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A B S T R A C T   

Hippocampal pathology in diabetes is constantly investigated but the resultant health impact of the concomitant 
presence of alcohol and combined antiretroviral therapy (cART) in diabetes requires further studies to delineate 
toxicities inimical to hippocampal normal function. Forty-eight male Sprague Dawley rats were divided into 
eight groups (n = 6): negative control (NC), alcohol (AL), cART (AV), alcohol-cART (AA), diabetic control (DB), 
diabetes-alcohol (DAL), diabetes-cART (DAV), and diabetes-alcohol-cART (DAA) exposure groups. Following 
diabetes induction and sub-chronic (90 days) treatment exposure, hippocampal homogenates were profiled for 
pro-inflammatory cytokines and oxidative stress (MDA and GPx) using immunoassay, while apoptotic genes 
(BAX, Bcl2, and Caspase-3), insulin receptor genes (INSR and IRS-1), and blood-brain barrier (BBB) junctional 
proteins (claudin-5, and occludin) gene expression were assessed using qPCR. Histomorphology of hippocampal 
neuronal number, nuclei area, and volume of dentate gyrus and neurogenesis were accessed using Giemsa stain, 
Ki67, and DCX histochemistry respectively. A central hippocampal effect that underpins all treatments is the 
reduction of DG neuronal number and antioxidant (GPx), highlighting the venerability of the hippocampal 
dentate gyrus neurons to diabetes, alcohol, cART, and their combinatorial interactions. Additionally, elevated 
BAX, Bcl2, and IRS1 mRNA levels in the DAL group, and their downregulation in AA, suggests IRS-1-regulated 
apoptosis due to differential modulating effects of alcohol treatment in diabetes (DAL) in contrast to alcohol 
with cART (AA). Although the interaction in AA therapy ameliorated the independent alcohol and cART effects 
on MDA levels, pro-inflammatory cytokines, and DCX, the interaction in AA exacerbated a deficiency in the 
expression of INSR, IRS-1 (insulin sensitivity), and BBB mRNA which are implicated in the pathogenies of dia
betes. Furthermore, the diabetic comorbidity groups (DAV, DAL, and DAA) all share a central effect of elevated 
hippocampal oxidative stress, BAX, and Caspase-3 mRNA expression with the reduced number of hippocampal 
neurons, dentate gyrus volume, and neurogenesis, highlighting neurodegenerative and cognitive deficiency 
implication of these comorbidity treatments. Considering these findings, assessment of hippocampal well-being 
in patients with these comorbidities/treatment combinations is invaluable and caution is advised particularly in 
alcohol use with cART prophylaxis in diabetes.   

1. Introduction 

Type 2 diabetes (T2D) is one of the most common chronic health and 
socio-economic problems in South Africa and globally [59,73]. Diabetes 
is classified into the general categories of type 1, type 2, gestational 
diabetes, and specific type of diabetes [6]. Specific diabetes includes 
monogenic diabetes syndrome, diseases of the exocrine pancreas, and 
recently drug or chemical-induced diabetes such as disease (for example 
Covid-19) associated diabetes [1]. Incidentally, combined antiretroviral 

therapy (cART), the first-line drug for the treatment of HIV/AIDS has 
been associated with metabolic syndrome and the pathogenesis of type 2 
diabetes [12,45]. Additionally, lifestyle factors such as alcohol use/a
buse can exert chemotoxicity, resulting in diabetes [14,25]. Conse
quently, chronic cART-induced diabetes is gradually becoming 
prevalent as a high proportion of individuals who are on chronic med
ications and regularly use alcohol may develop diabetes [23,36]. As 
reports indicate the continued spread of HIV/AIDS and cART in 
sub-Saharan Africa and globally [68,71], it is therefore of interest to 
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investigate the possible combined impact of cART and alcohol intake in 
diabetic individuals. Furthermore, this alcohol cART co-morbidity under 
a diabetic condition may require multiple drug therapy investigations to 
elucidate its health impact, especially on glucose-sensitive organs such 
as the brain. 

The hippocampus is sensitive to insulin signalling and glucose ho
meostasis for the regulation of cognitive, memory, neurogenesis, and 
neuroprotective functions [34,53,70]. Hippocampal neurons and 
endothelial cells contain several membrane-bound insulin receptors 
(INSR), which recruit intracellular adapter proteins; insulin receptor 
substrate (IRS-1) in the canonical insulin signalling and mediate glucose 
uptake into cells [75]; [21]; [50]. Additionally, the penetration of drugs, 
chemicals, and inflammatory cytokines produced by microglial cells, 
into the hippocampus is tightly regulated [13,32] through junctional 
blood-brain barrier (BBB) proteins claudin-5 and occludin [19] located 
on hippocampal endothelial cells. However, the presence of chemical 
toxicants can disturb the BBB structural integrity. Therefore, the pres
ence of alcohol, cART and diabetes may induce perturbations in the 
normal physiological regulation of insulin receptors, BBB proteins, and 
cytokines which may induce a cascade of events associated with 
oxidative stress, apoptosis, and compromised neurogenesis which are all 
independently reported in alcohol, cART, and diabetes [26,54,67,72]. 
Similarly, diabetes, alcohol, and cART are independently associated 
with hippocampal and cognitive impairment [44,46,58], and conse
quently their comorbidity (cART+ diabetes) showed an exacerbated 
effect [5]. However, the interaction of alcohol use with diabetes (alcohol 
+diabetes), the concomitant presence of cART and alcohol in the normal 
rat hippocampus (cART +alcohol), and in the diabetic hippocampus 
(alcohol + cART + diabetes) remains unclear. Therefore, the adverse 
effects of the co-presence of alcohol, cART, and diabetes on some mo
lecular and histopathological parameters in the hippocampus that may 
negatively impact cognition require further elucidation for possible 
related neuropathological effects, especially as it relates to diabetic in
dividuals living with HIV/AIDS, who consume alcohol regularly. 

Clinical management of comorbidity patients often requires multiple 
drug therapy which commonly is associated with several independent 
side effects but cumulative drug-drug interaction between therapies [30, 
39] could together become detrimental to overall patient health. 
Therefore, this study is designed to investigate the dual presence of 
cART administration and alcohol intake in type 2 diabetes for its 
attendant hippocampal effects relative to oxidative stress, neurogenesis 
and hippocampal insulin receptors. Additionally, we investigated the 
differential hippocampal toxicosis that may exists following the inter
action of alcohol with cART, and the interactions of either alcohol or 
cART with diabetes in contrast to the hippocampal toxicity indepen
dently induced by alcohol, cART and diabetes. 

Additionally, the use of an HIV naïve model in the current study 
excluded the possible impact (pathologies) associated with the presence 
of HIV on tissue-drug-disease interactions and enabled the toxicity of 
diabetes + alcohol + cART combinations to be studied and documented. 
We hypothesized that oxidative stress and neuroinflammation are cen
tral to most of the hippocampal pathologies induced. We used hippo
campal tissue homogenates for the analysis of pro-inflammatory 
cytokines, oxidative and anti-oxidative enzymes. To evaluate the dia
betogenic, metabolic, and neurodegenerative effects of these treatments 
specifically on the hippocampus, the molecular expression for insulin 
receptors and apoptosis in the hippocampus was described. We illustrate 
the histopathology of our molecular and biochemical findings by eval
uating the impact of these treatments on the histomorphometry and 
immunostaining of neurons for associated toxicosis such as atrophy and 
deficit neurogenesis. We showed a novel effect of deficit antioxidant and 
dentate gyrus neurons as a uniform pathological effect across all 
different combinations of treatments. 

2. Materials and methods 

2.1. Chemicals 

Oxidative stress markers were assessed using a malondialdehyde 
(MDA) Colorimetric assay kit: TBA method (Elabscience, Houston, Texas 
USA; E-BC-K025-M), and Glutathione Peroxidase (GSH-Px) Activity 
Assay Kit (Elabscience, Houston, Texas USA; E-BC-K096-M WST-1 
Method). For PCR, TRIzol reagent (Merck; T9424), iso-propanol 
(Merck; B6916), cDNA using a high-capacity cDNA RT kit (Applied 
Biosystems; 4368814), Power Up SYBER Green Master Mix (Applied 
Biosystems; A25742; Austin, Texas, USA), Forward and Reverse Primer 
were procured from Inqaba Biotechnical industries (Hatfield, Pretoria, 
South Africa). 

2.2. Animal housing 

Forty-eight adult male Sprague Dawley rats were housed separately 
under clean conditions in cages. For the duration of the experiment, the 
rats had free access to drinking water or alcohol, and rat chow according 
to their allocated group treatment. Daily water or alcohol intake and 
weekly normal rat chow consumed in treated and untreated animals 
were measured by recording the amount of water or alcohol remaining 
using a measuring cylinder and weighing the remaining rat chow. The 
rats were weighed weekly, and non-fasting glucose tests, biweekly 
fasting glucose tests, and monthly oral glucose tolerance tests were 
carried out. 

2.3. Experimental design 

The rats were divided into eight groups (n = 6), the first four groups 
consist of non-diabetic animals and include; Negative control, untreated 
animals (NC), alcohol alone, received 10% alcohol in distilled water v/v 
ad libitum (AL), cART alone, received only antiretroviral medication 
23.22 mg /Kg body weight daily as an extrapolated daily recommended 
cART dose (containing efavirenz 600 mg+ emtricitabine 200 mg+
tenofovir 245 mg) in gelatine cubes (AV), alcohol and cART, received 
the same dose of alcohol and cART (AA). The gelatine route of admin
istration used in the present study was chosen to mimic the recom
mended oral route of administration of cART. The animals body weight 
was used to calculate the equivalent dose of cART which was added to 
gelatine pellets and daily fed to the animals orally. The other four groups 
consist of animals in which diabetes was induced using previously re
ported adapted protocol involving streptozotocin and fructose feeding 
[5,74]. These diabetic groups include, diabetic control, diabetic with no 
treatment (DB), diabetes and alcohol administration (DAL), diabetes and 
cART treatment (DAV), and diabetes, alcohol, and ART (DAA), all 
treatments commenced with the rats at 13 weeks of age-old and were 
carried out for 90 days after which animals were terminated, brains 
excised, and One hemisphere was fixed in 0.4 paraformaldehyde for 
histology and the other hemisphere was stored at − 80◦C for immuno
assay and molecular analysis. 

2.4. Quantitative qPCR for junctional proteins, insulin receptors, and 
apoptotic markers 

2.4.1. RNA extraction 
From each brain sample, total RNA was extracted by homogenizing 

samples in TRIzol reagent (Merck; T9424) at a ratio of 30 mg tissue to 
1000 µl Tri-reagent using a handheld tissue grinder G-50 (Coyote 
Bioscience, Jiangsu, China). The homogenates were vortexed for 15 s, 
followed by 200 µl of chloroform vortexed again and allowed to stand 
for 3 min at room temperature. The samples were centrifuged at 14,000 
rpm for 15 min, the supernatant was collected, and 500 µl iso-propanol 
(Merck; B6916) was added and centrifuged at 14,000 rpm for 15 min. 
The supernatant was decanted and 1000 µl of 75% alcohol was added to 
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the pellet and centrifuged at 8000 rpm for 5 min. Alcohol was poured off 
and pellets were resuspended in RNAase-free water, heated at 60 ◦C, 
cooled then stored at − 80◦C for further analysis. Subsequently, the RNA 
samples were analysed using a Nano-Drop® spectrophotometer, Series 
ND-100 to determine the RNA concentration and purity, thereafter RNA 
samples were stored at 80 ◦C. 

2.4.2. cDNA synthesis 
RNA samples were diluted according to their concentrations to a 

final concentration of 50 µg/µl. Total RNA was used in a reverse tran
scriptase reaction to synthesize cDNA using a high-capacity cDNA RT kit 
(Applied Biosystems; 4368814). Ten microlitres of 2x RT master mix and 
10 µl of RNA samples were pipetted into each well of a 96-well plate, 
which were centrifuged at 2500 rpm for 2 min. The thermocycler for a 
reaction volume of 20 µl was set at 25 ◦C for 10 min, 37 ◦C for 60 min x2, 
85 ◦C for 1 min, and 4 ◦C for infinity. 

2.4.3. qPCR experiment 
The standard guidelines and minimum information for publication of 

quantitative real-time PCR experiments (MIQE) were followed. The 
samples, their relevant controls, and inter-plate calibrators were orga
nized in triplicates. Quant studio 1, 96 well plate detection system 
(Thermofisher Scientific, Massachusetts, USA) was set up to run quan
titative PCR expression of BAX, Bcl2, claudin-5, Caspase-3, INSR, IRS-1, 
and occludin in the cDNA samples. Each 12 µl PCR well contained 1.52 
µl of RNAase- free water, 6 µl Power Up SYBER Green Master Mix 
(Applied Biosystems; A25742; Austin, Texas, USA), 0.24 Forward and 
Reverse Primer, and 4 µl diluted cDNA samples. Thermocycler condi
tions were set for a reaction volume of 12 µl, the hold step was set at 
50 ◦C for 2 min, 95 ◦C for 2 min (X40 cycles), the PCR step was set at 
95 ◦C for 15 s, 60 ◦C for 1 min, 72 ◦C for 1 min, and melt curve step was 
sat at 95 ◦C for 15 s, 95 ◦C for 15 s, 60 ◦C for 1 min and 95 ◦C for 15 s. 
Two housekeeping genes (β actin and GAPDH) were used to control for 
error and all primers were procured from Inquaba Biotechnical in
dustries (Hatfield, Pretoria, South Africa). Samples were quantified by a 
standard curve and the calculation of the expression fold for each gene of 
interest was by the ΔΔ CT method. The primer pair sequence for each 
gene of interest and housekeeping gene was designed on the IDT website 
and verified using the Oligoanalyser tool (Table 1). 

2.5. Enzyme-linked immunoassay of proinflammatory cytokines (IL-1α, 
IL-6, TNFα) and oxidative stress markers (GPX, and MDA) 

Dissected brain samples from each hemisphere per animal were 
homogenized and used were used to run an enzyme-linked immuno
sorbent assay for proinflammatory cytokines (Rat IL-1α, Rat IL-6, Rat 

TNFα) according to the manufacturer’s protocol (Elabscience, USA; E- 
EL-R0011, E-EL-R0015, E-EL-R0019 respectively). Oxidative stress 
markers were assessed using a malondialdehyde (MDA) Colorimetric 
assay kit: TBA method (Elabscience, Houston, Texas USA; E-BC-K025- 
M), and Glutathione Peroxidase (GSH-Px) Activity Assay Kit (Elabs
cience, Houston, Texas USA; E-BC-K096-M WST-1 Method). All samples 
were diluted 1:2, all standards, and run-in duplicates. The optical den
sity (OD) values were read at 450 nm. The analysis for MDA was ac
cording to the TBA colorimetric method following the manufacturer’s 
protocol, the concentration was calculated in μmol/g protein. The OD 
was read at 620 nm using an Anthos 2010, 96 well plate reader coupled 
to an ADAP software. OriginPro software was used to calculate the 
concentration of cytokines in the samples from obtained OD values ac
cording to the manufacturer’s directions in pg/ml. The total protein 
concentration for each sample of brain homogenate was tested using 
Bradford reagent., The standards were made up in bovine serum albu
min (BSA), and the calculated concentration of protein in each sample 
was applied in calculating the final concentration of cytokines (pg/mg of 
protein). 

2.6. Histomorphometry using Giemsa stain and immunohistochemistry for 
neurogenesis 

Each brain hemisphere per animal (in each treatment group) was 
placed in sucrose overnight and mounted on a freezing microtome with 
dry ice and sucrose and cut in the sagittal plane at 50 µm. Six brain 
sections were serially collected (36 sections per group) at 300 µm apart, 
between Bregma plate 169 to plate 177 corresponding to the rat brain 
atlas [52]. The first series of sections were stained with Giemsa solution 
(Sigma-Aldrich, Product number 1.09204.00) made up in potassium 
dihydrogen phosphate (pH 4.5) for neuronal histomorphology, while 
the next two series of sections were used for immunohistochemical 
labelling of Ki67 and DCX, respectively. 

2.6.1. Neuronal number and nuclei area 
Within each Giemsa-stained section, nine camera fields were 

captured at X1000 magnification from uniformly selected areas of the 
hippocampal regions. Two camera fields each were captured within the 
CA1 and CA3 regions respectively while five camera fields were 
captured from the dentate gyrus (DG) region; two from each arm and 
one from the apex of the dentate gyrus giving a total of three hundred 
and twenty-four camera fields per group that was analysed. The number 
of neurons and nuclei area in the upper focal plane of these camera fields 
were determined using the cell counter and trace plugins of ImageJ 
software respectively. Only neurons with a vesicular nucleus and cen
trally placed nucleoli were measured and counted. Representative 
photomicrographs were compiled using Microsoft Visio and no manip
ulation was made to the captured images except for brightness and 
contrast. 

2.6.2. Volume of the dentate gyrus 
Photomicrographs of the Giemsa-stained dorsal hippocampus of 

each brain section was obtained using a Leica ICC50 HD video camera 
linked to a Leica DM 500 microscope (Leica Biosystems, USA). Within 
each section, the entire dorsal hippocampus was captured at X25 
magnification, all 6 camera fields per group were imported in a stacked 
sequence, and the image j Volumest plugin was used in quantifying the 
volume of the granular layer and molecular layer in the dentate gyrus of 
each animal per group. The Volumest plugin entails a combination of the 
grid and Cavalieri’s principle obtained by tracing out the region of in
terest for each of these layers in each camera field of an image sequence 
and the estimated volume for each layer was obtained in mm3. 

2.6.3. Immunohistochemistry for neurogenesis 
From each brain hemisphere, six sections between plates 172–177 

were selected using the atlas of the rat brain [52] for each histochemical 

Table 1 
Primer sequence for the gene of interest and housekeeping genes.  

Gene Primer pairs 

BAX Fwd: 5′GGTGAACTGGGGGAGGATTG3′

Rev: 5′AGAGCGATGTTGTCCACCAG3′

Bcl2 Fwd: 5′GGTGAACTGGGGGAGGATTG3′

Rev: 5′AGAGCGATGTTGTCCACCAG3′

Caspase-3 Fwd: 5′GGAGCTTGGAACGCGAAGA3′

Rev: 5′ACACAAGCCCATTTCAGGGT3′

Claudin-5 Fwd: 5′CGAGGCAAGTTAGGTTGGGT3′

Rev: 5′GGTCGGTCAAGTCCTCACAA3′

Occludin Fwd: 5′TTCTGTGCTCACAGGTGGTT3′

Rev: 5′TGGGCTGGATGCCAATTTAGT3′

INSR Fwd: 5′TGTGACTGATTATTTAGATGTCCCA3′

Rev: 5′CATCTGGCTGCCTCTTCCTC3′

IRS-1 Fwd: 5′CTGCATAATCGGGCAAAGGC’ 
Rev: 5′GCCCGTGTCATAGCTCAAGT3′

GAPDH 
Housekeeping 

Fwd: 5′AAGAAGGTGGTGAAGCA GG3′

Rev:5′CAAAGGTGGAAGAATGG GAG3′

ACTB 
Housekeeping 

Fwd: 5′AACCTTCTTGCAGCTCCTC3′

Rev: 5′ACCCATACCCACCATCAC AC3′
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labelling. Free-floating brain sections in 24 well plates first underwent 
endogenous peroxidase inhibition with 50% methanol, 50% PB, and 
1.66% hydrogen peroxide. Sections were washed, then blocked in 3% 
normal goat serum, 2% (BSA), and 0.25% Triton x 100 in 0.1 M PB for 
2hrs at room temperature, followed by incubation in the primary anti
bodies (rabbit polyclonal antibody; Abcam, Cambridge, MA, USA), Ki67 
and DCX (Abcam, USA; AB15580 and AB18723 respectively) with 
dilution factors 1:1000 and 1:3000 respectively for 48 hrs. The sections 
were washed with 0.1PB and incubated for 2 hr with secondary antibody 
(goat anti-rabbit antibody IgGs; Vectastain, Burlingame, CA USA). 
Washed and incubated for 1 hr with ABC kit (Vectastain, Burlingame, CA 
USA) and stained with DAB, mounted on gelatine-coated slides, dehy
drated, and cleared in xylene. Control sections were incubated in 
0.1MPB omitting the primary antibody. Photomicrographs of Ki67 and 
DCX immunolocalized dorsal hippocampus brain sections were obtained 
and counts of immunolabelled cells were determined by the cell counter 
plugin of Image J. Only DCX cells in the upper focal plane with a pale 
centrally placed centre were counted while immunolocalized cells for 
Ki67 were counted in clusters. 

2.7. Statistical analysis 

The diabetic parameters, number, and nuclei area of neurons in 
hippocampal regions, concentrations of cytokines and oxidative 
markers, expression of hippocampal Ki67 and DCX labelling as well as 
gene expression mRNA levels of insulin receptors, junctional and 

apoptotic genes were recorded as mean ± SEM. The data were subjected 
to a normality test using the Shapiro-Wilks test, parametric data were 
analysed using a one-way ANOVA test and a Post hoc Bonferroni’s test 
was conducted to determine the difference between the groups. 
Nonparametric data were analysed by the Kruskal Wallis test and a Post 
hoc Duncan’s pairwise analysis. The results with P < 0.05 were regarded 
as significant. All data analysis was carried out using the IBM SPSS 
statistics version 28. 

2.8. Ethical clearance 

This study was approved by the Animal Research Ethics Committee 
(approval number 2018/011/58/C) of the University of the Witwa
tersrand. All experimental animal handling and treatments were carried 
out according to the standards and principles set forth by this 
committee. 

3. Results 

3.1. Food, fluid consumption, and blood glucose across experimental 
groups 

A decrease in food intake across treated groups was observed with a 
significant reduction in AL, AA, DAL, and DAA compared to the control 
(Fig. 1A). The diabetic groups consumed more fluid compared to the 
other groups with a significant increase in water consumption in DB and 

Fig. 1. Mean food and fluid intake, non-fasting, and fasting blood glucose across groups. A) Significant difference in mean food intake between groups (One way 
ANOVA P = 0.001). B) Significant difference in mean fluid intake between groups (Kruskal Wallis test, P = 0.001). C, D) Significant difference in mean random NFBG 
and FBG (One way ANOVA P > 0.001). n = 6 ‘*’ significantly different compared to control, ‘#’ significantly different compared to diabetes P ≤ 0.05. NC: Control, 
AV: cART, AL: alcohol, AA: cART and alcohol, DB: diabetic, DAV: diabetic and cART, DAL: diabetic and alcohol, DAA diabetic cART and alcohol. 
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3.4. Proinflammatory cytokines and oxidative stress markers 

The mean concentrations of proinflammatory cytokines across all the 
experimental groups are reported in Table 2. The concentration of IL-6 is 
significantly elevated in the AL, AV, and DAA groups compared to the 
control and AA groups. The concentration level of TNFα is significantly 
elevated in AL and AV groups compared to the control. While the con
centration level of IL-1α is significantly elevated in the AL and DAA 
groups compared to the control and AA groups. Furthermore, the con
centration of IL-1α, IL-6, and TNFα in DB and DAV groups reduced 
significantly against the control and all other treated groups but no 
significant difference occurs between cytokine levels in DB and DAV 
groups (Table 2). The lipid peroxidation levels recorded are significantly 
increased in all the experimental groups (AL, AV, DB, DAV, DAL, and 
DAA) in comparison to the control except for the AA group. However, 
MDA levels in the AL and DAV group were significantly increased 
compared to the AA group. Also, the antioxidant (GPX) level was 
significantly reduced in all the experimental groups (AL, AV, AA, DB, 
DAV, DAL, and DAA) relative to the control and significantly reduced in 
the AA, DB, DAV, and DAL groups compared to AL and DAA groups 
(Table 2). 

3.5. Mean expression of membrane-associated junctional proteins in the 
hippocampal tissue 

The analysis of claudin-5 and occludin expression levels in the hip
pocampus reveals mostly the downregulation of these junctional pro
teins across the experimental groups (Fig. 3 A-B). Claudin-5 was 
observed to be significantly downregulated in the AA, AV, DB, and DAV 
groups compared to the control (P = 0.031, 0.004, 0.034, and 0.043) 
but downregulated in the AV group compared to the AL, DB, DAV, DAL, 
and DAA groups (P = 0.004, 0.015, 0.007, 0.001, 0.027; Fig. 3A). 
Occludin was significantly downregulated in the DAA group compared 
to the control (P = 0.045) and also downregulated in the AA and DB 
groups compared to the control (P = 0.023, 0.017), AV (P = 0.003, 
0.001) and DAL groups (P = 0.025 and 0.002; Fig. 3 B). 

3.6. Mean fold expression of apoptotic genes in hippocampal tissue 

The mRNA expression of the three major apoptotic markers is shown 
in Fig. 3 with significant up up-regulation of Bcl2 in the DAL, and DAA 
groups compared to the control (P = 0.045, and 0.029 respectively), and 
compared to the DB (P = 0.001) and DAV groups (P = 0.018 and 0.015). 
Conversely, Bcl2 mRNA expression in the AA group is downregulated 
compared to control, AL, AV, DAL, and DAA (P = 0.03, 0.039, 0.023, 
0.015, and 0.001 respectively, Fig. 4A). For BAX, a significant up- 
regulation was observed in the DAL compared to the control, AL, and 
DB groups (P = 0.001) and upregulated in the AL, DB, DAV, and DAA 
groups compared to the control (P = 0.01) and AV groups (P = 0.001). 

Similarly, BAX mRNA expression in the AA group is downregulated 
compared to control, AL, AV, DB, DAV, DAL, and DAA (P = 0.032, 
0.014, 0.05, 0.031, 0.048, 0.001, 0.04 respectively, Fig. 4B). Caspase-3 
in DB, DAV, DAL, and DAA was significantly upregulated against the 
control (P = 0.037, 0.001, 0.020, and 0.036) and AA (P = 0.032, 0.001, 
0.017, and 0.031); and significantly upregulated in DAV compared to AL 
and AV treated groups (P = 0.009 and 0.003, Fig. 4C). The ratio of BAX 
to Bcl2 reveal increased fold expression of BAX mRNA compared to Bcl2 
in the AL, DB, DAV, DAL and DAA, a reduced ratio in the AV and uniform 
levels in the AA group (Fig. 4D). 

3.7. Mean number of neurons in different hippocampal regions 

The estimated number of neurons in different hippocampal regions 
was significantly reduced, mostly in the diabetic groups (DB, DAV, DAL, 
and DAA) compared to other groups (Figs. 5–7). In the CA1 region, a 
uniform row of principal cells (circle, Fig. 5) and few peripheral glial 
cells (black arrows, Fig. 5) are seen in the NC group, followed closely by 
the AA, and AV groups. The CA1 neuronal number (CA1N) in the DAV, 
DAL, and DAA are significantly reduced compared to control, AL, AV, 
AA, and DB (P = 0.001). AL and DB are significantly decreased 
compared to control (P = 0.007 and 0.004; Fig. 5A) with a thin row of 
neurons, of which some present pyknotic nuclei (red arrows, Fig. 5) 
observed especially in the DAA group. In the CA3 region, a cluster of 
uniformly sized cell neurons with few glial cell nuclei are observed in the 
control group, and slightly similar histology was observed in the AA, and 
AV groups (Fig. 6). There number of neurons in the CA3 (CA3N) is 
significantly reduced in the DAV and DAL are significantly reduced 
compared to control (P = 0.001), AV (P = 0.016 and 0.005) and AA 
(P = 0.001), while DAA is significantly reduced compared to control, 
AL, AV, AA, and DB (P = 0.001, 0.013, 0.001, 0.001 and 0.019; Fig. 6A, 
P < 0.05). Additionally, the neurons in the diabetic comorbidity groups 
(DAV, DAL, and DAA) appeared dispersed and diffused with few cells 
pyknotic (red arrows, Fig. 6). In the DG region, a wide and dense layer of 
granular cell neurons are observed in the control group (Fig. 7) with a 
significant reduction in neuronal number in all the experimental groups 
compared to the control (P < 0.05, Fig. 7A). The AL, AV, AA, DB, and 
DAA are significantly reduced compared to control (P = 0.001). DAL is 
significantly decreased compared to control and AV (P = 0.001 and 
0.003). The DAV group is the most severely affected with significantly 
reduced DG neuronal number relative to the control, AL, AV, AA, and 
DAA groups (P = 0.001, 0.033, 0.001, 0.004, and 0.044 respectively;  
Fig. 8A), followed by the DAL with fewer granular neurons (Fig. 7). 

3.8. Mean neuronal nuclei in different hippocampal regions 

The neuronal nuclei area at all hippocampal regions (CA1, CA3, and 
DG) are significantly increased in the DB group compared to the control 
(NC), AV, DAV, DAL, and DAA groups (P = 0.05, Fig. 5 A,6 A, and 7 A), 

Table 2 
Mean concentration of cytokines IL-1α, IL-6, TNFα, and oxidative stress markers MDA and GPx in hippocampal tissue homogenate.   

IL-6 (pg/ mg protein) TNF-α 
(pg/ mg protein) 

IL-1α 
(pg/ mg protein) 

GPx 
(pg/ mg protein) 

MDA 
(µmol/g protein)  

Mean Std Err Mean Std Err Mean Std Err Mean Std Err Mean Std Err 

NC  1.507 0.02  1.187 0.05  3.349 0.09  2.165 0.08  0.032 0.001 
AL  1.888 0.10*#  1.429 0.04*#  3.982 0.2*#  1.505 0.09*#  0.077 0.002* 
AV  1.840 0.05*#  1.333 0.03*#  3.774 0.15*#  1.278 0.01*  0.069 0.002* 
AA  1.517 0.05#  1.098 0.03#  3.132 0.22#  1.186 0.01*  0.044 0.002 
DB  1.104 0.01*  0.826 0.03*  2.455 0.01*  1.193 0.05*  0.065 0.006* 
DAV  0.981 0.07*  0.847 0.01*  2.527 0.22*  1.187 0.04*  0.083 0.011* 
DAL  1.780 0.11#  1.260 0.12#  3.908 0.13#  1.116 0.01*  0.066 0.004* 
DAA  2.008 0.09*#  1.272 0.01#  4.035 0.12*#  1.476 0.10*#  0.061 0.002* 

Data reported as mean ± SEM. Significant difference in the mean concentration of cytokines (IL-1α, IL-6, TNFα), MDA, and GPX between groups (One way ANOVA 
P = 0.001). ‘*’ is significantly different compared to the control, and ‘#’ is significantly different compared to diabetes P ≤ 0.05. n = 4. Key: NC: Control, AV: cART, 
AL: alcohol, AA: cART and alcohol, DB: diabetic, DAV: diabetic and cART, DAL: diabetic and alcohol, DAA diabetic cART and alcohol. 
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