermented 

M. paradisiaca fruit pulp were prepared, as reported in our previous 
study [22]. Briefly, the M. paradisiaca fruit was thoroughly rinsed with 
clean water under a running tap in the Biochemistry laboratory unit of 
the Centre for Chemical and Biochemical Research building, Redeemer’s 
University. The water on the fruit skin was allowed to drip completely, 
then the peel was removed and discarded. The peeled fruit was me
chanically ground into its finest paste with sterile water (1:1 w/v) and 
inoculated for 15 min (spontaneous fermentation initiation) in a fer
menting jar. The jar was placed in the sterile anaerobic, isothermal 
batch-fermenter (locally fabricated). The fermentation condition was set 
as 30 ± 1 oC temperature, 5% CO₂ evolution rate (CER), 150 rpm 
agitation and 1 bar pressure. After the 9th day, the fermented sample 
was mixed with absolute methanol (1:2, w/v) and agitated at 150 rpm 
for 30 min. This allows maximum dissolution and fermentation termi
nation before filtering through a Whatman No. 1 filter paper. The filtrate 
was concentrated in a rotatory evaporator at 45 oC. The fermented M 
paradisiaca fruit pulp methanolic-extract (f-PUME) and unfermented M 
paradisiaca fruit pulp methanolic-extract (u-PUME) concentrates were 
prepared at a dose of 100 mg/kg body weight [33], using distilled water 
as the vehicle. The extracts were administered orally via gavage for 42 
days. Glibenclamide (5 mg/kg body weight) was administered via the 
same route.

2.2.4. Sample collection and processing
At the end of the 42-day treatment period, the rats were fasted and 

weighed. The rats were euthanised (locally constructed CO2 euthanasia 
chamber), and blood was collected from the heart using a syringe and 
placed in labelled EDTA tubes. The plasma was separated by centrifu
gation at 4000 rpm for 10 min at 4◦C and stored at − 20◦C until further 
analysis. The pancreas, brain, and jejunum were carefully excised and 
cleared of extraneous fat and connective tissue. The tissues were rinsed 
in ice-cold 1.15% KCl and weighed. The tissue (pancreas, brain and 
jejunum) was homogenised in 0.1 M, pH 7.4 sodium phosphate buffer 
(1:10 w/v). The homogenate of each tissue was centrifuged at 5000 rpm 
(4 oC) for 10 mins. The supernatant collected was stored at − 20 oC until 
required for analyses. Also, tissues from a representative rat in each 
group were fixed in a 10% formalin solution for histological analysis.

2.3. Organosomatic indices and protein concentrations

2.3.1. Organosomatic indices (OSI)
OSI were calculated by expressing the weight of each organ as a 

percentage of the final body weight of the rat, serving as a quantitative 
measure of relative organ hypertrophy or atrophy [34].

2.3.2. Total protein
Total protein concentrations in the brain, pancreas, jejunum, and 

plasma were estimated using the classical Lowry assay, which remains a 
gold standard for protein quantification due to its sensitivity and con
sistency. Protein concentrations were determined spectrophotometri
cally, using bovine serum albumin (BSA) as the reference standard [35]. 
Briefly, tissue homogenates or BSA standards (0–100 µg/mL) were 
added to alkaline copper reagent. The mixture was incubated for 10 min 
at room temperature, and Folin–Ciocalteu phenol reagent (diluted 1:1 
with distilled water), vortexed, and incubated in the dark for 30 min. 
The chromophore was read spectrophotometrically at 750 nm, and 
protein concentration was calculated from a standard calibration curve 
and expressed as mg protein/mL of homogenate or mg/g tissue.

2.4. Plasma lipid profiling

Plasma triglycerides (TG), total cholesterol (TChol), and high- 
density lipoprotein cholesterol (HDL-c) levels were assayed using diag
nostic kits from Randox Laboratories (UK) in accordance with the 
manufacturer’s protocol [CAT NOs: HDL-c - CH3811, TG - TR3823, 
TChol - CH3810]. The level of low-density lipoprotein cholesterol (LDL- 
c) was indirectly calculated using the Friedewald equation: [36]

LDL (mg/dL) = TChol – HDL – (TG / 5) (applicable when TG < 400 mg/ 
dL).                                                                                                    

To assess dyslipidemia-related cardiovascular risk, the following 
atherogenic and coronary heart disease indices were computed: 

Non-HDLc = TChol – HDL-c                                                                

Castelli Risk Index I (CRI-I) = TChol / HDL-c                                       

Castelli Risk Index II (CRI-II) = LDL / HDL-c                                        

Atherogenic Index of Plasma (AIP) = log (TG / HDL-c)                         

Atherogenic Coefficient (AC) = (TChol – HDL) / HDL-c                        

These ratios are established surrogate biomarkers for evaluating 
atherogenic potential, particularly under diabetic and metabolic stress 
conditions [37–40].

2.5. Determination of oxidative stress biomarkers, brain 
acetylcholinesterase and Na+/K+ ATPase activities

To assess oxidative stress and antioxidant defence status, specific 
biochemical markers were quantified in plasma and tissue homogenates 
(pancreas, brain, and jejunum) using validated spectrophotometric 
methods. All procedures were carried out at room temperature unless 
otherwise stated, and absorbances were measured using a UV–visible 
spectrophotometer (Jenway 6305).

2.5.1. Reduced glutathione (GSH)
GSH levels were measured using the method of Beutler et al. [41]. 

Briefly, 0.2 mL of tissue homogenate or plasma was mixed with 1.8 mL 
of 1.3% (w/v) sulfosalicylic acid and allowed to stand for 10 min at 4◦C. 
The mixture was centrifuged at 2500 × g for 15 min. Then, 1 mL of the 
resulting supernatant was added to 4 mL of 0.1 M phosphate buffer (pH 
7.4), followed by 0.5 mL of Ellman’s reagent (5,5′-dithiobis-(2-ni
trobenzoic acid); 0.01 M in methanol). The absorbance was read at 
412 nm. GSH concentrations were extrapolated from a standard curve of 
reduced glutathione.

2.5.2. Nitric oxide (NO)
NO levels were determined using the Griess reagent method, as 

described by Bryan et al. [42]. Briefly, 0.5 mL of plasma or deproteinised 
tissue homogenate was mixed with 0.5 mL of Griess reagent, consisting 
of 1% sulfanilamide in 5% phosphoric acid and 0.1% N-(1-naphthyl) 
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ethylenediamine dihydrochloride. The mixture was incubated at room 
temperature for 10 min, and absorbance was measured at 540 nm. Ni
trite concentrations were determined using sodium nitrite (NaNO₂) as a 
standard.

2.5.3. Malondialdehyde (MDA)
MDA levels, a marker of lipid peroxidation, were determined using 

the thiobarbituric acid reactive substances (TBARS) method described 
by Varshney et al. [43]. A 0.5 mL sample of tissue homogenate or plasma 
was mixed with 1.5 mL of 1% (w/v) phosphoric acid and 0.5 mL of 0.6% 
(w/v) thiobarbituric acid. The mixture was heated in a boiling water 
bath (95◦C) for 45 min, then cooled and centrifuged at 3000 × g for 
10 min. The supernatant absorbance was measured at 532 nm. MDA 
concentration was calculated using an extinction coefficient of 
1.56 × 10⁵ M⁻¹cm⁻¹ .

2.5.4. Catalase (CAT) activity
CAT activity was assayed following the method by Luck [44]. The 

decomposition of hydrogen peroxide (H₂O₂) was monitored by adding 
0.1 mL of tissue homogenate to 2.9 mL of 30 mM H₂O₂ prepared in 
50 mM phosphate buffer (pH 7.0). The decrease in absorbance was 
recorded at 240 nm over 1 min. One unit of CAT activity was defined as 
the amount of enzyme that decomposes 1 µmol of H₂O₂ per minute.

2.5.5. Glutathione S-transferase (GST) activity
GST activity was measured using the method of Nadarajapillai et al. 

[45]. The assay mixture contained 0.5 mL of 0.1 M phosphate buffer (pH 
6.5), 0.1 mL of 1 mM reduced glutathione (GSH), 0.1 mL of 1 mM 
1-chloro− 2,4-dinitrobenzene (CDNB), and 0.3 mL of tissue homogenate 
or plasma. The increase in absorbance at 340 nm was measured for 
5 min. Enzyme activity was calculated using the extinction coefficient of 
9.6 mM⁻¹cm⁻¹ for the CDNB–GSH conjugate.

2.5.6. Superoxide dismutase (SOD) activity
SOD activity was assayed by the method of Misra et al. [46]. A 0.5 mL 

sample of tissue homogenate was added to 2.5 mL of 0.05 M carbonate 
buffer (pH 10.2). The reaction was initiated by adding 0.3 mL of freshly 
prepared 0.3 mM adrenaline (epinephrine) solution. The increase in 
absorbance was recorded at 480 nm every 30 s for 2 min. One unit of 
SOD activity was defined as the amount of enzyme required to inhibit 
the auto-oxidation of epinephrine by 50%.

2.5.7. Acetylcholinesterase (AchE) activity
Acetylcholinesterase activity was determined according to the 

method of Ellman et al. [47]. A 0.4 mL aliquot of tissue homogenate was 
added to a cuvette containing 2.6 mL of 0.1 M phosphate buffer (pH 8.0). 
DTNB reagent (0.1 mL) was then added. After 10 mins of incubation at 
37 oC, the enzymatic reaction was initiated by the addition of 2.5 mM 
acetylcholine iodide (20 μL) [AKScientific, Inc., CAT NO: V1948], and 
the increase in absorbance at 412 nm was monitored for 3 mins. AChE 
activity was calculated from the linear change in absorbance per minute. 
As follows (ε = 13,600 M⁻¹ cm⁻¹, path length = 1 cm, total reaction 
volume =.12×10− 3 L): C0: initial tissue concentration (mg mL⁻¹), 2: 2 
moles of TNB⁻ formed per mole of acetylthiocholine hydrolyzed, Vassay: 
total reaction volume (L), F: dilution factor of aliquot (3.9), 10− 3

: con
version mg tissue to g tissue. 

5.74 X 10− 4 =
2 × Vassay × F

ε412 × l × 10− 3 

Rate of subtrate hydrolysis (molmin⁻¹ g⁻¹ tissue)

= 5.74 × 10− 4 ΔA (412nm)

C0(mg mL⁻¹)

2.5.8. Na+/K+ ATPase activity
The Na⁺/K⁺-ATPase activity was estimated according to the Quigley 

& Gotterer [48] procedure. Na⁺/K⁺-ATPase activity was estimated as the 
difference between the total ATPase and Mg²⁺-ATPase activities. Briefly, 
the ion-medium (7.5 mM Tris-HCl buffer, pH 7.2, 120 mM NaCl, 20 mM 
KCl, 7.5 mM MgSO4) was constituted to 400 μL (volume) for ATPase, 
ouabain-sensitive medium, and control assays, respectively. A 100 μL of 
tissue homogenate was added to ATPase and ouabain-sensitive media 
only. A 100 μL of ouabain was added to the ouabain-sensitive medium 
only. While 100 μL ATP solution (7 mM ATP) was added only to the total 
ATPase and ouabain-sensitive mixtures. The equivalent amount of water 
required to make up to 900 μL of reaction mixtures were added to each 
of the three reaction mixtures. To initiate the reactions, 100 μL of 7 mM 
disodium-ATP was added to the total ATPase and ouabain-sensitive 
mixtures only and incubated for 15 mins at 37 oC. The reaction was 
terminated by adding 1 mL of cold 10% TCA to each of the three tubes. 
While 100 μL of tissue homogenate was added to the control test tube, 
afterwards. The aggregate of 2 mL reaction mixtures in each of the three 
tubes was centrifuged for 10 min at 3000 rpm. One millilitre of the su
pernatant was taken and used to quantify hydrolysed ATP. Stewart [49]
spectrophotometry protocol (660 nm) was adapted to quantify inor
ganic phosphate produced, and results were expressed as nanomoles 
Pi/minute/mg protein.

2.6. Determination of Insulin, Inflammatory Cytokines and NF-κB by 
ELISA

Concentrations of insulin, CAT No.: E-EL-R2466, proinflammatory 
cytokines, interleukin− 1 beta (IL-1β) – CAT No: E-EL-R0012, inter
leukin− 6 (IL-6) - CAT No.: E-EL-R0015, tumour necrosis factor-alpha 
(TNF-α) – CAT No.: E-EL-R2856, as well as the transcription factor nu
clear factor kappa B (NF-κB) – CAT No.: E-CL-H0902, were quantified 
using enzyme-linked immunosorbent assay (ELISA) kits (Elabscience 
Biotechnology Inc., Houston, TX, USA). All assays were conducted at 
Brainwill Laboratory Limited, Osun State, Nigeria.

2.6.1. Immuno-quantification of pancreatic insulin level
The insulin assay was carried out according to the manufacturer’s 

manual instructions. In brief, 100 µL of appropriately diluted homoge
nate samples or standards were added to the wells of pre-coated 96-well 
microplates. Plates were incubated at 37 ◦C for 90 min to allow antigen 
binding. The unbound mixture was discarded, and 100 µL of rat-specific 
biotinylated detection antibody was added and incubated for 1 h at 
37 ◦C. Plates were aspirated, rewashed (3 cycles). Avidin-Horseradish 
Peroxidase-conjugated solution (100 µL) was added and incubated for 
30 min at 37 ◦C. After an additional 5 washes, 90 µL of 3,3′,5,5′-tetra
methylbenzidine (TMB) substrate solution was added to each well and 
incubated in the dark for 15 min. The reaction was stopped by adding 
50 µL of stop solution, and the absorbance was read immediately at 
450 nm using a microplate reader. Quantification was based on standard 
curves generated from known concentrations of recombinant protein 
supplied with the kits, and the detection is 6.25–400 pg/mL.

2.6.2. Immuno-quantification of pancreas cytokines and NF-κB
Cytokines and NF-κB assays were performed according to the man

ufacturer’s standard protocols. Briefly, 100 µL of appropriately diluted 
homogenate samples or standards were added to the wells of pre-coated 
96-well microplates. Plates were incubated at 37 ◦C for 90 min to allow 
antigen binding. After washing three times with wash buffer (300 µL/ 
well), 100 µL of biotinylated detection antibody was added and incu
bated for 1 h at 37 ◦C. Plates were rewashed and incubated with 100 µL 
of horseradish peroxidase (HRP)-conjugated secondary antibody for 
30 min at 37 ◦C. Following additional washing, 90 µL of TMB substrate 
solution was added to each well and incubated in the dark for 15 min. 
The reaction was stopped by adding 50 µL of stop solution, and the 
absorbance was read at 450 nm using a microplate reader. Quantifica
tion was based on standard curves generated from known concentra
tions of recombinant substrate supplied with the kits. The detection 

A.K. Atunnise et al.                                                                                                                                                                                                                             PharmaNutrition 37 (2026) 100527 

4 



ranges were as follows: INS (0.31–20 ng/mL), IL-1β (15.6–1000 pg/mL), 
IL-6 (31.25–2000 pg/mL), TNF-α (15.6–1000 pg/mL), and NF-κB 
(62.5–4000 pg/mL).

2.7. Histological processing and digital morphometric analysis

2.7.1. Histological processing
Pancreas, brain (hypothalamus), and jejunum tissues were fixed in 

10% formalin for 24 h [50], processed through graded ethanol and 
xylene, and embedded in paraffin. Section (3 µm) were stained with 
hematoxylin and eosin (H&E) for general morphology and with Gomori 
aldehyde–fuchsin for pancreatic β-cell visualisation [51]. All slides were 
prepared at the Anatomy Laboratory, Obafemi Awolowo University, 
Ile-Ife, Nigeria. Digital images were captured using an Amscope DM500 
camera. The pancreas was captured at x10 and x40, the hypothalamus 
(brain region) at x4 and x40, and the jejunum at x4 only, using the 
objective lenses.

2.7.2. Digital morphometric analysis
Quantitative morphometry and histologic scoring were performed in 

ImageJ v1.53c (NIH, USA) [52] on calibrated digital micrographs. All 
measurements were based on direct planimetric or linear geometry, with 
counts normalised to defined tissue areas. Pathology indices, including 
inflammatory cell infiltrates, necrotic debris, and vacuole counts, were 
scored using a 10 × 10 grid overlay and the multi-point tool. Analyses 
were conducted by an observer blinded to experimental groups. 
Pancreatic H&E-stained sections (×400), individual islets were manu
ally delineated. Islet area (×10 ³ µm²) and perimeter (×10² µm) were 
obtained from traced boundaries. Nuclear profiles were counted within 
each islet and normalised to islet area to determine nuclear density (/10, 
000 µm²). Inflammatory cells, necrotic debris, and cytoplasmic vacuoles 
were identified by morphology and quantified within the same islet 
regions. These measurements follow established quantitative ap
proaches for pancreatic islet morphometry, including normalisation of 
cellular counts to endocrine area [53].

For Gomori aldehyde fuchsin-stained pancreatic sections (×400), the 
number per field was recorded. Mean islet diameter was calculated as 
the average of orthogonal Feret diameters, and estimated islet area 
(×10 ³ µm²) was derived from planar measurements [54]. Aldehyde 
fuchsin–positive area was segmented using consistent 
colour-thresholding parameters and expressed as a percentage of total 
islet area. Vacuolation was quantified as the percentage of islet area 
lacking aldehyde fuchsin signal. Islet border integrity was assessed on a 
semi-quantitative 0–5 scale based on perimeter continuity. β-cell density 
was calculated as aldehyde fuchsin–positive nuclear counts normalised 
to endocrine area (×10 cells/10⁴ µm²), and islet size and β-cell density 
measurements align with established quantitative islet analyses [55,56].

In the hypothalamic (brain region) H&E-stained sections (×40), 
identical measurement rules were applied to defined regions of interest. 
Nuclear counts were normalised to region area to calculate nuclear 
density (/100 µm²), and vacuoles were quantified using the same 
criteria; this was done using the ImageJ workflow. For jejunal H&E- 
stained sections (×40), villus height was measured from the villus tip to 
the villus-crypt junction, and crypt depth was measured from the crypt 
base to the same junction. Villus width was measured at mid-villus, total 
mucosal thickness from the muscularis mucosae to the villus tip, and 
villus density was calculated as villi per millimetre of mucosal length. 
The villus height-to-crypt depth (VH:CD) ratio was calculated from 
paired measurements within the same field [57].

2.8. Statistical analysis

All quantitative data are expressed as mean ± standard deviation (M 
±SD) and n = 6. Prior to inferential testing, data sets were evaluated for 
normality using the Shapiro–Wilk test and for homogeneity of variances 
by Levene’s test. Statistical analyses were performed in GraphPad Prism 

9.0 (GraphPad Software, San Diego, CA, USA). Comparisons among 
treatment groups were made using one-way analysis of variance 
(ANOVA), and when the ANOVA reached significance, a post hoc test 
using Tukey’s multiple comparisons was used to determine individual 
group differences. Data were considered statistically significant at 
p < 0.05.

3. Results

3.1. Effects of fermented M. paradisiaca pulp methanolic extract (f- 
PUME) on body weight and glycemic parameters in STZ-induced diabetes 
rats

The change in the body weight of rats was represented in Fig. 1A. At 
day 1, body weight change did not differ significantly among the control 
group (CG), STZ-only group (SO), STZ + glibenclamide (SD), 
STZ + unfermented extract (SU), and STZ + fermented extract (SF) 
(p > 0.05). By day 7, the CG body weight was significantly higher 
(p < .0.05) than the diabetes groups (SO, SD, SU and SF), and this in
crease was sustained till the end, except in the SF, which was not 
significantly different (p > 0.05) from days 14 to the end. SO and SD had 
no significant difference in body weight from day 1–42 (p > 0.05). Be
tween SO and SF, a significant difference (p < 0.05) was noted at days 7 
and 28–42. Within the diabetes groups, SD and SU showed a significant 
difference (p < 0.05) at days 7 and 35 only; SD was significantly 
different from SF at days 7, 35 and 42 only, and SU and SF were 
significantly different at day 28 only.

In Fig. 1B, the weekly fasting blood glucose (FBG) level in the dia
betes group was significantly higher (p < 0.0001) than that of the CG 
from days 1–14. At days 21 and 28, SO, SD and SU FBG levels remained 
significantly higher (p < 0.0001) than CG; whereas SF value was not 
significantly different from CG (p > 0.05) from day 21 to the end of the 
experiment. The FBG levels in SU and SD were not significantly different 
from those in CG at days 35 and 42, respectively (p > 0.05). Among the 
treatment groups (SD, SU, and SF), FBG levels in SD and SU were not 
significantly different (p > 0.05) at days 7–42. SD and SF showed a 
significant difference (p < 0.001) only at days 21–35. Between the 
M. paradisiaca treatment groups (SU and SF), SU differed significantly 
(p < 0.05) from SF only at days 1 and 14–28.

During the oral glucose tolerance test (Fig. 1C), at baseline (0 min), 
CG blood glucose (BG) was significantly (p < 0.0001) lower than SO and 
SU only. Thirty minutes later, only SO, SU and SF BG were significantly 
(p < 0.001) different from CG. At 60 min, only SO and SU were not 
different from the CG (p > 0.05). At 120 mins, only SU was not signif
icantly different (P < 0.05) from the CG. At 150 min, SO and SU were 
significantly (p < 0.05) higher than the CG level. In the diabetic group, 
the three treatment groups’ FBG levels were significantly lower 
(p < 0.00001) from 0 to 150 mins compared with SO, except for SU, 
which was not significant at 30 and 60 min. Between the treatment 
groups,

3.2. Effect of fermented M. paradisiaca fruit pulp methanolic extract on 
plasma lipid profile and atherogenic indices of STZ-induced diabetes in rats

In Fig. 2A, the plasma total cholesterol (TChol) of CG was not 
significantly different from the diabetes groups (p > 0.05). Between the 
diabetes groups, SU and SF were significantly different (p < 0.05) from 
SO, but no significant difference (p > 0.05) was noted among the 
treatment groups. The plasma triglycerides (TG) level in the diabetes 
groups was not significantly different (p > 0.05) from the CG group. 
Plasma high-density lipoprotein (HDL-c) level in SO and SD was 
significantly (p < 0.001) lower and higher than that of the CG, respec
tively. Within the diabetes groups, SD, SU and SF were significantly 
higher than SO (p < 0.001). Among the treatment groups, HDL-c in SD 
was significantly (p < 0.05) higher than in SU and SF, but no significant 
difference (p > 0.05) was observed between SU and SF. The LDL-c and 
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Fig. 1. Effect of fermented M. paradisiaca fruit pulp methanolic extract on body weight fasting blood glucose and oral glucose tolerance test of STZ-induced diabetes 
in male rats. (A) Weight change of rats, (B) Fasting blood glucose, (C) Oral glucose tolerance test. The significant differences between the means across the groups 
were represented within each column as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as 
mean ± SD; n = 6.

A.K. Atunnise et al.                                                                                                                                                                                                                             PharmaNutrition 37 (2026) 100527 

6 



non-HDL-c levels in the SO were significantly lower (p < 0.05) than 
those in the CG and treatment groups. When the treatment groups were 
compared with the CG, no significant change (p > 0.05) was observed in 
either LDL or non-HDL-c levels. Also, LDL-c levels within the treatment 
groups did not change significantly (p > 0.05), but the non-HDL-c level 
in the SF was significantly higher than in the SD (p < 0.05).

Regarding plasma lipid ratios (Fig. 2B), CRI-I, CRI-II, AIP and AC of 
SO were significantly higher (p < 0.05) than CG, but SD was not 
significantly different (p > 0.05) from the CG across the same parame
ters. In CRI-I, SU and SF were significantly lower than (p < 0.05) CG but 
not significantly different (p > 0.05) from the SD. The CRI-II value of SU 
was significantly lower (p < .0.05) than that of CG, but a comparison 
between SF and CG was not significant (p > 0.05). Within the diabetic 
group, the CRI-II of SO was significantly higher (p < 0.05) than in the 
treatment groups, whereas no significant difference (p > 0.05) was 
observed among the treatment groups. A similar comparison trend was 
noted within the diabetes and treatment groups in AIP and AC. While the 
AC comparison of SF and CG was the same as in the CRI-II, their AIP 
value was not significantly different (p > 0.05).

3.3. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
pancreatic organosomatic index, insulin and protein levels, oxidative and 
inflammatory markers

The pancretic organosomatic index shown in Fig. 3A shows that SD 
and SU were significantly (p < 0.05) lower than the CG, but no signifi
cant change (p > 0.05) was noted in SF when compared to CG. No 

significant difference (p > 0.05) was noted between the SO and treat
ment groups.

Fig. 3B depicts protein level in the pancreas, SO and SU had signif
icantly lower (p < 0.001) protein levels when compared to the CG, 
whereas SF was significantly higher (p < 0.00001) than the CG. Within 
the diabetic group, SU was not significantly different from SO 
(p > 0.05), but both SD and SF were significantly different (p < 0.05). 
Within the treatment group, SF was significantly higher than both SU 
and SD (p < 0.00001), but SU was not significantly higher than SD 
(p > 0.05).

Pancreatic insulin level (Fig. 3C) in SO was significantly lower 
(p < 0.0001) than that of CG. SD and SU pancreatic insulin were not 
significantly different (p > 0.05) from CG, but SF was significantly 
(p < 0.00001) higher. In the diabetic group, pancreatic insulin in SO 
was significantly lower than in the other three groups. Within the 
treatment group, SF was significantly higher (p < 0.00001) than SU and 
SD, but SD and SU were not significantly different from each other 
(p > 0.05).

For pancreatic enzymatic oxidative stress markers (Fig. 3D), CAT, 
GST, and SOD activities of SO (p < 0.05) were significantly lower than 
those of the CG, but the other diabetic groups were not significantly 
different (p > 0.05) from the CG in the three enzymes. Within the dia
betic group, CAT and GST activities of SO were significantly different 
(p < 0.05) from the treatment groups, but no significant change was 
noted in the SOD activity among the diabetic groups. Among the treat
ment groups, CAT and SOD activities were not altered significantly 
(p > 0.05), but GST of SD was significantly (p < 0.05) lower than that of 

Fig. 2. Effect of fermented M. paradisiaca fruit pulp methanolic extract on plasma lipids profile and atherogenic indices of STZ-induced diabetes in male rats. (A) 
Plasma total cholesterol, triglycerides, high density lipoproteins, low density lipoproteins and non-high density lipids levels, (B) Plasma lipids ratios (CRI-I and II, 
atherogenic index of plasma and atherogenic coefficient. The significant differences between the means across the groups were represented within each column as * 
p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as mean ± SD; n = 6.
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SU.
Pancreas lipid peroxidation and non-enzymatic oxidative stress 

markers (Fig. 3E) showed that the GSH level in SO was significantly 
lower (p < 0.05) than in CG, while its NO and MDA were significantly 
higher (p < 0.0001). In comparison to the CG, the GSH and NO levels in 
SU, SD, and SF were not significantly different (p > 0.05). The MDA 
level in the treatment group compared to the CG shows that SD was not 
significantly different (p > 0.05), SU was significantly higher 
(p < 0.05), while SF was significantly lower (p < 0.001). In comparison 
to the SO, the GSH, NO, and MDA levels in the treatment groups (SD, SU 
and SF) were significantly different (p < 0.001). Within the treatment 
groups, GSH and NO levels in SD and SF were not significantly different 
(p > 0.05), and MDA levels in SD and SU were not significantly different 
(p > 0.05). Notably, the GSH, NO and MDA levels in SU and SF were 
significantly different (p < 0.05).

Pancreatic proinflammatory markers (Fig. 3F) showed that IL-1β 
level in SO, SD and SU was higher than that of CG (p < 0.0001), while SF 
was significantly lower (p < 0.001). All the diabetic groups were 
significantly different from one another (p < 0.001). While the treat
ments group were significantly lower than the SO (p < 0.001), SF was 
the least among (p < 0.001) among the treatments group. A similar 

trend was recorded in TNF-α and NF-κB SF. For IL-6 level, SO SU and SF 
were significantly higher than that of CG (p < 0.001), and SD was not 
significantly different from that of CG (p > 0.05). IL-6 level in SU was 
significantly higher than that of the other diabetic groups 
(p < 0.00001). While the IL-6 level in SF was significantly lower than 
that in SO (p < 0.00001), the IL-6 level in the SO group was significantly 
lower (p < 0.00001) than that in SU.

3.4. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
organosomatic indices, protein, NO, GSH, and MDA in plasma, brain, and 
jejunum

Fig. 4A illustrates brain and jejunum organosomatic indices. For the 
brain, SO value was higher (p < 0.01) than CG, SU and SF, with CG not 
differing from SD, SU, or SF (p > 0.05); no significant differences were 
observed among treatment groups (p > 0.05). In the jejunum, no sig
nificant (p > 0.05) difference was found between CG, SO and other 
groups. Within the M. paradisiaca treatment group, SF was significantly 
higher than SU (p < 0.05).

Fig. 4B presents the protein level in plasma, brain, and jejunum. 
Across the three tissues, SO was significantly lower (p < 0.05) than CG. 

Fig. 3. Effect of fermented M. paradisiaca fruit pulp methanolic extract on pancreas somatic index, protein and insulin contents, oxidative stress and inflammatory 
markers of STZ-induced diabetes in male rats. (A) Pancreas organosomatic index, (B) Pancreas protein level, (C) Pancreas insulin level, (D) Pancreas enzymatic 
oxidative stress markers, (E) Pancreas non-enzymatic oxidative stress and lipid peroxidation markers, (F) Pancreas proinflammatory markers. The significant dif
ferences between the means across the groups were represented within each column as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant 
difference at p < 0.05. Results are expressed as mean ± SEM; n = 6.
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SD was lower (p < 0.05) than CG in the plasma and jejunum, but not 
statistically different (p > 0.05) in the brain. The protein level in the SF 
was not significantly different from that in the CG in the three tissues. A 
comparison between SO and the treatment groups showed that SD was 
not different (p > 0.05) from SO in the plasma and brain, but was 
significantly (p < 0.0001) higher in the jejunum. When compared across 
the three tissues, SU was significantly higher (p < 0.05) than SO in the 
brain only. Between SO and SF, a significant increase (p < 0.0001) was 
noted in the plasma and jejunum. Within the M. paradisiaca treatment 
groups, SU was significantly (p < 0.00001) higher in the jejunum only. 
SF was significantly higher than SD and SU in both plasma and the 
jejunum, but not in the brain (p > 0.05).

The nitric oxide (NO) level (Fig. 4C) in the plasma, brain and 
jejunum of SO was significantly higher (p < 0.001) than that of CG. NO 
in the plasma and brain of SD was significantly lower (p < 0.001) than 
in CG, but not (p > 0.05) in the jejunum, which was comparable to that 

of CG. The NO level in the plasma and brain of SU was not significantly 
different (p > 0.05) from that of the CG, but in the jejunum, SU was 
significantly lower (p < 0.00001). Between CG and SF, plasma NO was 
significantly higher (p < 0.001), but no change (p > 0.05) was noted in 
the brain and jejunum. The NO level comparison between SO and SD 
showed that SD was significantly lower (p < 0.001) in the three tissues; 
between SO and SU, SU was not different (p > 0.05) from SO in plasma 
and brain, but lower (p < 0.0001) in the jejunum. Between SO and SF, 
SF was significantly lower (p < 0.05) in plasma and jejunum, but no 
significant change (p > 0.05) was observed in the brain. Among the 
treatment groups, SD was significantly lower (p < 0.0001) than SF and 
SU in the three tissues, except in the jejunum of SF, where SU was 
significantly lower (p < 0.01) than SD, but SD and SF were not signifi
cantly different (p > 0.05). Between SU and SF, a significant difference 
was noted (p < 0.01) in the jejunum only.

Fig. 4D shows reduced glutathione (GSH) levels. In the plasma, brain 

Fig. 4. Effect of fermented M. paradisiaca fruit pulp methanolic extract on organosomatic indices, protein contents, oxidative stress markers and lipid peroxidation in 
plasma brain and small intestine of STZ-induced diabetes in male rats. (A) Brain and small intestine organosomatic indices, (B) Plasma, brain and small intestine 
protein level, (C) Nitric oxide levels in plasma, brain and small intestine, (D) Reduced glutathione levels in plasma, brain and small intestine, (E) lipid peroxidation 
levels in plasma, brain and small intestine. The significant differences between the means across the groups were represented within each column as * p < 0.05, ** 
p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as mean ± SD; n = 6.
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and jejunum of SO, GSH level was significantly lower (p < 0.05) than 
that of CG and other groups. The GSH level in plasma and brain of SD, SU 
and SF was not significantly (p > 0.05) different from the CG, but in the 
jejunum, SD and SU were significantly lower (p < 0.05) and higher 
(p < 0.01), respectively, when compared to CG. Between the SF and CG, 
no significant difference (p > 0.05) was noted. Also, no significant 

difference was noted in the plasma and brain of SD and SU (p < 0.05), 
but was significantly higher in the jejunum (p < 0.00001). Between SD 
and SF, SF was significantly higher (p < 0.05) across the three tissues. 
When SU and SF were compared, SF was higher (p < 0.001) in the brain, 
while SU was higher (p < 0.001) in the jejunum, but no difference in the 
plasma (p > 0.05).

Fig. 5. Effect of fermented M. paradisiaca fruit pulp methanolic extract on selected enzymatic oxidative stress markers in plasma, brain, and jejunum of STZ-induced 
diabetes in male rats. (A) Catalase activity in plasma, brain and small intestine, (B) Glutathione-S-transferase activity in plasma, brain and small intestine, (C) 
Superoxide dismutase activity in plasma, brain and small intestine. The significant differences between the means across the groups were represented within each 
column as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as mean ± SD; n = 6.
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Fig. 4E presents lipid peroxidation (MDA) levels. MDA level in the 
plasma, brain and jejunum of SO was significantly higher (p < 0.05) 
than CG, SD and SF. A comparison between SO and SU showed that SU 
was significantly lower (p < 0.001) in the brain and jejunum but not 
significant (p > 0.05) in the plasma. A comparison between SD and CG 
revealed a significant increase (p < 0.00001) in the brain only. Between 
SU and CG, SU showed a significant elevation (p < 0.001) in both the 
brain and jejunum, but no change (p > 0.05) in the plasma. Between the 
SD and SU, a significant (p < 0.0001) difference was noted in the 
jejunum only. SF, on the other hand, was significantly (p < 0.05) lower 
than both SU and SD across the three tissues.

3.5. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
enzymatic oxidative stress markers

Catalase (CAT) activity in plasma, brain, and jejunum is shown in 
Fig. 5A. The CAT activity in the plasma, brain and jejunum of SO was 
significantly lower (p < 0.0001) than that of CG and other diabetic 
groups. A comparison between the CG and diabetes treatment groups 
showed that CAT activity in SU and SD was significantly higher 
(p < 0.05) across the three tissues; however, SF was not significantly 
different (p > 0.05) in any of the tissues compared to CG. Within the 
treatment groups, CAT activity in plasma and jejunum of SD and SU was 
not significantly (p > 0.05) different, but SD was significantly higher 
(p < 0.05) in the brain. SF was significantly lower (p < 0.05) than both 
SD and SU in the plasma and jejunum, but not significantly different in 
the brain.

Fig. 5B presents glutathione-S-transferase (GST) activity. In plasma, 
brain and jejunum, SO was significantly lower (p < 0.05) than in CG and 
other diabetic groups. No significant difference (p > 0.05) was noted 
between CG, SU, SD and SF in plasma and brain, but in the jejunum, the 
GST activity of SD and SU was significantly (p < 0.05) lower and higher, 
respectively, than that of the CG. While SF was not significantly different 
(p > 0.05) from the CG in the plasma and other tissues. The GST activity 
in the plasma of SD and SU was not significantly different (p > 0.05) 
from each other, but in the brain and jejunum. Between SD and SF, GST 
activity was significantly higher (p < 0.05) in the plasma and jejunum of 
SF but not significantly different (P > 0.05) in the brain. No significant 
change was noted between SU and SF in the plasma and brain, but SU 
was significantly higher (p < 0.0001) in the jejunum.

Fig. 5C shows superoxide dismutase (SOD) activity. SOD activity of 
SO was significantly lower in the brain, plasma and jejunum (p < 0.05) 
when compared to CG. When the SD, SU and SF were compared to CG, 
the SF showed no significant difference across the three tissues. 
Whereas, SU and SD showed no significant change (p > 0.05) in the 
jejunum. In the plasma, SD was significantly higher (p < 0.05), but SU 
was significantly lower (p < 0.05) than CG. In the brain, SU was 
significantly lower, while SD did not show a significant change in SOD 
activity. The comparison between SO and the treatment groups showed 
that SD and SF were significantly higher (p < 0.05) than SO in the three 
tissues. SU was significantly higher than SO in the jejunum and brain but 
not significant (p > 0.05) in the plasma. Within the treatment groups, no 
significant difference (p > 0.05) was observed in the brain and jejunum. 
In the plasma, the three groups were significantly different (p < 0.05) 
from one another.

3.6. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
acetylcholinesterase and Na⁺/K⁺- ATPase activities in the brain

Acetylcholinesterase (AChE) and Na⁺/K⁺- ATPase activities in the 
brain are shown in Table 1. No significant differences were noted in the 
enzyme activities when compared with the CG (p > 0.05). However, 
there were marked differences across the treatment group when 
compared in terms of percentage change. For AChE activity, diabetes 
alone (SO) resulted in a marked reduction (− 25.59%) compared to CG. 
The unfermented extract (SU) caused an increase in AChE activity 

(29.98%), while the fermented extract (SF) led to a moderate elevation 
(19.76%). Also, Na⁺/K⁺-ATPase activity of the SO group showed a pro
nounced decrease (− 23.95%) relative to CG. Glibenclamide (SD) pro
duced a slight increase (10.93%). SU enhanced the enzyme activity 
above control (25.10%), whereas SF reduced it (− 11.74%), though to a 
lesser extent than the untreated diabetic group.

Data are presented as mean ± standard deviation (mean±SD) for 
n = 6 per group. Statistical comparisons between the control group and 
treatment group were performed. Significance levels are indicated as 
*p < 0.05

3.7. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
pancreatic islet morphometry

Fig. 6 shows a representative H&E-stained micrograph and histo
morphometry chart. The CG shows islets with well-defined round ar
chitecture and a dense core of endocrine cells, while the × 400 inset 
reveals tightly packed endocrine cells with evenly distributed, round 
nuclei, minimal cytoplasmic vacuolation, and almost absence of in
flammatory cell infiltration. In the SO, the islets exhibited marked 
shrinkage, dispersed nuclei, increased pyknotic nuclei, irregular pe
rimeters, and abundant inflammatory infiltrates. The SO inset demon
strates pronounced cellular degeneration characterised by dispersed and 
shrunken endocrine cells, numerous darkly stained pyknotic nuclei, 
cytoplasmic vacuolization, and dense inflammatory infiltrates within 
and around the islet tissue. Treatment with glibenclamide (SD) and 
unfermented extract (SU) partially restores islet morphology. This is 
more evident in their respective insets as both show improved cellular 
organisation compared with SO, with fewer pyknotic nuclei and reduced 
inflammatory infiltration. The SF achieves near-normal islet size, 
compact nuclear distribution, reduced pyknotic cells, smoother perim
eters, and minimal inflammation, and the inset shows densely packed 
endocrine cells with predominantly round, lightly stained nuclei, min
imal cytoplasmic vacuolation, and scarce inflammatory cells. The 
morphometry chart indicates that the nuclei density in the CG is 
significantly higher than in SO and SU only (p < 0.001 and p < 0.05, 
respectively). Among the diabetes group, SO is significantly lower than 
the other three. For the islet perimeter values, CG was significantly 
higher than the SO (p < 0.05) and SD (p < 0.001) only. Among the 
diabetes groups, no significant difference was found between the SO and 
SD (p > 0.05), but SU and SF were significantly higher than the SO 
(p < 005). For the inflammatory cells and vacoule counts, SO was 
significantly higher than CG and the treatment groups, except for the SD, 
which showed no significant difference in its inflammatory cell count 
(p > 0.05).

3.8. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
pancreatic islet (β-Cell granules)

Fig. 7 is representative of × 400 magnification Gomori aldehyde- 
fuchsin (AF) stained micrographs and their histomorphometry chart. 
In the CG, the islets are well delineated and exhibit intense, homoge
neous dark staining within the endocrine cell population, reflecting a 
high abundance and uniform distribution of AF-positive cytoplasmic 

Table 1 
Effects of fermented M. paradisiaca fruit pulp methanolic extract on acetylcho
line esterase and Na⁺/K⁺- ATPase activities in the brain.

AChE activity 
(nmol/min/mg 
protein)

AChE activity 
change from 
CG (%)

Na⁺/K⁺-ATPase 
activity (nmol Pi/ 
min/mg protein)

Na⁺/K⁺-ATPase 
changes from 
CG (%)

CG 21.37 ± 2.84 0.00 13.91 ± 2.30 0.00
SO 15.90 ± 0.66 − 25.59 10.65 ± 0.51 − 23.95
SD 21.36 ± 4.26 − 0.06 13.27 ± 2.03 10.93
SU 27.78 ± 2.21 29.98 14.59 ± 0.42 25.10
SF 25.59 ± 5.02 19.76 12.28 ± 0.93 − 11.74
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granules with preserved cellular density and architecture. The SO shows 
some markedly diminished AF-positive intensity, denoting substantial 
loss of AF-positive granules and compromised morphology within the 
pale islet areas, reduced cellular compactness, and irregular islet 
boundaries. The SD panel shows partial AF-positive staining character
istics, with a moderate increase in darkly stained cells and a more 
discernible islet outline compared with SO. In the SU panel, AF-positive 
granule density was comparatively higher than SO, with improved 
uniformity of stained regions, and better structural cohesion. The SF 
panel showed relatively uniform AF-positive granules, which are char
acterised by a well-coordinated, distributed cellular organisation, 
clearer islet definition, and morphological integrity than the SU.

Morphometry estimation of the AF-stained plate showed that mean 
islet density and islet-border integrity of the SO (p < 0.05) were 
significantly lower than the CG, but the treatment groups were not 

significantly different (p > 0.05) from the CG. Between the diabetes 
group, SO was significantly (p < 0.05) lower than the other three 
groups. The estimated islet area of the diabetes rats group was signifi
cantly lower (p < 0.05) than the CG, except for the SF, which was not 
significantly different. Also, a comparison within the diabetes group 
shows that SO is significantly lower than the other three. When the 
aldehyde-positive area of the islet of SO was compared with the CG, SO 
was significantly lower (p > 0.05). For the percentage vacuolation, the 
SO and SD were significantly higher (p < 0.05) than both CG, SU and SF. 
When SD and SO were compared, SO was significantly higher 
(p < 0.05). Regarding the non-endocrine area, no significant difference 
(p > 0.05) was noted between the CG and all the diabetes groups. But SF 
was significantly lower (p < 0.05) than the SO group.

Fig. 6. Effect of fermented M. paradisiaca fruit pulp methanolic extract on pancreatic islet histomorphology in streptozotocin (STZ)-induced diabetic male rats. 
Representative photomicrographs of Hematoxylin and Eosin (H&E)–stained pancreatic sections from the experimental groups: CG, control group; SO, STZ-only 
group; SD, STZ + glibenclamide–treated group; SU, STZ + unfermented M. paradisiaca fruit pulp methanolic extract–treated group; SF, STZ + fermented M. para
disiaca fruit pulp methanolic extract–treated group. Low-magnification images (×100) illustrate the general distribution and architecture of the islets of Langerhans 
within the pancreatic parenchyma. Insets (high magnification, ×100) highlight islet cellularity and structural details, with arrows indicating representative islets. 
Scale bars: 200 µm (main panels) and 50 µm (insets). (F) Semi-quantitative/quantitative scoring of pancreatic histomorphological parameters derived from H&E- 
stained micrographs across CG, SO, SD, SU, and SF groups, presented as comparative bar graphs. The significant differences between the means across the groups 
were represented as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as mean ± SD; n = 3.
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3.9. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
hypothalamic morphometry and pathology

Fig. 8 represents H&E‑stained micrographs (×40) of the anterior 
hypothalamus, including the paraventricular (PCN), suprachiasmatic 
(SCN), and supraoptic (SON) nuclei, demonstrating that CG retained 
uniform neuronal size and intact nuclear morphology, with no evidence 
of vacuolation or inflammatory infiltrates. By contrast, SO displayed 
shrunken, angular neurons accompanied by widespread vacuole for
mation, increased pyknotic nuclei, and focal inflammatory cell clusters. 
Intervention with glibenclamide (SD) yields a partial morphological 
rescue: fewer and smaller vacuoles and reduced pyknosis are evident, 
although mild gliosis persists. In SU, neuronal architecture is moderately 
preserved, with only occasional vacuoles and scattered pyknotic pro
files. Impressively, the SF exhibits near‑normal cytoarchitecture, char
acterised by minimal vacuolation and rare pyknotic or inflammatory 
cells. On the quantitative analysis, the total hypothalamic region cell 
density analysis revealed that CG neurons were more sparsely packed 
than in experimental groups (p < 0.01). SO density was lower than in SD 

and SU (p < 0.05) and markedly lower than SF (p < 0.0001). Although 
SD and SU densities were comparable (p > 0.05), both were significantly 
reduced relative to SF ( p < 0.05). For vacuole counts, CG exhibited the 
fewest vacuoles compared to SO and other diabetic groups (p < 0.05); 
SO counts exceeded SD, SU and SF (p < 0.05); while SD, SU, and SF did 
not differ significantly (p > 0.05).

3.10. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
hypothalamic vacuolation (magnified view)

As illustrated in Fig. 9, H&E-stained (×400) coronal sections from 
the anterior hypothalamus at the level of the suprachiasmatic region 
(H&E, ×400) demonstrate clear group-dependent morphological dif
ferences when the CG panel is used as the normal reference. The CG 
shows preserved cytoarchitecture, with uniformly sized neuronal cell 
bodies exhibiting consistent cytoplasmic eosinophilia, round to oval 
nuclei with evenly distributed chromatin, and a compact, homogeneous 
neuropil containing regularly dispersed small glial-type nuclei.

The SO panel displays the most pronounced pathological alterations 

Fig. 7. Effect of fermented M. paradisiaca fruit pulp methanolic extract on pancreatic islet histoarchitecture in streptozotocin (STZ)-induced diabetic male rats, as 
assessed by Gomori aldehyde–fuchsin staining. Representative photomicrographs of pancreatic sections from the experimental groups: CG, control group; SO, STZ-only group; 
SD, STZ + glibenclamide–treated group; SU, STZ + unfermented M. paradisiaca fruit pulp methanolic extract–treated group; SF, STZ + fermented M. paradisiaca fruit pulp 
methanolic extract–treated group. Images (×40) illustrate the distribution and staining characteristics of islet cells within the pancreatic parenchyma. Scale bar = 50 µm. (F) 
Semi-quantitative/quantitative scoring analysis of Gomori aldehyde–fuchsin–stained pancreatic islet micrographs from CG, SO, SD, SU, and SF groups, presented as 
comparative bar graphs. (F) Semi-quantitative/quantitative scoring of pancreatic histomorphological parameters derived from H&E-stained micrographs across CG, 
SO, SD, SU, and SF groups, presented as comparative bar graphs. Morphometry abbreviations: Mean islet diameter (Mena-ID), Estimated islet area (Estimated-IA), 
AF-positive area (AF-PA), Vacuolation, Islet border integrity (Islet-BI) and Non-endocrine area in field (Non-EA). The significant differences between the means 
across the groups were represented as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as 
mean ± SD; n = 3.
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relative to CG, characterised by frequent neuronal cytoplasmic pallor, 
prominent pericellular clearing, increased numbers of darkly stained, 
condensed nuclei, and a loosened, heterogeneous neuropil with focal 
rarefaction. Among the treatment groups, distinct inter-group differ
ences are evident. The SD panel shows partial attenuation of the SO- 
associated changes, with mixed neuronal morphology characterised by 
variable cytoplasmic staining intensity and persistent pericellular 
clearing; scattered pyknotic nuclei remain frequent, and the neuropil 
demonstrates uneven density. In comparison, the SU panel exhibits a 
denser cellular arrangement than SD, with fewer overtly pale neuronal 
profiles and more uniform cytoplasmic eosinophilia. Although small 
hyperchromatic nuclei are prominent, the neuropil appears compara
tively compact, and degenerative nuclear features are less conspicuous 
than in SD. The SF panel differs from both SD and SU by displaying more 
prominent neuronal cell bodies with pale to moderate cytoplasmic 
staining and round nuclei of variable chromasia, set within neuropil 
showing focal rarefaction; however, the frequency of pyknotic nuclei 
appears lower than in SD and is comparable to or less than that observed 
in SU. Overall, while all treatment groups show improved neuronal 

preservation relative to the untreated injury group, SD retains the 
greatest degree of morphological heterogeneity and degenerative fea
tures, whereas SU demonstrates the most compact cellular organisation, 
and SF is distinguished by more conspicuous neuronal profiles with in
termediate preservation of neuropil integrity, none fully recapitulating 
the uniform appearance of the normal control at the examined 
magnification.

3.11. Effects of fermented M. paradisiaca fruit pulp methanolic extract on 
jejunum morphometry and pathology

Fig. 10 presents representative low-magnification photomicrographs 
of jejunal sections of rats. In the CG, the jejunum exhibited a well- 
preserved architecture characterised by tall, closely packed villi with 
intact epithelial lining, orderly crypt arrangement, and a clearly defined 
mucosa–submucosa interface, reflecting normal intestinal morphology. 
The SO showed marked disrupted histoarchitecture, evidenced by 
apparent villus shortening and blunting, irregular villus spacing, and 
disorganisation of the crypt–villus axis, indicating intestinal injury. 

Fig. 8. Effect of fermented M. paradisiaca fruit pulp methanolic extract on hypothalamic histomorphology in streptozotocin (STZ)-induced diabetic male rats. 
Representative low-magnification photomicrographs (Hematoxylin and Eosin staining, ×40) of the of the anterior hypothalamus (suprachiasmatic region) of rats. Groups: CG, 
control group; SO, STZ-only group; SD, STZ + glibenclamide–treated group; SU, STZ + unfermented M. paradisiaca fruit pulp methanolic extract–treated group; SF, 
STZ + fermented M. paradisiaca fruit pulp methanolic extract–treated group. Sections illustrate neuronal organization within the supraoptic nucleus (SON), suprachiasmatic 
nucleus (SCN), and periventricular/adjacent hypothalamic regions as indicated. In the SO group, altered neuronal morphology and neuropathological features are indicated by 
arrows, whereas treatment groups (SD, SU, and SF) show relative preservation of hypothalamic cytoarchitecture. Scale bar = 50 µm. (F) Semi-quantitative/quantitative scoring 
analysis of H&E-stained hypothalamic micrographs from CG, SO, SD, SU, and SF groups, presented as comparative bar plots. The significant differences between the means 
across the groups were represented as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are expressed as 
mean ± SD; n = 3.
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Contrary to the SO, the treatment group, SD, partially showed noticeable 
improvement in villus length and alignment. Although the mucosal 
organisation did not fully resemble that of the CG. Also, the SU showed a 
jejunal structure with residual irregularities in villi and crypts 
morphology than the SO. SF exhibited elongated and uniformly ar
ranged villi, clearer crypt architecture, and overall mucosal organisation 
approaching that observed in the CG. Histomorphometrically, the villus 
height of the CG was significantly higher (p < 0.05) than both SO, SD 
and SU but not significantly (p > 0.05) different from the SF. Among the 
diabetes groups, SO and SU were significantly lower (p < 0.05) than SD 
and SF, but no significant difference (p > 0.05) was observed between 
SO and SU. For the crypt depth, SO is significantly higher (p < 0.05) 
than both CG and the treatment groups. Also, the crypt depth of the SU 
was significantly higher (p < 0.05) than CG, but SD and SF were not 
significantly different (p > 0.05) from CG. The villus height to crypt 
ratio (VH: CD) of all the diabetes groups was significantly (p < 0.05) 
lower than CG.among the diabetes groups, SO had a significantly 
(p < 0.05) VH:CD than the rest. The villus width variation across all 
groups was the same trend as that of the VH:CD. Also, villus density and 
total mucosal thickness variations across all the groups had the exact 
trend recorded, but in a reverse pattern. That is, while the crypt depth of 
the CG and treatment groups was lower than the SO, the villus density 
and total mucosal thickness of these groups were higher. The exception 
noted in these trends was that, contrary to the crypt depth, SD was 
significantly lower than CG in both villus density and total mucosal 
thickness, and no significant difference was noted between SO and SU in 
villus density.

4. Discussion

This study revealed that STZ‑induced β‑cell destruction precipitates 
systemic metabolic derangements, manifesting as weight loss and 
hyperglycaemia. This exacerbates dyslipidaemia and elevates athero
genic indices, which further depict pancreatic redox dyshomeostasis and 
inflammatory conditions.

STZ‑induced diabetes (SO) precipitated rapid weight loss by day 7 
(Fig. 1A). This observation reflects insulin deficiency-driven proteolysis 
(proteinuria) and enhanced gluconeogenesis [58,59], which is a 
consequence of glucosuria [58]. Both unfermented (SU) and fermented 
(SF) M. paradisiaca fruit pulp extracts moderate body weight better than 
glibenclamide. However, only SF restored weight to near control level as 
early as day 14. The distinctive weight-moderating effect of SF may be 
ascribed to some of the constituents, like short-chain fatty acids (SCFAs) 
and modified phenolic compounds, which are unique to fermented 
M. paradisiaca (plantain) fruit pulp extract (f-PUME), as identified in our 
previous works [22,23]. Numerous studies have shown that SCFAs 
modulate body weight in various metabolic energy (pathological) con
ditions. For example, Anachad et al. [60] reported that SCFA prevents 
obesity in T2DM conditions, while Wen et al. [61] showed that dietary 
SCFA intervention in (STZ-induced) T1DM in mice prevents weight loss.

In fasting glycaemia (Fig. 1B), the greater reductions elicited by f- 
PUME (SF)over u-PUME (SU) or glibenclamide (SD) from day 14 onward 
aligned with our in-vitro study, which showed that f-PUME possesses 
greater inhibitory potential against α-amylase [22], which may suggest a 
possible mechanism that f-PUME employs to fight against DM. Addi
tionally, the synergistic effects of some of the phytochemical constitu
ents [62,63] and other unique components in the fermented extracts 
[22,23,25] might have potentiated f-PUME efficacy against hyper
glycaemia. Consequently, contributing to the outcome observed on 
OGTT (Fig. 1C), as SF markedly blunted the hyperglycaemia peak within 
the 30–60 min and quickly returned toward baseline.

The compounding and consequential effects of STZ-induced DM on 
the plasma lipid profile and atherogenic indices are well documented 
[64–67]. As shown in this study, the SO group showed all the high-risk 
factors. Although TChol and TG remained stable across all the inter
vention groups, they showed diverse and intriguing patterns of hypo
lipidemic effects (Fig. 2A & B). For example, unfermented extract (SU) 
could not suppress plasma TG and yet had the least LDL-c, even at a level 
lower than the CG, by effectively suppressing plasma TChol. f-PUME, on 
its part, moderately suppressed TChol and TG, and stabilised HDL-c 

Fig. 9. Effect of fermented Musa paradisiaca fruit pulp methanolic extract on hypothalamic cytoarchitecture in streptozotocin (STZ)-induced diabetic male rats. 
Representative high-magnification photomicrographs (Hematoxylin and Eosin staining, ×400) of of the anterior hypothalamus (suprachiasmatic region) of rats. 
Groups: CG, control group; SO, STZ-only group; SD, STZ + glibenclamide–treated group; SU, STZ + unfermented M. paradisiaca fruit pulp methanolic extract–treated 
group; SF, STZ + fermented M. paradisiaca fruit pulp methanolic extract–treated group. Images depict neuronal cell bodies and surrounding neuropil. The SO group 
shows marked alterations in neuronal morphology compared with the CG, whereas treatment with glibenclamide, unfermented, or fermented M. paradisiaca pulp 
extracts is associated with relative preservation of neuronal structure. Scale bar = 200 µm.
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levels to the level observed in the control rat group. In diabetic condi
tions, dyslipidemia promotes atherogenesis and coronary heart disease, 
but the plasma lipid components may not independently reflect the 
angiographic risk indices[68]. Hence, derived lipid indices such as 
Castelli Risk Indices I/II (CRI-I and CRI-II), Atherogenic Index of Plasma 
(AIP), and Atherogenic Coefficient (AC), which better integrate the pro- 
and anti-atherogenic coronary components, become essential. This is 
because they reveal stronger associations with subclinical atheroscle
rosis and cardiovascular outcomes, and offer superior risk stratification 
[68,69]. In this study, the TG and TChol levels of the SO group appear 
normal; however, the derived lipid indices showed that STZ-induced 
dyslipidemia may increase both coronary heart disease and athero
genic risk factors (CRI‑I, CRI‑II, AIP, and AC) up to 3–fold in a diabetic 
condition. On the contrary, both interventions (u-PUME and f-PUME) in 
this work suppressed both the atherogenic and coronary risk indices, 
indicating cardioprotective potential [25,63,70]. Among other lipi
demic indices, non-HDL-c is considered a reference factor for 
diabetes-induced coronary heart disease (CHD) because of its uncondi
tional and independent association with CHD in diabetic conditions 

[69]. Notably, plasma lipids normalisation observed in fermented 
M. paradisiaca methanolic extract-treated diabetic rats is not unprece
dented, as some of the 1H NMR identified compounds [22], such as 
coriolic acid (an antilipidemic compound), have been reported to be 
directly involved in cholesterogenesis inhibition and atherosclerosis 
suppression via the linoleic acid metabolism pathway.

The assessment of pancreatic organosomatic index, protein content, 
insulin levels, oxidative stress markers, and inflammatory mediators 
provides critical insight into the structural and functional integrity of the 
pancreas under diabetic conditions and therapeutic interventions 
[71–75]. While these functional and structural indices were impaired in 
the SO group in our study, diverse effects were observed across the 
intervention groups. Only SF restored pancreatic weight and protein 
level compared to control, outperforming the unfermented and drug 
treatment groups. According to Lhoste et al. [76], pancreatic function 
and protein levels, especially proteolytic enzymes in pancreatic juice, 
are primarily influenced by fermentation, and it was observed that SCFA 
are the drivers of these effects. A similar induction by SCFA might ac
count for the elevated pancreatic protein and the partial increase in the 

Fig. 10. Effect of fermented Musa paradisiaca fruit pulp methanolic extract on jejunal histomorphology in streptozotocin (STZ)-induced diabetic male rats. 
Representative low-magnification photomicrographs of jejunal sections from male rats stained with hematoxylin and eosin (H&E, ×40). The experimental groups are 
shown as follows: CG, control group; SO, streptozotocin (STZ)–only group; SD, STZ + glibenclamide–treated group; SU, STZ + unfermented M. paradisiaca fruit pulp 
methanolic extract–treated group; SF, STZ + fermented M. paradisiaca fruit pulp methanolic extract–treated group. Panels illustrate overall mucosal architecture, 
highlighting villus height and density, crypt organization, epithelial integrity, and lamina propria cellularity. Scale bar = 200 µm.(F) Quantitative/semi-quantitative 
analysis of jejunal histomorphological parameters derived from the H&E-stained sections of CG, SO, SD, SU, and SP groups, presented as group-wise comparisons in 
the bar chart. Data reflect treatment-associated differences in jejunal mucosal structure following STZ-induced diabetic injury. The significant differences between 
the means across the groups were represented as * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001. ns = no significant difference at p < 0.05. Results are 
expressed as mean ± SD; n = 3.
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organosomatic index recorded in the SF group, as shown in this study. 
Iyoriobhe et al. [77] reported that protein isolated from fermented 
melon seeds promotes pancreas protein concentration.

Furthermore, pancreatic proteins and insulin levels may be mutually 
inclusive, because insulin secretion is largely glycemic-dependent. 
However, the increase in pancreatic proteins and insulin levels might 
be directly or indirectly attributed to the other components of f-PUME 
present in the SF rats. It is noteworthy to state that both glibenclamide 
and unfermented M. paradisiaca fruit pulp extract stimulated pancreatic 
insulin secretion, but not pancreatic protein, in this work. The insulin 
level in the SF was more than two-fold that of the control group, sug
gesting that fermented M. paradisiaca fruit pulp extract performs better 
than the other interventions.

ROS generation in the pancreas is the major mechanistic pathway 
that STZ employs to induce hyperglycemia in animals [74,78]. As shown 
in this study, a similar redox impairment was observed in the pancreatic 
antioxidant system, with consequent lipid peroxidation in the SO group 
(Fig. 3D & E). Similar to the differential pattern of antihyperlipidemic 
effect observed across the three models of interventions, glibenclamide, 
fermented and unfermented M. paradisiaca methanolic extracts showed 
divergent patterns of antioxidant potential in the pancreas of the 
STZ-induced diabetes rats. However, fermented M. paradisiaca fruit pulp 
extract showed the most notable impact on MDA level suppression. The 
consequence of STZ-induced oxidative stress-mediated pancreatic tissue 
damage has been shown to activate key inflammatory pathways, 
including NF-κB signalling, and upregulate proinflammatory cytokines 
such as IL-1β, IL-6, and TNF-α, thereby exacerbating pancreatic β-cell 
dysfunction and promoting chronic inflammation in diabetic patients 
[79–82]. This might account for the elevated proinflammatory markers 
observed in the STZ-induced diabetes rats group (SO) in this study. The 
counter-oxidative stress effect of the interventions (SD, SU and SF 
groups) might have directly or indirectly suppressed some of the 
proinflammatory markers recorded. However, f-PUME intervention in
hibits all the makers lower, and comparable to the CG level, thereby 
suggesting a higher pancreatic protection against STZ-induced inflam
mation. The reasons may be ascribed to the possible synergistic effect of 
multiple unique compounds that were identified in our earlier study on 
fermented M. paradisiaca pulp [22].

As discussed earlier in this study, the metabolic derangements 
induced by STZ, including weight loss, sustained hyperglycemia, 
impaired glucose tolerance, and dyslipidemia (Figs. 1 and 2), are 
consequent of widespread systemic stress. This stress cascaded into 
distorted organosomatic indices of the brain and jejunum (Fig. 4A), 
diminished protein concentrations in the plasma and tissues (Fig. 4B). 
This redox homeostasis disruption further escalates into excessive nitric 
oxide, MDA accumulation (Fig. 4C & E) and GSH depletion (Fig. 4D). 
These collectively reflect severe oxidative and nutritional imbalance 
across central and peripheral organs. The elevated organosomatic con
dition noted in the brain may be ascribed to the disproportional loss of 
body-to-brain ratio. This finding aligns with the observation of Wang 
et al. [83], who showed that forebrain volume was unaltered despite the 
significant body weight loss in the STZ-diabetes Alzheimer’s Disease 
rats’ model.

Meanwhile, the proportional jejunal weight loss recorded in this 
work corroborates the report of Esteves-Monteiro et al. [84]. Kusunoki 
et al. [85] revealed that there is a positive correlation between the small 
intestine and body weight loss in diabetic rats is caused by the abnormal 
increase in acyl-coenzyme A: cholesterol acyltransferase (ACAT) activity 
in the gastric tract. Both fermented and unfermented M. paradisiaca fruit 
pulp extracts markedly reversed the condition, probably by modulating 
energy metabolism and protein loss, as both treatments suppressed 
STZ-induced weight loss, as shown earlier in this study. Fermented 
M. paradisiaca fruit pulp extract showed another and, perhaps, a com
plementary modulatory dimension in the jejunum by elevating the 
organosomatic index even beyond that of the SO. This outcome may not 
be unassociated with the remarkably higher jejunal protein level than its 

unfermented counterpart and the antidiabetic drug (Fig. 4B). Addi
tionally, L-leucine, a component of leucyl-glycyl-glycine, which was 
identified in fermented M. paradisiaca fruit pulp extract, has been 
documented to directly [86] and indirectly stimulate intestinal protein 
synthesis in diverse pathological, nutritional and metabolic states in 
animal models [87–89].

As revealed in this study, the unfermented, fermented M. paradisiaca 
frui pulp extract and glibenclamide showed antioxidant potential 
against STZ-induced redox imbalance in non-enzymatic antioxidant 
(GSH and NO) and lipid peroxidation biomarkers in the plasma, brain 
and jejunum. Although both unfermented and fermented M. paradisiaca 
fruit pulp extract reversed the STZ-induced oxidative stress, fermented 
M. paradisiaca fruit pulp extract had the highest extent of lipid peroxi
dation suppression across the three tissues investigated, which was 
comparable to that of the CG across the three tissues. Bioactive com
pounds such as gallic acid have been identified in both unripe and fer
mented M. paradisiaca samples [22,90], and have been reported to 
inhibit oxidative stress in the brain and plasma of STZ-diabetic rats [91, 
92]. This might account for the remarkable NO and MDA inhibition, 
thereby modulating the antioxidants of SF in the plasma, brain, and 
jejunum of STZ-induced diabetes rats.

Furthermore, the STZ-induced overwhelming systemic and tissue 
redox imbalance, marked by GSH depletion and surges in NO and MDA, 
precipitates impairment of the enzymatic antioxidant machinery in the 
diabetes group (SO). These result in pronounced declines in catalase 
(CAT), glutathione‑S‑transferase (GST), and superoxide dismutase 
(SOD) activities across plasma, brain, and jejunum (Fig. 5). Clearly, the 
MDA data showed that both unfermented and fermented M. paradisiaca 
fruit pulp extracts reversed the STZ-induced redox imbalance. Both 
unfermented and fermented M. paradisiaca fruit pulp extracts upregu
lated CAT and SOD activities in all the tissues.

STZ-induced diabetes triggered significant impairments in cholin
ergic neurotransmission and electrochemical gradients in the brain re
gions [93,94], and brain membrane-bound enzymes, notably 
suppressing acetylcholinesterase and Na⁺/K⁺‑ATPase (Table 1). The 
marked decline in both enzyme activities reflects oxidative 
stress-induced structural damage to membrane-bound proteins, 
including oxidation of critical thiol groups and lipid peroxidation within 
neuronal membranes [16,95]. A resultant disruption of brain membrane 
redox balance has been linked to compromised membrane integrity, 
regulation of glucose sensing, neuropeptide signalling, and systemic 
energy balance [96]. The unfermented M. paradisiaca pulp extract shows 
a mild elevation in both AChE and Na⁺/K⁺‑ATPase above control values, 
suggesting not only reversal of oxidative inhibition but also possible 
stimulation of enzyme activities. This stimulation may be attributed to 
the presence of some antioxidant and neuroactive phytochemicals such 
as gallic acid, ferulic acid and epicatechin, which are abundantly present 
in unfermented M. paradisiaca pulp, as reported by Rizvi & Zaid [97]. 
These constituents stimulate erythrocyte membrane-bound AChE and 
Na⁺/K⁺‑ATPase activities in diabetic conditions, in an insulin-like 
manner. Also, Kade et al. [98] showed that gallic acid stimulates both 
AChE and Na⁺/K⁺‑ATPase activities in the brain of diabetic rats. This 
observation may account for the normalisation of these 
membrane-bound enzyme activities in the brain, perhaps, by extension, 
in the hypothalamus. The synergistic effects of these phytochemicals 
may account for the reestablishment of the brain neurochemical bal
ance, thereby supporting its central role in glycemic regulation. The 
effect of the fermented M. paradisiaca fruit pulp extract on the SF group, 
on the other hand, seems to produce a more tempered modulation of 
these enzymes, by elevating AChE activity and partially reversing 
STZ-induced ATPase suppression. This profile suggests a more distinct 
neuroprotective effect, possibly due to fermentation-enhanced 
bioavailability and metabolic conversion of phytochemicals, in addi
tion to the phytochemicals present in its unfermented counterpart. 
Atunnise et al. [22] identified unique compounds in the fermented 
M. paradisiaca fruit pulp methanolic extract. Some of the compounds 
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have been reported to have neuroactive and membrane-bound enzy
me-stimulating or inhibiting properties. For example, salidroside and 
coriolic acid's neuroprotective effects have been documented against 
middle cerebral artery occlusion-induced cerebral stroke via the dopa
minergic system [99,100], and spinal cord atrophic condition via 
gut-microfloral and lipid metabolism [101]. Also, coriolic acid and 
phytosphingosine, short-chain fatty acids (SCFAs) [22,23,100,102], 
have been identified in the fermented M. paradisiaca fruit extracts, 
thereby reinforcing the neuronal membrane stability and appetite sup
pression [103]. While the majority of the reported compounds have 
been reported to stimulate AChE and Na⁺/K⁺‑ATPase activities, ricino
leic acid may have shown a counter effect because it is a well-established 
Na⁺/K⁺‑ATPase antagonist. This might have accounted for why fer
mented M. paradisiaca fruit pulp methanolic extract showed a lesser 
extent of stimulation, comparable to its unfermented counterpart. 
Hence, establishing that the fermented extract mechanism of action is 
unique and divergent from its unfermented counterpart.

The histological evidence, including marked shrinkage and 
morphological distortion of islets, which is evident in the SO group, in 
this work (Fig. 6), aligns with the well-documented impact of STZ in 
H&E-stained pancreatic sections of STZ-induced diabetic rats [104]. 
These observed morphological alterations may be ascribed to the mul
tiple disruptions of biomarkers highlighted in this work. Also, there is an 
inverse relationship between tissue cytokine levels, especially TNF-α, 
IL-1β and IL-6, and tissue loss. According to an in-vitro study by Sonmez 
Kaplan et al. [105], the elevation of the trio (TNF-α, IL-1β and IL-6) in 
dental pulp stem cells inhibits their differentiation. The 
semi-quantitative evaluation in this study further revealed the constit
uents of the aggregate outcome in the histological image. The pro
nounced islet enlargement and hypercellularity seen in the unfermented 
M. paradisiaca fruit pulp extract-treated group may be partly ascribed to 
the direct proportionality of brain AChE activity observed in this work. 
Paes et al. [106] reported that elevated AChE in the autonomic nervous 
system stimulates pancreatic AChE expression. This is a phenomenon 
that favours pancreatic endocrine cell hyperplasia in persistent hyper
insulinemic hypoglycemia conditions [107] and probable tumorgenesis 
[108]. In a twist, fermented M. paradisiaca fruit pulp extract may have 
addressed this probable complication by modestly stimulating the AChE 
activity. Hence, accounting for the near-normal histomorphogenic 
outcome seen in this work.

Aldehyde-fuchsin selectively highlights β-cell granules. The resultant 
disruption in insulin secretion by STZ administration is obvious in the 
SO group, and this is consistent with the histological evidence that has 
been reported [109]. As observed in this study, the graded improvement 
in GAF reactivity with the unfermented and especially the fermented 
M. paradisiaca fruit pulp methanolic extracts (SU, SF) may be attributed 
to some of the phytoconstituents [22,110]. The improved 
islet-dimension, area, border integrity, elevated β-cell density and in
sulin production, and non-endocrine area reduction, as observed in this 
current work, could be attributed to the enhanced antioxidant enzyme 
activities, suppression of proinflammatory agents and both endo- and 
exogenous glycemic regulations of pancreatic tissue.

In STZ‑induced diabetes, the neuroenteric integrity and architecture 
are profoundly disrupted. The hypothalamus, a central regulatory hub 
for energy balance and glycemic homeostasis, exhibits marked vulner
ability to oxidative injury [111]. All these are evident by the decreased 
neuronal nuclei density and increased cytoplasmic vacuolation in the 
hypothalamic regions of the SO group (Fig. 8). These pathological 
changes mirror systemic and cerebral oxidative injury, which compro
mise neuroendocrine signalling, a process critical for insulin sensitivity, 
glucose sensing, and metabolic regulation [112]. Both histological and 
morphometric evidence in this study (Figs. 8 and 9) aligned with these 
neurodegenerative alterations. However, the unfermented and fer
mented M. paradisiaca fruit pulp methanolic extracts employed in this 
study reversed the majority of these pathological changes. Also, our 
interventions increased hypothalamic nuclear density while decreasing 

vacuole counts, an indication of enhanced neuronal proliferation and 
mitigation of STZ‑induced oxidative damage.

The bidirectional relationship between the jejunum and other 
energy-metabolism regulatory sites like the pancreas and hypothalamus 
has made the jejunum one of the focal points [113,114] in diabetic 
conditions. Hence, jejunal functional and structural integrity becomes a 
pivotal factor in diabetes induction and progression [115,116]. This may 
account for jejunal morphological disruption and architectural integrity 
compromise observed in this study (SO). Despite STZ exclusively tar
geting the pancreas, the jejunum is significantly injured in the diabetes 
groups as histomorphometric evidence revealed profound mucosal and 
crypt disruption, characterised by crypt hyperplasia, vacuolation, and 
lamina propria inflammation. This condition further reinforces hyper
glycemia and impairs central-peripheral metabolic coordination. Hence, 
showing an interplay between jejunal structure, pancreatic endocrine 
function, and hypothalamic metabolic regulation under STZ-induced 
diabetic conditions [115]. The moderate improvement in jejunal 
morphology seen in SU indicates that unfermented M paradisiaca fruit 
pulp extract partially mitigates diabetes-associated stress at the jejunal 
level, as reflected by improved villus definition but incomplete resto
ration of crypt–villus organisation and other morphometric indices in 
this work. The near-control jejunal architecture, with elongated villi and 
distinctive crypt structure seen in the SF, may be ascribed directly or 
indirectly to the component in the fermented extract. For example, 
methyl-gallate has been reported to promote intestinal villi growth and 
integrity by inhibiting the TLR4/NFκB pathway in ulcerative colitis 
conditions [117].

5. Conclusion

This finding demonstrates that the methanolic extract of fermented 
M. paradisiaca fruit pulp methanolic extract exerts a broad and antidi
abetic action in STZ‑induced diabetes in male rats. The fermented 
extract uniquely restored body‑weight trajectories and fasting glycemia 
to near‑control levels, outperforming its unfermented counterpart and a 
known antidiabetic drug. Also, it ameliorated dyslipidemia by modestly 
suppressing total cholesterol, triglycerides, LDL-c, and non-HDL-c frac
tion while stabilising HDL‑c, thereby reducing atherogenic and coronary 
heart disease risk indices. The oral administration of this extract for 42 
days preserved pancreatic, brain and jejunal integrity by normalising 
organosomatic indices, protein content, insulin secretion, and antioxi
dant system and suppresses lipid peroxidation. In addition, it markedly 
increased pancreatic insulin secretion, inhibited pro‑inflammatory cy
tokines, and culminated in improved islet morphometric indices and 
β‑cell granule density. Furthermore, fermented M. paradisiaca fruit pulp 
methanolic extract modulates the histoarchitecture of both hypothala
mus and jejunum by reversing STZ‑induced neuronal vacuolation, 
pyknotic nuclei, crypt hyperplasia, and inflammatory infiltrates. This 
study has shown that fermented M. paradisiaca fruit pulp methanolic 
extract exhibits a marked anti-hyperglycemic effect via antioxidant ac
tivity, normalisation of glucose and lipid metabolism, organoprotection, 
and restoration of enteroneuronal morphological and functional integ
rity, hence may serve as a multitargeted alternative for diabetes man
agement. Future studies should focus on detailed pharmacokinetics, 
dose‑response optimisation, mechanistic dissection in other models, and 
potential translation into clinical interventions.
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