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ABSTRACT

Hyperglycemia is associated with hippocampal neuronal injury, apoptosis, and demyelination, Modulation of
apoptotic pathways, particularly Bcl-2 associated X protein (BAX) and B-cell lymphoma 2 (Bcl-2) signaling,
represents a potential therapeutic target for neuroprotection. Thirty-five male Wistar rats were divided into five
groups (n = 7). Hyperglycemia was induced in Groups B—E using alloxan (120 mg/kg) and nicotinamide (110
mg/kg). Group A served as the non-diabetic control while Group B served as the diabetic control. Group C
received A. paniculata (400 mg/kg), Group D received metformin (14 mg/kg), and Group E received both.
Hyperglycemia induced marked hippocampal degeneration characterized by increased BAX expression, reduced
BCL-2 signaling, neuronal vacuolation, loss of Nissl bodies, and disrupted myelin architecture, with CA1 and
CA2 showing greater vulnerability. Treatment with Andrographis paniculata attenuated apoptotic signaling,
preserved neuronal morphology, and improved myelin integrity, while metformin produced moderate
neuroprotective effects. Combination therapy demonstrated the most pronounced protection, characterized by
strong suppression of BAX, enhancement of BCL-2 expression, and preservation of neuronal and myelin
structures across hippocampal subfields. Andrographis paniculata, particularly in combination with metformin,
confers significant neuroprotection against hyperglycemia-induced hippocampal apoptosis and demyelination
through modulation of the BAX/BCL-2 pathway. These findings highlight the therapeutic potential of targeting
apoptotic mechanisms to preserve hippocampal integrity under metabolic stress.
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INTRODUCTION elevated glucose levels disrupt synaptic homeostasis,
reduce  neurogenesis, and interfere = with
Hyperglycemia, a hallmark of diabetes mellitus, is neurotransmitter ~ signaling®®.  Such neurotoxic
increasingly recognized as a significant contributor to effects are especially prominent in the hippocampus,
central nervous system (CNS)  dysfunction, a structure critical for memory encoding, spatial
particularly affecting brain regions involved in navigation, and emotional regulation®'?. The
learning and memory. Accumulating evidence hippocampus appears particularly vulnerable due to
indicates that sustained elevations in blood glucose its high metabolic demand'! and dense concentration
levels trigger a cascade of neuropathological changes, of insulin receptors®, making it a primary target in
including  oxidative  stress,  inflammation, diabetic encephalopathy. This vulnerability stems
mitochondrial dysfunction, and ultimately neuronal from its central role in neuroplasticity, memory
death'?. These alterations can severely impair formation, learning, as well as its high energy demand
neuronal plasticity and connectivity®, leading to and sensitivity to oxidative and metabolic stress®!?.
progressive cognitive decline and increased risk for Prolonged hyperglycemia impairs hippocampal
neurodegenerative diseases like Alzheimer’s*>. synaptic plasticity and reduces dendritic spine density,
The pathophysiological mechanisms by which culminating in spatial memory deficits and cognitive

dysfunction commonly observed in both experimental

hyperglycemia impairs brain function extend beyond
yPEISY P Y models and diabetic patients'' '3,

metabolic imbalance. Studies have shown that
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Apoptosis, or programmed cell death, is increasingly
recognized as a pivotal mechanism underlying
neurodegeneration in diabetes-related brain injury. In
the hyperglycemic brain, excessive glucose promotes
a hostile cellular environment marked by oxidative
stress, mitochondrial dysfunction, and inflammation,
all of which contribute to the activation of the
apoptotic pathway'*. This is particularly evident in the
hippocampus, where neuronal apoptosis significantly
contributes to cognitive impairment'>'°,

Central to the intrinsic apoptotic cascade is the
balance between pro-apoptotic and anti-apoptotic
proteins of the BCL-2 family. BAX (Bcl-2-associated
X protein) promotes mitochondrial outer membrane
permeabilization and cytochrome c release, triggering
caspase activation and neuronal death!’. In contrast,
BCL-2 (B-cell lymphoma 2) counters these processes
by stabilizing mitochondrial integrity and inhibiting
apoptosis'®. The BAX/BCL-2 ratio, therefore, serves
as a critical molecular switch for neuronal fate under
pathological stress'®. Experimental studies have
demonstrated that hyperglycemia upregulates BAX
expression and suppresses BCL-2, tipping the balance
toward cell death?®?!, This shift in apoptotic signaling
has been correlated with histological signs of
hippocampal neurodegeneration and impaired
memory  function in  diabetic = models?!?2,
Consequently, targeting the BAX/BCL-2 pathway
represents a promising therapeutic strategy for

neuroprotection in  diabetes-induced  cognitive
decline.
Metformin ~ remains the cornerstone of

pharmacological management for type 2 diabetes
mellitus due to its glucose-lowering effects and
favorable safety profile’>°. Recent studies suggest
that beyond glycemic control, metformin may also
exhibit neuroprotective properties, including anti-
inflammatory effects, enhancement of neurogenesis,
and attenuation of oxidative stress®!32628 These
effects are particularly relevant in diabetic brain
injury, where multifactorial cellular insults contribute
to neuronal dysfunction and apoptosis.

However, while metformin offers some degree of
protection, its efficacy in fully reversing
neurodegeneration or cognitive impairment under
chronic hyperglycemic conditions remains limited.
Notably, long-term use of metformin has been
associated with vitamin B12 deficiency?® and other
complications that may exacerbate neurological risks
in susceptible populations®. These limitations
underscore the need for adjunctive or alternative
therapies that can more directly address the underlying
mechanisms of neuronal damage in diabetes,
particularly those involving oxidative stress,
mitochondrial dysfunction, and apoptosis. Many
medicinal plants are rich in bioactive phytochemicals
such as flavonoids, diterpenoids, and polyphenols,
which have been shown to counteract oxidative stress,
modulate inflammatory responses, and regulate
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apoptotic pathways, which are key contributors to
hyperglycemia-induced neurotoxicity'°.

Andrographis paniculata, a medicinal plant widely
used in traditional systems of medicine, has attracted
attention due to its potent antioxidant and anti-
apoptotic properties. The plant's major bioactive
constituent, andrographolide, has demonstrated the
ability to inhibit BAX expression and upregulate
BCL-2 in experimental models of neuronal injury?'.
These effects suggest that Andrographis paniculata
could directly influence the mitochondrial apoptotic
mechanism that underlies hippocampal
neurodegeneration in diabetes.

Despite a growing body of research highlighting the
deleterious effects of chronic hyperglycemia on the
brain, especially the hippocampus, the precise
molecular mechanisms driving neuronal death remain
incompletely understood. Apoptosis, mediated by the
imbalance between pro-apoptotic (BAX) and anti-
apoptotic  (BCL-2) proteins, is increasingly
recognized as a central pathway in diabetic
neurotoxicity'*?!. However, evidence from preclinical
models specifically linking hyperglycemia-induced
apoptosis in the hippocampus to neuronal outcomes
remains sparse.

Therefore, this study aimed to investigate the
modulatory effects of Andrographis paniculata
extract, alone and in combination with metformin, by
evaluating the mechanistic role of BAX and BCL-2 in
hippocampal apoptosis in a hyperglycemic rat model.
The study further sought to elucidate the
neuroprotective potential of these treatments in
mitigating  hippocampal  neuronal loss and
demyelination under hyperglycemic conditions.

MATERIALS AND METHODS
Drug and chemicals

Alloxan Monohydrate (Sigma-Aldrich, USA), which
was of analytical grade, was sourced from UGOD lab
supplies, Lagos, Nigeria. Nicotinamide (Blackmores,
Australia), Metformin (Merck Santé, France), and
Accu-Chek  glucometer (Roche  Diagnostics,
Germany) were sourced from Yzee Pharmacy Ltd,
Nigeria. All other reagents and chemicals used were
of analytical grade.

Preparation of plant extract

Fresh leaves of Andrographis paniculata were
obtained from a local herb vendor in Sagamu Local
Government Area, Ogun State, Nigeria. The plant was
authenticated by a botanist in the Department of Plant
Science, Olabisi Onabanjo University, Ago-Iwoye,
Ogun State, Nigeria. The leaves were air-dried to
constant weight at room temperature and pulverized
into fine powder. Approximately 1 kg of the powder
was extracted in about 2 liters of 70% ethanol (w/v)
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using cold maceration. The extract was filtered and
concentrated to dryness using a rotary evaporator
(Laborota 4000—efficient, Germany) at a temperature
of 40 - 45°C. The dried extract was stored in airtight
containers until use. A stock solution of the extract
was prepared at 100 mg/mL by dissolving 2000 mg of
the dried extract in 20 mL of distilled water.
Qualitative phytochemical screening was performed
to identify the secondary metabolites present in the
extract. Quantitative estimation of the secondary
metabolites was conducted using standard procedures
as previously described??.

Animal care and ethical approval

Thirty-five (35) adult male Wistar rats, aged 6—8
weeks and weighing 150-210 g, were obtained from
the Animal House, Babcock University, Ilishan-
Remo, Ogun State, Nigeria. The animals were housed
and managed at the Animal House of the Department
of Anatomy, Olabisi Onabanjo University, Ago-
Iwoye, Ogun State, Nigeria. They were kept in well-
ventilated plastic cages (36 X 24 x 15 cm) under
standardized environmental conditions (temperature:
28-31°C; 12 h light/dark cycle), with sawdust bedding
and environmental enrichment provided. All animals
had free access to clean tap water and standard rat
chow (Premier Feed Mills Co., Ltd., Nigeria) ad
libitum. Animal handling and experimental
procedures were conducted in accordance with the
Principles of Laboratory Animal Care? and the NIH
Guide for the Care and Use of Laboratory Animals.
The study protocol was approved by the Research
Ethics Committee of Olabisi Onabanjo University.

Induction of hyperglycemia

Hyperglycemia was induced in Groups B—E following
an 18-hour overnight fast. Each rat received an
intraperitoneal injection of nicotinamide (110 mg/kg
body weight; Horbaach, USA) dissolved in
physiological saline, followed 15 minutes later by a
single intraperitoneal dose of alloxan monohydrate
(120 mg/kg body weight; Sigma-Aldrich, Missouri,
St. Louis, USA) prepared in cold citrate buffer (pH
4.5) as previously described®. Non-Diabetic control
animals received an equivalent volume of citrate
buffer via the same route. Fasting blood glucose levels
were measured 72 hours post-induction using a
glucometer  (Accu-Chek, Roche Diagnostics,
Germany). Rats with fasting blood glucose levels
exceeding 200 mg/dL were considered hyperglycemic
and included in the treatment protocol.

Experimental design and grouping

Following a two-week acclimatization period, thirty-
five (35) adult male Wistar rats were randomly
assigned into five groups, with seven animals per
group (n = 7): Group A served as the non-diabetic
control and consisted of non-hyperglycemic,
untreated rats that received distilled water via oral
gavage; Group B served as the negative control and
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included hyperglycemic rats that received no
treatment; Group C comprised hyperglycemic rats
treated with Andrographis paniculata extract at a dose
of 400 mg/kg body weight; Group D consisted of
hyperglycemic rats administered 14 mg/kg body
weight of metformin; Group E received a combination
of Andrographis paniculata extract (400 mg/kg) and
metformin (14 mg/kg).

All treatments were given once daily by oral
administration for a duration of four weeks. The dose
of Andrographis paniculata (400 mg/kg) was selected
based on previously published studies in diabetic rat
models®*. The metformin dose (14 mg/kg) was
calculated as the human-equivalent dose from a
standard adult dose of 1000 mg using allometric
scaling.

Animal sacrifice and sample collection

At the end of the four-week treatment period, all
animals were deeply anesthetized with halothane (100
mg/kg) and subsequently sacrificed. Following
sacrifice, the brain tissues were carefully excised,
weighed, and immediately fixed in 10% neutral
buffered formalin for 48 hours. Thereafter, the tissues
were processed through a graded series of alcohol for
dehydration, cleared in xylene, and embedded in
paraffin wax using labelled tissue cassettes.

Histopathological examination of brain tissues

Paraffin-embedded brain tissues were sectioned at 5
pm thickness wusing an RWD S700A rotary
microtome. The sections were deparaffinized in
xylene, rehydrated through a graded ethanol series
(100%, 90%, 80%, 70%, and 50%), and rinsed in
distilled water. For general morphological assessment
of the cerebral cortex, sections were stained with
hematoxylin for 5 minutes, rinsed, and counterstained
with eosin. To visualize Nissl substances, Cresyl Fast
Violet (CFV) staining was performed according to the
method of Zhu et al.*®. Additionally, Luxol Fast Blue
staining was employed to evaluate the integrity of the
myelin sheath, following the procedure described by
Garcia-Garcia et al*°. All stained slides were mounted
with DPX and allowed to dry overnight before
examination under a light microscope.

Immunohistochemical staining

Immunohistochemical staining was performed to
assess the expression of pro-apoptotic (BAX) and
anti-apoptotic (BCL2) proteins in the hippocampus,
following the protocol of Shalaby et al.” Paraffin-
embedded sections were deparaffinized, rehydrated,
and treated with 3% hydrogen peroxide to block
endogenous peroxidase activity. Non-specific binding
was minimized using goat serum as a blocking agent.
The sections were then incubated for 60 minutes at
room temperature with the following primary
antibodies: BAX; Mouse monoclonal antibody (Cat.
No. SC-7480, Santa Cruz Biotechnology, USA) and
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BCL2; Mouse monoclonal antibody (Cat. No. SC-
7382, Santa Cruz Biotechnology, USA). After rinsing,
sections were incubated with a biotinylated secondary
antibody, followed by treatment with a peroxidase
reagent. Visualization was achieved using 3-Amino-
9-ethylcarbazole (AEC) chromogen; sections were
counterstained with Mayer’s hematoxylin, rinsed, and
mounted with DPX. Positive immunoreactivity was
identified by reddish-brown cytoplasmic staining,
while cell nuclei appeared blue.

All stained brain sections (H&E, CFV, LFB, BAX,
and BCL2) were examined using a binocular
microscope (Leica ICC50 W, Germany), and
photomicrographs were captured using an attached
camera. An independent, blinded histopathologist
conducted qualitative assessments of neuronal
structure, Nissl substance, myelin integrity, and
immunoreactivity.

Image quantification

Quantitative image analysis was performed using
Image] software (NIH, USA) to measure staining
intensity for BAX and BCL2 expressions. Briefly,
photomicrographs  were captured at  400x
magnification under consistent lighting and exposure
settings to ensure standardization. Using the Color
Deconvolution plugin in ImagelJ, chromogenic signals
were separated from hematoxylin counterstains.
Thresholding was applied uniformly to isolate
positive  immunoreactive areas. Three non-
overlapping regions of interest (ROIs) were randomly
selected from the CA1, CA2, CA3, and Dentate Gyrus
regions for each sample. For each ROI, the percentage
of positively stained area and optical density (OD)
were calculated to determine the staining area and
staining intensity, respectively.

Statistical analysis

The numerical data obtained were expressed as mean
+ standard error of the mean (SEM). Statistical
comparisons between groups were conducted using
one-way analysis of variance (ANOVA), followed by
Tukey’s post-hoc test for multiple comparisons, using
GraphPad Prism version 8.0. A p-value of less than
0.05 was considered statistically significant.

RESULTS

Histopathological
neurons

assessment of hippocampal

Hematoxylin and Eosin staining (Figure 1) revealed
hippocampal histoarchitecture. The non-diabetic
control group (Group A) exhibited normal
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hippocampal cytoarchitecture, characterized by
compact, well-aligned pyramidal neurons with
prominent hyperchromatic nuclei, indicative of
preserved cellular integrity. In contrast, the diabetic
control group (Group B) showed disrupted pyramidal
layer organization, with less compacted neurons and
reduced chromatic intensity relative to the non-
diabetic control, suggesting decreased cell density
and/or diminished staining affinity. The Andrographis
paniculata—treated group displayed mild
histopathological  alterations, including focal
vacuolation and subtle chromatin changes when
compared with the non-diabetic control, indicative of
moderate cellular stress. A comparable morphological
pattern was observed in the metformin-treated group,
which similarly showed vacuolation and chromatin
alterations.

Histochemical evaluation of hippocampal
myelination and Nissl substance expression

Cresyl Fast Violet (CFV) staining (Figure 2) in the
non-diabetic control group revealed a well-preserved
pyramidal layer with orderly arrangements of neurons
and glial cells and prominent Nissl bodies, indicating
intact neuronal integrity. In contrast, the diabetic
control group showed marked histopathological
alterations characterized by reduced neuronal density
and scanty Nissl substances. The Andrographis
paniculata (AP)—treated group demonstrated a mild
loss of Nissl bodies compared with the negative
control, while the metformin-treated group exhibited
a moderate reduction in Nissl substances. Notably,
combined treatment with AP and metformin resulted
in evident regeneration of Nissl bodies and improved
neuronal organization, approaching the histological
appearance of the non-diabetic control.

Similarly, Luxol Fast Blue (LFB) staining (Figure 3)
in the non-diabetic control group showed uniform and
intense staining of myelinated fibers and neuronal
cells, reflecting preserved myelin integrity. The
diabetic control group exhibited reduced staining with
visible gaps and structural disruptions, indicative of
myelin loss and damage. The AP-treated group
showed mild LFB staining relative to the negative
control, whereas the metformin group demonstrated
more uniform staining. The combined AP and
metformin treatment group showed the most
pronounced improvement, with enhanced and uniform
LFB staining among all treatment groups, suggesting
restoration of myelinated fibers.

40
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Figure 1: Representative photomicrographs (40x) from each group (A-E) showing the general histoarchitecture of the
hippocampus. (H&E). A — Non-Diabetic Control, B — Diabetic Control, C — Andrographis paniculata Treated, D — Metformin
Treated, E — Andrographis paniculata + Metformin Co-treated. CA - Cornu Ammonis, DG — Dentate Gyrus.

Figure 2: Representative photomicrographs (40%) from each group (A-E) showing Nissl substance distribution in the
hippocampus. (CFV). A — Non-Diabetic Control, B — Diabetic Control, C — Andrographis paniculata Treated, D — Metformin
Treated, E — Andrographis paniculata + Metformin Co-treated. CA - Cornu Ammonis, DG — Dentate Gyrus.
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Figure 3: Representative photomicrographs (40x) from each group (A-E) showing myelin integrity within the hippocampus.
(LFB). A — Non-Diabetic Control, B — Diabetic Control, C — Andrographis paniculata Treated, D — Metformin Treated, E —
Andrographis paniculata + Metformin Co-treated. CA - Cornu Ammonis, DG — Dentate Gyrus.

Figure 4: Representative photomicrographs (40%) from each group (A-E) showing BAX-positive cells in the hippocampus.
(BAX). A — Non-Diabetic Control, B — Diabetic Control, C — Andrographis paniculata Treated, D — Metformin Treated, E —
Andrographis paniculata + Metformin Co-treated. CA - Cornu Ammonis, DG — Dentate Gyrus.

Immunohistochemical analysis of hippocampal
apoptosis (BAX and BCL-2)

BAX immunostaining (Figure 4), indicative of
apoptotic activity, was minimal in the non-diabetic
control group, reflecting a low basal level of
apoptosis. The negative control group exhibited
extensive BAX immunoreactivity throughout the
hippocampus, consistent with elevated apoptosis.

Journal of Anatomical Sciences 2026 Volume 17 No. 3 4,

Treatment with Andrographis paniculata resulted in
reduced BAX-positive cells relative to the negative
control, while the metformin-treated group showed
moderate BAX immunostaining. Notably, combined
Andrographis paniculata and metformin treatment
displayed the lowest level of BAX staining among all
experimental ~ groups, indicating  substantial
attenuation of apoptosis.



Combined Andrographis paniculata and Metformin Therapy Attenuates Hippocampal Demyelination and Apoptosis via

BAX/BCL-2 Pathway in Hyperglycemic Rats

BCL2 immunostaining (Figure 5), indicative of anti-
apoptotic signaling, was robust in the non-diabetic

control  group, reflecting healthy neuronal
populations. In contrast, the negative control exhibited
markedly reduced BCL2  immunoreactivity,

consistent with heightened apoptotic susceptibility.
Both Andrographis paniculata and metformin
treatment groups demonstrated increased BCL2
staining relative to the negative control, with the
metformin group exhibiting more pronounced
staining. The combined treatment group showed the
highest BCL2 immunoreactivity among all groups,
suggesting maximal preservation of anti-apoptotic
activity.

Quantitative image analysis of hippocampal

subfields
Quantitative  analysis (Figure 6) of BAX
immunostaining revealed significant differences

across hippocampal subregions (CAl, CA2, CA3,
DG) and experimental groups. In the non-diabetic
control (Group A), all subfields showed low stained
area and uniformly low optical density (OD), with
CA3 having the largest stained area. The negative
control (Group B) displayed the highest stained area
across all regions (CA1 > CA2 > CA3 > DQG) and
significantly elevated OD compared to Group A (p <
0.05). Andrographis paniculata treatment (Group C)
markedly reduced stained area across all subregions (p
< 0.05 vs. Group B), with low and uniform OD.

Metformin (Group D) exhibited moderate stained
areas, higher than Group A but lower than Group B,
with relatively uniform OD across regions. The
combined treatment (Group E) maintained low stained
area and modest OD across all subfields, with CA2
showing the largest area within this group, reflecting
effective attenuation of apoptosis.

Conversely, quantitative analysis (Figure 7) of BCL2
staining revealed distinct regional and group-specific
patterns. Group A (non-diabetic control) showed
generally low stained area across hippocampal
subfields, with CA2 and DG slightly higher than CA1
and CA3, and relatively uniform OD. Group B
(negative control) displayed significantly higher
stained area than Group A (p < 0.05), particularly in
CAl and DG, but OD was moderately elevated,
indicating less intense staining per unit area.
Andrographis  paniculata treatment (Group C)
maintained a low stained area comparable to Group A,
with OD significantly higher than Group B in DG and
CA3 (p < 0.05). Metformin (Group D) showed an
elevated stained area in all subfields (CA2 > CA3 >
DG > CA1l) with the highest average OD across the
hippocampus, suggesting intense anti-apoptotic

protein expression. The combination group (Group E)
exhibited a low stained area relative to Group B with
modest OD across all subfields, slightly lower than
Group A and significantly lower than Group D (p <
0.05), indicating a balanced restoration of anti-
apoptotic signaling.

Figure 5: Representative photomicrographs (40%) from each group (A-E) showing BCL-2 immunoreactivity in the
hippocampus. (BCL-2). A — Non-Diabetic Control, B — Diabetic Control, C — Andrographis paniculata Treated, D — Metformin
Treated, E — Andrographis paniculata + Metformin Co-treated. CA - Cornu Ammonis, DG — Dentate Gyrus.
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Figure 6: Image quantification of BAX immunoreactivity across hippocampal subregions and experimental groups. (A)
Optical density of BAX immunostaining for each hippocampal region (CA1, CA2, CA3, and DG). (B) Percentage-stained area
of BAX immunoreactivity for each hippocampal region (CA1, CA2, CA3, and DG). (C) Average optical density of BAX
staining per experimental group. (D) Average percentage-stained area of BAX immunoreactivity per experimental group.
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Figure 7: Image quantification of BCL-2 immunoreactivity across hippocampal subregions and experimental groups. (A)
Optical density of BCL-2 immunostaining for each hippocampal region (CA1, CA2, CA3, and DG). (B) Percentage-stained
area of BCL-2 immunoreactivity for each hippocampal region (CA1, CA2, CA3, and DG). (C) Average optical density of
BCL-2 staining per experimental group. (D) Average percentage-stained area of BCL-2 immunoreactivity per experimental

group.

Journal of Anatomical Sciences 2026 Volume 17 No. 3 m



Combined Andrographis paniculata and Metformin Therapy Attenuates Hippocampal Demyelination and Apoptosis via

BAX/BCL-2 Pathway in Hyperglycemic Rats

DISCUSSION

This study investigated the neuroprotective effects of
Andrographis paniculata (AP), alone and in
combination with metformin, on hippocampal
apoptosis and demyelination under hyperglycemic
conditions. Our findings demonstrate that
hyperglycemia induced marked hippocampal
neuronal injury, characterized by elevated BAX
expression, reduced BCL-2 levels, vacuolation,
karyolysis, pyknosis, loss of Nissl bodies, and
disrupted  myelin  architecture.  Andrographis
paniculata treatment alone effectively attenuated
these pathological changes, markedly reducing BAX
immunoreactivity, partially restoring BCL-2
expression, and preserving neuronal and myelin
integrity. The combination of Andrographis
paniculata and metformin produced the most
significant effects (p < 0.05), with near-complete
suppression of BAX, substantial enhancement of
BCL-2, and robust preservation of both Nissl bodies
and myelinated fibres. Quantitative analysis further
revealed subregion-specific effects, with CA1 and
CA2 exhibiting the highest vulnerability to
hyperglycemic insult, while CA3 and the dentate
gyrus showed comparatively greater resilience,
particularly in response to Andrographis paniculata
and combination therapy. These results collectively
indicate that Andrographis paniculata, especially
when combined with metformin, confers significant
neuroprotection  against  hyperglycemia-induced
hippocampal apoptosis and demyelination.

Hyperglycemia-induced apoptosis and degenerative
changes throughout the hippocampus highlight the
region’s vulnerability to metabolic stress!!!2. Elevated
BAX expression coupled with diminished BCL-2
signaling indicates activation of the intrinsic apoptotic
pathway, which likely drives the observed neuronal
loss and vacuolation. Morphological disruptions,
including nuclear pyknosis, karyolysis, loss of Nissl
bodies, and demyelination, reflect the structural
consequences of this apoptotic imbalance. Notably,
CAl and CA2 were particularly susceptible,
consistent with their known sensitivity to oxidative
and metabolic insults, whereas CA3 and the dentate
gyrus demonstrated relative resilience. These patterns
underscore subfield-specific vulnerability within the

hippocampus and suggest that hyperglycemia
compromises neuronal survival and myelin
38,39 ;

integrity”®~” in regions critical for synaptic integration
and cognitive processing?®. Collectively, these
findings reinforce the mechanistic link between
hyperglycemic stress, intrinsic apoptosis, and
structural degeneration, providing a foundation for
evaluating interventions aimed at mitigating
hippocampal injury.

Administration of Andrographis paniculata alone
markedly mitigated hyperglycemia-induced
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hippocampal apoptosis, as evidenced by near-
complete suppression of BAX expression and partial
restoration of BCL-2 levels. This modulation of the
intrinsic apoptotic pathway was accompanied by
preservation of neuronal morphology, with pyramidal
neurons maintaining compact alignment and
hyperchromatic nuclei. CFV staining indicated
retention of Nissl bodies, suggesting preserved protein
synthesis capacity, while LFB staining demonstrated
improved myelin integrity across subfields,
particularly in CA3 and DG. These findings suggest
that Andrographis paniculata’s neuroprotective effect
involves both the inhibition of pro-apoptotic
signaling’*® and the maintenance of structural
neuronal and myelin integrity®*'. The relative
subfield-specific preservation, with CA3 and DG
responding more robustly than CAl and CA2,
highlights differential vulnerability within the
hippocampus and indicates that Andrographis
paniculata may selectively bolster resilience in
regions that are moderately susceptible to
hyperglycemic stress. Collectively, these data support
a mechanistic link between Andrographis paniculata-
mediated regulation of BAX/BCL-2* and the
structural maintenance of neurons and myelinated
fibers*!:42,

Metformin treatment conferred moderate
neuroprotection  against  hyperglycemia-induced
hippocampal damage, reflected by partial reduction in
BAX expression and enhancement of BCL-2
immunoreactivity.  Morphologically,  pyramidal
neurons displayed improved organization and reduced
vacuolation, while CFV and LFB staining indicated
partial preservation of Nissl bodies and myelin
integrity.  Unlike  Andrographis  paniculata,
metformin’s protective effects were more pronounced
in CA2 and DG, suggesting a subfield-specific pattern
of resilience. However, CAl remained relatively
susceptible, consistent with the region’s heightened
vulnerability to metabolic stress**. When compared to
Andrographis paniculata, metformin’s effect on BAX
suppression was less pronounced, though it effectively
enhanced BCL-2 expression, indicating that its
neuroprotective mechanism may rely more on
augmenting anti-apoptotic signaling* than on direct
inhibition of pro-apoptotic pathways*. These findings
underscore metformin’s potential to partially restore
hippocampal structural integrity under hyperglycemic
conditions.

The combined administration of Andrographis
paniculata and metformin produced the most
significant effects, surpassing those observed with
either treatment alone. BAX expression was
effectively suppressed across all hippocampal
subfields, while BCL-2 levels were substantially
enhanced, indicating robust modulation of the
intrinsic apoptotic pathway. Morphological analysis
revealed well-preserved pyramidal neurons with
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compact alignment and minimal vacuolation,
accompanied by restoration of Nissl bodies and
uniform myelin integrity as demonstrated by CFV and
LFB staining. Subfield-specific analysis showed
particularly strong preservation in CA2 and CA3,
regions that appeared partially resilient to
Andrographis paniculata or metformin monotherapy.
These findings suggest that the combination therapy
exerts additive or synergistic effects, simultancously
attenuating pro-apoptotic signaling and enhancing
anti-apoptotic mechanisms, thereby maximizing the
preservation of neuronal and myelin structures. The
results underscore the potential of combination
therapy as a more effective strategy*®* to protect the
hippocampus against hyperglycemia-induced
apoptosis'#1%2° and demyelination.

The observed structural preservation of hippocampal
neurons and myelinated fibers appears closely linked
to modulation of the BAX/BCL-2 apoptotic pathway.
Suppression of BAX coupled with restoration of BCL-
2 in AP-treated and combination-treated groups
correlated with the retention of Nissl bodies and
uniform myelin architecture, indicating that inhibition
of pro-apoptotic signaling directly contributes to the
maintenance of neuronal protein synthesis capacity*®
and myelin integrity. Subfield-specific analyses
revealed that CA1 and CA2 were the most sensitive to
hyperglycemic stress*’*>, showing pronounced
apoptosis and demyelination in untreated conditions,
whereas CA3 and the dentate gyrus demonstrated
relative resilience, particularly under Andrographis
paniculata and combination therapy. These findings
suggest a mechanistic hierarchy in which BAX/BCL-
2 regulation mediates both neuronal survival and
myelin preservation, with differential responses
among hippocampal subfields. This integrated
relationship underscores the dual role of apoptotic
modulation in safeguarding both neuronal viability
and structural connectivity within the hippocampus
under hyperglycemic conditions.

The robust neuroprotective effects observed with
Andrographis paniculata, particularly in combination
with metformin, suggest potential therapeutic
strategies for mitigating hyperglycemia-induced
hippocampal injury. By modulating the BAX/BCL-2
pathway and preserving neuronal and myelin
integrity, these interventions could contribute to the
maintenance of hippocampal structure under
metabolic stress, which is critical for cognitive
processes such as learning and memory®!'?. While
extrapolation to human conditions requires caution,
these findings highlight the neuroprotective potential
of Andrographis paniculata, alone or in combination
with conventional anti-hyperglycemic agents, as a
candidate for preventing or reducing hippocampal
apoptosis and demyelination associated with diabetes
or other metabolic disorders. The results also support
further investigation into combination therapy
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approaches that target both metabolic and apoptotic
pathways to enhance hippocampal resilience.

CONCLUSION

Collectively, these findings underscore the therapeutic
potential of Andrographis paniculata and A.
paniculata — metformin combination strategies in
mitigating metabolic stress—induced hippocampal
injury and provide a mechanistic framework for future
translational studies aimed at preserving cognitive
function under hyperglycemic conditions.
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