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Background: Type 2 diabetes (T2D) is associated with injury to many organs in our body. The central nervous
system can be affected in diabetes progression, which may result in dementia and decline in cognitive function.
Myelin is very important in neuronal protection and axonal transport and might be affected with neurodegenerative
diseases as diabetes. Caffeine, a commonly used psychoactive beverage, is known to improve the impairment in
memory and cognitive function. This work was aiming at investigating the protective role that caffeine can
provide for T2D rat neurodegeneration.

Methods: Thirty-six male Wistar rats, were grouped into 4 groups (9 each); the control group (group 1), diabetic
group (group 2), caffeine + diabetic group (group 3), and caffeine-only group (group 4). Induction of T2D was
done by feeding the rats with high calorie diet and giving them a single injection of streptozotocin
intraperitoneally at a lower dose. Caffeine was administered by oral route for 5 weeks. The rats were sacrificed;
brains were removed and put in 10% formalin fixative and processed to evaluate their general morphology.
Immunohistochemistry was performed using neuronal, myelin and apoptotic markers.

Results: Histological examination revealed neurodegeneration of frontal cortex of rats with T2D.
Immunohistochemistry revealed downregulation in neuronal and myelin immunostaining and upregulation of
apoptosis in rats with T2D.

Conclusions: There was enhancement of the structure and immunohistochemistry of frontal cortex of diabetic
rats, which receive caffeine. This neuroprotective effect of caffeine in T2D rats suggests a therapeutic potential
for caffeine in T2D.
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It is characterized by hyperglycemia due to
insulin resistance in peripheral tissues and a
persistent decline in the function of    cells
of the pancreas.  The use of diets with high

Type 2 diabetes (T2D) is considered a lifelong
metabolic disease affecting many organ sys-
tems, including the central nervous system  [1].
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calories, and streptozotocin (STZ) at lower
doses, can generally be accepted to produce a
rodent model of T2D [2,3]. Persistent hypergly-
cemia can gradually disrupt normal brain struc-
ture and function, which contributes to cogni-
tive decline, cerebral atrophy, infarction, and
neurodegeneration [4,5].
The frontal cortex is a major region of the brain
responsible for thinking, decision-making, and
overall cognitive function. Evidence from
previous studies shows that chronic T2D,
characterized by hyperglycemia, insulin
resistance, and microvascular injury, gradually
causes changes in the structure and function
of this vital region of the brain [6].
Neuroimaging studies in long-standing diabet-
ics reveal reduced frontal lobe grey matter
volume and thinning of the frontal cortex,
indicating increased neurodegeneration in this
region [7,8]. In a mouse model of T2D, research-
ers found not only reductions in the overall
size of the brain and cortex, but also changes
in the cellular composition of the cortex, such
as a decrease in the number of mature
neurons, impaired myelination, and disrup-
tions to vascular and glial cell structure. These
findings suggest that diabetes can impair the
neurovascular unit, degrade neural and glial
integrity, and compromise brain microstruc-
ture, thereby contributing to cognitive decline
[9]. We previously reported that rats
administered a high-calorie diet showed
defective structure in the hippocampus, which
was mediated by gliosis and inflammation [10].
Caffeine is a naturally occurring psychosti-
mulant that is globally consumed in the form
of drinks like coffee and tea. It produces
increased alertness, reduced fatigue, and
elevated mood by blocking adenosine
receptors [11]. Recent research shows that
caffeine has neuroprotective, antioxidant, and
anti-inflammatory effects, thus decreasing the
risk of degenerative diseases as Parkinson’s
and Alzheimer disease. This is likely due
to mechanisms including reduction of
oxidative stress, modulation of adenosine
receptor signaling, and suppression of
neuroinflammation [12].
Diabetes can progress over time and might
lead to severe morbidities and mortalities. The

pathophysiology of the brain damage in
diabetic encephalopathy is not fully under-
stood. The current study aimed at investigat-
ing the possibility of caffeine to improve
neurodegeneration in the frontal cortex of T2D
rats through the investigation of neuronal
affection, myelination, and apoptosis.

MATERIALS AND METHODS
Animals: Adult male Wistar rats, weighing
270-300 g, were chosen for the study; they were
placed in the animal house facility, at the
college of Medicine and health sciences,
Arabian Gulf University, Bahrain. They were
placed at standard light/dark cycle at room
temperature, and were given free access to tap
water. The study was performed according
to the Guide for the Care and Use of Labora-
tory animals of the National Institutes of
Health (NIH). The experiments of this study
were performed after approval of the
Committee of Animal Care and Use at the
Arabian Gulf University, Bahrain: ethical ap-
proval (# E006-I-04/17).
Induction of T2D and animal groups
The induction of T2D was previously
established in our lab [10]. Briefly, 36 rats were
divided into 4 groups (9 rats each). The rats of
control group (1) were given diet with low
calories (LCD) (SF 18-050, Specialty Feeds,
Australia) and injected intraperitoneally (IP)
with citrate buffer and given oral saline. The
diabetic rats (group 2) were given a diet with
high calories (HCD) (SF-04-001, Specialty Feeds,
Australia). Four weeks later, rats receive
streptozotocin (STZ) intraperitoneally (SigmaTM,
St. Louis, MO, USA). STZ was dissolved in
citrate buffer and given as a single dose of 35
mg/kg body weight (BW).
Three days after injection with STZ, blood
samples were obtained from rat tails after
fasting overnight, for blood glucose measure-
ment. Animals that measured levels of blood
glucose over 250 mg/dL were considered
diabetic. Diabetic rats that receive caffeine
(group 3): were administered caffeine at a dose
of 100 mg/kg BW (Sigma TM, Saint Louis, MO,
USA). Caffeine was given by oral route through
gavage, after dissolving in saline, every day for
five-week period. The caffeine-only group
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marker, anti-Bax, a rabbit monoclonal antibody
(ab32503, Abcam, UK), overnight in the
refrigerator (4ºC).
Goat serum was used as non-immune
negative control and 3,3 diaminobenzidine
tetrahydrochloride to help visualizing the
reaction. The sections were then put in Harris
hematoxylin for counterstaining. Examination
and photo capture of the slides were done by
the light microscope. Quantitative findings of
photomicrographs of immunohistochemistry
markers, were analyzed by the software of im-
age J® (Wayne Rasband NIH, Bethesda, MD, USA)
on 6 overlapping fields of 6 slides for each ani-
mal.

(group 4): were the rats that had LCD and 100
mg/kg BW of caffeine orally, every day for 5
weeks. After 8 weeks of the experiments,
animals were sacrificed with inhalation of CO2
and their brains were dissected out and
processed for histological and immunohis-
tochemical evaluations.
Blood glucose measurements
The detection of blood glucose, from rats of
all groups, was performed at the start of the
study, 2 weeks after feeding with HCD and 72
hours after STZ injections, to warrant diabetic
status. Furthermore, blood glucose measure-
ment was performed every week after caffeine
administration. Twelve hours after fasting, a
drop of blood was withdrawn from rat tails
(distal ends) and immediately measured us-
ing (Accu-Check Active, Roche Diagnostics,
Mannheim, Germany).
Histological Evaluation
After sacrificing the animals, the brains were
dissected out from all of them, and washed
with saline. The samples were placed in the
fixative (10% neutral buffered formalin). Then
the samples including the frontal cortex, were
trimmed, and processed to obtain blocks of
paraffin. Five µm coronal sections were
obtained by a rotating microtome. For
evaluation of general histology, hematoxylin
and eosin (Hx&E) staining was performed. The
photo capture was done using the objective
lens, 20X of a light microscope (Axioscope A1,
Carl Zeiss Microscopy, Germany) which was
connected with a digital camera. Histological
processing and staining were performed
following [13].
Immunohistochemical study
Five µm paraffin sections, were put on slides
(charged) and immunohistochemistry was
performed by an Avidin-Biotin detection kit
(Vectastain Elite ABC Universal Kit, Vector
Laboratories, UK) according to the instructions
of the manufacturer. Incubation of the sections
was done using the following primary antibod-
ies, separately: neuronal marker, anti NeuN, a
rabbit monoclonal antibody (ab177487,
Abcam, UK), myelin marker, anti-myelin basic
protein (MBP) a rabbit monoclonal antibody
(ab218011, Abcam, UK), and an apoptotic

Analysis of data was done by the use of the
Statistical Package for Social Sciences® (SPSS)
software version 27.0 for Windows (IBM Corp.,
Armonk, NY, USA).  Expression of variables was
the mean ± standard deviation (SD). Analysis
of data was done using one way analysis of
variance (ANOVA) and Tukey post hoc test. P
value of less than 0.05 is considered statisti-
cally significant.

Statistical analysis

RESULTS

Fig. 1: Comparison of blood glucose levels among the
different studied groups. Each value represents the
mean of blood glucose levels at day 1, week 4, week 5,
week 6, week 7 and week 8.  The error bars present
standard errors. # vs DM, vs control, vs DM + Caffeine,
vs Caffeine-only, P < 0.0001.

Blood glucose level
Blood glucose values of all rats at the begin-
ning of the study, were normal (85± 2.2 mg/
dL). After HCD and 3 days of injection of STZ,

Manal A. Othman, Ayesha Fatima, Bello Sirajo, Mohammed Khan, Raouf A. Fadel. Impact Of Caffeine on the Neurodegenerative Changes of the
Frontal Cortex in Type 2 Diabetic Rats.



Int J Anat Res 2026, 14(3):9599-06.    ISSN 2321-4287 9602

there was a significant increase in the levels
of blood glucose, for the injected rats which
accomplished diabetic state and they
remained with high levels through the whole
experiment (303 ±15mg/dL, P< 0.0001).
Caffeine administration decreased the levels
of blood glucose in comparison to rats with
diabetes (109 ± 2.7, P< 0.0001). Blood glucose
levels of caffeine only treated animals had no
significantly statistical difference in compari-
son to control rats (86 ±1.8, P=1.00) (Figure 1).
Hx&E general morphology

Fig. 2: Photomicrographs of the frontal cortex stained
with Hx&E. A: Control section reveals the neurons with
their pale cytoplasm and vesicular nucleus. B: The
diabetic group shows that most of cells have dark
cytoplasm and nucleus with pericellular halo. C: The
caffeine treated diabetic group are showing many cells
with pale cytoplasm and vesicular nuclei. There are few
dark cells with dark nuclei. D: The caffeine group are
showing mainly pale cells as well. X 200

Caffeine-only treated group showed normal
cellular components and no neuronal
disruption (Fig. 2).

Caffeine improved the neuronal distortion
that occurred in diabetic animals
Evaluation of histological samples of the
frontal cortex tissues in all experimental
groups, was done by staining with Hx&E stain.
The control group had intact neurons, which
were well organized and having pale central
nucleus and cytoplasm. In the frontal cortex
of diabetic rats, there was numerous dark cells
with pericellular spaces, vacuolization, in
addition to pyknotic nuclei. In the caffeine
treated diabetic rats, there was preservation
of the neuronal structure with healthy appear-
ing neurons and fewer darkly stained and
vacuolated cells compared to diabetic group.

Fig. 3: Photomicrographs of the frontal cortex
immunostained with anti-NeuN antibody (Neuronal
marker). A: Control group is showing the
immunoreactivity of neurons. B: Diabetic group displays
a marked decrease in immunoreaction. C: Caffeine-
treated diabetic group reveals a marked increase in
immunoreactivity. D: Caffeine only treated animals show
the positive staining of neurons. X 200.

Immunohistochemistry

Caffeine prevented diabetes induced neuronal
loss
The neuronal cells in the frontal cortex were
detected by NeuN immunohistochemistry of
the frontal cortex. Diabetic rats showed
decreased expression in comparison to the
control group (p<0.001). Diabetic rats that
received caffeine, showed marked increase in
NeuN immunoreactivity (p < 0.001). Caffeine-
only group showed levels like the control
group (Fig. 3 & table 1).
Table 1: Percent area of immunoreactivity in the
different studied groups.

NeuN positive area MBP positive area Bax positive area

Mean ± SD Mean ± SD Mean ± SD
Control 14.64±0.31 17.14 ±0.63 5.47 ±1.08

D.M 5.8 a,c,d ±0.31 7.03 a,c,d ±0.33 24.33 a,c,d ±3.56
D.M + Caffeine 9.95 a,b,d ±0.35 14.42 a,b,d±0.62 9.12 a,b,d ±0.4

Caffeine 13.732 a,bc ±0.56 17.53 b,c ±0.54 6.43 b,c ±1.39
Standard deviation (SD), one way analysis of variance
(ANOVA) was used followed by Tukey for multiple
comparisons a: significant compared to control group,
b significant compared to DM group, c significant com-
pared to DM treated with Caffein group, d significant
compared to caffein only group.
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Caffeine prevented diabetes induced myelin
downregulation
The myelin in neuronal cells of the frontal
cortex was detected by MBP immunohis-
tochemistry. Diabetic rats showed decreased
expression compared to the control group
(p<0.001). On the other hand, caffeine treated
diabetic rats, revealed marked increase in MBP
immunoreactivity (p<0.001). Caffeine-only
group showed values similar to the control
group (Fig. 4 & table 1).

Fig. 4: Photomicrographs of the frontal cortex
immunostained with anti-MBP antibody (Myelin
marker). A: Control group shows the immunoreactivity
of myelinated cells. B: Diabetic group shows a marked
decrease in immunoreaction. C: Caffeine-treated
diabetic group reveals a marked increase in
immunoreactivity. D: Caffeine only treated animals show
the positive staining of myelin. X 200

Caffeine decreased diabetes induced apoptosis
The apoptosis reaction was detected by Bax
immunohistochemistry of the frontal cortex.
Diabetic animals revealed marked expression
in comparison to the control group (p<0.001).
Caffeine-treated diabetic group displayed a
significant decline in the immunostaining of
Bax (p<0.001). The group with caffeine only
showed immunoreaction similar to control
group (Fig. 5 & table 1).

Fig. 5: Photomicrographs of the frontal cortex
immunostained with anti-MBP antibody (Myelin
marker). A: Control group shows the immunoreactivity
of myelinated cells. B: Diabetic group shows a marked
decrease in immunoreaction. C: Caffeine-treated
diabetic group reveals a marked increase in
immunoreactivity. D: Caffeine only treated animals show
the positive staining of myelin. X 200

DISCUSSION

This study examined the role of caffeine in
protecting T2D-induced effects on the rat
frontal cortex, in which T2D was induced by
high calorie diet followed by STZ injection as
previously established in our lab [10]. Caffeine
administration decreased blood glucose
levels and improved neurodegeneration. There
are other studies that used similar models with
different regimens [14,15]. After the adminis-
tration of caffeine, the deleterious effects as
hyperglycemia and neurodegeneration
improved significantly. The frontal cortex was
chosen to evaluate the findings of diabetes
because the frontal cortex is a crucial region
of the brain, which can be affected by
complications of diabetes and its affection
might result in cognitive and memory impair-
ment [16,17].
In this study, histological evaluation of the
frontal cortex of rats in group 2 (T2D group)
showed many dark neurons with dark nuclei
and vacuolated cytoplasm. Similar results were
detected in the hippocampal tissues in type 1
diabetes, in our previous study [18] and by
others (reviewed in [19]). Additionally, caffeine
was found to decrease apoptosis in frontal
cortical cells of T2D rats. This might denote
that caffeine can ameliorate apoptosis in the
frontal cortex in cases of diabetes as previ-
ously reported in protecting bladder neuro-
logical function in diabetic rats [20]. Recently,
it was reported that caffeine decreased the
retinal cells apoptosis induced by oxidative
stress and this is mainly due to its antioxidative
effect [21]. Apoptosis is important in
neurodegenerative disease progress. Central
nervous system affection in diabetes, might
result in degenerative changes in the brain and
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neurovascular areas [22,23].
Neuronal loss was also demonstrated by NeuN
immunohistochemistry, in this study, where
the expression was less in T2D rats. A similar
study reported neuronal loss and other
neurodegenerative changes in monkeys with
spontaneous T2D [24]. Furthermore, the
neuronal loss in T2D frontal cortex, can be
associated with insulin resistance and
hyperglycemia, which may be related to the
pathophysiology of cognitive dysfunctions
[4,25].
Caffeine is known to be an antagonist to
adenosine 1 receptor (A1R) and A2R. The
effect of caffeine in preventing impairment of
memory in T2D is mainly mediated by A2R
receptor not A1R as the targeted inhibition of
A2R leads to activation of caffeine’s effects
(reviewed in [26]). A2Rs are concentrated in
the frontal cortex and other brain areas, in
which they modulate synaptic plasticity [27].
Moreover, antagonizing A2R receptor may re-
sult in great neuroprotective roles in a wide
variety of CNS disorders [28].
This study demonstrated a decrease in myelin
in the frontal cortex of diabetic rats, which is
detected by MBP expression and a marked
improvement after caffeine administration.
This can align nicely with our previous finding
of a similar result in the peripheral nerve of
T2D, which was detected by MBP expression
and electron microscopy [29].
Another study demonstrated a protective
effect of caffeine and myelin enhancement in
a hypoxic ischemic rat model [30].
Downregulation of the levels of MBP was
reported in neurodegenerative conditions, like
Parkinson’s and Alzheimer’s disease [31,32].
Since motor and cognitive function, which is a
main function of the frontal cortex, is closely
related to myelin formation, disturbance in the
integrity and expression of myelin as detected
in AD [33]. On the other hand, oligodendro-
cyte reaction to glucose toxicity remains
largely unexplored. This study is contributing
an insight into the association of myelin
disruption to T2D, resulting from glucotoxicity
in oligodendrocytes and the brain of this T2D
rat model.

The results of the current study display
myelin disruption in rats with T2D, in compari-
son to those treated with caffeine, which
supports remyelination. Type 2 Diabetes is
associated with hyperglycemia, and this may
result in increased levels of glucose levels in
neurons, impairing glucose metabolism
intracellularly and can result in neuronal
injury [34]. Previously, it was reported that
increase glucose levels may lead to oxidative
stress and neuroinflammation, which might
result in apoptosis [35]. This is evidenced by
Bax upregulation in this study and, elevated
inflammatory cytokine expression like IL-6 and
TNF-    , as previously reported [10].

Our study detected improvement of
neurodegenerative changes of T2D rats by the
consumption of caffeine. The findings in this
study can provide an insight into the
mechanisms of neurodegeneration of the
frontal cortex in T2D, which is mediated by
demyelination, neuronal loss and apoptosis.
This protective effect of caffeine can support
its use as a therapeutic modality in T2D. Future
research will further investigate this
therapeutic potential and unravel the
complex pathophysiology of T2D, including
behavioral testing and oxidative stress.

CONCLUSION

α 

T2D: type 2 diabetes,
STZ: streptozotocin,
LCD: low calorie diet,
IP: intraperitoneally,
HCD: high calorie diet,
Hx&E: hematoxylin & eosin,
MBP: myelin basic protein.
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