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Abstract. Type 2 diabetes (T2D) is considered one of the metabolic conditions which
may lead to degeneration of the central nervous system. The blood brain barrier (BBB)
is recently recognized as a target that might be compromised in T2D. The pericyte and
tight junction proteins, are major components of the BBB, that might be affected by
diabetes. This may result in hyperpermeability of the BBB to toxic or hazardous sub-
stances, and this might affect its integrity. The current study addresses the effect of
T2D on the BBB dysfunction and the role of caffeine to improve this condition. A rat
model of T2D was used by feeding the rats with high calorie diet and injecting them
with a single lower dose of streptozotocin. Diabetic rats were given caffeine orally for
5 weeks. At the end of the experiment (8 weeks), the rats were sacrificed, and their
brains were processed for general histology and immunohistochemistry. The following
markers were used: a-smooth muscle actin (a-SMA), occludin (tight junction protein)
and transforming growth factor 1 (TGF-B1). There were degenerative changes in the
cytoarchitecture of the CAl area of the hippocampus. Immunohistochemistry revealed
decrease in immunostaining of a-SMA and occludin and increase in TGF-p1 immu-
nostaining, in diabetic rats. Caffeine intake resulted in improvement of the degenera-
tive changes and reversal of the expression of the immunohistochemical markers. This
study investigated the structural changes of the BBB in T2D, manifested by disruption
of pericytes and tight junctions, with improvement of these findings after administra-
tion of caffeine.

Keywords: blood brain barrier, caffeine, occludin, pericyte, TGF-B1, Type 2 diabetes.

INTRODUCTION

Type 2 diabetes (T2D) is a common chronic condition that may lead to
many health-related conditions (Garg and Duggal, 2022; Lenzi and Filar-
di, 2023). It may lead to several complications and is commonly associated
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with changes in lifestyle such as having food with high
calories as well as adopting a sedentary life (Basak and
Laskar, 2024). Insulin resistance is worsened with the
intake of high calorie diets (Han et al., 2023). The use
of high calorie diets with streptozotocin (STZ) at a lower
dose, is generally accepted to produce a model of T2D
and insulin resistance in rodents (Zhang et al., 2021).
There is strong correlation of T2D with various neuro-
degenerative diseases including diabetic encephalopathy
(Szablewski, 2025). Additionally, several health impair-
ment conditions can occur, like cognitive dysfunc-
tion, memory loss, and several structural abnormalities
(Moran et al., 2019). The hippocampus is an important
area of the brain which is linked to cognitive behav-
ior, and it is well known to be influenced by metabolic
impairment related to diabetes (Aderinto et al., 2023;
Zhang et al., 2023). Rats that received high caloric diet,
were reported to display disorganization of the structure
of the hippocampus (Mezo-Gonzdilez, 2022). The local
microvascular failure is a common underlying mecha-
nism in diabetic complications. An important compo-
nent of the microvascular structure is the pericyte, a cell
present within CNS endothelial microvasculature; its
dysfunction can cause microvascular diabetic complica-
tions (El-Ghazawi et al., 2024; Yu et al., 2025). Pericytes
have important location in the CNS between neurons,
endothelial cells, and astrocytes, and they are embed-
ded within the basement membrane. They are crucial
in controlling many important neurovascular functions;
they participate in the BBB formation, vascular tone and
remodeling (Chen et al., 2024). The transforming growth
factor p (TGF-P) receptor signaling pathway modulates
proliferation, differentiation, migration and attachment
of pericytes and endothelial cells (Reyahi et al., 2015).
However, during pathological conditions as diabetes,
persistent elevation of TGF-B1 may result in dysregula-
tion that promotes vascular remodeling, inflammatory
response, and BBB dysfunction (Liu et al., 2021). The
endothelial cells of the brain are specialized cells that
make up one of the components of the BBB, character-
ized by high electric resistance, decreased transcytosis,
and decreased paracellular permeability, which is mainly
controlled by junctional molecules (Kadry et al., 2020).
Tight junction is a type of these junctions that controls
vascular paracellular transport by producing a strong
electrical barrier. It is composed of some molecules as
occludin, which may modulate paracellular vascular
transport by making an electrical barrier that is highly
resistant (Chen et al., 2024; Gopal et al., 2026). The BBB
controls the homeostasis of the CNS by providing nutri-
tional support and prevents the entry of neurotoxic sub-
stances from the circulation at the level of the microvas-
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cular endothelium (Rom et al., 2020). Caffeine is present
in many food items and drinks, and it is well known
for stimulation of the brain (Sharma et al., 2023) and
has a high bioavailability and crosses lipid membranes
quickly, therefore, it can quickly maintain blood levels
(Song et al., 2024), and it can easily cross the BBB (Ike-
da-Murakami et al., 2022). Caffeine has been suggested
to ameliorate loss of memory associated with many neu-
rodegenerative diseases (Ruggiero et al., 2022) and it
is known for its anti-inflammatory and anti-oxidative
properties (Osz et al., 2022). Previously our lab report-
ed an ameliorative role of caffeine on the brain of a rat
model of type 2 diabetes, where it improved neurodegen-
erative changes of hippocampus and reduced inflamma-
tion (Othman et al., 2023). The aim of the present study
is to use this animal model to investigate the disruption
of pericytes, and tight junction protein of the brain,
which might have a role in the integrity of the BBB in
T2D. The possible role of caffeine as a therapeutic option
is also addressed.

MATERIALS AND METHODS
Animals

The experiments were undertaken at the animal
house of Arabian gulf university. Adult male Wistar rats
of 250-300 g weight were used in the study. The rats
were placed at 12/12 h light/dark cycle at room tem-
perature of about 25 °C. They were allowed access to
tap water. The experimental design and protocols were
performed after obtaining approval from the committee
of Animal Care and Use of College of Medicine, Ara-
bian Gulf University, Bahrain, Ethics approval #: E006-
PI-04/17.

Induction of diabetes and animal groups

Forty rats were used in this study, and the proce-
dures performed were following our previously estab-
lished model of T2D with modifications (Othman et al.,
2023). Briefly, rats were classified in 4 groups: 10 rats per
group. The control group (group 1): were rats that had
low calorie diet (LCD) (SF 18-050, Specialty Feeds, Aus-
tralia) and were injected with citrate buffer and had oral
saline. The diabetic group (group 2): had high calorie
diet (HCD) (SF-04-001, Specialty Feeds, Australia) and
4 weeks later, they received a single injection of Strepto-
zotocin (STZ) (Sigma™, St. Louis, MO, USA) intraperi-
toneally at a dose of 35 mg/kg body weight (BW). The
caffeine-treated diabetic group (group 3) received caf-
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feine (Sigma TM, Saint Louis, MO, USA) orally through
gavage at a dose of 100 mg/kg BW, for 5 weeks every day.
Caffeine administration began at the start of week 4 (one
week prior to STZ injection) and continued until the end
of the study (week 8). Caffeine only group (group 4) were
nondiabetic rats which had caffeine and LCD. By the
end of the study (8 weeks), the animals were sacrificed,
after inhalation of CO2, the brains were removed and
put in formalin fixative and then processed for general
histology and immunohistochemistry.

Measurements of blood glucose level

Evaluation of blood glucose levels was done to all
rats at the start of the study (day 1), after 72 hours of
STZ injection (the middle of week 4), and at the end of
the study (week 8). A blood sample was withdrawn from
distal ends of rat tails, after 12 h fasting, using a device
for measurements of blood glucose (Accu-Check Active,
Roche Diagnostics, Mannheim, Germany).

Histological evaluation

The brains were removed, from all groups, and
placed in 10% neutral buffered formalin fixative. The
area that contains the hippocampus was identified
between 3-6 mm posterior to bregma (Paxinos and
Watson, 2013). After processing, coronal sections were
obtained from the paraffin blocks at 5 pm, and then pro-
cessed for staining with hematoxylin and eosin (H&E)
for general morphological evaluation. Photographs were
obtained using 40X objective lens with emphasis to CA1l
areas containing blood capillaries.

Immunohistochemistry

Five pm coronal sections, were processed for immu-
nohistochemistry using (Vectastain Elite ABC Kit Uni-
versal, Vector laboratories, UK) according to the instruc-
tions of the manufacturer. The sections were incubated
overnight in the refrigerator (4 °C) with the following
antibodies, separately: anti-alpha-smooth muscle actin
(a-SMA), a marker for pericytes, mouse monoclonal
antibody, ab7817, Abcam, UK, anti-occludin (tight junc-
tion marker), ab216327, a rabbit monoclonal antibody,
Abcam, UK, and anti-transforming growth factor-beta
1 (TGF-P1), ab215715, a rabbit monoclonal antibody,
Abcam, UK. Visualization of the reaction was done
using DAB (3,3-diaminobenzidine tetrahydrochloride,
and counterstaining of the sections was performed by
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Harris hematoxylin. Slides were viewed and photographs
captured by a light microscope with a digital camera
(Axio Scope Al, Carl Zeiss, Microscopy, Germany).
Immunohistochemistry photographs were analyzed
quantitatively for percent area using Image]® software
(Wayne Rasband NIH, Bethesda, MD, USA). Six sec-
tions were used for each animal and 6 non-overlapping
fields per section were examined. All photographs were
obtained using the objective lens 40X. All histological
and immunohistochemistry procedures were performed
according to (Bancroft et al., 2019).

Statistical analysis

Statistical evaluation was done by the software Sta-
tistical Package for Social Sciences (SPSS) version 27 for
Windows (IBM Corp., Armonk, NY, USA). The variables
were expressed as mean * standard deviation (SD). Data
were analyzed using one way analysis of variance (ANO-
VA) and Tukey post hoc test. P values < 0.05 are consid-
ered statistically significant.

RESULTS
1. Blood glucose level

At day 1, blood glucose levels were within normal
range with no statistically significant difference among
the groups (ANOVA; F=0.668, P= 0.578). At week 4, sig-
nificant difference was detected between the groups
(ANOVA: F=121.87, P<0.0001). Group 2 demonstrated
markedly elevated blood glucose levels compared with
the other groups, while group 3 showed mildly increased
levels. Groups 1 and 4 maintained relatively stable glucose
levels. At week 8, significant intergroup differences persist-
ed (ANOVA: F = 149, P <0.0001). Group 2 continued to
exhibit the highest blood glucose levels, followed by group
3, which exhibited near normal values, whereas group 1
and 4 remained with comparable ranges (Figure 1).

2. Histological study

Evaluation of H&E sections of the CAl (Cornu
Ammonis 1) of the hippocampal region of the control
group displayed normal structure with small pyrami-
dal neurons that exhibited pale cytoplasm and nucleus.
Blood capillaries appeared intact, together with other
glial cells. The cells of the diabetic group appeared with
dark cytoplasm and nucleus, and the blood capillaries
looked disorganized. After caffeine administration, there
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Figure 1. Bar graphs showing blood sugar levels among the tested
groups at day 1, week 4 and week 8. Tukey post-hoc test showed
that the significant difference in week 4 was among the control
and T2D group *(P=0.0004), control vs T2D+caffeine **(P<0.001),
T2D vs caffeine ***(P<0.0001) and between T2D vs caffeine
groups ****(P=0.0008). At week 8 the significant difference was
among the control group vs T2D ¢(P<0.0001), T2D group vs the
T2D+caffeine groups ¢0(P<0.0001) and between T2D group vs the
caffeine group 000 (P<0.0001).

was improvement of many cells and capillaries appeared
intact. The histological sections of rats that received
only caffeine, which serves as a control as well, revealed
results similar to the control (Figure 2).

3. Immunohistochemistry
3.a. Caffeine reversed a SMA downregulation

The a SMA immunohistochemistry of CAlarea
of the hippocampus of T2D rats showed reduction of
immunoreactivity of the pericytes in the blood vessels,
compared to the controls. Diabetic animals which were
administered caffeine displayed upregulation of o SMA
expression (Figure 3).

3.b. Caffeine reversed occludin downregulation

The occludin immunohistochemistry, which is a
marker of tight junction, of CAlarea of the hippocampus
of T2D animals showed reduction of immunoexpression,
compared to the controls. Diabetic animals which were
administered caffeine displayed an increase of occludin
immunoreactivity (Figure 4).
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3.c. Caffeine normalized TGF-P1 upregulation

For the TGF-B1 immunohistochemistry, CAlarea of
the hippocampus of diabetic rats showed marked immu-
noreaction, compared to the controls. Diabetic rats that
received caffeine revealed decrease of TGF-p1 immuno-
reactivity (Figure 5).

3.d. Quantitative analysis of immunohistochemical mark-
er expression

Quantitative evaluation of the percent area of aSMA
and occludin immunoreactivity showed a significant
decrease in the immunoreaction in diabetic rats in rela-
tion to the controls, on the other hand, caffeine pre-
treatment to diabetic rats increased their reaction. For
TGF-P1 expression, there was an increase in the reac-
tivity in T2D animals in relation to the control, mean-
while caffeine administration to diabetic rats resulted in
downregulation of its expression (Table 1).

DISCUSSION

Type 2 diabetes is becoming a serious metabolic dis-
ease with potential disabling complications. The patho-
physiology of the disease is complicated and multifac-
torial that makes management a real challenge. In this
study we are reporting the effects of caffeine as a treat-
ment modality in a rat model of T2D by investigating
the integrity of the BBB. Diabetes is a metabolic disease
characterized by chronic hyperglycemia which may lead
to injury to vital organs due to damage to microvascu-
lature, which might affect neuronal function, and white
matter disruption (Rom et al., 2020; Zhou et al., 2023). It
was reported in the literature that the breakdown of BBB
is linked to diabetes progression and the exact mecha-
nisms for BBB permeability and therapeutic approaches,
is not currently known (Rom et al., 2020). In this study
we found that T2D disrupts the integrity of BBB through
affecting pericytes and tight junction proteins. Stain-
ing with H & E detected degeneration of hippocampal
neurons in diabetic rats, which might be related to BBB
leakage and neurotoxic or vascular substances, which
may exaggerate neuronal destruction (Lin et al., 2021).
Leakage of BBB was evidenced in diabetic animal mod-
els as well as in human studies (Liu et al., 2021; Meijer
and Gorter, 2024). The current study found downregu-
lation of the aSMA, which is a marker of pericytes, in
diabetic rats, a finding that signifies loss of the contrac-
tile ability of pericytes and pericyte dysfunction (Liu et
al., 2021). The a-SMA was chosen as a marker for the
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Figure 2. Photomicrographs of the CAl area of the hippocampus stained with hematoxylin and eosin (H&E). (A) Control group show-
ing lightly stained pyramidal neurons with open vesicular nuclei, intact blood capillaries, and glial cells, consistent with normal neuronal
morphology. (B) Diabetic group revealing darkly stained neurons with condensed pyknotic nuclei, consistent with neuronal degeneration,
and congested, disrupted blood capillaries. (C) Caffeine-treated diabetic group showing partial recovery with predominantly lightly stained
neurons and intact blood capillaries. (D) Caffeine-only group displaying neuronal morphology and capillary integrity comparable to the
control group. Arrows, blood capillaries; asterisks, pyramidal cells.

pericytes, while it is not specific, and it stains other cell
types and this presents a limitation to our study. In figure
3 we are illustrating the blood capillary with a position
more suitable for pericytes. The pericytes can be stained
with more specific markers, and this will be investigat-
ed in detail in our future studies. Diabetes is known to
increase the risk of dementia and neurodegeneration, but
the effects of hyperglycemia on pericyte/BBB function is
controversial. Some studies proposed that the dysfunc-
tion of pericytes and BBB affection is related to oxida-
tive stress and reduced ATP production resulting from
prolonged hyperglycemia (Liu et al., 2021). Under physi-
ological conditions, the pericytes are crucial for the for-
mation of the BBB, regulation of neurovascular system,

inflammatory response, and removal of toxic materials
from the brain (Lin et al., 2021). In the current study, in
diabetic rats, there was a decline in the occludin expres-
sion levels, which is a tight junction protein, suggest-
ing impaired BBB as previously reported in mice, where
they found degradation of TJ proteins, which can suggest
it to be a mediator of BBB dysfunction (Machida et al.,
2017). Immunohistochemical evaluation, in this study,
revealed increased expression of TGF-P1 in diabetic
rats, compared to controls, which decreased after caf-
feine administration. Physiological TGF-p is important
for BBB maintenance, through regulation of endothelial-
pericyte interactions. The increased TGF-P1 expression
in diabetic animals may represent a compensatory pro-
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Figure 3. Photomicrographs of the CA1 area of hippocampus immunostained with anti-a SMA. (A) Control group showing strong dif-
fuse brown immunoreactivity and the elongated pericyte morphology wrapping around capillaries. (B) Diabetic group shows that staining
intensity is reduced and fewer stained pericyte profiles are visible and this is consistent with pericyte loss in the diabetic state. (C) Caffeine-
treated diabetic group reveals partial recovery with staining intensity appearing intermediate between panel A and B. (D) Caffeine only
treated sections display staining intensity comparable to panel A, which signifies that caffeine alone does not affect the integrity of pericytes.
Arrows, o SMA positive pericyte associated with blood capillaries.

tective mechanism, which may become maladaptive when
chronically activated (Li et al., 2022). In this context, the
caffeine induced reduction of TGF-P1 detected in this
study may indicate normalization of the TGF-PI overac-
tivation rather than inhibition of its protective functions.
Pericytes release certain factors, to improve the integrity
of the tight junctions and enhance the stability of the
BBB as TGF-f, and through this TGF-§ signaling path-
way, pericytes activate tight junction protein expression
as occludin and others, which are important for forma-
tion of a high resistant barrier (Chaulagain et al., 2023).
The release of TGF-p might result from thickening of
the basement membrane, which may activate fibronec-
tin release by pericytes (Li et al., 2022). In the absence of

pericytes, endothelial cells display increased permeability
allowing dysregulated paracellular transport and jeop-
ardize the function of BBB (Kim et al., 2025). Previously,
the expression of these proteins was detected in another
study, in diabetic rats, which they may be associated with
pericyte dysfunction, and loss of tight junction integri-
ty of endothelial cells (Fan et al., 2015). In the current
study caffeine was administered to the diabetic animals,
which led to improvement of the BBB parameters test-
ed and structure of hippocampal neurons. When caf-
feine is consumed on a regular basis, it enhances adap-
tive mechanisms in the hippocampus, which may affect
the primary metabolism and modulate synaptic plastic-
ity (Lopes et al., 2023). Additionally, this role of caffeine
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Figure 4. Photomicrographs of the CAl area of hippocampus immunostained with anti-Occludin. (A) Control group reveals the strong
brown immunoreactivity of the tight junction component. (B) Diabetic group shows a marked decrease in staining intensity of the tight
junctions. (C) Caffeine-treated diabetic group reveals a partial recovery with staining intensity intermediate between A and B. (D) Caffeine
only treated animals shows the staining of occludin, similar to control. Arrows, blood capillaries.

in neuroprotection might be due to anti-inflammatory
and glial cell modulation (da Silva Neves et al., 2025).
This study is focusing on the role played by caffeine to
enhance BBB function, by reversing pericyte loss and
enhancing tight junction protein efficiency. Caffeine can
provide neuroprotection which is related to its ability to
block adenosine receptors (Lopes et al., 2023). Caffeine
has both hydrophilic and lipophilic nature, it can cross
biological membranes, including BBB, thus having stimu-
latory effects in the central nervous system. Additionally,
caffeine has anti-inflammatory, and antioxidative effects
and neuroprotective effects of caffeine were reported
by previous studies in some neurodegenerative condi-
tions and stroke (Sharma et al.,, 2025). A meta-analysis
in 2020 observed that regular intake of caffeine revealed
a lowered risk of Parkinson disease and its progression

(Hong et al., 2020). The relation between caffeine intake
and the risk of dementia and AD was also investigated in
another meta-analysis in 2024; they detected lowered risk
of dementia and AD, with caffeine intake (Li et al., 2024).
Caffeine has been shown to have a significant role in pro-
tecting against damage of the brain such as neurodegen-
eration, and cognitive impairment. Caffeine has a role in
blocking oxidative stress and controlling inflammatory
pathways in brain injuries. The anti-inflammatory and
antioxidant roles are not through blocking of adeno-
sine receptors, indicating alternative pathways (Vargas-
Pozada et al., 2022; Awashra et al., 2026). A role for acti-
vated microglia and release of certain cytokines such as
IL-6 and TNF-o, can mediate the neurotoxicity. These
anti-inflammatory effects of caffeine can be the mecha-
nism of the neuroprotection via minimizing damage to
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Figure 5. Photomicrographs of the CAl area of hippocampus immunostained with anti-TGF-p1. (A) Control group shows mild immuno-
reactivity of cells. (B) Diabetic group shows increase in staining and strong diffuse brown immunoreactivity. (C) Caffeine-treated diabetic
group reveals a partial decrease in immunoreactivity. (D) Caffeine only treated animals shows minimal staining similar to control. Arrows,
blood capillaries.

Table 1. Immunoreactivity of different markers in the studied
groups.

a SMA positive Occludin ~ TFG 1 positive
area positive area area
Mean + SD Mean + SD Mean + SD
Control 11.05+£0.9 14.36+0.831 7.17+0.7
D.M 3.04 2¢4 £0.557 6.25%4 +1.1 15.5 24 +1,04
DM + Caffeine 7.73 **4 +0.775 10454 +1.1  9.93*4 +0.973
Caffeine 10.3 b€ £0.654 13435 +12  6.93%d +1.401

Standard deviation (SD), one way analysis of variance (ANOVA)
was used followed by Tukey post hoc test for multiple comparisons
* significant compared to control group, ® significant compared
to DM group, © significant compared to DM treated with Caffein
group, ¢ significant compared to caffein only treated group.

tissues and improving survival of neurons (Othman et
al., 2023). An in vivo and invitro study, investigating the
protective role of caffeine in lipopolysaccharide-induced
injury to retinal cells; they found decrease in inflamma-
tory expression of IL6, TNFa, IL-B1. Additionally, caf-
feine upregulated the lowered tight junction protein (ZO-
1) expression (Conti et al., 2022). This aligns nicely with
the findings in this study regarding the effect of caffeine
in enhancing BBB integrity and occludin upregulation. It
was reported in the literature that the breakdown of the
BBB is one of the mechanisms of dementia and Alzhei-
mer’s disease (AD) (Rom et al., 2020; Kim et al., 2025).
The effects of caffeine in protecting against AD can be
due to blocking of adenosine receptors, which are impor-
tant in the formation of amyloid beta, which mediates
neurotoxicity in neuronal culture models of AD (Stock-
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well et al., 2017). Caffeine can also be considered a neu-
roprotective drug in cases of PD for delaying the progress
of the disease, which is mediated by blocking adenosine
receptors, that suppresses dopamine 2 receptor, and via
antioxidant effect (reviewed in: Song et al., 2024).

LIMITATIONS OF THE STUDY

“A limitation of the current study is the use of rela-
tively high caffeine dose (100 mg/kg body weight). This
dose was chosen based on our previous studies using
the same diabetic rat model, in which the same dose
revealed neuroprotective effects to the brain by amelio-
rating inflammation and gliosis (Othman et al., 2023).
Additionally, a study from other researchers, used sev-
eral doses of caffeine (10-120 mg/kg body weight), in
a mouse model of sleep deprivation (Onaolapo et al.,
2015). Although this dose exceeds typical human caf-
feine consumption values, there is probably a species-
specific difference in metabolism and pharmacokinet-
ics, which may make this dose achieve pharmacological
effects in the animal model, rather than mimic typical
human dietary consumption. Future studies using low-
er doses of caffeine are warranted”. This study did not
include electron microscopic evaluation, which could
have addressed detailed structure of the BBB. Addition-
ally, behavioral testing was not performed, which might
have highlighted the cognitive function. These studies
are among our future plans to have more insights about
the BBB, and the functional impact of its compromise.

CONCLUSION

The current study showed structural changes of dif-
ferent components of the BBB in the CAl area of hip-
pocampus in a rat model of T2D. Additionally, it high-
lighted the ameliorative effects of caffeine against these
changes that could be related to its ability to enhance
the BBB. Future studies are in progress to investigate the
role of caffeine in such protective roles.
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