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Abstract

Diabetes mellitus is a chronic metabolic disease associated with progressive organ damage driven by hyperglycaemia-
induced oxidative stress, inflammation, and cellular dysfunction. Cardiovascular complications remain a major cause
of morbidity and mortality in diabetic patients. This study evaluated the antidiabetic, hepatoprotective, and pancreatic
protective effects of a polyherbal formulation (PHF) comprising Curcuma longa, Nigella sativa, Prunus mahaleb, and
Vitis vinifera in streptozotocin (STZ)-induced diabetic rats, integrating network pharmacology analysis with experimen-
tal validation. Network pharmacology analysis was performed to identify potential PHF-related targets and pathways
associated with diabetes-related tissue injury. Rats were assigned to control, diabetic, metformin-treated, and PHF-treated
(500 and 1000 mg/kg) groups. The 500 mg/kg dose was selected as an intermediate dose based on prior experimental
studies reporting its biological relevance and safety in plant-derived formulations. Blood glucose, serum insulin, lipid
profile, and pancreatic enzymes were measured. Hepatic and pancreatic tissues were examined using hematoxylin and
eosin (H&E), Masson’s trichrome (MT), periodic acid—Schiff (PAS) staining, and immunohistochemistry for endothelial
nitric oxide synthase (eNOS), B-cell lymphoma 2 (Bcl-2), Bcl-2—associated X protein (Bax), caspase-3, tumour necro-
sis factor alpha (TNF-a), interleukin-1 beta (IL-1B), and vascular endothelial growth factor (VEGF). PHF treatment,
particularly at 1000 mg/kg, normalised blood glucose (p<0.001), improved serum insulin, corrected dyslipidaemia, and
restored amylase and lipase levels. Histological analysis demonstrated attenuation of steatosis, necrosis, fibrosis, and
pancreatic B-cell loss. Immunohistochemical analysis showed reduced Bax and caspase-3 protein immunoreactivity and
increased Bcl-2 and VEGF protein expression in PHF-treated groups. Network pharmacology analysis revealed 333
shared targets between PHF and diabetes-related injury, enriched in phosphoinositide 3-kinase/protein kinase B (PI3K/
Akt), mitogen-activated protein kinase (MAPK), advanced glycation end product-receptor for AGE (AGE-RAGE), TNF,
and metabolic signalling pathways. Hub genes including AKT1, IL6, TNF, STAT3, PTGS2, CASP3, and BCL2 showed
reciprocal consistency between network pharmacology predictions and experimental immunohistochemical observations.
To sum up, these findings support the potential of PHF as a multi-target therapeutic strategy against diabetes-induced
hepatic and pancreatic injury.
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and pancreas, making these organs primary targets of
diabetic disease. Hepatocytes develop steatosis, fibrosis,
oxidative imbalance, and inflammatory activation, while
pancreatic B-cells, which are especially susceptible to
oxidative damage, exhibit DNA fragmentation, reduced
insulin production, and apoptosis. Therefore, there is an
urgent need for medicines that can simultaneously modu-
late metabolic, oxidative, apoptotic, and inflammatory
pathways [1-7].

The treatment landscape for diabetes mellitus increas-
ingly incorporates polyherbal formulations that enable
synergistic interactions among multiple phytochemicals.
Curcuma longa (curcumin) supports glycaemic regula-
tion through antioxidative mechanisms and PI3K-Akt
activation; Nigella sativa (thymoquinone) improves
insulin sensitivity and reduces NF-kB-mediated inflam-
mation; Vitis vinifera (resveratrol) promotes mitochon-
drial stability and anti-apoptotic signalling; and Prunus
mahaleb offers hepatoprotective antioxidant effects.
Although these plants are individually well documented,
their combined therapeutic potential, particularly for
diabetic hepatic and pancreatic injury, remains insuffi-
ciently characterised [8, 9-15]. Metformin is a widely
used first-line antidiabetic drug in clinical practice. It is
often used as a positive control in streptozotocin (STZ)-
induced diabetes models because, although it provides
glycaemic regulation, its protective effect on tissues is
limited [16]. In this study, metformin was used to evalu-
ate the effects of a herbal formulation on glycaemic reg-
ulation and tissue protection, compared to this standard
treatment. Despite the well-documented antidiabetic
and antioxidant properties of individual constituents in
this polyherbal formulation, including Curcuma longa,
Nigella sativa, Prunus mahaleb, and Vitis vinifera, their
combined therapeutic potential remains insufficiently
characterised [17—19]. In particular, no comprehensive
study has integrated in vivo biochemical, histological,
and immunohistochemical validation within a systems-
level network pharmacology framework to elucidate
their collective efficacy. The existing experimental lit-
erature based on streptozotocin-induced diabetic ani-
mal models lacks mechanistic evidence demonstrating
whether a polyherbal formulation can simultaneously
protect hepatic and pancreatic tissues, modulate oxida-
tive stress and apoptosis, suppress inflammatory signal-
ling, and promote angiogenic repair [20, 21].

Furthermore, the coordinated regulation of interrelated
metabolic pathways such as phosphoinositide 3-kinase/
protein kinase B (PI3K—Akt), mitogen-activated protein
kinase (MAPK), advanced glycation end product-receptor
for AGE (AGE-RAGE), and tumour necrosis factor (TNF)
signalling by these botanicals has not been systematically
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investigated [21, 22]. Therefore, the present study inte-
grates experimental validation with network pharmacology
analysis to clarify the multi-targeted antidiabetic mecha-
nisms of this polyherbal formulation.

Streptozotocin (STZ) induces pancreatic B-cell DNA
alkylation, excessive reactive oxygen species (ROS) pro-
duction, and pro-inflammatory cytokine release, thereby
replicating key metabolic and histological features of type
1 diabetes. While metformin, the first-line antidiabetic ther-
apy, effectively improves glycaemic regulation, it provides
limited direct protection against diabetes-induced structural
damage in hepatic and pancreatic tissues, underscoring the
need for alternative multi-target therapeutic strategies [23—
25]. Therefore, the present study integrates experimental
validation with network pharmacology analysis to clarify
the multi-targeted antidiabetic mechanisms of this poly-
herbal formulation.

Materials and Methods
Preparation of Polyherbal Formulation

Equal quantities of Curcuma longa rhizome, Nigella sativa
seeds, Prunus mahaleb seeds and fruits, and Vitis vinifera
seeds were cleaned, shade-dried at room temperature, and
pulverised into a fine powder using a laboratory grinder. The
powdered plant materials were thoroughly homogenised
to obtain the polyherbal formulation (PHF). For aque-
ous extraction, 10 g of the PHF powder was mixed with
250 mL of distilled water and subjected to the decoction
method by gentle boiling at low heat for 20 min. The extract
was allowed to cool to room temperature and then filtered
through Whatman No. 1 filter paper to remove particulate
matter. The filtrate was freshly prepared prior to administra-
tion and stored at 4 °C for short-term use. The final extract
was standardised based on total polyphenol and curcumi-
noid content using spectrophotometric methods, as previ-
ously described [26].

Experimental Animals

This study used commercially obtained adult male Wis-
tar albino rats, weighing 200 to 250 g, supplied by Kobay
Deney Hayvanlar1 Laboratuvari San. Tic. A.S. The rats were
transported to the laboratory in polypropylene cages on the
day of collection. They were given a seven-day acclimatisa-
tion period in laboratory conditions before the experiment.
Upon arrival, the rats were kept under standardised condi-
tions (temperature: 23+3 °C, humidity: 35-60%, 12-hour
light/dark cycle). Throughout the experiment, the rats had
ad libitum access to standard rat chow and water. Body
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weight changes, as well as food and water consumption,
were systematically recorded for all groups throughout the
study.

Diabetes Induction

Animals were initially weighed and counted. Streptozoto-
cin (STZ), freshly prepared in chilled 0.1 M citrate buffer
at pH 4.5, was administered intraperitoneally to overnight-
fasted rats at a dose of 55 mg/kg body weight. To prevent
hypoglycaemic mortality after STZ injection, subjects
received a 5% w/v glucose solution in their drinking water
for 3—4 h. Seven days after STZ injection, those with blood
glucose levels above 200 mg/dL were selected for the study
[27, 28, 29].

Experimental Groups

Fifty male Wistar albino rats were randomly allocated into
five groups, each comprising ten rats. The groups were as
follows:

Group I (Control) Rats received 1 mL of saline orally on the
sixth day of the experiment.

Group |l (Diabetic) On the first day of the experiment,
55 mg/kg streptozotocin (STZ) was administered intraperi-
toneally. At the end of the sixth day, 1 mL of saline was
administered orally [30].

Group Il (STZ+100 mg/kg MET) On the sixth day after
STZ-induced diabetes, 100 mg/kg MET was administered
orally as an antidiabetic agent [31].

Group IV (STZ+500 mg/kg PHF1) On the sixth day after
STZ-induced diabetes, 500 mg/kg PHF1 was administered
orally.

Group V (STZ+1000 mg/kg PHF2) On the sixth day after
STZ-induced diabetes, 1000 mg/kg PHF2 was administered
orally.

On the seventh day of the experiment, blood glucose levels
were measured from 0.1 mL tail vein blood samples at 30,
60, 120, and 240 min in all groups. The 7-day experimen-
tal duration was deliberately selected to investigate early-
phase diabetes-induced hepatic and pancreatic injury rather
than advanced chronic damage. Previous studies have dem-
onstrated that oxidative stress, inflammatory activation,
mitochondrial dysfunction, and apoptotic signalling in the
liver and pancreas emerge within the first week following
streptozotocin administration, preceding overt fibrosis and

long-term structural remodelling [32, 33]. Accordingly, this
early time window allows assessment of initial tissue injury
and therapeutic responsiveness before irreversible patho-
logical changes occur. Streptozotocin was administered
on day 1 to induce diabetes, while treatment interventions
were initiated on day 6 to allow sufficient establishment
of hyperglycaemia. Blood glucose measurements were per-
formed on day 7 at multiple time points to evaluate acute
metabolic responses following treatment. This staggered
timeline was designed to distinguish diabetes induction,
treatment onset, and outcome assessment phases within
a controlled early-injury model. All procedures were car-
ried out in accordance with international ethical standards,
including the ARRIVE guidelines, the U.K. Animals (Sci-
entific Procedures) Act 1986, and the European Directive
2010/63/EU concerning the care and use of animals for
research purposes.

Histological Investigations
Method for Histopathology

At the end of the experiment, rats were euthanized using
ketamine/xylazine. Following cervical dislocation, the
tissues were carefully dissected from all rats. The samples
were subsequently processed histologically and embed-
ded in paraffin. Sections of 4 pm thickness were cut from
these blocks. The samples were stained with hematoxy-
lin and eosin (HE, Sigma-Aldrich, St. Louis, MO, USA),
Masson’s Trichrome (MT), and periodic acid—Schiff
(PAS) (Sigma-Aldrich, St. Louis, MO, USA). Ten ran-
domly selected fields from each HE-stained section were
examined at a magnification of x40. A comprehensive
review of recent literature includes works by Ahmed et al.
[34] and Abid et al. [35].

HE Staining

Liver and pancreas samples were preserved in 10% neutral
buffered formalin for 24 h and subsequently embedded in
paraffin. Sections were stained with hematoxylin and eosin
and examined using a light microscope. Histological images
of tissues were obtained at magnifications of x100.

Masson’s Trichrome (MT) Staining

Masson’s Trichrome staining was performed to evalu-
ate collagen deposition in liver and pancreatic tissues.
Paraffin-embedded tissue sections were deparaffinised,
rehydrated, and sequentially stained with Weigert’s iron
hematoxylin, Biebrich scarlet—acid fuchsin, phosphomolyb-
dic/phosphotungstic acid, and aniline blue. Sections were
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then differentiated in acetic acid, dehydrated, cleared, and
mounted according to standard histological procedures [36].

Periodic Acid-Schiff (PAS) Staining

PAS staining was utilized to evaluate glycogen content. In
comparison to the control group, hepatocytes in the STZ
group showed reduced PAS staining, indicating glyco-
gen depletion, as well as sinusoidal dilatation, apoptosis,
congestion, leukocyte infiltration, and accumulation of
Kupfter cells. Treatment with PHF2, particularly at a dose
of 1000 mg/kg, resulted in the restoration of glycogen levels
and improved histopathological changes.

Immunohistochemistry (IHC)

Immunohistochemistry (IHC) was performed on formalin-
fixed, paraffin-embedded tissue sections (5 pm). Sections
were deparaffinised in xylene and rehydrated through graded
ethanol to distilled water. Endogenous peroxidase activity
was blocked using 3% hydrogen peroxide for 10 min. Heat-
induced epitope retrieval was carried out using citrate buffer
(10 mM, pH 6.0) or Tris—EDTA buffer (pH 9.0), depending
on the antibody, by heating for 20 min followed by cool-
ing at room temperature. Non-specific binding was blocked
with 5% normal serum for 30 min.

Sections were incubated overnight at 4 °C with primary
antibodies against Bax (mouse monoclonal, clone 6A7;
Thermo Fisher Scientific, Waltham, MA, USA; catalog
no. 33—6600), Caspase-3 (mouse monoclonal, clone 74T2;
Thermo Fisher Scientific/Invitrogen, Waltham, MA, USA,;
catalog no. 43-7800), and Bcl-2 (mouse monoclonal, clone
Bcl-2-100; Thermo Fisher Scientific, Waltham, MA, USA,;
catalog no. 13-8800). Primary antibodies against TNF-a,
IL-1B, VEGF, and eNOS were obtained from commercially
available sources and used according to the manufactur-
ers’ recommendations. All primary antibodies were used
at a dilution of 1:100. After washing, sections were incu-
bated with appropriate biotinylated secondary antibodies
for 30 min at room temperature, followed by streptavidin—
horseradish peroxidase for 30 min. Immunoreactivity was
visualised using 3,3'-diaminobenzidine (DAB) as chro-
mogen and counterstained with haematoxylin. Negative
controls were prepared by omitting the primary antibody,
and positive controls were included according to the manu-
facturers’ guidelines. Images were captured under identi-
cal acquisition settings for all groups. Semi-quantitative
evaluation was performed using the H-score method by
two independent observers blinded to group allocation. The
immunohistochemical procedure was performed according
to previously established and widely accepted protocols
with minor modifications [37-39].
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Biochemical Analyses

Serum concentrations of insulin, amylase, lipase, total cho-
lesterol, triglycerides, low-density lipoprotein (LDL), high-
density lipoprotein (HDL), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) were measured in
serum samples using commercially available rat-specific
enzyme-linked immunosorbent assay (ELISA) kits (SunRed
Biological Technology, Shanghai, China; Insulin: Cat. No.
201-11-0132; Amylase: Cat. No. 201-11-0187; Lipase:
Cat. No. 201-11-0191; Total cholesterol: Cat. No. 201-11-
0128; Triglycerides: Cat. No. 201-11-0155; LDL: Cat. No.
201-11-0141; HDL: Cat. No. 201-11-0142; ALT: Cat. No.
201-11-0171; AST: Cat. No. 201-11-0172). Analyses were
performed using a microplate ELISA reader according to
the manufacturer’s instructions [40].

Network Pharmacology Analysis

A detailed network pharmacology study was conducted to
elucidate the multi-target molecular processes potentially
effective against STZ-induced hepatic and pancreatic injury
in PHF (Curcuma longa, Nigella sativa, Prunus mahaleb,
and Vitis vinifera). Potential therapeutic targets of the com-
pounds were identified using SwissTargetPrediction (Homo
sapiens, likelihood>0) and standardised with the UniProt
database. Genes associated with liver and pancreatic injury
were obtained from the GeneCards database (with a corre-
sponding score greater than 1) to establish a consolidated
disease-associated gene cluster. By intersecting PHF targets
and disease genes, 333 shared treatment-related targets were
identified and subsequently converted into a protein—pro-
tein interaction (PPI) network using the STRING database
(confidence level>0.40). This network analysis provided
detailed insights into interaction density, node centrality,
and functional protein modules that are pivotal in STZ-
induced tissue damage.

Functional enrichment analysis was performed using
ShinyGO v0.77. Gene Ontology Biological Process analysis
revealed significant enrichment in fundamental biological
systems, including oxidative stress response, inflammatory
signalling pathways, regulation of apoptosis, glucose and
lipid metabolism, and cellular response to insulin stimula-
tion. Gene Ontology (GO) Molecular Function (MF) terms
were defined by kinase activity, cytokine receptor binding,
oxidoreductase activity, and enzyme regulatory functions,
while GO Cellular Component (CC) analysis highlighted
the prominence of membrane microdomains, cytosolic
proteins, extracellular domains, and plasma membrane
protein complexes. KEGG pathway analysis indicated that
PHF targeted various signalling cascades, including PI3K-
Akt, MAPK, AGE-RAGE signalling, apoptosis, metabolic
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pathways, and neuroactive ligand-receptor interactions.
The target-route interaction network, developed with Cyto-
scape, demonstrates that PHF exerts a multifaceted regu-
latory influence on STZ-induced hepatic and pancreatic
damage via hexagonal route nodes and circular target gene
nodes (Fig. 1).

Statistical Analysis

Data were analyzed using SPSS version 20.0 and Sigma
Stat version 3.5. Continuous quantitative data are presented
as mean=standard deviation, while qualitative data are
presented as median and interquartile range (25th and 75th
percentiles). For normally distributed continuous data, one-
way ANOVA was performed, followed by Tukey’s post-hoc

test for multiple comparisons. For non-normally distributed
data, the Kruskal-Wallis test was used, with pairwise com-
parisons performed using the Dunn’s post-hoc test. Statisti-
cal significance was defined as p<0.05 for all comparisons.

Results

PHF Alleviates STZ-Induced Weight Reduction and
Metabolic Dysregulation

STZ administration resulted in a significant reduction in
body weight compared with the control group (p<0.05),
whereas both metformin and PHF treatments significantly
attenuated this weight loss (p<0.05 vs. STZ; Table 1).

Fig. 1 Workflow diagram of net-
work pharmacology analysis
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Table 1 Effects of STZ, metformin, and PHF treatments on body weight, food intake, and water consumption in the experimental groups

Groups Body weight Food (g/day) Water (ml/day)
1st 7th
Control 203.5+13.75 212.30+12.14° 33.70+£1.42 18.20+2.15
STZ 205.00+16.16 183.50+13.95% 39.80+2.39* 87.60+4.58%
STZ+MET 209.50+13.22 195.50+14.23% 36.50+£2.99% 77.40£2.17%
STZ+PHF1 210.50+£12.57 200.00+ 13.74% 33.20+2.78 68.70+2.83%
STZ+PHF2 210.00£11.55 200.50+10.29% 27.90+2.81 60.20+3.12%
P 0.001 0.001 0.001

a: significantly different from control; b: significantly different from STZ

Table 2 Effects of STZ, metformin, and PHF treatments on blood glucose levels (0—240 min) and serum insulin concentrations in the experimental

groups

0. min 30. min 60. min 120. min 240. min Insulin (uIU/mL)
Control 52.50+4.24 64.00+5.58 59.88+3.36 55.00+6.72 52.75+5.44 9.34+1.06
STZ 405.40+59.43* 418.50+61.80 % 402.80+£49.84 ? 364.80+£49.74 % 321.80+£30.26 % 5.26+£0.45°
STZ+MET  373.90+24.97° 384.30+£29.64 ° 359.90+£26.32%°  292.80+25.90 »° 271.80+14.04 & 6.24£2.76*

STZ+PHF1  349.30+54.44%° 355.00+53.49 % 308.70+29.64 > 218.20+44.91 &b°
349.50+£57.71%°  275.60+56.38%P¢  170.80+43.18 %P4  9660+1537 >4 630+0.622

STZ+PHF2  363.10+37.21%

164.60+28.10 ¢ 6.59+0.51

a: difference relative to control; b: significant difference relative to STZ; c: significant difference relative to STZ+MET; d: significant difference

relative to STZ+PHF1

Among the treatment groups, PHF2 demonstrated the great-
est preservation of initial body weight and was significantly
more effective than PHF1 (p<0.05). In parallel, STZ-
induced increases in food and water consumption were sig-
nificantly higher than controls (p<0.05), while metformin
partially reduced these alterations. Both PHF1 and PHF2
markedly decreased food and water intake compared with
the STZ group (p<0.05), with PHF2 showing a signifi-
cantly stronger normalising effect, indicating restoration of
metabolic homeostasis. Compared with the control group,
STZ administration resulted in a significant reduction in
body weight and a marked increase in food and water intake
(»<0.05). Metformin partially attenuated these altera-
tions, whereas both PHF1 and PHF2 produced significantly
greater improvements than metformin. Moreover, PHF2
showed a significantly stronger effect than PHF1 in normal-
ising metabolic parameters.

PHF Improves Glycaemic Regulation and Increases
Insulin Secretion

Blood glucose levels were significantly elevated in the STZ-
induced diabetic group compared with the control group
at all measured time points (p<0.05; Table 2). Metformin
treatment resulted in a partial but significant reduction in
hyperglycaemia relative to the STZ group (p<0.05). In con-
trast, both PHF1 and PHF2 produced significantly greater
reductions in blood glucose levels than metformin (p<0.05
vs. STZ and STZ+MET), with PHF2 showing signifi-
cantly lower glucose levels than PHF1 at later time points
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(»<0.05). Notably, glucose concentrations in the PHF2
group approached control values at the final measurement
points. Serum insulin levels were significantly reduced in
the STZ group compared with controls (p<0.05). Treatment
with PHF1 and PHF?2 significantly increased serum insulin
concentrations relative to the STZ group (p<0.05), with a
more pronounced improvement observed in the PHF2 group.
These findings indicate improved glycaemic regulation and
enhanced B-cell secretory function following PHF treatment.

PHF Ameliorates Dyslipidaemia and Improves
Hepatic Enzyme Profiles

STZ-induced diabetes resulted in significant dyslipidaemia,
characterised by increased triglycerides, total cholesterol,
and LDL levels, along with a significant reduction in HDL
compared with the control group (p<0.05; Table 3). Hepatic
enzyme activities (ALT and AST) were also significantly
elevated in the STZ group relative to controls (»p<0.05).
Metformin treatment partially improved lipid parameters
and reduced ALT and AST levels compared with the STZ
group (p<0.05).

In contrast, both PHF1 and PHF2 produced significantly
greater improvements in lipid profile and hepatic enzyme
levels than metformin (p<0.05 vs. STZ and STZ+MET).
Notably, PHF2 was significantly more effective than PHF1
in normalising triglycerides, cholesterol fractions, and liver
enzyme activities (p<0.05), with ALT levels in the PHF2
group approaching control values at the 1000 mg/kg dose,
indicating marked hepatoprotection.
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Table 3 Statistical distribution of ALT and AST, lipid profile, amylase, and lipase enzyme levels in the experimental and control groups

Control STZ STZ+MET STZ+PHF1 STZ+PHF2

ALT (U/L) 64.86+6.62 101.29+13.43% 90.00+14.33* 68.71+7.91%¢ 63.57+8.48¢

AST (U/L) 165.00+7.98 190.71+18.59° 170.14+6.34"¢ 171.86+7.84% b< 165.29+11.31% b d
Triglycerides (mg/dL) 40.43+1.62 51.14+5.61° 52.86+7.22° 44.29+5.94% ¢ 37.14+2.27%d
Cholesterol (mg/dL) 39.71+2.43 50.57+4.31° 34.71+£2.75%° 32.29+1.38%" 30.43+3.21%°

LDL (mg/dL) 7.86+1.35 11.14£1.35 7.14+0.90° 6.14+1.07%° 5.00+0.58% <

HDL (mg/dL) 36.71+£3.35 18.86+2.67° 34.43+1.90° 38.14+3.80° 44.14+6.09% >4
Amylase (U/L) 1619.7+5.93 1039.5+86.57° 1292.29+105.82%° 1391.71+100.34%" 1440.00+ 112.87%b*
Lipase (U/L) 47.07+2.58 26.37+1.33% 32.74+2.03%" 31.86+1.53%" 38.14+1.89% 04

a: significant difference compared to control; b: significant difference compared to STZ; c: significant difference compared to STZ+MET; d:

significant difference compared to STZ+PHF1

PHF Preserves Hepatic Structure and Reduces
Fibrosis and Glycogen Depletion

Histopathological examination demonstrated marked ste-
atosis, necrosis, hydropic degeneration, and sinusoidal dila-
tation in liver tissues from the STZ group compared with
the control group (p<0.05; Fig. 2). Metformin treatment
partially attenuated these histopathological alterations. In
contrast, both PHF1 and PHF2 significantly improved liver
histology compared with the STZ group (p<0.05), as evi-
denced by hematoxylin & eosin, Masson’s trichrome, and
PAS staining. Notably, PHF2 showed a significantly greater
reduction in collagen deposition and a higher PAS staining
intensity than PHF1 (p<0.05), indicating superior preserva-
tion of hepatic tissue structure.

PHF Reduces Hepatic Oxidative Stress and Apoptosis
While Promoting Anti-Apoptotic Signalling
Pathways

Immunohistochemical analysis revealed significantly
increased eNOS, Bax, and Caspase-3 immunoreactivity
and a significant decrease in Bcl-2 expression in liver tis-
sues from the STZ group compared with the control group
(»<0.05; Fig. 3). Metformin treatment partially reversed
these alterations relative to the STZ group (p<0.05). In
contrast, both PHF1 and PHF2 produced significantly
greater normalisation of eNOS, Bax, Caspase-3, and Bcl-2
expression compared with metformin (p<0.05 vs. STZ and
STZ+MET). Notably, PHF2 showed significantly stronger
effects than PHF1 in restoring protein expression levels
toward control values (p<0.05).

PHF Regulates Hepatic Inflammation and Promotes
Angiogenic Recovery

Immunohistochemical analysis demonstrated signifi-
cantly decreased TNF-a and increased IL-1B immuno-
reactivity in liver tissues of the STZ group compared
with the control group (p<0.05). Metformin treatment

partially normalised TNF-o and IL-1 levels relative to
the STZ group (p<0.05). In contrast, both PHF1 and PHF2
resulted in significantly greater modulation of TNF-a and
IL-1B expression compared with metformin (p <0.05 vs.
STZ and STZ+MET). VEGF immunoreactivity was sig-
nificantly reduced in the STZ group compared with con-
trols (»p<0.05) and was partially restored by metformin
treatment. Both PHF1 and PHF2 significantly increased
VEGF expression relative to the STZ and STZ+MET
groups (p<0.05). Notably, PHF2 produced significantly
higher VEGF immunoreactivity than PHF1 (p<0.05),
indicating a dose-dependent effect (Fig. 4).

PHF Reinstates Pancreatic Architecture and
Improves B-Cell Viability

Histopathological evaluation of pancreatic tissue revealed
marked B-cell atrophy, irregular islet architecture, and
nuclear degeneration in the STZ group compared with
the control group (p<0.05; Fig. 5). Metformin treatment
partially improved islet morphology relative to the STZ
group (p<0.05). In contrast, both PHF1 and PHF2 treat-
ments resulted in significantly greater preservation of islet
architecture and B-cell integrity compared with metformin
(»<0.05 vs. STZ and STZ+MET). PAS staining demon-
strated a significant reduction in glycogen content within
pancreatic B-cells in the STZ group compared with controls
(»<0.05). Metformin moderately restored PAS positivity,
whereas PHF1 and PHF?2 significantly increased glycogen
repletion compared with both the STZ and STZ+MET
groups (p<0.05). Notably, PHF2 exhibited significantly
higher PAS positivity than PHF1 (p<0.05), indicating a
dose-dependent effect.

PHF Reduces Oxidative Damage and Apoptosis in
the Pancreas While Promoting Cytoprotection

Immunohistochemical analysis of pancreatic tissue demon-

strated a significant increase in eNOS, Bax, and Caspase-3
immunoreactivity, accompanied by a marked reduction

@ Springer



139 Page 8 of 18

Journal of Pharmaceutical Innovation (2026) 21:139

Control

STZ

STZ+PHF2

TZ+PHF

H&E
PAS
MT
4 *kk 5- 5
3 4 T * 4 1 T *% 4 - p *—[t T
2 + 3 +3
g 8 g
[ P [
= 1- = 24 2 2
\
\
0- T —T T 0- T T 0- N < !\ 5
> A& N 3> & N >
& T & & 5 & F & & S w*é
& & P & &

Fig. 2 Morphological changes in liver tissues were evaluated using
haematoxylin & eosin (HE), Masson’s trichrome (MT), and periodic
acid—Schiff (PAS) staining techniques, and the mean+SD values of

in Bcl-2 expression in the STZ group compared with the
control group (p<0.05, Fig. 6). Metformin treatment par-
tially attenuated these alterations relative to the STZ group
(»<0.05). Both PHF1 and PHF?2 treatments resulted in sig-
nificantly greater reductions in eNOS, Bax, and Caspase-3
expression and significantly higher Bcl-2 levels compared
with the STZ and STZ+MET groups (p<0.05). Notably,
PHF2 produced significantly stronger modulation of all
evaluated markers than PHF1 (p<0.05), indicating a dose-
dependent reduction in oxidative stress and apoptotic sig-
nalling within pancreatic tissue.

@ Springer

histological scores were determined. The lower panel quantifies col-
lagen deposition (MT staining) and glycogen content (PAS staining)
in liver tissues

PHF Inhibits Pancreatic Inflammatory Markers and
Promotes VEGF-Mediated Microvascular Repair

Immunohistochemical analysis revealed that pancreatic
TNF-0 and IL-1B immunoreactivity was significantly
increased in the STZ group compared with the control
group (p<0.05; Fig. 7). Metformin treatment partially
reduced TNF-a and IL-1f levels relative to the STZ group
(»<0.05). Both PHF1 and PHF2 treatments resulted in
significantly lower TNF-a and IL-1f expression compared
with the STZ and STZ+MET groups (p <0.05). Notably,
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Fig. 4 Immunohistochemical analysis of inflammatory markers (TNF-a, IL-1B) and the angiogenic marker (VEGF) in the livers of STZ-induced

diabetic rats

PHF?2 exerted a significantly stronger anti-inflammatory
effect than PHF1 (p<0.05), indicating a dose-dependent
suppression of pancreatic inflammatory signalling. In
contrast, VEGF immunoreactivity was markedly reduced
in diabetic pancreatic tissue compared with controls
(»<0.05). PHF treatment significantly restored VEGF
expression relative to the STZ group (p<0.05), with
PHF2 producing significantly higher VEGF levels than
both PHF1 and metformin-treated groups (p <0.05), sug-
gesting enhanced microvascular repair.

@ Springer

Network Pharmacology Identifies Key PHF Targets
Associated with Oxidative Stress, Apoptosis,
Inflammation, and Metabolic Regulation

A total of 333 overlapping targets were identified between
PHF constituents and diabetes-related hepatic or pancre-
atic injury (Fig. 8). STRING-based PPI analysis identified
essential hub proteins — AKT1, TNF, IL6, STAT3, NFKBI,
PTGS2,CASP3,BCL2, and GSK3B that serve as central reg-
ulators of inflammation, apoptosis, and metabolic signalling
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Fig. 5 Histopathological analysis of pancreatic tissue in STZ-induced
diabetic rats. Diabetic rats showed B-cell atrophy, disorganized islets,
nuclear necrosis, and swollen exocrine acini. PHF treatment (500 and

(Figs. 9). GO/KEGG enrichment analysis indicated signifi-
cant involvement of the PI3K-Akt, MAPK, AGE-RAGE,
TNF, calcium, and metabolic pathways (Fig. 10), consistent
with the experimentally observed anti-inflammatory, anti-
apoptotic, and antioxidant effects of PHF.

Discussion

This study presents a novel approach by integrating network
pharmacology with experimental validation to evaluate the
multi-target therapeutic effects of a polyherbal formulation
(PHF) in the context of diabetes-induced hepatic and pancre-
atic injury. Unlike previous studies, this work systematically
investigates the combined effects of Curcuma longa, Nige-
lla sativa, Prunus mahaleb, and Vitis vinifera on glycaemic
regulation, oxidative stress, inflammation, apoptosis, and
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1000 mg/kg) dose-dependently restored islet architecture and B-cell
integrity, indicating enhanced insulin secretion and antidiabetic activ-
ity, and the mean=SD values of histological scores were determined

angiogenesis, providing new insights into their synergistic
therapeutic potential. The streptozotocin (STZ)-induced
diabetic model effectively replicates key characteristics
of diabetes, including pancreatic B-cell destruction, per-
sistent hyperglycaemia, insulin deficiency, dyslipidaemia,
and hepatic injury, making it a valuable tool for assessing
antidiabetic interventions [11, 41]. Consistent with earlier
findings, STZ administration in this study led to significant
increases in fasting blood glucose, notable decreases in
serum insulin, and severe impairment of pancreatic histo-
architecture, demonstrating its recognised p-cell cytotoxic
effects through mechanisms such as DNA alkylation, oxida-
tive stress, and mitochondrial dysfunction [42, 43]. These
changes indicate that STZ induces DNA alkylation and
oxidative stress in p-cells, leading to apoptosis and reduced
insulin secretion [44]. STZ also stimulates NF-kB-mediated
inflammatory pathways and impairs mitochondrial function

@ Springer



139 Page 12 of 18

Journal of Pharmaceutical Innovation (2026) 21:139

Control STZ

eNOS
Caspase-3
Bax
Bel-2
eNOS Caspase-3
200+ 250+
% % %
0O 150- * % « 0 2004 * i}
(2 * cf 150 *
= 100- o
3 S 100+
> 501 = 50
0- 0-
> & N > N & O
& a}q}“,é &g o e‘qf& 32»*1;3&
&g & &4

Fig. 6 Immunohistochemical analysis of pancreatic oxidative stress
and apoptosis markers in STZ-induced diabetic rats. Diabetic pan-
creases showed increased eNOS, CASP3, and Bax, and decreased
Bcl-2 expression. MET and PHF treatments (500 and 1000 mg/kg)

[44, 45], indicating the need for therapeutic strategies that
can simultaneously attenuate oxidative, apoptotic, and
inflammatory pathways.

Oral administration of the polyherbal formulation (PHF)
significantly improved glycaemic control, particularly at the
1000 mg/kg dose, as shown by normalised fasting blood glu-
cose levels and increased serum insulin concentrations. His-
topathological and immunohistochemical analyses revealed
partial B-cell regeneration, increased Bcl-2 expression, and
reduced Bax and Caspase-3 levels, indicating PHF-medi-
ated inhibition of mitochondrial apoptosis. These effects

@ Springer
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restored eNOS, CASP3, and Bax, and increased Bcl-2 levels, indi-
cating reduced oxidative stress, anti-apoptotic effects, and improved
B-cell survival

are consistent with previous research showing that Cur-
cuma longa supports B-cell viability through antioxidative
and anti-inflammatory mechanisms, while Nigella sativa
enhances insulin sensitivity and reduces oxidative damage
[10, 46, 47]. Both plants activate the PI3K/Akt and ERK1/2
signalling pathways, which contribute to B-cell survival
and proliferation [48, 49]. This finding is consistent with
other studies demonstrating intracellular survival signalling
induced by polyphenolic compounds [48, 49], consistent
with other reports demonstrating intracellular survival sig-
nalling triggered by polyphenolic compounds [50, 51]. The
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Fig. 7 Immunohistochemical analysis of pancreatic inflammation and
angiogenesis markers. STZ-induced diabetes increased TNF-a and
IL-1P, and decreased VEGF expression in pancreatic tissue. Treat-

observed improvement in the glycaemic profile may reflect
PHF-mediated ROS scavenging, suppression of TNF-a and
IL-1B, and enhancement of survival signalling pathways
[52, 53].

In the liver, STZ caused significant hepatocellular dam-
age, as indicated by increased ALT and AST levels, ste-
atosis, necrosis, sinusoidal dilation, and fibrotic changes
— results indicative of hepatic dysfunction associated with
persistent hyperglycaemia and lipotoxicity [54, 55]. Treat-
ment with PHF significantly improved these changes,
restoring hepatic architecture and reducing apoptotic activ-
ity, presumably through the synergistic antioxidative and
anti-inflammatory properties of its components. Previous
research indicates that Curcuma longa and Nigella sativa

ment with MET and PHF (500 and 1000 mg/kg) significantly reduced
TNF-a and IL-1B levels and restored VEGF expression, indicating
anti-inflammatory and pro-angiogenic effects

reduce hepatic oxidative stress, decrease inflammatory
cytokines, and prevent hepatocyte apoptosis by activat-
ing the Nrf2/ARE signalling pathway and inducing anti-
oxidant enzymes, including HO-1 and NQO1 [56, 57, 58].
The elevated levels of Bcl-2 and the decreased levels of
Bax and Caspase-3 identified in our study provide further
evidence for the inhibition of mitochondria-mediated apop-
tosis. These findings are consistent with reports indicating
hepatoprotection conferred by plant-derived flavonoids and
antioxidants [59-61].

PHF significantly improved diabetes-related dyslipidae-
mia by reducing triglycerides, total cholesterol, and LDL,
while increasing HDL. Similar lipid-modulating effects
have been attributed to the activation of the AMPK and
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Pancreatic
injury

Fig.8 Venn diagram illustrating the overlapping targets between PHF,
liver injury, and pancreatic injury, highlighting 333 common targets

PPARYy pathways, as demonstrated by studies on Curcuma
longa and other polyphenols [62—64]. The reduced expres-
sion of TNF-a and IL-1f in hepatic and pancreatic tissues
indicates substantial anti-inflammatory efficacy, likely
associated with the inhibition of NF-kB signalling [53].

Collectively, these outcomes indicate that PHF offers exten-
sive metabolic and anti-inflammatory benefits.

Network pharmacology provided further mechanistic
insights by identifying 333 common targets associated with
PHF, hepatic injury, and pancreatic injury. The PPI study
indicated that hub proteins such as AKT1, TNF, IL6, EGFR,
STAT3, NFKB1, PTGS2, CASP3, BCL2, and GSK3B play
pivotal regulatory roles. These compounds are extensively
characterised in relation to STZ-induced oxidative stress,
inflammation, and apoptosis [65, 66]. GO-BP enrichment
identified processes such as “response to chemical stimulus,”
“response to oxygen-containing compound,” “regulation
of apoptotic process,” and “metabolic process,” consis-
tent with existing literature on curcumin-induced NFE2L2/
HO-1 activation, thymoquinone-mediated cytokine sup-
pression, and resveratrol-driven PI3K-Akt/SIRT1 signalling
[67-69]. KEGG analysis indicated enrichment in the PI3K-
Akt, MAPK, calcium, cAMP, TNF, and neuroactive ligand—
receptor pathways, which are critical signalling pathways
disrupted in diabetes [70, 71]. Moreover, the increased activ-
ity of STAT3, NFKBI, IL6, TNF, and PTGS2 in STZ ani-
mals is well documented [72—74]. and components of PHF,
including curcumin, resveratrol, and thymoquinone, have
been shown to inhibit these pathways [75, 76].

The network pharmacology results indicate that PHF
exerts a multi-targeted regulatory effect by influencing oxi-
dative stress, inflammation, apoptosis, angiogenesis, and

Fig. 9 Bar plot showing the top 20
hub genes identified by STRING
analysis, ranked by node degree
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Fig. 10 BP, MF, CC, and KEGG pathway enrichment analysis of the 333 overlapping targets, showing significant biological processes and path-

ways involved

metabolic pathways. These integrative mechanisms reflect
the traditional rationale underlying polyherbal therapies.
The present study demonstrates that PHF promotes B-cell
regeneration, restores liver and pancreatic function, nor-
malises glycaemic and lipid profiles, reduces oxidative
stress and inflammation, and improves microvascular repair.
Although these findings strongly support PHF as a natural
multi-target therapeutic candidate for diabetes treatment,
further molecular and clinical studies are required to vali-
date its translational potential.

Conclusion

The polyherbal formulation (PHF) containing Curcuma
longa, Nigella sativa, Prunus mahaleb, and Vitis vinifera
demonstrates significant antidiabetic and tissue-protec-
tive efficacy in STZ-induced metabolic dysfunction. PHF

restores glycaemic control, enhances insulin secretion,
improves lipid metabolism, and preserves hepatic and pan-
creatic structural integrity. Alongside its experimentally
confirmed antioxidant, anti-inflammatory, antiapoptotic,
and pro-angiogenic properties, network pharmacology
analysis indicates that PHF acts through a multi-target
regulatory mechanism involving key molecular hubs such
as AKTI1, TNF, IL6, STAT3, PTGS2, and BCL2. Enrich-
ment of PI3K-Akt, MAPK, calcium, cAMP, and metabolic
pathways suggests that PHF modulates interconnected sig-
nalling networks disrupted by STZ toxicity. Overall, these
findings show that PHF exerts a coordinated, systems-level
therapeutic effect and represents a promising integrative
strategy for the prevention and management of diabetes-
associated hepatic and pancreatic injury.
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