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ABSTRACT

Objective(s): Hispidulin, a naturally occurring flavonoid with neu.-protective and anticancer
properties, has shown therapeutic potential for the treatmert o1 met.oolic disorders, including
diabetes mellitus. This study was designed to explore the ar ‘i-diat etic efficacy of hispidulin by
examining its role in regulating glycemic markers, insulir. ' nc.. “ eness, oxidative stress, and the
inflammatory response, and by evaluating transcriptiona' proti ing of pivotal genes involved in the
PI3K/AKT signaling cascade.

Materials and Methods: Experimental inductioin ¢ “typ. 2 diabetes was achieved using a high-fat diet
regimen, followed by intraperitoneal admiii. ‘ratic n of 1. cotinamide 110 mg/kg and streptozotocin
55 mg/kg. Following diabetes induction, rats w ‘e treated with hispidulin (10-20 mg/kg orally/day).
Over 28 days, various parameters we e assessec, including Fasting blood glucose, serum glucose,
serum insulin, HOMA-IR, HOMA-B, Qu 'CKI, CISI, oxidative stress markers (TAC, TOS, TBRAS, SOD,
CAT, NO), and inflammatory cytokines (1. 6, TNF-a, CRP, NFkB). Gene expression levels of PI3K,
AKT, mTOR, IRS-1, GSK-3B, and GLU -4 we..e determined via qRT-PCR.

Results: Hispidulin treatment signuican..y (P<0.001) enhanced glycemic regulation and insulin
sensitivity, as reflected by c=cre. sed fsting blood glucose levels and improved insulin indices. It
favorably modulated oxidativ > stre.. markers and reduced the pro-inflammatory cytokines. Gene
expression analysis indica.-d u; r2gulation of PI3K, AKT, mTOR, IRS-1, and GLUT-4, with down-
regulation of GSK-3B, st agesting up-regulation of the PI3K/AKT signaling cascade.

Conclusion: Hispicu.. « ¢ “Jits potent antidiabetic properties by improving insulin sensitivity,
reducing oxidative siress and inflammation, and modulating key genes in the PI3K/AKT pathway.
These findings ~ugge.* - .pidulin as a therapeutic agent for managing type 2 diabetes mellitus.
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Introduction

The rising global incidence ot type 2 diabetes mellitus
(T2DM) has become a significant public health concern,
currently affecting more than 460 million individuals
worldwide (1, 2). T2DM is a complex, multifactorial
metabolic disorder marked by persistent hyperglycemia,
insulin resistance (IR), and progressive decline in pancreatic
B-cell functional capacity (3). In addition to impaired
glucose metabolism, oxidative stress and a persistent low-
grade inflammatory response play pivotal roles in the onset
and progression of T2DM, which is marked by a gradual
decline in pancreatic B-cell function and exacerbates
peripheral insulin resistance, ultimately leading to multi-
organ dysfunction (4).

One of the critical contributors to diabetic pathogenesis
is oxidative stress, arising from the unnecessary generation

of reactive oxygen species (ROS) and the correct bonding
decline of the anti-oxidant defense mechanism (5, 6).
This redox imbalance impairs insulin signaling pathways,
disrupts mitochondrial function, and contributes to beta
cell apoptosis (7). At the same time, pro-inflammatory
cytokines, including interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a), exacerbate insulin resistance and
impaired glucose homeostasis, forming a vicious cycle that
sustains the diabetic state (8, 9). Together, these alterations
accumulate in a cycle of metabolic impairment, and
searching for effective anti-oxidant and anti-inflammatory
interactions is critically important (10, 11).

Despite the availability of several anti-diabetic drugs,
current treatment regimens often fail to address the
multifaceted nature of T2DM comprehensively and are
frequently associated with undesirable side effects (12,
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13). This has prompted a growing interest in identifying
safer, naturally derived compounds with multi-targeted
therapeutic potential (14). Recent therapeutic strategies
have focused on natural compounds with multi-targeted
actions, especially those capable of mitigating oxidative and
inflammatory stress while improving glycemic parameters
(15). These natural compounds and plant-derived bioactives
have attracted considerable attention for their potential
in motivating key metabolic pathways with minimal
side effects (16, 17). Hispidulin, naturally occurring as a
bioactive flavonoid, found in diverse medicinal plants in
the Mediterranean diet such as Salvia officinalis, Artemisia
species, and Eriocaulon buergerianum, has shown promising
pharmacological properties (18). It possesses notable anti-
inflammatory (19), neuroprotective (20), and anticancer
activities (21).

T2DM involves complex disruptions in insulin signaling,
oxidative stress, and inflammation. The PI3K/AKT
signaling pathway is essential for controlling glucose uptake
and supporting cell survival (22). Dysregulation of the
PI3K/AKT signaling pathway contributes to IR in hepatic
and skeletal muscle tissues and facilitates B-cell apoptosis
(23). Hispidulin, a flavone with known anti-inflammatory
and anti-oxidant properties, has been shown to influence
upstream modulators like SIRT1 (9). This study investigates
the potential of hispidulin to restore PI3K/AKT signaling in
an HFD-STZ-induced diabetic rat model, aiming to improve
glycemic control and mitigate oxidative and inflammatory
damage.

Enzymatic assays

The inhibitory effects of hispidulin on a-amylece
and glucosidase activities were assessed using mod fied
dinitrosalicylic acid (DNS) and p-nitrophern,’ a-2
glucopyranoside (pNPG) assays. For the alpha amylase
assay, the enzyme (0.26 uM) mixtures were p >-inc.cdated
with different concentrations of hispidulin in phosphate-
buffered saline (PBS) at pH 6.9, maintained <> 37 °C for 15
min to allow adequate interactior. followec by the addition
of soluble starch and further/incubat. »n for 10 min. The
reaction was terminated witl the DNS reagent, heated to
100 °C for 10 min, cooled, and . e absorbance was measured
at 530 nm (24). For the alpha-glucusidase assay, the enzyme
(0.26 pm) was incubated with various concentrations of
hispidulin in 0.1 M sodium phosphate bufter (SPB) (pH
6.8) at 37 °C for 2 hr, followed by the addition of 0.30 pmole
pNPG, and absorbance was recorded at 405 nm (25). In
both assays, the IC50 values were determined, with acarbose
used as positive control.

Materials and Methods
Chemicals

Hispidulin (298% purity), metformin hydrochloride,
streptozotocin (STZ), and nicotinamide were procured
from Sigma-Aldrich (USA). All chemicals used were of
analytical grade, and freshly prepared solutions were used
as required.

Experimental animal

The experimental study involved 40 male Wistar rats,
housed in the animal facility. Male rats were selected for their
greater tendency to develop insulin resistance, a condition
typically characterized by reduced insulin secretion and
diminished pancreatic beta cell mass, compared to females.
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The rats were maintained in a regulated research lab with
a 20 to 26 °C temperature range, relative humidity of 50 to
55% and a 12-hr light/dark cycle. Before the trial began,
all animals underwent a 2-week acclimatization period to
ensure proper adaptation to the laboratory environment.

Diabetes induction and experimental design

To induce T2DM, all rats, except the normal control
group, were initially fed an HFD for 4 weeks to promote
insulin resistance. Following the HFD regimen, animals
received a single oral dose of nicotinamide (NA) at 110 mg/kg
body weight, administered 15 min before streptozotocin. To
induce partial pancreatic -cell dysfunction, streptozotocin
(55 mg/kg) was administered in 0.1 M sodium citrate buffer
(pH 4.5) immediately before administration as described
by (26). This NA-STZ combination effectively replicates the
key pathophysiological features of T2DM, encompassing
both IR and impaired insulin s “retion.

Seven days after STZ adm. istration, fasting blood
glucose levels were assessed \'a tail vein sampling. Rats
with FBG levels exceedin_ 30, mg/dL were classified as
diabetic and subsecuent.: included in the experimental
protocol. These diaoe '~ racs were allocated into five groups
(n=8), ensui. g .nbiased distribution and experimental
consisten. = Tae study design consisted of the following
experimenta. 2roups.

o Gioup I (No mal Control, NC): Healthy rats receiving a
starida, 1 diet and no treatment.

o Goup .t (Diabetic Control, DC): Diabetic rats received
streptuzotocin (STZ) alone.

>~ Group IIT (Metformin-treated group, Met.): HFD/STZ-N
treated rats with metformin at 250 mg/kg body weight,
orally.

o Group IV (Hispidulin-treated group I, LD): HFD/STZ-N
treated rats with hispidulin at 10 mg/kg body weight, orally.
« Group V (Hispidulin-treated group II, HD): HFD/STZ-N
treated rats with hispidulin at 20 mg/kg body weight, orally.

Serum sampling and tissue sampling

Following the completion of the experimental period,
the rats were placed on an overnight fast and lightly
anesthetized for blood collection from the retro-orbital
plexus. The collected samples were left to clot at ambient
room temperature and centrifuged at 3000 RPM for 15 min
to obtain serum, which was stored at -80 °C for subsequent
biochemical analysis. Following blood collections, animals
were sacrificed, and the pancreas was carefully excised,
rinsed with ice-cold saline, and divided into portions. One
Part of the pancreas was fixed in 10% neutral buffered
formalin for histological analysis, while the remaining tissue
was stored in tizzle reagent at -80 °C for gene expression
analysis.

Measurement of fasting blood glucose (FBG) and oral
glucose tolerance test (OGTT) in diabetic rats

All experimental animals were fasted for six hours in
the morning, from 7:00 AM to 1:00 PM, prior to sample
collection. FBG was monitored weekly via tail vein sampling
throughout the study. To assess glucose tolerance, an OGTT
was conducted following the method described by (27),
with slight modifications. After a six-hour fast, rats received
the hispidulin orally. 30 min later, a glucose solution (2 mg/
kg BW.t.) was administered by oral gavage. Blood glucose
levels were recorded at baseline (0 min) and subsequently
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Table 1. Primer sequences used for quantitative real-time PCR (qRT-PCR) analysis of PI3K/AKT/mTOR pathway related genes in the rat model

Genes Primer Type Sequence (5'-3") NM number

PI3K (Phosphoinositide 3-kinase) Forward CGAGAGTACGCTGTAGGCTG >NM_053481.2
Reverse AGAAACTGGCCAATCCTCCG

AKT (Protein kinase B) Forward GAAGGAGGTCATCGTTGCCA >NM_033230.3
Reverse GTTCTCCAGCTTGAGGTCCC

mTOR (Mammalian target of rapamycin) Forward AATCGTGGTGGCTCTTGGAG >NM_019906.2
Reverse TTTCACGATCGGAGGCAACA

IRS-1 (Insulin receptor substrate-1) Forward TATCTGCATGGGTGGCAAGG >NM_012969.2
Reverse GGTAGCACCTGGGATGTAGC

GSK-3B (Glycogen synthase kinase-3 beta) Forward GGGACAGTGGTGTGGATCAG >NM_032080.1
Reverse AAGCGGCGTTATTGGTCTGT

GLUT-4 (Glucose Transporter-4) Forward CTCTCCGGTTCCTTGGGTTG >NM_012751.2
Reverse CAAGGACCAGTGTCCCAGTC

B-actin (Housekeeping gene) Forward CTTCCAGCCTTCCTTCCTGG NM_031144.3
Reverse AATGCCTGGGTACATGGTGG

at 30-, 60-, 120-, and 180-min post-glucose administration.

Serum biochemical analysis
Measurement of glycemic markers and insulin resistance
Serum glucose levels were assessed using an assay
kit, and insulin levels were quantified using ELISA kits
from Elabscience (USA) (28). IR was evaluated using
the homeostasis model assessment of insulin resistance
(HOMA-IR) (29), and B-cell function was assessed through
the Homeostasis Model Assessment of P-cell function
(HOMA-B) (30). Additionally, PB-cell performance and
insulin sensitivity were further analyzed using the Composite
insulin sensitivity index (CISI) and the Quantitative insulin
sensitivity check index (QUICKI), following established
protocols (31-34).

Determination of inflammatory cytokines and mediators
The concentration TNF-a, IL-6, CRP, and NF-kB) wa-=
determined using ELISA kits procured from Elabscience (USA).

Oxidant and anti-oxidant markers
Total anti-oxidant capacity (TAC) and #>tal ¢.uant
status (TOS) were measured by using colorit ietri. assay kits
(35). Thiobarbituric acid reactive substances “TBRAS) (36),
superoxide dismutase (SOD), catalase (UAT , and nitric
oxide (NO) levels were measurcd using spec.rophotometric
and ELISA kits from Elabscie ice (USA) (57).
Gene expression analysis (PI3K/.. """ pathway)
Total RNA was isolated from the samples using
the standard Trizol reagent extraction method. The
integrity and purity of the extracted RNA were verified
spectrophotometrically. Complementary DNA (cDNA)
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was then synthesized from the isolated total RNA using a
commercial reverse transcription kit. QRT-PCR was then
conducted employing SYBR Green master mix on an
Applied Biosystems thermal cy.'er. The primer sequences
used for the amplification 213K - AKT, mTOR, GLUT-4,
IRS1, and GSK-3p are listcd in “‘able 1. B-Actin was used as
an internal control, apdirelc “ve'mRNA expression of target
genes was quantified using the 2-AACt method (38, 39).

Statistica’ an. 'ysi.

Data'w -e presenmed as mean + SEM and analyzed using
one-way ana wo-way ANOVA, followed by Tukey’s multiple
comparison test in GraphPad Prism; differences were
conslaw ed statistically significant at P<0.01 and P<0.001.

Results
T~ ymatic assays

The inhibitory activity of hispidulin against carbohydrate-
hydrolyzing enzymes was assessed using in vitro assays.
Hispidulin demonstrated dose-dependent inhibition of
both alpha-amylase and alpha-glucosidase enzymes. The
IC,, value of hispidulin for alpha amylase was determined
to be 4.44 puM, which was slightly higher than that of the
reduction observed with the standard drug acarbose, 3.0
uM, indicating comparable potency. In the case of alpha-
glucosidase, hispidulin exhibited an IC, of 16.70 uM, which
was notably lower than that of acarbose 25.0 uM, suggesting
a strong inhibitory effect, as shown in Figure 1.

Assessment of fasting blood glucose (FBG) and oral glucose
tolerance test (OGTT) in diabetic rats

Diabetic rats exhibited a persistent and significant
elevation in FBG levels throughout the experimental
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-8~ Hispidulin
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22 24
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Figure 1. Inhibitory activity of hispidulin against (A) alpha-amylase and (B) alpha-glucosidase enzymes in mice
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Figure 2. Measurement of (A) rat fasting blood glucose, (B) Oral glucose tolerance test, and (C) area under the curve (AUC)

period in contrast to NC (P<0.001). However, hispidulin
treatment showed a marked (P<0.001) reduction in FBG
levels starting from the second week, with highly significant
differences observed by the end of the trial (P<0.001).
During OGTT, diabetic control rats exhibited prolonged
hyperglycemia, with significantly higher glucose levels at
all time points compared with the NC group (P<0.001).
In contrast, hispidulin-treated groups exhibited enhanced
glucose tolerance, as indicated by a marked decrease in
blood glucose level at 60, 120, and 180 min post-glucose load
(P<0.001). The AUC was significantly reduced (P<0.001)
in both hispidulin-treated groups in a dose-dependent
manner, confirming hispidulin’s glucose-lowering potential.
Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test (Figure 2).

Serum biochemical analysis
Measurement of glycemic markers and insulin resistance
Rats subjected to the high-fat diet/streptozotocin (HFD/
STZ) protocol demonstrated a marked elevation in serum
glucose concentration (P<0.001), along with a marked
decline in serum insulin concentrations (P<0.001) i1
comparison with the NC group. Hispidulin administration
at 10 and 20 mg/kg resulted in a significant (P<0.001)
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decrease in serum glucose levels, accompanied by a marked
improvement in serum insulin concentrations. Evaluation
of IR through the HOMA-IR demonstrated a significant
(P<0.001) reduction in HOMA-IR values in the hispidulin-
treated group in a dose-dependent pattern. Furthermore,
the HOMA- index, a representative marker of pancreatic
B-cell functional activity, »us significantly increased
(P<0.01) following hispiduli.» administration, suggesting
enhanced f-cell activity. In «clition, QUICKI and CISI
were notably improved (P<2:°01) = 'the hispidulin-treated
groups, as shown in Figur: 3.

Measurement of infla nma.ory cytokines and mediators

Persistent  lew-gi de’ inflammation is the key
pathologizal . cto..in the onset and progression of DM.
In the c.-reut stuuy, rats with streptozotocin-induced
diabetes dc nonstrated a highly significant increase
(P<c001) in circulating levels of pro-inflammatory
marke. . including TNF-a, IL-6, CRP, and NF-kB, when
con mare.. to NC. Hispidulin administration at doses of 10
aud zv ing/kg markedly reduced these elevations in a dose-
vesronsive reduction (P<0.001), suggesting its strong anti-
intflammatory efficacy in T2DM (Figure 4).
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Figure 3. Bar graph showing serum levels of (A) glucose, (B) insulin, (C) Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), (D) Homeostatic
Model Assessment of B-cell Function (HOMA-B), (E) Calculated Insulin Sensitivity Index (CISI), and (F) Quantitative Insulin Sensitivity Check Index
(QUICKI) in Group I (Normal Control, NC), Group II (Diabetic Control, DC), Group III (Metformin-treated, Met.), Group IV (Hispidulin low dose, LD),

and Group V (Hispidulin high dose, HD) rats

Data are expressed as mean + SEM (n=8). Statistical analysis was performed by using one-way ANOVA followed by Tukey’s post hoc test. ### P<0.001 vs normal control, ** P<0.01,

**P<0.001 vs diabetic control.
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Figure 4. Bar graph showing serum levels of (A) Tumor Necrosis Factor-alpha (TNF-a), (B) Interleukin-6 (IL-6), (C) C-Reactive Protein (CRP), and (D)
Nuclear Factor kappa B (NF-xB) in Group I (Normal Control, NC), Group II (Diabetic Control, DC), Group III (Metformin-treated, Met.), Group IV

(Hispidulin low dose, LD), and Group V (Hispidulin high dose, HD) rats

Statistical analysis was performed by using one-way ANOVA followed by Tukey’s post hoc test. ### P<0.001 vs normal control, ** P<0.01, ***P<0.001 vs diabetic control

Measurement of oxidant and anti-oxidant markers in diabetic rats

Induction with STZ caused a significant upsurge in
oxidative stress markers, as evidenced by a significant
elevation in lipid peroxidation levels, measured as
thiobarbituric  acid reactive substances (TBARS;
5.58+0.32 nmol/mg protein), compared with NC. This
was accompanied by a significant (P<0.001) depletion of
endogenous anti-oxidant defenses, including SOD, CAD,
and NO levels, along with a reduced total anti-oxidant
capacity (TAC; 1.1+0.10 mmol Trolox equi/l) and an
increase in total oxidant status (TOS; 3.6+0.21 pmol H,O,
equi./l), compared to the NC group.

Hispidulin administration at doses of 10 and 20 mg/kg
markedly (P<0.001) decreased MDA levels (3.06+0.19 and
2.66+0.30 nmol/mg protein), correspondingly, indicating
attenuation of lipid peroxidation. Concurrently, a substantial
restoration of anti-oxidant markers. Hispidulin significantly
increases SOD (LD: 4.75+0.31; HD: 6.05+0.22 U/mg protein),
CAT (LD: 37.6+2.09; HD: 47.01£2.10 U/mg protein), and NO
levels (LD: 18.5 U/mg protein0.12; HD: 21.6+0.95 pmol/l)
with reference to the DC group (P<0.001). Moreover, TAC
levels were markedly increased in the HD group (2.41+0.1"
mmol Trolox equi./l; P<0.001), approaching near-noriaal
values, while TOS levels were significantly lowered i
1.45+0.10 umol H,O, equi./l; P<0.001).

Gene expression analysis (PI3K/AKT pathy 1y)

qRT-PCR analysis showed significant-sharn s in PI3K/
AKT signaling gene expression.:mor g the experimental
groups. In the DC group, the expressi.=.of PI3K, AKT,
mTOR, GLUT-4, and IRS1 was ‘ignificantly down-regulated
(P<0.005), whereas GSK-3B w - up-iegulated compared
to the NC group. Treatment with hispidulin led to dose-

dependent up-regulation of PI3K, AKT, mTOR, GLUT-4,
and IRS1, and a down-regulation of GSK-3p (Figure 5).
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Figure 5. Heatmap showing the relative mRNA expression of PI3K, AKT,
mTOR, GLUT-4, IRS1, and GSK-3p in pancreatic tissue of all experimental
rat groups (Group I: Normal Control, NC; Group II: Diabetic Control, DC;
Group III: Metformin-treated, Met.; Group IV: Hispidulin low dose, LD;
Group V: Hispidulin high dose, HD)

PI3K: Phosphoinositide 3-kinase, AKT: Protein kinase B, mTOR:
Mechanistic target of rapamycin, GLUT-4: Glucose transporter type 4, IRS1:
Insulin receptor substrate 1, GSK-3p - Glycogen synthase kinase-3 beta

Table 2. Assessment of oxidative and anti-oxidant biomarkers in diabetic rats

Groups TBRAS CAT Nl NO TAC TOS
(nmol/mg protein) (U/mg protein) (U/mg protein) (umol/l) (mmol Trolox equi./I) (umol H202 equi./l)

NC 2.42+0.20 54.2+0.80 7.01+0.39 25.2+0.60 2.4+0.12 1.01+0.06

DC 5.58+0.32""" 28.01+1.28™" 3.62+0.54"" 11.440.10"" 1.1+0.10™" 3.6x0.21

Met. 3.1940.28%° 43.02+2.01% 5.800.30% 20.40.97 2.02+0.11 % 2.2+0.11%

LD 3.06£0.19°° 37.6+2.09% 4.75+0.31% 18.5+0.12% 2.10£0.10% 1.82+0.1220

HD 2.66£0.30 *® 47.01£2.10% 6.05£0.22°° 21.6+0.95% 2.41+0.14% 1.4510.10%°

Oxidant and anti-oxidant defense markers in experimental rat groups (Group I: Normal Control, NC; Group II: Diabetic Control, DC; Group III: Metformin-treated, Met.; Group
IV: Hispidulin low dose, LD; Group V: Hispidulin high dose, HD). Values are expressed as mean + SEM (n = 8). Statistical analysis was performed using one-way ANOVA followed
by Tukey’s post hoc test. *** Indicates a statistically significant difference between the normal control and diabetic control groups. Symbols ab denote significant differences between

the treatment groups and the diabetic control group.

TBRAS: Thiobarbituric acid reactive substances, CAT: Catalase, SOD: Superoxide dismutase, NO: Nitric oxide, TAC: Total anti-oxidant capacity, TOS: Total oxidant Status, SEM:
Standard error of the mean, ANOVA: Analysis of variance
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Discussion

Diabetes mellitus, particularly type II, is a long-term
metabolic condition characterized by persistently elevated
blood glucose levels and multiple metabolic abnormalities
(40, 41). Therapeutic approaches often focus on modulating
key enzymes involved in carbohydrate metabolism.
Inhibitors of alpha-glucosidase and alpha amylase delay
carbohydrate digestion and glucose absorption, thereby
attenuating postprandial hyperglycemia (17, 42). Although
conventionalantidiabeticagentsareeffective, theiruseisoften
limited by side effects and high costs (43, 44). Consequently,
there is growing interest in plant-derived alternatives, which
are generally more affordable and associated with fewer
adverse effects (44, 45). Nonetheless, most phytochemicals
require rigorous validation through preclinical and clinical
studies to establish their safety, efficacy, and therapeutic
potential (46, 47). This study investigated the therapeutic
efficacy of hispidulin in ameliorating HFD/STZ-induced
type 2 diabetes in a rat model.

Hispidulin, naturally found in various medicinal plants,
has attracted attention for its anti-inflammatory (19),
neuroprotective (20), and anticancer (21) activities. Previous
research has demonstrated that hispidulin regulates
oxidative stress and inflammation in experimental models
(48), enhances insulin sensitivity by activating AMPK, and
protects pancreatic beta cells from apoptosis (49). However,
the role of hispidulin in regulating PI3K/AKT signaling
and glycemic enzymes, such as alpha-amylase and alpha-
glucosidase, remains unexplored.

In this study, rats subjected to HFD/STZ developed
significant hyperglycemia, confirmed by elevated FBG
and impaired OGTT with a higher AUC. Treatment with
hispidulin significantly (P<0.001) reduced FBG and
ameliorated glucose tolerance as reflected in the lowere!
AUC. Improved glucose homeostasis may be attribuzed
to hispidulin’s ability to enhance insulin respor.iv nesc
and promote cellular glucose uptake by activating ‘nsulin-
dependent signaling pathways.

Inhibiting a-amylase and a-glucosidasc, the »rincipal
enzymes that catalyze carbohydratc dig-stior., represents
a therapeutic strategy for /ttenuatin,postprandial
hyperglycemia in diabetic condit. ns (50, £1). In the current
study, hispidulin exhibited do. derindent (P<0.001)
inhibition of both enzymes, similar to the standard drug
acarbose. This aligns with the findings of Visvanathan et al.
and Gong et al. (52, 53), who reported that polyphenolic
compounds can bind and inactivate these enzymes, thereby
slowing glucose absorption. Hispidulin’s interaction with
digestive enzymes may thus contribute to its glycemic
control effects.

Persistent hyperglycemia and insulin resistance promote
chronic low-grade inflammation, which exacerbates
pancreatic beta cell dysfunction (54, 55). In this study,
diabetic rats showed significant elevations in TNF-alpha,
IL-6, CRP, and NFKkB, all of which were markedly reduced
(P<0.001) following hispidulin treatment. These results are
consistent with earlier findings that flavonoids suppress
inflammatory pathways by inhibiting NFkB activation and
downstream cytokines (56).

Oxidative stress is a major driver of IR and [-cell
apoptosis (6). The diabetic rates in this study exhibited
increased oxidative markers and decreased anti-oxidant
enzymes, Indicative of a disrupted redox balance.
Hispidulin significantly (P<0.001) restored anti-oxidant
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capacity, consistent with studies reporting its ROS-
scavenging capacity and mitocnondrial protective effects.
The restoration of redox homut nstas s contributes to beta cell
preservation and improyea . suuwu secretion (57, 58).

One of the key firdi gs o this study is the significant
(P<0.001) up- ~uicion or PI3K, AKT, mTOR, GLUT-
4, and IR  al ngsic> a significant (P<0.001) down-
regulation of L %K-3p, following hispidulin treatment. This
sugge: -~ that hisp. *alin restores insulin signaling, enhances
glucose~ . ansport, and suppresses gluconeogenesis. The
activat'on o, this pathway promotes beta cell survival and
insu.n-c " Zulated glucose uptake, as reported in similar
st-dies exploring the insulin-mimetic effects of phenols
‘59, vvu). These molecular changes indicate that hispidulin’s
therapeutic effect may primarily be exerted through the
reactivation of the PI3K/AKT axis.

Hispidulin exerts an antidiabetic effect primarily by
regulating PI3K/AKT signaling and mitigating oxidative
stress and inflammation through down-regulation of
inflammatory cytokines, including TNF-a, CRP, IL-6, and
NFkB, and by inhibiting ROS. This anti-inflammatory
effect contributes to restoring insulin receptor sensitivity
by up-regulating IRS-1, leading to PI3K activation and
AKT phosphorylation. Activated AKT plays a dual role by
inhibiting GSK-3p, thereby promoting glycogen synthesis,
and by activating mTOR, which supports B-cell survival
and regeneration. These molecular events collectively
enhance GLUT-4 translocation and glucose uptake in
peripheral tissues, ultimately restoring glucose homeostasis
and improving insulin secretion, thereby highlighting
its potential role in ameliorating metabolic dysfunction
associated with diabetes.

Conclusion

The present study demonstrates that hispidulin
significantly improves metabolic and molecular alterations
linked with T2DM. Hispidulin treatment effectively lowered
fasting blood glucose levels, enhanced serum insulin
concentration, and improved insulin sensitivity indices,
indicating restoration of glycemic markers. Furthermore,
hispidulin significantly reduced levels of inflammatory
cytokines, suggesting improved B-cell function and insulin
dynamics. The compound also attenuated oxidative stress
by increasing the anti-oxidative markers and reducing TOS,
TBRAS, and NO, suggesting potent anti-oxidant potential.
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At the genetic level, hispidulin significantly up-regulated
the mRNA expression of PI3K, AKT, mTOR, IRS-1, and
GLUT-4 while down-regulating GSK-3p, thereby indicating
the PI3K/AKT signaling pathway and enhancing glucose
uptake and insulin signaling.

Acknowledgment

The authors are highly thankful to the Endowment Fund
Secretariat, University of Agriculture Faisalabad, Punjab,
Pakistan, for providing funds to conduct this study (Project
No. EFS-RD047/22). The results described in this paper are
part of a Ph.D. student’s thesis.

Ethical Approval

This study is a part of a Ph.D. research project and
is original, unpublished, and not under consideration
for publication elsewhere. All experimental procedures
involving animals were conducted in accordance with the
ethical standards for animal research and were approved
by the Institutional Bioethical Committee of the University
of Agriculture, Faisalabad, Pakistan (Approval No. 3278/
ORIC).

Availability of Data and Materials
The data supporting this study’s findings are available
upon request from the corresponding author.

Authors’ Contributions

MS T was responsible for preparing the original draft,
conducting theresearch trial, collecting data, and performing
statistical analysis. W M, B A, and M S contributed to the
critical review, editing, and supervision of the study. All
authors participated in the study’s conception and desigi.,
reviewed and approved the final version of the manusciint
for publication, and provided overall supervision througnou.
the research process.

Conflicts of Interest
The author declares that there are no.<o.. licv of interest.

Declaration
The authors declare that the_ have not used any Al tools
or technologies in the preparatio.. s manuscript.

References

1. Hassan S, Gujral UP, Quarells RC, Rhodes EC, Shah MK, Obi
J, et al. Disparities in diabetes prevalence and management by
race and ethnicity in the USA: Defining a path forward. Lancet
Diabetes Endocrinol. 2023;11:509-524.

2. Abduallah AM, Ahmed AE, Bajaber MA, Alalwiat AA.
Antidiabetic effects of methanolic extract of Trigonella foenum-
graecum seeds in diabetic rats. Pak Vet ] 2024;44:99-104.

3. Rados DV, Falcetta MRR, Pinto LC, Leitdo CB, Gross JL. All-
cause mortality and cardiovascular safety of basal insulin treatment
in patients with type 2 diabetes mellitus: a systematic review with
meta-analysis and trial sequential analysis. Diabetes Res Clin Pract
2021;173:108688.

4. Aziz R, Khan SA, Ansari S, Jawed E Comparative analysis of
mental health in middle-aged women with type 2 diabetes mellitus
and hypothyroidism: A cross-sectional study. Clin Epidemiol Glob
Health 2025;32:101911.

5. Souza J, Pereira AT, de Lima L, Wiltler R, de Oliveira MA, de
Sousa Mariano S, et al. Atmospheric plasma controls excessive
inflammation and oxidative stress in burn wound healing in

Iran J Basic Med Sci, 2026, Vol. 29, No.

N=MS

Tariq et al.

diabetes-induced rats. J Tissue Viability 2025;34:100918.

6. Caturano A, D’Angelo M, Mormone A, Russo V, Mollica MP,
Salvatore T, et al. Oxidative stress in type 2 diabetes: impacts
from pathogenesis to lifestyle modifications. Curr Issues Mol Biol
2023;45:6651-6665.

7. Hou G, Tang S, Li Q, Li W, Xi X. Exercise combined with
metformin ameliorates diabetic kidney disease by increasing
renal autophagy and reducing oxidative stress in rats with high-fat
diet and streptozotocin-induced diabetes. Biochem Biophys Res
Commun 2025;752:151373.

8. El-Sofany WI, Alanezi TD, Latif S, Abdelhedi O, Hamden
K. Prodigiosin as an N-heterocyclic compound: production
optimization, bioactivity evaluation, and in silico docking
against key enzymes related to inflammation, obesity, diabetes,
and the insulin signaling pathway. Enzyme Microb Technol
2025;188:110639.

9. Nazeam JA, Black I, Mulamoottil VA, Selim NM, El Shiekh
RA, Abu-Elfotuh K, et al. Okra seed polysaccharides mitigate
neuroinflammation and cognitive impairment via modulation of
Nrf2/HO-1, HMGB1/RAGE/TLR4/NF-kB, NLRP3/Caspase-1,
JAK-2/STAT-3, AMPK/SIRT1/m-1OR, PI3K/AKT/CREB/BDNF/
TrkB and PERK/CHOP/Bcl-2 axes. . 't Immunopharmacol 2025;
148:114110.

10. Gul P, Khan J, Li Q, Liu K. M foring 1 oleifera in a modern time: A
comprehensive review of it-nu.. ““ienal and bioactive composition
as a natural solution for man. 3ing diabetes mellitus by reducing
oxidative stress and.ifirlay. mation. Food Res Int 2025; 201:115671.
11. Gothai S/« 2sai. P, Park SY, Fakurazi S, Choi DK, Arulselvan
P. Natural'p vto-vioact:.e compounds for the treatment of type 2
diabetes: Infla, mation as a target. Nutrients 2016; 8:461-488.

12. Lng YH, W ug ZX, Chen C, Wang PP, Fu X. A review on
the hvy  slycemic effect, mechanism and application development
of n turar dietary polysaccharides. Int J Biol Macromol 2023;
A9 1257

15. Mahomoodally MFE, Lobine D, Picot-Allain MCN, Sadeer N,
Joo <t S, Zengin G. Conventional and non-conventional targets
of natural products in the management of diabetes mellitus and
associated complications. Curr Med Chem 2021; 28:4638-4669.
14.JiX, GuoJ, Cao T, Zhang T, Liu Y, Yan Y. Review on mechanisms
and structure-activity relationship of hypoglycemic effects of
polysaccharides from natural resources. Food Sci Hum Wellness
2023; 12:1969-1980.

15. Ning C, Jiao Y, Wang J, Li W, Zhou J, Lee YC, et al. Recent
advances in the management of type 2 diabetes mellitus and
natural hypoglycemic substances. Food Sci Hum Wellness 2022;
11:1121-1133.

16. Elsharkawy ER, Algahtani A, Uddin MN, Khan E, He Y, Li X, et
al. The antidiabetic, haematological, and antioxidant implications
of Schimpera arabica natural plant on streptozotocin-diabetic rats.
J Agric Food Res 2025;21:101891.

17. Shen L, Li C, Wang W, Wang X, Tang D, Xiao F, et al. Buckwheat
extracts rich in flavonoid aglycones and flavonoid glycosides
significantly reduced blood glucose in diabetic mice. ] Funct Foods
2024; 113:106029.

18. Phayangkhe C, Ek-eudomsuk P, Soontrapa K. The bioflavonoid
hispidulin effectively attenuates T helper type 2-driven allergic
lung inflammation in the ovalbumin-induced allergic asthma
mouse model. Respir Investig 2024; 62:558-565.

19. Qin W, Xi J, He B, Zhang B, Luan H, Wu F. Ameliorative effects
of hispidulin on high glucose-mediated endothelial dysfunction
via inhibition of PKCpII-associated NLRP3 inflammasome
activation and NF-«B signaling in endothelial cells. ] Funct Foods
2016; 27:392-405.

20. An P, XieJ, Qiu S, Liu Y, Wang ], Xiu X, et al. Hispidulin exhibits
neuroprotective activities against cerebral ischemia reperfusion
injury through suppressing NLRP3-mediated pyroptosis. Life Sci
2019; 232:116599.

21. Liu K, Zhao E Yan ], Xia Z, Jiang D, Ma P. Hispidulin: A
promising flavonoid with diverse anti-cancer properties. Life Sci
2020; 259:118395.



Tariq et al.

22. Azimzadeh M, Cheah PS, Ling KH. Brain insulin resistance
in Down syndrome: Involvement of PI3K-Akt/mTOR axis in
early-onset of Alzheimer’s disease and its potential as a therapeutic
target. Biochem Biophys Res Commun 2024; 733:150713.

23. Gao Y, Wu Y, Tie E, Wang H. Stilbenoids from fenugreek seeds
alleviate insulin resistance by regulating the PI3K/AKT/mTOR
signaling pathway in a type 2 diabetes zebrafish model. Heliyon
2024; 10:€32007.

24. Peng X, Liu K, Hu X, Gong D, Zhang G. Hesperetin-Cu(II)
complex as potential a-amylase and a-glucosidase inhibitor:
Inhibition mechanism and molecular docking. Spectrochim Acta
A Mol Biomol Spectrosc 2023; 290:122301.

25. Deveci E, Cayan F, Tel-Cayan G, Duru ME. Inhibitory activities
of medicinal mushrooms on a-amylase and a-glucosidase enzymes
related to type 2 diabetes. S Afr ] Bot 2021; 137:19-23.

26. Zolkeflee NKZ, Wong PL, Maulidiani M, Ramli NS, Azlan A,
Mediani A, et al. Revealing metabolic and biochemical variations
via 1H NMR metabolomics in streptozotocin-nicotinamide-
induced diabetic rats treated with metformin. Biochem Biophys
Res Commun 2024; 708:149778.

27. Ferrario C, Santini S, Vionnet N, Pasquier J, Puder JJ, Mantziari
S, et al. Challenges in diagnosing gestational diabetes after roux-
en-Y gastric bypass: A comparative analysis of OGTT, SMBG and
CGM. Surg Obes Relat Dis 2025; 21:893-899.

28. Liu S, Wan J, Wang D, Yang Y, Fang J, Luo T, et al. Effect of
the PCSK9 R46L genetic variant on plasma insulin and glucose
levels, risk of diabetes mellitus and cardiovascular disease: A meta-
analysis. Nutr Metab Cardiovasc Dis 2024; 34:1339-1351.

29. Liontos A, Filippas-Ntekouan S, Biros D, Papathanasiou
A, Papagiannopoulos C, Kolios NG, et al. Comparative effect
of delapril-manidipine treatment versus valsartan-amlodipine
treatment in HOMA-IR, HOMA-B, HOMA-S and QUICKI
indexes in prediabetic hypertensive patients. Atherosclerosis 2022;
355:123-124.

30. Khalili D, Khayamzadeh M, Kohansal K, Ahanchi M.
Hasheminia M, Hadaegh F, et al. Are HOMA-IR and HOM."-B
good predictors for diabetes and pre-diabetes subtypes? BMC
Endocr Disord 2023; 23:1-9.

31. Motamed N, Miresmail SJH, Rabiee B, Keyvani H, Rarah¢ni B,
Maadi M, et al. Optimal cutoff points for HOMA-"R ana 7 UICKI
in the diagnosis of metabolic syndrome and. r.uon-a ~oholic fatty
liver disease: A population-based study. ] Diab« *es Complications
2016; 30:269-274.

32. Cao W, Zou ], Gao M, Huang J; i Y, | i N, e, al. A comparative
study of the relationship between time in ...ige assessed by self-
monitoring of blood glucose a. 4 contintous glucose monitoring
with microalbuminuria outcome. FOMA-IR and HOMA-B test. ]
Diabetes Complications 2024; 38:108831.

33. Lin Z, Yuan S, Li B, Guan J, He ], Song C, et al. Insulin-based
or non-insulin-based insulin resistance indicators and risk of
long-term cardiovascular and all-cause mortality in the general
population: A 25-year cohort study. Diabetes Metab 2024;
50:101566.

34. Lee PDK, Lustig RH, Lenders C, Baillargeon ], Wilson DM.
Insulin-like growth factor binding protein 1 predicts insulin
sensitivity and insulin area-under-the-curve in obese, nondiabetic
adolescents. Endocr Pract 2016; 22:136-142.

35. Abbasi E, Mirzaei F, Ghaleiha A, Pourjafar M, Ahmadi M,
Mirzajani SS. Effects of cerium oxide nanoparticle on liver
oxidative stress and morphological changes in opium withdrawal
rats. Toxicol Rep 2025; 14:102025.

36. Aqeel U, Aftab T, Khan MMA, Gill SS, Nacem M. Silicon
dioxide nanoparticles as catalysts for improved growth, enzymatic
activities and essential oil production in Mentha arvensis L. S Afr ]
Bot 2024; 172:161-174.

37.Piazza SN da S, Canteiro PB, Tramontin N dos S, Strapazzon G,
Andrade V de M, Muller AP. Protective effects of different exercise
modalities on oxidative stress in animal models of high intraocular
pressure and diabetes. Exp Eye Res 2025; 251:110216.

38.DuY, ChenJ, Wang Y, Deng Y, Bai Y, Tang X, et al. Nano powder

N=MS

Hispidulin regulates PI3K/AKT/mTOR in diabetic models

and alcohol extraction of Corni Fructus protects against diabetes in
mice by ameliorating hyperglycemia and hyperlipidemia via the
PI3K/AKT pathway. ] Funct Foods 2024; 114:106081.
39. Zhang Y, Li L, Chai T, Xu H, Du H yan, Jiang Y. Mulberry leaf
multi-components exert hypoglycemic effects through regulation
of the PI-3K/Akt insulin signaling pathway in type 2 diabetic rats.
J Ethnopharmacol 2024; 319:117307.
40. Ren T, Fan X, Wu Q, Wu Y, Sun X, Tong H. Structural insights
and therapeutic potential of plant-based pectin as novel therapeutic
for type 2 diabetes mellitus: A review. Int J Biol Macromol 2025;
307:141876.
41. Huang Y, Zhou T, Zhang Y, Huang H, Ma Y, Wu C, et al.
Antidiabetic activity of a flavonoid-rich extract from flowers of
Wisteria sinensis in type 2 diabetic mice via activation of the IRS-
1/PI3K/Akt/GLUT4 pathway. ] Funct Foods 2021; 77:104338.
42. Agarwal P. Alpha-amylase inhibition can treat diabetes
mellitus. Artic ] Med Phys 2016; 5: 1-8.
43. Okumus E. Effect of ultrasonic and conventional extraction
on bioactive components, glucosinolate content and antidiabetic
activity of Crambe tataria. Fitot. -=pia 2024; 178:106177.
44. Nasim N, Sandeep IS, MoL naty S. Plant-derived natural
products for drug discovery. C trer “approaches and prospects.
Nucleus 2022; 65:399-411.
45. Gall A, Butler /77 . =ler S, Garvey G. Traditional,
complementary and 'ntegr: tive medicine use among Indigenous
peoples with diahctes . Australia, Canada, New Zealand and the
United States. Aus. N Z J Public Health 2021; 45:664-671.
46. Wany 1, Cnen Y, Wang L, Liu Q, Yang S, Wang C. Advancing
herbal mea. ine: enhancing product quality and safety through
rocnstquality ¢ atrol practices. Front Pharmacol 2023;14:1265178.
47 4.7 SA, Abass S, Qasim M. Hypoglycemic effect of ginger
(Zingibe ~ officinale) in alloxan-induced diabetic rats (Rattus
or ~*.us). Pak Vet ] 2011; 31:160-162.
48.Wang Y, Wang A, Alkhalidy H, Luo ], Moomaw E, Neilson AP, et
" flavone hispidulin stimulates glucagon-like peptide-1 secretion
and ameliorates hyperglycemia in streptozotocin-induced diabetic
mice. Mol Nutr Food Res 2020; 64:¢2000123.
49. Wen D, Li M. The emerging role of flavonoids in the treatment
of type 2 diabetes mellitus: regulating the enteroendocrine system.
Xiahe Publ 2025; 10:56-68.
50. Igbal R, Azhar I, Akhtar ME, Mahmood ZA, Hamid I, Saleem
A, et al. Combination therapy with Hordeum vulgare, Elettaria
cardamomum, and Cicer arietinum exhibited anti-diabetic potential
through modulation of oxidative stress and proinflammatory
cytokines. Heliyon 2024; 10:€26126.
51. Hassan F, Aslam B, Muhammad F, Faisal MN. Hypoglycemic
properties of Sphaeranthus indicus and Nigella sativa in alloxan-
induced diabetes mellitus in rats; a new therapeutic horizon. Pak
Vet ] 2022; 42:141-146.
52. Visvanathan R, Houghton M]J, Barber E, Williamson G.
Structure-function relationships in (poly)phenol-enzyme binding:
direct inhibition of human salivary and pancreatic a-amylases.
Food Res Int 2024; 188:114504.
53. Gong L, Feng D, Wang T, Ren Y, Liu Y, Wang J. Inhibitors of
a-amylase and a-glucosidase: potential linkage for whole cereal
foods on prevention of hyperglycemia. Food Sci Nutr 2020;
8:6320-6337.
54. Dludla PV, Mabhida SE, Ziqubu K, Nkambule BB, Mazibuko-
Mbeje SE, Hanser S, et al. Pancreatic -cell dysfunction in type 2
diabetes: implications of inflammation and oxidative stress. World
] Diabetes 2023; 14:130-146.
55. Yaribeygi H, Atkin SL, Pirro M, Sahebkar A. A review of the
anti-inflammatory properties of antidiabetic agents providing
protective effects against vascular complications in diabetes. J Cell
Physiol 2019; 234:8286-8294.
56. Kubatka P, Mazurakova A, Samec M, Koklesova L, Zhai K, AL-
Ishaq R, et al. Flavonoids against non-physiologic inflammation
attributed to cancer initiation, development, and progression—
3PM pathways. EPMA J 2021; 12:559-587.
57.Jung KY, Kim KM, Lim S. Therapeutic approaches for preserving

Iran J Basic Med Sci, 2026, Vol. 29, No.



Hispidulin regulates PI3K/AKT/mTOR in diabetic models

or restoring pancreatic 3-cell function and mass. Diabetes Metab
] 2014; 38:426-436.

58. Kut K, Bartosz G, Soszynski M, Sadowska-Bartosz I. Anti-
oxidant properties of hispidulin. Nat Prod Res 2022; 36:6401-6404.
59. Chen B, Li Z, Fang J, Liu Y, Lin A. Oligosaccharides of
Ophiopogon japonicus ameliorate insulin resistance and glucolipid
metabolism in HFD/STZ-induced T2DM rats and IR-HepG2 cells

Iran J Basic Med Sci, 2026, Vol. 29, No.

N=MS

Tariq et al.

via activation of the IRS-1/PI3K/AKT/GSK-3f pathway. ] Funct
Foods 2024; 120:106368.

60. Prasad M, Jayaraman S, Natarajan SR, Veeraraghavan VP,
Krishnamoorthy R, Gatasheh MK, et al. Piperine modulates IR/
Akt/GLUT4 pathways to mitigate insulin resistance: Evidence
from animal and computational studies. Int ] Biol Macromol 2023;
253:127242.



	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	_GoBack

