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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder increasingly recognized for its detrimental effects
on the central nervous system. Mathurameha, a traditional Thai herbal remedy, has long been used for diabetes treatment.
However, the neuroprotective potential of Mathurameha to protect the brain against damage in diabetes has never been
identified. Male Sprague-Dawley rats were induced with T2DM via a high-fat diet (HFD) and a single intraperitoneal
injection of streptozotocin (STZ; 40 mg/kg). The ethanol extract of Mathurameha (20, 100 and 200 mg/kg) was
administered orally to diabetic rats daily for 35 days. Following sacrificed, hippocampus was harvested and subjected for
histological and molecular biological analyses. T2DM significantly reduced hippocampal neuronal survival. This effect
was notably ameliorated by treatment with Mathurameha, with the 200 mg/kg dose demonstrating the most pronounced
improvement. Furthermore, diabetic rats exhibited decreased expression of brain-derived neurotrophic factor (BDNF) and
glucose transporter 1 (GLUT1), both of which were significantly restored following Mathurameha treatment.
Mathurameha demonstrated a dose-dependent effect. Treatment at 20 and 100 mg/kg body weight did not significantly
increase BDNF and GLUT1 levels compared to the untreated diabetic group. However, administration at 200 mg/kg body
weight significantly restored BDNF and GLUT1 expression (p <0.05). These findings suggest that Mathurameha exerts
neuroprotective effects in T2DM, likely through the upregulation of BDNF and GLUT]I, supporting its therapeutic

potential in diabetes-associated neurodegeneration.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic
metabolic condition characterized by persistent
hyperglycemia and dysregulation of glucose and lipid
metabolism, primarily arising from insulin resistance at
the cellular level [1]. According to the latest data from
the International Diabetes Federation (IDF) Diabetes
Atlas 2025 [2], the global number of adults living with

diabetes is projected to reach approximately 853 million

by 2050, representing an increase of 46%, with 1 in 8
adults affected. T2DM is the most prevalent form,
accounting for over 90% of the current 537 million
diabetes cases worldwide. Recent epidemiological and
clinical research emphasizes that T2DM heightens the
risk of cognitive deficits, particularly among older
adults and those with prolonged disease duration [3-5].
Additionally, T2DM has been shown to significantly
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increase the risk of Alzheimer’s disease (AD), with
estimates suggesting a 1 to 5- fold higher likelihood
compared to individuals without T2DM [6]. This
connection is partially explained by the ability of insulin
and glucose to cross the blood-brain barrier (BBB),
thereby influencing central nervous system function.

A high-fat diet (HFD) combined with a single low-
dose streptozotocin (STZ) rat model is one of the most
widely used and well-established experimental models
of T2DM [7,8], with findings corroborated by human
studies demonstrating increased brain atrophy and small
vessel disease in diabetic individuals [9-11]. Disrupted
cerebral glucose metabolism may contribute to AD
years before symptoms appear that can lead to reduced
hippocampal volume and microvascular changes,
impairing memory learning, and neurotransmission
[12,13]. Furthermore, impaired glucose utilization may
decrease neurotransmitter synthesis, further
compromising synaptic function and cognition [10].
Neurotrophins are crucial regulators of central nervous
system function, promoting neuronal development,
maintenance, and differentiation. Among these, brain-
derived neurotrophic factor (BDNF) is particularly
important for supporting neurogenesis, modulating
synaptic plasticity, and influencing cognitive processes
such as learning and memory [14,15]. Additionally,
BDNF exhibits both neuroprotective and angiogenic
properties [16,17].

Mathurameha, a traditional Thai polyherbal
remedy, comprises 26 medicinal plant species. This
formulation, officially endorsed by the Foundation for
the Promotion of Thai Traditional Medicine, reflects
long-standing institutional support for its use in diabetes
management by the Ayuravedic (Chevagakomarapat)
school [18]. Additionally, this formulation is listed in
the official formularies of several hospitals and is
routinely prescribed in Thai healthcare settings as part
of an integrative approach to managing diabetes-related
conditions. A retrospective clinical study reported that
adjunctive use of Mathurameha with standard
antidiabetic agents, such as metformin or sulfonylureas,
was associated with a statistically significant reduction
in plasma glucose concentrations in patients with T2DM
[19]. A 6-month clinical trial in diabetic patients using
doses ranging from 350 to 700 mg reported only non-
serious adverse drug reactions [19,20]. The most
commonly reported symptoms included dizziness,

dyspnea, syncope, dry mouth, and headache. These
results suggest a potential synergistic effect,
highlighting the value of integrating traditional herbal
formulations with conventional pharmacotherapy for
improved glycemic control. In diabetic rat models, oral
administration of the aqueous extract of Mathurameha
was associated with a dose-dependent reduction in
postprandial glucose levels, reaching up to 17.94%. In
addition to its glucose-lowering effects, the extract
favorably influenced multiple biochemical parameters
indicative of improved metabolic function. Importantly,
no evidence of acute hepatotoxicity or nephrotoxicity
was observed, underscoring the safety profile of the
formulation [18]. Recent studies have demonstrated that
Mathurameha has been shown to modulate the
epidermal growth factor (EGF) / nitric oxide (NO) /
interleukin-1beta (IL-1P) signaling pathway in human
endothelial cells exposed to high glucose, with observed
effects including reduced oxidative stress and improved
markers of vascular function [21]. Furthermore, in
HFD/STZ-induced type 2 diabetic rats, Mathurameha
has been associated with a reduction in cardiovascular
complications, potentially linked to its antioxidant and
anti-inflammatory properties [22]. Collectively, current
evidence suggests a potential role for Mathurameha in
the management of diabetic vascular complications.
However, to our knowledge, no studies have
investigated the effects of Mathurameha on the brains of
diabetic rat models, despite its known antioxidant and
anti-inflammatory  properties that may provide
neuroprotective  benefits against diabetes-induced
cognitive decline and neuronal damage. The purpose of
the present study was to exploring this traditional
polyherbal formulation could offer valuable insights
into developing novel therapies for diabetic

neuropathies and brain function preservation.

Materials and methods

Extraction of Mathurameha remedy

Medicinal extracts of the Mathurameha remedy
were prepared according to protocols established by the
Medicinal Plants Innovation Center of Mae Fah Luang
University, Thailand. Twenty-six medicinal herbs
comprising the Mathurameha formula were ground
together to produce a coarse powder. Ethanol extraction
was performed on 20, 100 and 200 g of the powdered
material, respectively. The doses of ethanol extract used
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in this study corresponded to an equivalent human dose
[19], No severe cytotoxic effects were reported
following administration of the extracts [22]. The
extract was subsequently filtered, evaporated under
reduced pressure, and freeze-dried, resulting in 11 g
(5.5%) of solid crude ethanolic extract. Details of the
Mathurameha formula and the LC-QTOF-MS/MS
chromatogram of the extract have been published
previously by our research group [22].

Animals and ethical statement

Male 6-week-old Sprague-Dawley rats weighing
160 - 180 g (Nomura Siam International Co., Ltd.,
Bangkok, Thailand) were housed under standard
environmental conditions (22+2 °C, and 12-hour
light/dark cycle). Rats were acclimatized for 1 week,
during which time they were provided ad libitum access
to standard chow and water. All the experimental
procedures described in the present study were approved
by the Institutional Animal Care and Use Committee of
Mae Fah Luang University (Approval no. AR 08/65).

Experimental design and establishment of a
T2DM rat model.

After a one-week adaptation period, rats were
randomly assigned to 2 dietary groups: A normal diet
group (ND; Group 1) and a type 2 diabetes mellitus
group (DM; Groups 2 - 6). Rats in the ND group
received a standard chow diet, while those in the DM
group were fed a high-fat diet (HFD) for 3 weeks. The
standard chow diet (10 kcal% fat; product no. D124507J)
and the high-fat diet (60 kcal% fat; product no. D12492)
were sourced from Research Diets, Inc. (USA). On day
28 of the experiment, rats in the HFD group received a
single intraperitoneal (i.p.) injection of streptozotocin
(STZ; Sigma-Aldrich, St. Louis, MO), dissolved in 50
mM citrate buffer (pH 4.5), at a dose of 40 mg/kg body

weight, according to a modified protocol described by
Srinivasan et al. [23]. Meanwhile, control rats were
administered an i.p. injection of an equivalent volume of
citrate buffer. Three days after the STZ injection, fasting
blood glucose (FBG) levels were measured from the
lateral tail vein using an Accu-Chek Performa
glucometer (Roche Diagnostics Inc., Indianapolis, IN).
Rats that exhibited classical diabetic symptoms of
polydipsia and polyuria, along with FBG levels equal to
or exceeding 160 mg/dL, were classified as diabetic in
accordance with models aiming to mimic mild to
moderate hyperglycemia or early-stage type 2 diabetes
[24,25]. These rats were then subdivided into 5
treatment groups (groups 2 - 6, N = 6) for further study.
Beginning on day 35, rats in both ND and DM groups
were treated daily by oral gavage with either 1 mL saline
(ND), Mathurameha remedy, or metformin until the end
of the experimental period, as illustrated in Figure 1.
The group allocations are as follows:

Group 1: Non-diabetic rats on the standard chow diet
(ND).

Group 2: Diabetic rats fed a high-fat diet and treated
with vehicle (DM).

Group 3: Diabetic rats fed a high-fat diet and treated
orally with Mathurameha at a dose of 20 mg/kg body
weight (DM + MH20).

Group 4: Diabetic rats fed a high-fat diet and treated
orally with Mathurameha at a dose of 100 mg/kg body
weight (DM + MH100).

Group 5: Diabetic rats fed a high-fat diet and treated
orally with Mathurameha at a dose of 200 mg/kg body
weight (DM + MH200).

Group 6: Diabetic rats fed a high-fat diet and treated
orally with metformin at a dose of 300 mg/kg body
weight (DM + MET).
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Figure 1 Schematic representation of the experimental design. The workflow outlines the induction protocol for high-fat
diet/streptozotocin (HFD/STZ)-induced type 2 diabetes mellitus in rats and the subsequent treatment with Mathurameha.

Brain tissue collection

At the end of the experiment, the rats were
euthanized via i.p. injection of thiopental sodium (40
mg/kg body weight), followed by brain removal. The
brains were carefully extracted and rinsed with ice-cold
phosphate-buffered saline (PBS). The left hemisphere
was fixed in 4% paraformaldehyde in 0.1 M PBS (pH
7.4) for 48 h to facilitate paraffin embedding and
subsequent histopathological analysis. The
hippocampus from the right hemisphere was dissected
and stored at —80 °C for later molecular and biochemical

analyses.

Determination of the hippocampal level of the
BDNF

The concentration of BDNF in the hippocampus
was measured using ELISA kit (E-EL-R1235;
Elabscience, China), based on the sandwich ELISA
technique, in accordance with the manufacturer’s
guidelines. Briefly, the left hippocampus was
homogenized in PBS. Following homogenization, the
supernatant was collected by centrifugation at 1,000xg
for 15 min at 4 °C. Standards and samples were added
to the micro-ELISA plate, which was pre-coated with an
antibody specific to rat BDNF. The absorbance was

measured using Tecan Spark multimode microplate
reader (Tecan Austria GmbH, Grodig, Austria) at a
wavelength of 450 nm. The concentrations were
determined from a standard curve and were reported in

pg/mL protein.

Cresyl violet staining procedure

Following fixation, brain tissues were dehydrated
through a graded ethanol series, followed by xylene
infiltration. The tissues were then embedded in paraffin
and sectioned at a thickness of 5 pm using a rotary
microtome (Thermo Scientific Microm HM325,
Thermo Scientific, Germany). Sections were stained
with cresyl violet 0.1% (ab246816; Abcam, Cambridge,
UK) to observe the relevant microanatomical changes.
Three hippocampal sections per rat were selected to
assess neuronal morphology in the cornu ammonis
(CAl, CA3, and CA4) regions and the dentate gyrus
(DG), using images acquired with a digital slide scanner
(Axioscan 7; ZEISS, Germany). The number of
surviving neurons, identified as cells with round and
lightly stained nuclei, was quantified per 100 pm using
the ImageJ Fiji program (https:/fiji.sc/).
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Fluorescent immunocytochemical staining

Immunofluorescence staining was performed on
paraffin-embedded brain sections. The procedure began
with deparaffinization through sequential immersion in
a graded series of xylene, followed by rehydration using
a descending ethanol gradient. Antigen retrieval was
carried out in 0.2 M Tris-HCI buffer, pre-heated in an
autoclave at 95 °C for 15 min. After cooling to room
temperature, the slides were rinsed twice with PBS.
Permeabilization was achieved by incubating the
sections with 0.1% Triton X-100 for 15 min, followed
by a PBS rinse. Non-specific binding was blocked using
5% BSA in PBS for 30 min at room temperature. After
washing, the sections were incubated overnight at 4 °C
with a rabbit monoclonal anti-glucose transporter-1
(GLUT1) antibody (1:500, abl115730; Abcam,
Cambridge, UK). The following day, the sections were
incubated for 1 h at room temperature with a donkey
anti-rabbit [gG H&L secondary antibody conjugated to
Alexa Fluor 488 (1:400, ab150073; Abcam, Cambridge,
UK). Nuclei were counterstained with Hoechst 33342
(1:2000, Abcam, Cambridge, UK) for 10 min. After a
final series of PBS washes (3 min each), the slides were
mounted with anti-fade fluorescence mounting medium
(ab104135; Abcam, Cambridge, UK), and the coverslips
were sealed with nail polish. Fluorescence images were
acquired using a Zeiss Axio Scope Al fluorescence
microscope (Carl Zeiss Suzhou Co., Ltd., Suzhou,
China).

Western blot analysis

Hippocampal samples (0.1 + 0.02 g) were
homogenized in RIPA lysis buffer (sc-24948A; Santa
Cruz Biotechnology) supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). The supernatant was
collected for protein quantification using the Quick Start
Bradford Protein Assay (Bio-Rad Laboratories) with
BSA as the standard. Subsequently, 20 pg of protein per
sample was separated by 12% SDS-PAGE and
transferred onto a nitrocellulose membrane. The
membrane was incubated overnight at 4 °C with rabbit
monoclonal anti-GLUT1 antibody (1:500 dilution,
ab115730; Abcam, Cambridge, UK) and rabbit
polyclonal anti-beta actin antibody (1:2,500 dilution;
AF7018, Affinity). After washing with PBS containing

0.05% Tween-20, the membrane was incubated at room

temperature with horseradish peroxidase (HRP)-
conjugated secondary antibody (goat anti-rabbit IgG;
1:5,000 dilution, AB672; Abcam) for 60 min for anti-
GLUT1 and 120 min for anti-B-actin. Protein bands
were visualized using Clarity™ Western ECL Substrate
and imaged with the ChemiDoc™ Touch Imaging
System (Bio-Rad Laboratories, Inc.). Band intensities

were normalized to the corresponding beta-actin signals.

Statistical analysis

Data are presented as mean + standard error of the
mean (SEM). Statistical comparisons among groups
were performed using one-way analysis of variance
(ANOVA), followed by Bonferroni post hoc tests to
assess pairwise differences. The differences among
groups were considered statistically significant at P
values of less than 0.05. All statistical analyses and
graphical representations were conducted using
GraphPad Prism version 8 for Windows (GraphPad
Software, San Diego, CA, USA). All histological and
molecular analyses were performed by investigators
who were blinded to the treatment groups to minimize
bias and ensure the reliability of the results.

Results and discussion

Effect of Mathurameha on histological changes
in the hippocampus of T2DM rats

The neuroprotective effects of the Mathurameha
remedy were evaluated through histopathological
examination of the hippocampus using cresyl violet
staining. Morphological analysis focused on neuronal
survival in the hippocampal subregions CA1l, CA3,
CAA4, and the dentate gyrus (DG) - as shown in Figure
2. Neurons in the ND group displayed normal
morphology, with rounded or oval-shaped cell bodies,
well-defined nucleoli, and intact cytoplasmic
boundaries (Figures 2.1(A) to 2.1(D)). In contrast, the
DM group exhibited pronounced degenerative changes,
such as hyperchromatic, condensed nuclei and
shrunken, darkened neurons arranged loosely in the
parenchyma (Figure 2.2(A) to 2.2(D)), indicative of
neuronal loss and degeneration wunder diabetic
conditions. Similar pathological features persisted in the
DM + MH20 group (Figures 2.3(A) and 2.3(D)),
suggesting that a low dose of Mathurameha had limited
neuroprotective impact. However, treatment with
Mathurameha in DM + MH100 (Figures 2.4(A) to
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2.4(D)) and DM + MH200 (Figures 2.5(A) to 2.5(D))
groups led to observable improvements in neuronal
morphology, particularly within the CA3, CA4, and DG
regions. The number of neurons exhibiting pyknosis or
shrinkage was notably reduced. Likewise, the DM +
MET group showed similar amelioration of
histopathological changes (Figures 2.6(A) to 2.6(D)),
highlighting the comparative efficacy of Mathurameha
at higher doses. Quantitative analysis (Figures 3(A) to
3(D)) confirmed these histological findings. No
significant difference in neuronal counts was observed
in the CAl region across all groups (p > 0.05),
suggesting that this region may be less susceptible to
early diabetic injury. This finding may be attributed to
the relatively early time point of assessment, at which
neurodegenerative changes may not yet be prominent.
Additionally, the level of hyperglycemia and metabolic
stress induced in this model may not have been
sufficient to cause detectable neuronal loss in the CAl
region, which is typically more affected under
prolonged or more severe pathological
conditions.However, the DM group had significantly
fewer viable neurons in the CA3 (p <0.001), CA4 (p <
0.001), and DG (p <0.0001) compared to the ND group.
While the DM + MH20 group showed a non-significant
trend toward increased neuronal survival (p > 0.05), the
DM + MHI100 group significantly restored neuron
numbers in the DG (p < 0.05), and the DM + MH200
group exhibited marked improvements in both the CA3
(» <0.05) and DG (p <0.001) regions. The DM + MET
group also showed significant restoration of neuronal
density in the CA3, CA4 and DG regions (p <0.01, p <
0.001, and p < 0.001, respectively), suggesting
comparable neuroprotective potential between high-
dose Mathurameha and standard treatment. These
results align with previous studies reporting the
antioxidative and anti-inflammatory effects of

Mathurameha in the vascular system of diabetic models
[18,21]. In addition to cardiovascular benefits [22], this
study is the first to extend Mathurameha’s therapeutic
profile to the central nervous system. The observed
hippocampal neuroprotection suggests broader systemic
benefits that could mitigate diabetic complications,
including those affecting cognition and memory. T2DM
is known to induce diabetic encephalopathy,
characterized by disrupted cerebral glucose metabolism
and hippocampal damage [26]. The HFD/STZ-induced
rat model replicates key features of T2DM, including
hyperglycemia, insulin resistance, hepatic steatosis, and
cognitive decline [13,27]. This model also consistently
shows hippocampal neuronal loss and reduced
microvascular density [26,28]. Consistent with these
reports, our study confirms that hippocampal neurons,
particularly in the CA3, CA4, and DG regions, are
highly susceptible to diabetes-induced damage.
Mathurameha treatment  attenuated neuronal
degeneration in a dose-dependent manner, with the 200
mg/kg dose showing particularly strong effects
comparable to those of metformin. Metformin was used
as a positive control due to its well-established
neuroprotective properties, as demonstrated in various
studies using diabetic models [13,29,30], thereby
providing a relevant benchmark for assessing the
efficacy of Mathurameha. In summary, this study
demonstrates for the 1% time that Mathurameha exerts
neuroprotective effects in a diabetic rat model by
reducing neuronal loss in vulnerable hippocampal
regions. These findings support the continued
investigation of Mathurameha as a candidate therapy not
only for glycemic control and cardiovascular protection
but also for mitigating neurodegenerative complications
of diabetes. Future studies should explore the molecular

pathways involved in its neuroprotective actions.
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Hippocampus

DM+MH100 DM+MH20 DM ND

DM+MH200

DM+MET

Figure 2 Effects of Mathurameha on histopathological changes in the hippocampus of diabetic rats. Cresyl violet-stained
sections of the hippocampal subregions, including the cornu ammonis areas (CA1, CA3, CA4) and the dentate gyrus
(DG), were examined to assess the histopathological effects of Mathurameha in male diabetic rats. Images are presented
for each experimental group as follows: normal diet control rats (1(A) - 1(D)); diabetic rats (2(A) - 2(D)); diabetic rats
treated with Mathurameha at 20 mg/kg (3(A) - 3(D)), 100 mg/kg (4(A) - 4(D)) and 200 mg/kg (5(A) - 5(D)); and diabetic
rats treated with metformin at 300 mg/kg (6(A) - 6(D)). Black arrows indicate morphologically normal neuronal cells,
while black arrowheads denote pyknotic neurons, indicative of neuronal degeneration. Scale bars represent 200 um for
images captured at 40x magnification and 100 pm for those at 200x magnification.
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Figure 3 Quantification of surviving neurons in the hippocampal subregions is presented as mean + SEM. Bar graphs (A-

D) illustrate the number of surviving neurons in the CAl, CA3, CA4, and dentate gyrus (DG) regions across the

experimental groups. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc tests.

*#% and **** indicate statistically significant differences at p < 0.001 and p < 0.0001, respectively, compared with the

ND group. #, ## and ### indicate statistically significant differences compared to the DM group at p < 0.05, p < 0.01,
and p < 0.001, respectively. ND = normal diet control rats, DM = diabetic rats, DM + MH20 = diabetic rats treated with
Mathurameha at 20 mg/kg, DM + MHI100 = diabetic rats treated with Mathurameha at 100 mg/kg, DM + MH200 =
diabetic rats treated with Mathurameha at 200 mg/kg, DM + MET = diabetic rats treated with metformin

Effects of Mathurameha on hippocampal
BDNF levels in T2DM rats

As shown in Figure 4(A), rats in the DM group
exhibited a significant reduction in hippocampal BDNF
levels compared to the ND control group (p <0.0001),
indicating a marked disruption in neurotrophic support
under diabetic conditions. This reduction is consistent
with impairments in synaptic plasticity, neuronal
survival, and cognitive function observed in diabetic
models. Mathurameha treatment in DM + MH20 and
DM + MHI100 groups did not significantly elevate
BDNF levels compared to the untreated DM group,
suggesting these doses were insufficient to reverse the
neurotrophic deficits. However, DM + MH200 group

significantly restored BDNF expression (p <0.05),
showing an effect comparable to that of DM + MET
group, the standard pharmacological control. These
findings support a dose-dependent neuroprotective
effect of Mathurameha, with the highest dose
demonstrating therapeutic relevance. BDNF is a critical
neurotrophin involved in neuronal development,
synaptic plasticity, and long-term potentiation [14].
Under physiological conditions, BDNF is abundantly
expressed in the hippocampus and cerebral cortex [31],
but its levels are significantly reduced in both T2DM
patients and diabetic animal models [32-34]. This
reduction is associated with cognitive impairment,

inhibition of synaptic function, and impaired memory
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consolidation [35,36]. The present study corroborates
these findings, showing decreased hippocampal BDNF
in HFD/STZ-induced diabetic rats and its restoration by
high-dose Mathurameha. Importantly, increased BDNF
in the DM + MH200 group may reflect enhanced
neuronal plasticity [37] and provides a mechanistic basis
for potential cognitive improvement [38]. BDNF exerts
its effects primarily through binding to its receptor,
TrkB, activating downstream signaling cascades such as
the ERK pathway via cAMP and CREB transcription
factors [39]. This signaling enhances neuronal survival,
promotes neurogenesis, and supports memory function
[40]. Taken together, these findings suggest that
Mathurameha’s neuroprotective effects in diabetic rats
are, at least in part, mediated by the restoration of
hippocampal BDNF levels. The activation of
BDNF/TrkB signaling may underlie improvements in
neural resilience and cognitive function. Future studies
should further explore these molecular mechanisms and
the therapeutic implications of Mathurameha for
diabetes-associated cognitive decline.

Effects of Mathurameha on hippocampal
GLUT]1 protein expression in T2DM rats

As illustrated in Figure 4(B), hippocampal
GLUT]1 protein expression was significantly reduced in
the DM group compared to the ND control (»p < 0.01),
indicating impaired glucose transport across the BBB
under diabetic conditions. Mathurameha administration
in DM + MH20 and DM + MHI100 groups did not
significantly alter GLUT1 expression relative to the DM
group, suggesting insufficient efficacy at these lower
doses. However, the DM + MH200 group significantly
upregulated GLUT1 levels (p < 0.05), indicating a dose-
dependent effect. These findings suggest that high-dose
Mathurameha may partially restore GLUT1 expression,
potentially improving cerebral glucose availability in
diabetic rats. Immunofluorescence staining supported
the Western blot results, revealing the localization and
intensity of GLUT1 expression in hippocampal CA3

and dentate gyrus regions (Figure 5). In ND rats,
GLUTI! immunoreactivity was observed along blood
vessels, particularly in perivascular endothelial cells and
astrocytic end-feet (Figures 5.1(A) to 5.1(D)),
consistent with its known localization at the BBB. In
contrast, the DM group displayed markedly reduced
fluorescence intensity (Figures 5.2(A) to 5.2(D)),
indicating downregulation of GLUT! in response to
hyperglycemia and insulin resistance. No appreciable
restoration was seen in the DM + MH20 and DM +
MHI100 groups (Figures 5.3(A) to 5.4(D)). However,
both the DM + MH200 and DM + MET groups showed
enhanced GLUT1 staining, particularly in vascular and
astrocytic regions (Figures 5.5(A) to 5.6(D)),
suggesting recovery of GLUTI1 expression at the
neurovascular interface. These results align with
previous studies showing that GLUT1 downregulation
contributes to impaired glucose transport in diabetes
[41-43]. GLUTI, a key glucose transporter of the BBB,
facilitates passive diffusion of glucose into the brain,
supporting neuronal energy demands [44]. Its
expression is essential for maintaining cerebral glucose
homeostasis, and its suppression under diabetic
conditions contributes to metabolic and cognitive
deficits [45,46]. Impaired GLUT1 expression has been
documented in both chemically induced and
spontaneous diabetic rat models, leading to reduced
glucose uptake and subsequent neurodegeneration
[45,47]. The present study confirms this downregulation
and demonstrates that Mathurameha, particularly at high
doses, mitigates this deficit. Restoration of GLUT1 may
enhance glucose transport to the brain, supporting
neuronal metabolism and potentially alleviating
diabetes-associated cognitive decline. Notably, the
observed upregulation of BDNF and GLUT1 may be
attributed to the antioxidant and anti-inflammatory
properties of Mathurameha, which could act as upstream
modulators that mitigate oxidative stress and
neuroinflammation, thereby promoting neuroprotective

signaling pathways.
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Figure 4 Effects Mathurameha on hippocampal BDNF and GLUT1 protein levels in a diabetic rat. (A) The level of BDNF
in the hippocampus using ELISA technique B. Representative western blot images and histogram showing the
quantification of GLUT1 intensity normalized to B-actin. Statistical analysis was performed using one-way ANOVA
followed by Bonferroni post hoc tests. *, ** *** and **** indicate statistically significant differences at p < 0.05, p <
0.01, p<0.001 and p < 0.0001, respectively, compared with the ND group. * indicates statistically significant differences
compared to the DM group at p < 0.05.
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DM

DM+MH200 DM+MH100 DM+MH20

DM+MET

Figure 5 Effects Mathurameha on immunofluorescence staining of GLUT1 in the hippocampus of diabetic rat.
Representative immunofluorescence images illustrate the expression of GLUT1 in hippocampal subregions, including the
cornu ammonis area CA1 and the dentate gyrus (DG). GLUT1 immunoreactivity, shown in green, was predominantly
localized to the endothelial cells of blood vessels and astrocytes. Nuclei were counterstained with Hoechst dye and appear
in blue. Scale bars represent 20 um. The experimental groups are as follows: ND = normal diet control rats; DM = diabetic
rats; DM + MH20 = diabetic rats treated with Mathurameha at 20 mg/kg; DM + MH100 = diabetic rats treated with
Mathurameha at 100 mg/kg; DM + MH200 = diabetic rats treated with Mathurameha at 200 mg/kg; DM + MET = diabetic
rats treated with metformin.
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Conclusions

The findings of this study highlight the significant
neuroprotective potential of Mathurameha, a traditional
Thai herbal remedy, in HFD/STZ-induced model of type
2 diabetes. Mathurameha ameliorated diabetes-induced
hippocampal neuronal damage. These effects were
associated with the upregulation of BDNF and GLUT],
suggesting enhanced synaptic plasticity and improved
cerebral glucose uptake. Given the established role of
BDNF and GLUT! in cognitive function and neuronal
survival, the observed effects support the therapeutic
potential of Mathurameha in mitigating diabetic
encephalopathy and possibly delaying cognitive decline
in diabetes. Further investigation into the underlying
molecular mechanisms, particularly the involvement of
the CREB/BDNF/TrkB signaling pathway, is warranted
to fully elucidate its mode of action.
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