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1. Introduction

The two most prevalent endocrine system disorders, hypertension 
and diabetes, frequently coexist and are known as comorbidities. Their 
interconnectedness poses a significant risk to the brain and other organs, 
potentially resulting in dementia, memory loss, and cognitive decline. 
Diabetes mellitus, characterized by high blood sugar levels, causes 
chronic inflammation and oxidative stress, resulting in endothelial 
damage and faster development of atherosclerosis. This impairs blood 
flow to the brain and raises the chance of having a stroke and cognitive 
decline (Beckman and Creager, 2016; UK Prospective Diabetes Study, 
1998). Conversely, hypertension exerts excessive pressure on blood 
vessels, resulting in arterial stiffness and microvascular damage that 
exacerbates brain injury. Therefore, the concurrent presence of diabetes 
and hypertension synergistically poses a considerable threat to vascular 
and neuronal health, amplifying the risk of brain damage (Gasecki et 
al., 2013; Hassing et al., 2004; Yen et al., 2022; Nagar et al., 2022). 
Additionally, hypertension and diabetes share common genetic and 
environmental factors, suggesting there may be some overlaps in 
the prevention and treatment of these conditions (Long and Dagogo-

Jack 2011). Thus, the combined impact of these comorbidities makes 
them a formidable challenge, emphasizing the necessity for diligent 
management of both conditions.

Hypertension, or high arterial blood pressure, is influenced by 
multiple regulatory systems, including the renin-angiotensin system 
(RAS). The RAS, a key hormonal pathway, consists of components 
such as renin, angiotensin-converting enzyme (ACE), chymase, and 
angiotensin II (Ang II) receptors, which collectively contribute to blood 
pressure regulation through vasoconstriction, fluid balance, and vascular 
remodeling (Ola et al., 2017). The role of the systemic RAS and its 
components in managing hypertension is well-characterized; however, 
little is known about the local brain RAS and its pathophysiological 
function in the brain. Numerous studies have documented independent 
RAS components with distinct expression patterns and the de novo 
synthesis of RAS genes and components in the brain, which may 
significantly influence the progression of neurological diseases (Grobe 
et al., 2010; Saavedra, 1992). Nonetheless, a few scientists continue to 
dispute the existence of the RAS in the brain (Van Thiel et al., 2017). 
Activation of the brain RAS has been linked to neuronal apoptosis, 
increased oxidative stress, and vascular inflammation (Kishi et al., 2010; 
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Waki et al., 2011). An elevated Ang II peptide hormone, a component 
of the RAS, is considered the primary source of pathophysiological 
actions through angiotensin receptor (AT1R) stimulation, leading 
to the production of reactive oxygen species, ultimately resulting in 
neurodegeneration (Waki et al., 2011). ACE is essential to the RAS 
because it produces the angiotensin II peptide hormone. The expression 
of ACE has been detected in the frontal and parietal lobes, as well as 
several other brain regions, which may contribute to neurotransmitter 
signaling and cognitive processes such as learning and memory 
consolidation (Moran et al., 2019; Zuliani et al., 2005).

The counterregulatory enzyme ACE2 produces Ang-(1–7) by cleaving 
Ang II, a protective molecule that inhibits the harmful consequences 
of Ang II through its Mas receptor (MasR). Additionally, ACE2 is 
found in the neuronal cytoplasm, especially in areas connected with 
synaptic function, and its expression is significantly downregulated in 
the hippocampus and prefrontal cortex of Alzheimer's disease patients 
(Doobay et al., 2007; Cui et al., 2021). This downregulation correlates 
with impaired acetylcholine and glutamate signaling, suggesting that 
ACE2 may play a critical role in modulating neurotransmitter balance, 
which may influence memory, learning, and potentially cognitive 
decline (Doobay et al., 2007; Cui et al., 2021).

Another enzyme, chymase (a mast cell protease), primarily 
expressed in various tissues and cells, has been shown to generate Ang 
II directly from both Ang-(1–12) and Ang I at a significantly higher rate 
than ACE (Ola et al., 2017; Ahmad et al., 2013). Therefore, in this study, 
we aim to analyze the expression and regulation of these potential 
enzymes that may alter Ang II levels in the frontal brain cortex under 
hypertension and diabetic conditions in experimental animals, which 
could contribute to neuronal damage.

Diabetes mellitus has been independently linked to Ang II-mediated 
cerebral endothelial dysfunction, neuroinflammation, and neuronal 
damage, all of which contribute to the emergence of cognitive decline 
and disease of central nervous system disorders (Vargas et al., 2012; Ola 
et al., 2013). Ang II activates AT1R, leading to the generation of reactive 
oxygen species through NADPH oxidase (NOX), an enzyme found in 
various brain regions that may trigger apoptosis (Zhao et al., 2015). 
Additionally, Ang II may promote apoptosis through mitochondrial 
ROS pathways, which upregulate both AMP-activated protein kinase 
and PARP-1, thereby activating Bax, a pro-apoptotic protein, leading 
to neuronal cell death (Kim et al., 2017). Furthermore, AT1R-induced 
autophagy activation and cell death caused by mitochondrial pathways 
have been shown to result in the death of dopaminergic cells (Gao et 
al., 2016). However, little is known about the effects of diabetes under 
hypertensive conditions, particularly concerning its influence on the 
mechanisms of neurodegeneration in the frontal cortex.

Recently, we reported that diabetes and hypertension appear to 
synergistically over-activate the Ang II/AT1R axis while suppressing 
the protective MAS receptor arm in the rat cerebral cortex (Oyesiji et 
al., 2023). This study investigates how diabetes and hypertension might 
influence Ang II levels by ACE, ACE2, and chymase enzymes in the 
rat frontal cortex and their implications for neurodegeneration. These 
findings shed light on neuronal damage in the hypertensive-diabetic 
frontal cortex, potentially leading to new strategies for preventing 
strokes and other cerebrovascular diseases.

2. Materials and Methods 

2.1 Induction of diabetes mellitus

Ten-week-old Wistar Kyoto (WKY) and transgenic hypertensive 
(SHR) male rats weighing 250-280 g were used in this investigation. 
The animal studies were conducted in part in collaboration with the 
Department of Surgery at Wake Forest University. The experimental 
animal protocol was approved by the Experimental Animal Care 
Committee (approval number KSU-SE-21 04), King Saud University, 
Riyadh, Saudi Arabia, and the Animal Care and Use Committee at 
Wake Forest University in accordance with NIH guidelines, and the 
study is also reported in accordance with ARRIVE guidelines (https://
arriveguidelines.org). The WKY animals were sourced from King 
Saud University, College of Medicine, Animal Care Center, Riyadh, 
Saudi Arabia, and SHR rats from Harlan Laboratories in Indianapolis, 

USA. The rats were housed at an average temperature of 23°C in a 
controlled environment with free access to normal laboratory rat food 
and water. Both SHR and WKY rats were divided into two groups. A 
single intraperitoneal injection of streptozotocin (65 mg/kg; Sigma 
Aldrich, USA), freshly prepared in a 50 mM citrate-buffered solution 
(pH 4.5), was given to induce diabetes in one group of rats from each 
category. Consequently, four groups of rats were made: Group 1. Non-
diabetic WKY rats control (C); Group 2. Diabetic-WKY (D); Group 3. 
Non-diabetic SHR (SHR-C); Group 4. SHR-Diabetic (SHR-D). Three 
days following the injection, body weight and blood glucose levels 
were assessed. Fasting blood glucose was checked using an ACCU-
CHEK glucometer with tail vein blood samples to confirm diabetes. The 
study included diabetic animals with blood glucose levels of ≥ 250 mg/
dl. Four to seven rats from each group were used in the experiments 
following four weeks of streptozotocin-induction.

2.2 Tissue harvesting and brain homogenate preparation

Rats in each group were fasted for 7 h, then deeply anesthetized 
with a high dose of sevoflurane (Tabuk Pharmaceutical, KSA) to induce 
euthanasia, followed by a blood sample obtained by cardiac puncture, 
and were intracardially perfused with 100 ml normal saline to wash 
out blood from tissues and confirm death before their brains were 
dissected. We used the prefrontal cortex and adjacent areas, 1 to 3 mm 
from the brain's surface. These consist of the prelimbic cortex located 
in the medial prefrontal cortex, the anterior cingulate cortex, a part of 
the medial prefrontal cortex, and the orbitofrontal cortex positioned 
more laterally. We used Paxinos and Watson Rat Brain Atlas for 
precise localization and coordinates. After isolating the frontal brain 
cortex, it was promptly rinsed with ice-cold saline, placed into labeled 
Eppendorf tubes, and stored at -70°C until analysis. Brain homogenates 
were prepared by applying a brief burst of ultrasonication in a 10 mM 
HEPES buffer (pH 7.4) containing 100 mM NaCl, 1 mM Na3VO4, 10 
mM Sodium purophosphate (Na4P2O7), 10 mM NaF, 2 mM EDTA, 1 
mM Phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100, and 0.2% 
sodium dodecyl sulphate (SDS) along with a protease inhibitor. The 
supernatants were collected after centrifuging the samples for 15 min at 
15,000 g in a cooling centrifuge. The Lowry technique was then used to 
determine the protein concentrations in each brain sample.

2.3 Biochemical analysis

2.3.1 Glutathione assay

Glutathione (GSH) levels were measured in the frontal cortex 
samples from the four rat groups using the standard protocol 
established in our laboratory. The brain homogenate was deproteinized 
with metaphosphoric acid (2.5% w/v). This mixture was centrifuged at 
15,000 rpm, and the supernatant was collected. To 50 μl of the frontal 
brain cortex supernatant, 50 μl of 4M triethanolamine was added per 
100 μl. Then, 100 μl of 0.01M Ellman’s reagent (DTNB) was included. 
Absorbance was recorded with a spectrophotometer at 412 nm within 5 
min. A GSH standard curve was created, covering concentrations from 
0 to 10 μM.

2.3.2 Thiobarbituric acid reactive substances (TBARS) assay

Malondialdehyde (MDA), an important marker of lipid peroxidation, 
is used as an indicator of oxidative stress. The TBARS assay kit was 
sourced from ZeptoMetrix, USA, and utilized for the MDA assay. 
The MDA-TBARS adduct, produced by the reaction at elevated 
temperatures, was measured colorimetrically at 532 nm. A total of 1.25 
ml of reaction buffer was mixed with 50 µl of the frontal brain cortex 
homogenate. The mixture was subsequently heated at 95°C for 60 min. 
The absorbance of the supernatant was measured after the sample was 
cooled and centrifuged.

2.3.3 BDNF quantification by enzyme-linked immunosorbent assay 
(ELISA)

The BDNF levels were measured in the frontal cortex using ELISA kits 
(R&D Systems, MN, USA), following the manufacturer’s instructions. 

https://arriveguidelines.org
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The brain homogenate was prepared as previously described. A two-
fold diluted frontal brain cortex supernatant (150 μl/brain) was used 
for BDNF analysis. The concentration of BDNF was determined using a 
standard curve. The ELISA plate readings were performed by Autobio 
Labtech Instruments Co., Ltd., China.

2.4 Western blot analysis

The Western blotting technique was employed to measure protein 
expression in the frontal brain cortex of control, diabetic, hypertensive, 
and hypertensive-diabetic rats. We analyzed the expression using 
anti-ACE (Sc-23908, lot 2020, ACE2 (Sc-390851, lot H0420), mast 
cell chymase (Sc-59586), glutamine synthetase (GS; Sc-74430), and 
cytochrome c (Sc-13561) antibodies from Santa Cruz Biotechnology, 
USA), as well as anti-BDNF (MBS 2085794, MyBiosource) and anti-
TrkB (Cat No: 4603S, Cell Signaling R&D Systems, Minneapolis, MN); 
anti-Bcl-2 (Sc7382), anti-Bcl-xL (Sc-56021), anti-caspase-3 (Sc-71481) 
and α-tubulin (Sc-58667), β-actin (Sc-47778; Cruz Biotechnology, Santa 
Cruz, CA). Frontal cortex protein samples (30 to 50 µg) were separated 
on 10-15% SDS-polyacrylamide gels and subsequently transferred onto 
PVDF membranes.

After blocking the membranes with 5% non-fat milk in tris-buffered 
saline with tween 20 (TBST), primary antibodies were incubated 
overnight at 4°C: anti-ACE/ACE2, anti-chymase, anti-BDNF, anti-TrkB, 
anti-caspase-3, anti-cytochrome c, anti-GS, anti-Bcl-2, and anti-Bcl-xL. 
Mouse monoclonal β-actin and α-tubulin antibodies served as internal 
controls, and all steps were performed as outlined above. After the 
overnight incubation, the membranes were washed at least three times 
with TBST and incubated with their respective secondary horseradish 
peroxidase-conjugated antibodies (Bio-Rad, California, USA; 1:2000). 
The membranes were rinsed four times with TBST, each for 5 min. Bands 
were then detected on a LI-COR C-DiGit Blot Scanner from Biosciences, 
Lincoln, Nebraska, USA, with enhanced chemiluminescence and 
Western blotting luminol reagents mixed in a 1:1 ratio. Membranes were 
washed and treated with a mouse monoclonal β-actin antibody (1:2000, 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for internal control. 
All subsequent procedures were performed as previously mentioned. 
Densitometry analysis quantified protein bands using Image Studio 
Acquisition Software (Image-Lab 2.0.1 software). Band intensities were 
quantified by drawing a square or circle around the protein bands. The 
ratios of band intensities between the protein of interest and β-actin or 
tubulin were calculated. The band intensity ratio of the control protein 
sample to β-actin or tubulin is considered 100%. Band intensity ratios 
to β-actin were compared with the control ratios.

2.5 Statistical analysis

Data are presented as means ± SEM. Comparisons among multiple 
groups were conducted using one-way ANOVA and the Mann-Whitney 
test, while an unpaired t-test was employed for comparison analyses 
between two groups. Statistical analyses were carried out with SPSS 
version 29 and Microsoft Excel 365. A p-value under 0.05 was regarded 
as statistically significant.

3. Results

3.1 ACE and ACE2 protein expression levels in the control, diabetic, 
hypertensive, and hypertensive-diabetic rat frontal cortex

ACE is a vital enzyme that helps in producing angiotensin II (Ang 
II), a powerful vasoconstrictor that is essential for regulating blood 
pressure and cardiovascular as well as neurovascular functions. 
However, ACE2 serves as a counterregulatory enzyme that balances the 
effects of ACE by degrading Ang II to Ang (1-7), which has protective 
effects. We quantified the expression levels of these enzymes in the 
frontal brain cortex from control (non-diabetic WKY), WKY-diabetic, 
hypertensive (SHR-C), and hypertensive-diabetic (SHR-D) rats using 
Western blot analysis (Fig. 1). Densitometric analysis of the protein 
bands showed increases of 32% and 22% in ACE levels in the diabetic 
and hypertensive frontal cortex, respectively, compared to controls 
(p<0.05) (Fig. 1c). Moreover, ACE levels in hypertensive-diabetic rats 

more than doubled compared to controls (p<0.01). Additionally, ACE 
levels in hypertensive-diabetic rats were significantly higher than in 
hypertensive groups (p<0.01). No notable differences in ACE expression 
were seen between diabetic and hypertensive rats. Furthermore, the 
levels of ACE2 protein in the frontal brain cortex of Non-diabetic (C), 
diabetic, SHR-C, and SHR-D rats were assessed (Fig. 1c). Band density 
ratios indicated that ACE2 was reduced by 20% in diabetic rats (P < 
0.05 vs. controls). Furthermore, ACE2 decreased by 44% and 52% in 
SHR-C and SHR-D rats, respectively, compared to controls (P < 0.01). 
Interestingly, ACE2 levels in hypertensive and hypertensive-diabetic 
rats were also considerably lower than diabetic groups (p<0.05).

3.2 Chymase protein expression levels in the non-diabetic, diabetic, 
hypertensive, and hypertensive-diabetic rat frontal cortex

Chymase is an alternative serine protease enzyme capable of 
producing Ang II independently of ACE, particularly in tissues where 
ACE activity is low or inhibited. Chymase plays a role in local Ang 
II production from Ang I, especially under pathological conditions. In 
this study, we measured the expression levels of chymase protein in 
the frontal cortex of control, diabetic, SHR-C, and SHR-D rats using 
Western blotting (Fig. 2). Densitometric analysis of protein bands 
indicated that chymase levels increased by 40%, 32%, and 70% in the 
diabetic, SHR-C, and SHR-D brain cortices, respectively, compared to 
controls. Additionally, the chymase level in SHR-D was significantly 
higher than in both diabetic and SHR-C rats (p<0.05).

3.3 BDNF, TrkB, and GS protein expression levels in the control, diabetic, 
hypertensive, and hypertensive-diabetic rat frontal cortex

BDNF and its receptor, TrkB, are essential for brain development, 
neuronal survival, synaptic plasticity, and cognitive functions. 
Dysregulation of BDNF-TrkB signaling is known to be implicated in 
various neurological disorders. In addition, glutamine synthetase (GS) 
is a critical enzyme in the brain that protects neurons from oxidative 
stress and excitotoxicity by maintaining low levels of extracellular 
glutamate and ammonia. However, an altered level of GS under 
pathological conditions may cause neurodegenerative diseases. The 
expression levels of BDNF, TrkB, and GS proteins in the cortex of 
control, diabetic, SHR-C, and SHR-D rats were quantified by Western 
blotting (Fig. 3). Densitometry analysis of the protein bands indicated 
a considerable decrease in BDNF levels (44, 35, and 48% in diabetic, 
SHR-C, and SHR-D rats, respectively; p<0.01) than to controls (Fig. 3b). 
In addition, no notable changes were observed in BDNF expression in 
the frontal brain cortex among the diabetic, SHR-C, and SHR-D groups. 
Additionally, the protein expression level of TrkB was also quantified 
in the brain cortex of these rats. The band intensity ratio indicated that 
the levels of TrkB were significantly lower in the diabetic and SHR-D 
groups compared to controls (p<0.05), while there was no significant 
difference in TrkB levels between the control and SHR-C groups (Fig. 
3c). Furthermore, GS levels were also quantified in the cortex of all rat 
groups. The band intensity ratio data demonstrated a decrease in GS 
levels of approximately 65%, 40%, and 69% in the diabetic, SHR-C, 
and SHR-D groups, respectively, compared to controls (p<0.01) (Fig. 
3d). Moreover, the GS level in SHR-C was significantly higher than in 
the diabetic and SHR-D groups (p<0.05).

3.4 Caspase 3 and cytochrome c protein expression levels in the control, 
diabetic, hypertensive, and diabetic-hypertensive-diabetic rat frontal cortex

Dysregulation of apoptotic markers,  caspase-3, and  cytochrome 
c plays critical roles in the execution of apoptosis and is thereby 
implicated in neurodegenerative diseases. Caspase-3 and cytochrome c 
protein expression levels were measured in the frontal cortex of control, 
diabetic, SHR-C, and SHR-D rats (Fig. 4). Analysis of the protein bands 
indicated a 3-fold increase in caspase-3 expression in the diabetic 
group and a 2.5-fold increase in the SHR-D group than to controls (Fig. 
4c). However, only a 50% increase in caspase-3 levels was seen in the 
SHR-C group compared to the control. Additionally, caspase-3 levels 
were significantly higher in the diabetic and SHR-D groups compared 
to the SHR-C group (p<0.01). Moreover, cytochrome c levels doubled 



Ola et al. Journal of King Saud University - Science 2026 38 (3) 13822025

4

in diabetic rats compared to controls (p<0.05) (Fig. 4b). Notably, there 
was approximately a 5- and 6-fold increase in cytochrome c levels in 
SHR-C and SHR-D rats, respectively, compared to controls. In both 
SHR-C and SHR-D groups, cytochrome c levels were considerably 
higher than in diabetic groups (p<0.01). Interestingly, the cytochrome 
c level was also considerably higher in the SHR-D group than in the 
SHR-C group (p<0.05).

3.5 Bcl-2 and Bcl-xL expression levels in the frontal cortex of control, 
diabetic, hypertensive and hypertensive-diabetic rats

Bcl-2 and Bcl-xL are anti-apoptotic proteins that support neuronal 
survival and protect the brain from injury and disease. Dysregulation 
of Bcl-2 and Bcl-xL levels is implicated in the pathogenesis of 
neurodegenerative diseases. The expression levels of Bcl-2 and Bcl-xL 
were examined in the frontal cortex of control, diabetic, SHR-C, and 
SHR-D rats using Western blot analysis (Fig. 5). The density of the 
protein bands indicate that levels of Bcl-xL were considerably reduced 
by 30%, 60%, and 35% in the brain cortex of the diabetic, SHR-C, 
and SHR-D groups, respectively, as compared to controls (p< 0.01) 

(Fig. 5b). Furthermore, the Bcl-xL expression in the SHR-C group was 
significantly reduced than to those in the diabetic and SHR-D groups 
(p<0.05). Similarly, the expression of the anti-apoptotic protein Bcl-
2 was reduced by nearly 50%, 36%, and 72% in the brain cortex of 
the diabetic, SHR-C, and SHR-D groups, respectively, compared to 
the control group (p < 0.01) (Fig. 5c). Additionally, Bcl-2 levels in the 
SHR-D group were significantly reduced when compared to the diabetic 
and SHR-C groups (p<0.05).

3.6 Quantification of BDNF in the control and diabetic, and hypertensive-
diabetic rats frontal brain cortex by ELISA

The levels of BDNF in the homogenate of the brain cortex of 
control, diabetic, SHR-C, and SHR-D rats were assessed using the ELISA 
technique. The expression of BDNF in the brains of diabetic, SHR-C, and 
SHR-D rats was significantly decreased than the corresponding non-
diabetic control group (p < 0.01) (Fig. 6a). However, no significant 
variation in BDNF levels were exhibited among diabetic, hypertensive, 
and hypertensive-diabetic rats.

Fig. 1. Western blot analysis of ACE and ACE2 expression in the frontal cortices of control, diabetic, hypertensive, and hypertensive-diabetic rats. Band intensities were quantified 
using densitometry. Panel (a): represents ACE, ACE2, and α- tubulin band immunoblots. Panels (b), and (c) show the band intensity ratios of ACE and ACE2, respectively. C 

represents control; D represents diabetes; SHR-C represents spontaneously hypertensive rats-control; and SHR-D represents hypertensive-diabetic rats. ACE-data presented as means 
± SEM; *,#p< 0.05 vs. control; $p< 0.01 vs. controls, diabetic and SHR-C groups. ACE2-data presented as means ± SEM; *p<0.05 vs. control; #,$p<0.01 vs. control; #,$p<0.05 vs 

diabetic group. (n=5/group).

(a) (b)

(c)
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3.7 Quantification of GSH and TBARS in the control, diabetic, and 
hypertensive-diabetic rats frontal brain cortex

GSH is a critical antioxidant that shields the brain from oxidative 
stress, detoxifies harmful substances, and maintains redox balance. 
Meanwhile, TBARS serve as a biomarker for oxidative damage. Altered 
levels of GSH and TBARS are associated with neurodegenerative 
diseases. The levels of glutathione (GSH) and TBARS were quantified in 
the frontal brain cortex of control rats, as well as diabetic, SHR-C, and 
SHR-D rats, to assess the severity of oxidative stress (Figs. 6b and c). 
The antioxidant GSH level significantly decreased by 28% and 39% in 
the diabetic and SHR-D brain cortex, respectively, than to controls (p 
< 0.01). The GSH level in the SHR-D group decreased slightly but not 
significantly compared to the diabetic and SHR-C groups. Additionally, 
lipid peroxidation, indicated by TBARS levels, increased significantly 
in the diabetic, SHR-C, and SHR-D brain cortex than to non-diabetic 
controls (p < 0.01). Nonetheless, TBARS levels were insignificantly 
different among the diabetic, SHR-C, and SHR-D groups.

4. Discussion

Recently, we reported dysregulated levels of critical constituents of 
the RAS (AT1R and MAS receptors) in the rat brain cortex in the context 
of diabetes and hypertension (Oyesiji et al., 2023). In this study, we 
investigated the expression and regulation of the angiotensin-converting 
enzyme (ACE), ACE2, and chymase enzymes in the rat frontal brain 
cortex under diabetic and hypertensive conditions that may implicate 
the etiology of neurodegenerative factors. We selected the frontal cortex 
to study the RAS system and its regulation in hypertensive and diabetic 
rats, as this region is commonly examined for its roles in cognition, 
emotion, and neurological diseases. Interestingly, we found an altered 

Fig. 2. Western blot analysis of chymase expression in the frontal cortices of control, 
diabetic, and hypertensive-diabetic rats. Band intensities were quantified using 

densitometry. The upper panel (a) represents Western blots of chymase and β-actin 
bands. The lower panel (b) represents the bar graph of the band intensity ratios of 

chymase in C, D, SHR-C, and SHR-D groups. C represents control; D (diabetes); SHR-C 
(spontaneously hypertensive rats-control); and SHR-D (spontaneously hypertensive-
diabetic rats). Data presented as means ± SEM; *,#p< 0.05 vs. control, $p<0.01 vs. 

control, $p<0.05 vs. diabetic and SHR-C, (N=4/group).

Fig. 3. Western blot analysis of BDNF, GS, and TrKB expression in frontal cortices from control, diabetic, and diabetic-hypertensive rats. The band intensities were quantified 
by densitometry. Panel (a) shows immunoblots of BDNF, GS, TrkB, and β-actin bands. Panel (b) shows a bar graph of band intensity ratios of BDNF in the C, D, SHR-C, and 

SHR-D groups. Panel (c) shows the band intensity of the level of TrkB in all the groups. Panel (d) shows the level of GS in all the groups. GS represents glutamine synthetase; 
BDNF represents brain-derived neurotrophic factor; C represents control; D represents diabetes; SHR-C represents spontaneously hypertensive rats-control; and SHR-D represents 
hypertensive-diabetic rats. Data presented as means ± SEM; BDNF (*,$,#p< 0.01; vs. control); TrkB (*,$p<0.05 vs. control, #p<0.05 vs. diabetic and SHR-D); GS (*,#,$p<0.01 vs. 

control, #p<0.05 vs. diabetic and SHR-D), (n=5/group).

(a)

(a)

(c)

(b)

(b)

(d)
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expression of the Ang II-forming enzymes in the brain cortex of diabetic 
and hypertensive-diabetic rats. This imbalance in the RAS system could 
potentially lead to increased oxidative stress and apoptosis, ultimately 
contributing to cognitive decline. Numerous previous researches have 
indicated that both hypertension and diabetes disrupt the two arms of 
the RAS system, which comprise ACE/angiotensin-II (Ang-II)/(AT1R) 
and ACE2/Ang 1-7/AT2R, linked to various neurological disorders of 
the retina and brain (Ola et al., 2017; Oyesiji et al., 2023; Saavedra, 
2012; Abiodun and Ola, 2020). Indeed, our study indicates that 
components of both arms of the RAS system are dysregulated in brain 
cortex of hypertensive-diabetic rats.

The ACE enzyme was found to be highly expressed in the frontal 
cortex of the rat brain. ACE expression increased in the diabetic brain 
cortex, like those observed under hypertensive conditions (Estato et al., 
2013). However, ACE expression was heightened in the hypertensive 
brain influenced by diabetes. The additive effect of heightened ACE 
expression in the hypertensive brain due to diabetes underscores the 
complex interplay between hypertension and diabetes. These two 
conditions frequently coexist and amplify each other's pathological 
effects. Their combined impact can create a synergistic effect through 
ACE upregulation, potentially leading to severe cognitive consequences 
in the brain cortex. Reports indicate that diabetes-induced factors, 
including hyperglycemia, insulin resistance, and dyslipidemia, can 
affect ACE activity in the brain (Henriksen, 2007). In individuals with 
diabetes, increased ACE activity may raise levels of Ang II, contributing 
to inflammation, oxidative stress, and endothelial damage in cerebral 
blood vessels, ultimately leading to diabetic encephalopathy and 
cognitive decline (Bernstein et al., 2014). Hypertension is linked to 
increased ACE activity in the brain, resulting in elevated levels of 
angiotensin that can cause cerebrovascular remodeling, endothelial 
dysfunction, and neuroinflammation, thereby contributing to cognitive 
impairment and a heightened risk of stroke and dementia (Bernstein et 
al., 2007; Wang et al., 2007). Animal research has shown that inhibition 

of ACE activity or blockade of angiotensin II receptors in the brain 
can mitigate hypertension-related cerebrovascular dysfunction and 
cognitive decline (Yamada et al., 2011). Thus, targeting ACE in the brain 
may provide therapeutic opportunities to alleviate these adverse effects 
and enhance outcomes in individuals with diabetes and hypertension.

On the other hand, ACE2 counteracts the effects of ACE by converting 
angiotensin II into angiotensin-(1-7), which has vasodilatory, anti-
inflammatory, and antioxidative properties (Zuliani et al., 2005; 
Zheng et al., 2014; Chen et al., 2017). We observed a significant 
reduction in ACE2 levels in the brain cortex of rats with diabetes and 
hypertension. The decrease in ACE2 expression in the hypertensive 
brain, which is further diminished under the influence of diabetes, 
represents a notable additive effect that may worsen cerebrovascular 
and neuronal dysfunction. The decline in ACE2 expression in the brain 
may disrupt the angiotensin II/angiotensin-(1-7) ratio, leading to 
increased vasoconstriction, inflammation, and neurodegeneration. This 
reduction in ACE2 levels in the diabetic brain is supported by another 
study showing lower ACE2 expression across various brain regions, 
including the hypothalamus and cerebral vasculature, under diabetic 
conditions (Chen et al., 2017). Decreased ACE2 activity may contribute 
to neuroinflammation, oxidative stress, and endothelial dysfunction, 
which are hallmark features of diabetic encephalopathy and cognitive 
decline (Tran et al., 2022). The additive effect of diabetes on an already 
ACE2-deficient hypertensive brain may elevate Ang II and diminish 
the protective effects of angiotensin (1-7), thereby exacerbating 
neuroinflammation and increasing the risk of cognitive decline, stroke, 
and neurodegenerative diseases (Jiang et al., 2013). Restoring ACE2 
activity in the brain could be a potential therapeutic strategy for 
preventing or treating diabetic neurovascular complications (Wang et 
al., 2007). ACE2 may also play a role in neuronal survival and function 
by promoting BDNF production, a vital factor for neuronal growth 
and repair (Wang et al., 2016). However, the exact role of ACE2 in 

Fig. 4. Western blot analysis of caspase-3 and cytochrome c expression in the frontal cortices of control, diabetic, and hypertensive-diabetic rats. Panel (a) represents immunoblots 
of cytochrome c, caspase 3, and β-actin bands. The band intensities were measured using densitometry. Panel (b) represents the band intensity ratio of cytochrome c. Panel (c) 
represents the band intensity ratio of caspase-3. C represents control; D represents diabetes; SHR-C represents spontaneously hypertensive rats-control; and SHR-D represents 

spontaneously hypertensive-diabetic rats. Data presented as means ± SEM; *,#,$p< 0.01 (caspase-3 vs. controls; *,$p<0.01 vs. SHR-C); *,#,$p<0.01 (cytochrome c vs. controls, 
#,$p<0.01 vs. diabetic), (n=4/group).

(a)

(c)

(b)
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hypertension-related brain dysfunction and cognitive impairment has 
yet to be fully addressed.

Chymase-mediated angiotensin II formation bypasses the ACE 
pathway, establishing it as a crucial alternative mechanism for 
angiotensin II generation in hypertensive states (Ola et al., 2017). We 
analyzed the regulation of chymase, which has become a key factor 
in the pathophysiology of various cardiovascular and neurological 
conditions, including diabetes and hypertension (Ferrario et al., 
2021; Hendrix et al., 2013; Ahmad et al., 2013). Our results indicate 
that the chymase protein level was elevated in the rat frontal cortex 
under diabetic and hypertensive conditions. Notably, a synergistic 
effect on chymase expression in the frontal cortex was observed when 
hypertensive rats were made diabetic. This additive upregulation of 
chymase underscores its role as a key contributor to the compounded 
neurovascular risks in individuals with both conditions. Several studies 
have reported that chymase is implicated in increasing oxidative stress, 
disrupting the blood-brain barrier, and activating the pro-inflammatory 
cytokine interleukin-1β (IL-1β) in the brain, potentially exacerbating 
neuroinflammation and neuronal dysfunction in diabetes (Hendrix 
et al., 2013; Caughey, 2023). Animal studies have demonstrated 

that chymase inhibition or blockade reduces hypertension-induced 
cerebrovascular dysfunction and cognitive decline, emphasizing the 
potential therapeutic utility of targeting chymase in hypertensive brain 
diseases (Hendrix et al., 2013; Ahmad et al., 2013; Caughey, 2023). 
Therefore, targeting chymase may present therapeutic opportunities for 
alleviating these adverse effects and improving outcomes in diabetic 
and hypertensive conditions.

Diabetes is known to increase the production of reactive oxygen 
species (ROS) and decrease antioxidant levels, resulting in cell damage 
and neurodegeneration. This study demonstrated a significant increase 
in lipid peroxidation in the frontal cortex of diabetic, hypertensive, and 
hypertensive-diabetic rats. The level of the endogenous antioxidant 
glutathione also declined in the frontal brain cortex of diabetic, 
hypertensive, and hypertensive-diabetic rats compared to the controls, 
echoing findings from various organs in diabetes (Girouard, 2007). 
Oxidative stress caused by diabetes and hypertensive conditions is 
known to promote apoptosis. In fact, we observed higher levels of 
cytochrome c and caspase-3 expression, along with lower levels of 
the anti-apoptotic proteins Bcl-2 and Bcl-xL in the brain cortex of 
diabetic and spontaneously hypertensive rats. Both Bcl-2 and Bcl-xL 
are anti-apoptotic proteins, and their expression is tightly regulated 

Fig. 5. Western blot analysis of Bcl-2 and Bcl-xL expression in the frontal cortices 
of control, diabetic, and hypertensive-diabetic rats. Panel (a) represents a blot image 
of Bcl-2, Bcl-xL, and β-actin. The band intensities were quantified by densitometry. 

Panels (b) and (c) display data as band intensity ratios of the proteins to β-actin. Data 
are expressed as means ± SEM; Bcl-xL (*, #, $, p < 0.01, significantly different from 

controls; *,$ p<0.05 vs. SHR-C); Bcl-2 (*, #, $, p<0.01 vs. control; $ p<0.05 vs. 
diabetic and SHR-C). Bcl-2 refers to B-cell lymphoma 2. BCL-xL means Bcl-2-associated 

XL protein. C represents control, D is diabetic, SHR-C indicates hypertensive rats-
control, SHR-D indicates hypertensive-diabetic rats; n = 5 per group.

Fig. 6. (a-c) Quantification of brain-derived neurotrophic factor (BDNF), glutathione 
(GSH), and thiobarbituric acid reactive substances (TBARS) in the brain cortices of 

control (C), diabetic (D), hypertensive (SHR), and hypertensive-diabetic (SHR-D) rats. 
Values are expressed as means ± SEM; BDNF: (*p < 0.01, compared to control); 
TBARS: (*,#p < 0.05 vs. control); GSH: (*,#p < 0.05 vs. control), n = 7 per group.

(a) (a)

(c)
(c)

(b)

(b)
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under various pathological conditions. In SHR-D, elevated levels of 
angiotensin II (Ang II) have been reported compared to normotensive 
controls (Singh et al., 2008). Additionally, persistent hyperglycemia in 
diabetic rats contributes to metabolic stress. These factors are known to 
differentially influence the regulation of apoptotic pathways in fibrotic 
and inflammatory tissue environments. The observed downregulation 
of Bcl-2 and upregulation of Bcl-xL in SHR diabetic rats may reflect a 
compensatory or adaptive response to sustained hemodynamic stress 
and chronic hyperglycemia. These conditions act as primary factors 
driving the altered expression patterns, contributing to the complex 
apoptotic signaling seen in SHR-D rats compared to non-diabetic and 
non-hypertensive controls. The increased levels of pro-apoptotic factors, 
along with decreased anti-apoptotic proteins in the diabetic brain 
cortex, may be linked to heightened neurodegeneration and diminished 
axonal regeneration, which are consistent indicators of apoptosis (Mohr 
et al., 2002).

BDNF is essential for neuronal survival and maintenance (Ola et 
al., 2013). It interacts with the TrkB receptor, triggering signaling 
pathways that promote cell proliferation and survival (Yoshii and 
Constantine-Paton, 2010). In contrast, proBDNF, the precursor to BDNF, 
induces apoptosis and reduces neurotransmission by activating the p75 
receptor (Teng et al., 2005). Our lab previously identified a reduction in 
neurotrophic factors in the retinas of diabetic rats, alongside a decrease 
in TrkB expression levels (Ola et al., 2013). Consistent with earlier 
studies, we also noted a decline in BDNF expression under diabetic 
and hypertensive conditions, which correlated with increased ACE 
and chymase levels and a reduced level of ACE2 (Wang et al., 2016). 
Moreover, the levels of TrkB and GS were diminished in the brains 
of both the diabetic and hypertensive-diabetic groups, potentially 
resulting in a lack of neurotrophic support that may contribute to 
neurodegeneration in the brain.

The analyses of protein expression for critical enzymes that control 
Ang II peptide levels and regulate the RAS system indicate that these 
enzymes are highly expressed in the rat frontal cortex. A comparison 
of ACE and chymase expression showed a notable increase in their 
levels in the frontal cortex under diabetic and hypertensive-diabetic 
conditions, while the ACE2 level declined. The compounded effect 
of heightened ACE and chymase expression, combined with reduced 
ACE2 expression in the hypertensive-diabetic brain cortex due to 
diabetes, may worsen pathological consequences, leading to neuronal 
dysfunction. Consequently, diabetes and/or hypertension may disrupt 
early neurotrophic support in the brain cortex. This disruption could 
impair signaling through TrkB and GS in later stages, causing damage 
to the neurons. The dysregulated RAS components in hypertensive-
diabetic conditions might diminish neurotrophic effects by enhancing 
apoptotic and oxidative stress pathways, resulting in neurodegeneration 
in the brain.

5. Conclusions

The combined effects of ACE upregulation, ACE2 downregulation, 
and increased chymase expression in the hypertensive-diabetic brain 
cortex may intensify the pathophysiology of neuronal damage and 
encephalopathy. These changes likely elevate oxidative stress and 
apoptosis pathways, leading to neurodegeneration. However, further 
research is necessary to better understand how diabetes impacts 
hypertensive signaling pathways, which may influence inflammation 
and contribute to neurodegeneration in the diabetic brain cortex.
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