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Abstract

Selenium nanoparticles (SeNPs) are well reported to exhibit pharmacological activities both in vitro and in vivo. However,
literature is devoid of studies on the impact of SeNPs and/or metformin (M) against streptozotocin (STZ)-mediated oxidative
brain injury and behavioral impairment. Consequently, to fill this gap, diabetes was induced in male Wistar rats by feeding with
10% fructose solution for 2 weeks, followed by a single dose intraperitoneal injection of STZ (40 mg/kg body weight [bwt]).
After rats were confirmed diabetic, they were treated orally with 0.1 mg/kg bwt of SeNPs = M (50 mg/kg bwt), and normal
control (NC) received citrate buffer (2 mg/mL) for 5 weeks. In comparison with the diabetic control (DC), SeNPs, and/or M
significantly (p < 0.05) lowered blood glucose levels, but increased insulin secretion and pancreatic [3-cell function. An increase
in locomotor and motor activities evidenced by improved spontaneous alternation, locomotor frequency, hinding, and increased
mobility time were observed in treated groups. In addition, there was enhanced brain antioxidant status with a lower acetylcho-
linesterase (AChE) activity and oxidative-inflammatory stress biomarkers. A significant downregulation of caspase 3 and
upregulation of parvalbumin and Nrf2 protein expressions was observed in treated groups. In some of the studied parameters,
treated groups were statistically (p < 0.05) insignificant compared with the normal control (NC) group. Overall, co-treatment
elicited more efficacy than that of the individual regimen.
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Introduction

Diabetes is a non-infectious metabolic disorder. It is charac-
terized by hyperglycemia contingent on a shortage in secretion
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or resistance to insulin action and {3-cell dysfunction (Adedara
et al. 2019). Epidemiological studies revealed that the inci-
dence of diabetes is on the rise around the world, with an
estimation of approximately 387 million people. This figure
is predicted to rise to 590 million by 2035 (Guariguata et al.
2014). This rise in the incidence of diabetes is of global con-
cern, as it has been linked to immunocompromise that could
exacerbate viral infections like COVID-19. Therefore, studies
on mechanisms and new pharmacological agents with hypo-
glycemic potentials to enhance the well-being of people with
diabetes are warranted.

Among the complications associated with diabetes are
damage of vital organs functions, including the brain (Banks
et al. 2012; Ascher-Svanum et al. 2015). Neurological disor-
ders owing to diabetes have been confirmed in both clinical
and experimental studies (Erbag et al. 2016; Badescu et al.
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2016). Several studies have shown that diabetes-related alter-
ations in brain function could aggravate neurological ailments,
for instance, impaired cognitive function, depression, anxiety,
and altered locomotor function (Kodl and Seaquist 2008; Patel
and Udayabanu 2017). Earlier reports revealed a noticeably
higher frequency in anxiety among diabetic subjects in com-
parison with their non-diabetic counterparts (Maia et al. 2014;
Castellano-Guerrero et al. 2018). The vulnerability of the
brain to diabetes can be ascribed to its high level of
peroxidizable polyunsaturated fatty acids (PUFAs) constitu-
ent, which is the principal target of peroxidative attack under
conditions of oxidative stress. Oxidative stress could occur in
diabetes owing to increased production of free radicals, which
prevail over the body’s inherent endogenous antioxidant sys-
tems (Patel and Udayabanu 2017). Altered pancreatic 3-cells
function and insulin resistance are the main features of diabe-
tes (Kodl and Seaquist 2008; Adedara et al. 2019) and are
triggered by oxidative stress owing to the continual high glu-
cose level in the system (Asmat and Abad 2016; Ebokaiwe
et al. 2019).

Metformin is the most commonly used oral regimen in
diabetic treatment. The role of metformin in the treatment of
neurodegenerative diseases apart from the known hypoglyce-
mic effect has garnered attention in recent times (Markowicz-
Piasecka et al. 2017). Results of several experimental and
clinical studies indicate that metformin treatment improves
cognitive function (Markowicz-Piasecka et al. 2017) and pro-
tect the brain against the oxidative imbalance imposed by
diabetes (Correia et al. 2008). Alteration in selenium homeo-
stasis is one of the various mechanisms proposed for the path-
ogenesis of diabetic complications. Earlier studies showed
that there were increased risks of diabetes and its accompany-
ing complications owing to deficient selenium levels in the
brain (Ozkaya et al. 2009; Rayman and Stranges 2013).
Thus, selenium plays a vital role in brain functions.

The emerging influence of nanotechnology as well as re-
ported biological activities of nano-sized materials by amelio-
rating several metabolic disorders (Al-Quraishy et al. 2015;
Abdulmalek and Balbaa 2019; Ebokaiwe et al. 2019, 2020a,
b) prompted the current study on SeNPs. Also, recent devel-
opments in nanotechnological advancement have resulted in
the nano-sizing of dietary trace elements with proven biolog-
ical significance such as Se nanoparticles (SeNPs). These have
garnered recognition in the management of metabolic disor-
ders owing to their functions as composites of some enzymes
and proteins in the biological system (Rayman and Stranges
2013; Abdulmalek and Balbaa 2019; Ebokaiwe et al. 2019,
2020a).

In this study, the basic features of diabetes were
mimicked in rats using fructose to induce insulin resis-
tance and a low dose of STZ to induce partial dysfunc-
tion in pancreatic [3-cell per earlier protocol (Wilson
and Islam 2012). Hence, this study is the first designed
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to assess the potential influence of SeNPs and/or Met
treatment against diabetes-associated brain inflammatory/
oxidative injury and behavioral impairments in rats.

Materials and methods
Chemicals

Selenium was procured from Thermo Fisher Acros Organics
(Geel, Belgium). Anti-parvalbumin was purchased from
Novus Biologicals (USA), anti-Nrf2 primary antibody from
Abcam (USA), and anti-caspase 3 from Cell Signaling (USA),
and (3-actin antibody from Santa Cruz Biotechnology (USA).
All chemicals/reagents were of analytical grade.

Production, lyophilization, and characterization of
SeNPs

The nanoparticle was produced, lyophilized, and character-
ized by following the methods in our earlier reports
(Ebokaiwe et al. 2019, 2020a).

Animals

Male adult Wistar rats weighing 165 g+ 5 g were selected for
this study. Animals, obtained from the Animal House, Alex
Ekwueme Federal University, Ndufu-Alike Tkwo, Nigeria,
and kept under the 12 h light-dark cycle. Animals handling
was with humane care and standard rat chow diet with water
provided ad libitum.

Induction of T2D diabetes and experimental protocol

Following the protocol described by Wilson and Islam
(2012), diabetes in animals was induced after a 1-week
acclimatization period, by replacing the drinking water
with 10% fructose solution ad libitum for 2 weeks to
induce insulin resistance, while the normal control (NC)
was given only drinking water. Intraperitoneal injection
of STZ (40 mg/kg bwt) in citrate buffer (pH 4.5) at day
0 was administered to rats to induce partial pancreatic
[3-cell dysfunction. NC rats were administered the same
quantity of citrate buffer. A week after induction of
diabetes, the non-fasting blood glucose (NFBG) level
was determined in the blood collected from the tail vein
of all rats using an Accu-chek glucometer (Roche
Diagnostics GmbH, Mannheim, Germany). Animals
with NFBG level higher than 230 mg/dL were consid-
ered as diabetic and selected for the study.

As shown in Fig. 1 five groups of eight (8) rats each were
maintained throughout the investigation period and adminis-
tered as follows:
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Fig. 1 Schematic illustration of the protocol depicting the experimental groups, treatment period with SeNPs and/or M as well as the neurobehavioral

and the biochemical endpoints evaluated

Group I, NC rats were orally administered water/citrate
buffer (2 mL/mg bwt);

Group II: Diabetic control (DC) rats were orally adminis-
tered with citrate buffer (2 mL/kg bwt);

Group III: Diabetic rats treated with metformin (M) orally
at 50 mg/kg;

Group IV: Diabetic rats treated with SeNPs (0.1 mg/kg)
orally;

Group V: Diabetic rats treated with SeNPs and M (0.1 and
50 mg/kg) orally.

Selected doses of SeNPs and M were chosen based
on our earlier studies (Ebokaiwe et al. 2019, 2020a, b).
Animals were monitored all through the 6-week inter-
vention period for non-fasting blood glucose levels and
body weight. Animals were sacrificed by cervical dislo-
cation, 24 h after the last treatment, and the blood col-
lected from the retro-orbital venous plexus. Serum sam-
ples were obtained by centrifuging blood cells for
10 min at 3000g. This was stored frozen and used later
for the determination of insulin levels. Brain tissues
were quickly excised, weighed, and some fixed in
10% neutral buffered formalin for immunohistochemis-
try. All others were frozen at —80 °C until further bio-
chemical estimations.

Antidiabetic evaluation

Rat Insulin ELISA kit-#90,010 (Crystal Chem, Zaandam,
Netherlands) was used to quantify levels of rat insulin in se-
rum. Homeostatic model assessment (HOMA-IR and
HOMA-{) were evaluated with serum insulin levels and
fasting blood glucose (FBG) concentrations taken at the end
of the experiment using the following expression:

HOMAIR — Serum insulin (U/L) x Blood glucose (mg/dL)

22.5
20 x serum insulin (U/L)
Blood glucose (mg/dL)—3.5
The conversion factor for insulin = 1U/L = 7.174 pmol/L

HOMA—f cell function =

Evaluation of neurobehavioral indices

Tests were conducted after the last administration using the Y-
maze, open field test (OFT), and tail suspension test (TST),
following protocols from earlier studies (Mori et al. 2014;
Ijomone et al. 2015, 2018). All behavioral tests were
videotaped and later scored by two independent observers
who were blinded to the experimental protocol. All apparatus-
es used for the tests were cleaned with 10% ethanol to remove
possible bias due to smell left by previous animal.

Y-maze

The Y-maze was performed as previously described (Ijomone
etal. 2015). This test evaluates short-term spatial memory as a
measure of cognitive abilities using spontaneous alternating
behaviors that is common in rats. Here, a three-armed Y-
shaped maze was used. Rats were placed on a predetermined
start arm and allowed to roam freely for 8 min. Arm entry
(hind limbs completely in arm) was scored. Entering all 3
arms in the overlapping triplet sets is defined as spontaneous
alternation. The percentage of spontaneous alternation was
calculated as: [spontaneous alternation / (total number of
arm entries — 2)] x 100.

Open field test

This assesses locomotor and exploratory activities in rats
using protocols previously described (Ijomone et al. 2015,
2018). Here, an apparatus consisting of a box (72 x 72 x
36 cm) with the floor divided into 18 x 18 square units was
used. Rats were placed in the center of the box and allowed to
roam freely for 5 min. Locomotion frequency (number of
crossings from one square to the other), rearing frequency
(number of times the animals stood on their hind paws), rear-
ing against the wall (number of times the animals stood on
their hind paws against the wall), and hinding (calculated by
adding the rearing frequency to rearing against the wall) are
among the parameters scored.
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Tail suspension test

This test assesses depressive or despair-like behavior in rats.
The idea is based on the fact that rats will develop an immobile
posture when exposed to unavoidable stress of being
suspended by their tail (Ijomone et al. 2015, 2018). Here, rats
were suspended individually by their tail from a retort stand
with an adhesive tape for 6 min, and the amount of time each
rat spent immobile was recorded.

Determination of antioxidant/oxidative stress, pro-
inflammatory biomarkers, and acetylcholinesterase
activity in rat brain

The supernatants from the brain samples were analyzed for
antioxidant activities and oxidative stress biomarkers by fol-
lowing earlier protocols, superoxide dismutase (SOD) activity
(Misra and Fridovich 1972), catalase (CAT) activity
(Clairborne 1995), levels of reduced glutathione (GSH)
(Jollow et al. 1974), glutathione-S-transferase (GST) activity
(Habig et al. 1974), the activity of glutathione peroxidase
(GSH-Px) (Rotruck et al. 1973), and levels of lipid peroxida-
tion (LPO) (Garcia et al. 2005). To determine the level of pro-
inflammation, the supernatants were analyzed for
myeloperoxidase (MPO) activity (Eiserich et al. 1998) [31]
and acetylcholinesterase (AChE) activity (Ellman et al. 1961).

Western blotting

Cell lysates from brain homogenates were prepared in
the lysis buffer (50 mm Tris, pH 7.4 containing 0.15 M
NaCl,10% glycerol (v/v), 1% NP-40 (v/v), 1| mM sodi-
um fluoride, 1 mM sodium orthovanadate, 1 mM
PMSF, 1 mM EDTA, 150 mM bestatin, 1 mM
leupeptin, and 1 mM aprotinin) using a tissue:buffer
ratio of 1:5. Protein concentration was estimated with
BCA kit and equal amounts of protein were loaded on
each lane and subjected to 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (Mini Protean II
System, Bio-Rad, Berkeley, CA) as described by Kim
(2017) for anti-parvalbumin (#NB120-11427; Novus
Biologicals, USA), anti-Nrf2 (#ab31163; Abcam,
USA), and cleaved caspase 3 (#9664 Cell Signaling,
USA).

Immunohistochemistry

A total of 5 um thick sections of routine paraffin embedded
brain tissues were used. Anti-Nrf2 (#ab31163; Abcam, MA,
USA) proteins were analyzed following protocols from earlier
studies (Ebokaiwe et al. 2019, 2020a, b).
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Statistical analysis

Data were reported as mean + SEM. Data comparisons were
carried out using one-way ANOVA and subsequently by
Newman-Keuls multiple comparison test. GraphPad Prism
(version 5.03; GraphPad Software, La Jolla, CA, USA) was
utilized in plotting charts and analyzing data. Statistical sig-
nificance was set at p < 0.05.

Results

Blood glucose levels, body weight gain, organ weight,
and survival rate

Blood glucose concentrations were significantly higher in all
diabetic groups when compared with the normal group post-
STZ injection. However, blood glucose levels were reduced in
some groups of diabetic rats when treated with SeNPs and the
standard of care drug metformin in comparison with untreated
groups throughout the intervention period (Table 1) (day 7
[F430=59,432; p<0.0001], day 14 [F430=13,613;
p<0.0001], day 21 [F430=13,408; p<0.0001], day 28
[F430=16,294; p<0.0001], day 35 [F430=18,447;
p<0.0001], day 42 [F430=13,656; p<0.0001]). The gain
in body weight was significantly different in rats in the DC
group compared with treated groups and the NC [Fy 30=417,;
p<0.0001] (Table 2). It decreased after 2 weeks of treatment
and continued to reduce steadily throughout the study period.
Significant lower brain weight was observed in the DC group
compared with that of the NC and treated groups at the end of
the study period (F430="78; p<0.0001) (Table 2). Also ob-
served was a higher mortality rate in the DC group after day
14 than the NC and treated groups (Table 2).

Serum insulin concentration as well as HOMA-IR and
HOMA- scores in various animal groups at the end of
the study period

Insulin concentration was lower in DC group when compared
with the NC and treated groups (Fy30=366; p<0.0001)
(Table 3). A corresponding higher HOMA-IR in the serum
of the DC was observed than that of the NC and treated
groups, whereas, a lower level of HOMA-3 was observed in
the DC than that of the NC and the treated groups (Table 3).

SeNPs and/or M improved locomotor activities and
exploratory profile in diabetic rats

Figure 2 shows the results of endpoint analyses of locomotor
activities and exploratory profile in various groups during the
8 min trial in the novel environment. A significant reduction in
total time immobile, total distance traveled, average speed,
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Table 1 Blood glucose levels in

various animal groups at the end BGL (mg/dL) NC DC D+M D + SeNPs D + SeNPs/M

of the study period
Day 7 98 + 0.41 298 + 0.807 398 + 0.86™ 389 + 0.18% 300 + 0.72%
Day 14 99 + (.54 306 + 0.72% 180 + 0.25% 150 + 0.53% 170 + 0.88%
Day 21 89 +0.18 280 + 0.87* 101 + 0.87% 101 + 0.0.47% 106 + 0.23%
Day 28 90 + 0.11 290 + 0.76* 91 +0.32° 91 +0.39° 94 +0.19°
Day 35 91 +0.21 300 £ 0.36° 94 +0.91° 92 +0.62° 91 +0.22°
Day42 90 + 0.11 278 + 0.87* 94 + 0.70° 92 +0.18" 90 + 0.87°

Data (n = 8) presented as mean + SEM

*p<0.001 compared with NC
°<0.001 compared with DC

NC, normal control; DC, diabetic control; D + M (diabetic +50 mg/kg bwt metformin); D + SeNPs (diabetic +
0.1 mg/kg bwt SeNPs); D + SeNPs/M (diabetic + 0.1/50 mg/kg bwt SeNPs and metformin)

and spontaneous alternation (angle of an absolute turn and
total body rotation) was observed in the DC group when com-
pared with treated groups and NC.

The evidence of improved locomotor activities and explor-
atory profile are shown in Fig. 2a; the Y-maze test revealed a
significant decline in percentage of spontaneous alternation in
DC than that of the NC and treated rats (F430=208;
p<0.0001). (Fig. 2b) The TST revealed a significant increase
in immobility time in DC compared to the NC and treated
groups (F430=35; p<0.0001). Activities in the OFT (Fig.
2c¢ and d) showed a significant decrease in both hinding and
locomotion frequency in DC when compared with the NC and
treated groups (hinding [F4 30 =475; p < 0.0001], locomotion
frequency [F430=149; p <0.0001]). Co-administration of
SeNPs and standard drug (M) showed greater efficacy in re-
versing the diabetes-induced neurobehavioral alterations in
comparison with the individual treatment groups, i.e., locomo-
tion frequency (DC vs NC [¢=32], DC vs D + M [¢g = 14],
DC vs D + SeNPs [¢g = 14], DC vs D + SeNPs/M [¢q =23]),
spontaneous alternation (DC vs NC [¢=35], DCvs D + M
[¢=21], DC vs D + SeNPs [¢=20], DC vs D + SeNPs/M

[¢ =35]), hinding (DC vs NC [¢ =40], DCvs D + M [¢ = 19],
DC vs D + SeNPs [¢g = 14], DC vs D + SeNPs/M [¢ =52]),
immobility time (DC vs NC [¢=15], DC vs D + M [¢g=9],
DC vs D + SeNPs [¢ = 8], DC vs D + SeNPs/M [¢ = 15]).

SeNPs and/or M improved antioxidant enzyme activ-
ities and GSH levels in the brain of diabetic rats

The antioxidant activities are shown in Fig. 3 a, SOD; b, CAT,;
¢, GST; d, GSH-Px; and e, levels of GSH in the brain of NC
and experimental rats. We observed a noticeable decline in the
activities of SOD, CAT, and glutathione enzymes (GST and
GSH-Px), as well as GSH levels, in the brain of DC rats when
compared with the NC and treated groups (SOD [F430=97;
2 <0.0001], CAT [F430=068; p<0.0001], GST [F430=427;
p<0.0001], GSH-Px [F430=27; p<0.0001], GSH [Fy30=
84; p<0.0001]. Administration of SeNPs and/or M signifi-
cantly reversed the alterations in the brain antioxidant system
to levels indistinguishable from the NC. These data indicate
that treatment with SeNPs and/or M elicit their beneficial

Table 2 Body weight, organ

(brain) weight, and survival rate Parameters NC DC D+M D + SeNPs D + SeNPs/M

in various animal groups at the

end of the study period Initial wt. (g) 159.7+0.12 169.2£0.18 167.6+0.13 159.4£0.14 172.3+0.13
Final wt. (g) 210.3+0.33 200.4+0.42 201.4+0.41 208.6 +0.64 224.4+0.82
Wt. gain (%) 31.7+0.12 18.4=0.41° 20.2+0.14° 30.9+0.18° 30.2+0.19°
Organ wt. (g) 1.98+£0.11 1.53+0.10 1.78 £0.01 1.88+0.11 2.01+£0.03
Mortality 0/8 3/8 1/8 1/8 0/8
Survival rate 100% 63% 88% 88% 100%

Data (n = 8) presented as mean + SEM

#p<0.001 compared with NC
°p<0.001 compared with DC

NC, normal control; DC, diabetic control; D + M (diabetic +50 mg/kg bwt metformin); D + SeNPs (diabetic +
0.1 mg/kg bwt SeNPs); D + SeNPs/M (diabetic + 0.1/50 mg/kg bwt SeNPs and metformin)
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Table 3 Serum insulin

concentration as well as HOMA - Parameters NC DC D+M D + SeNPs D + SeNPs/M

IR and HOMA-f3 scores in vari-

ous animal groups at the end of Insulin (pmol/L)  48.78 + 01 1722 £0.40°  38.02+0.86°  43.04+0.18° 5021 =0.72°

the study period HOMA-IR 2.7 +001 4.8 +0.02° 22 +0.05° 24 +0.03° 2.9 +0.08°
HOMA-B-cell 15.7 + 0.03 2.8 +0.72° 11.7 + 0.87% 13.7 £ 0.47° 15.8 = 0.23°

Data (n = 8) presented as mean + SEM

4p<0.001 compared with NC
®p<0.001 compared with DC

NC, normal control; DC, diabetic control; D + M (diabetic +50 mg/kg bwt metformin); D + SeNPs (diabetic +
0.1 mg/kg bwt SeNPs); D + SeNPs/M (diabetic + 0.1/50 mg/kg bwt SeNPs and metformin)

effects in reversing brain injury associated with diabetes by
improving the antioxidant system.

SeNPs and/or M lowers lipid peroxidation, pro-
inflammatory biomarkers, and acetylcholinesterase
activities in diabetic rats

The dynamics of the levels of lipid peroxidation, activities of
myeloperoxidase, and acetylcholinesterase in the brain of NC
and experimental groups of rats are presented in Fig. 4a, b, and
c. The DC group showed a significant increase in the levels of
LPO (which confirms oxidative stress), a significant increase
in MPO, consistent with pro-inflammatory effects, and up-
surge in acetylcholinesterase activity. These parameters were

significantly decreased and indistinguishable from the NC
group, following treatment with SeNPs and/or M (LPO
[F4q30 =41; p< 00001], MPO [F4q30 =44, p< 00001],
AChE [F430=1446; p <0.0001]. This implies that interven-
tion with SeNPs and/or M elicit their beneficial effects in
reversing brain injury associated with diabetes through inhi-
bition of oxidative stress/inflammation and a concomitant de-
crease in acetylcholinesterase activity.

SeNPs and/or M regulate Nrf2, caspase 3, and
parvalbumin, expression in diabetic rats

Figure 5 represents the expression and immunoreactivity of
Nrf2, Fig. 6, parvalbumin, and caspase 3 protein expression in

Fig. 2 Neurobehavioral indices s a b
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Fig. 4 Levels of lipid peroxidation, myeloperoxidase and
acetylcholinesterase activities in different experimental groups at the
end of the study period. a levels of LPO. b MPO activity. ¢ AChE
activity. Data (n=38) presented as mean £ SEM. ***¥p <0.001

compared with NC; *p <0.001 compared with DC. NC (normal
control), DC (diabetic control), D + M (diabetic + 50 mg/kg bwt
metformin), D + SeNPs (diabetic + 0.1 mg/kg bwt SeNPs), D + SeNPs/
M (diabetic +0.1/50 mg/kg bwt SeNPs and metformin)

@ Springer



598

Naunyn-Schmiedeberg's Arch Pharmacol (2021) 394:591-602

a NC DC

D + SeNPs

D + SeNPs/M

1.51

1.01

Nrf2 immunoreactivity
©
g

4
°

Fig. 5 Nrf2 protein expression at the end of the study period. a
Immunoreactivity. b Western blot expression. Data (n = 8) presented as
mean + SEM. **#p <0.001 compared with NC; *p <0.001 compared

Discussion

The use of STZ to induce diabetes in vivo and in vitro to
understand the complications associated with diabetes and
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Fig. 6 Cleaved caspase 3 and parvalbumin protein expression at the end
of the study period. a Cleaved caspase 3 expression. b Parvalbumin
expression. Data (n=8) presented as mean £ SEM. ***p <0.001
compared with NC; *p <0.001 compared with DC. NC (normal
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D + SeNPs/M (diabetic + 0.1/50 mg/kg bwt SeNPs and metformin)

the possible modulatory efficacy of known drugs and new
compounds is of interest to researchers, following the global

rise in diabetes conditions (Kamat et al. 2016). Neurotoxicity
of STZ exposure involves altered glucose metabolism, insulin
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control), DC (diabetic control), D + M (diabetic + 50 mg/kg bwt
metformin), D + SeNPs (diabetic + 0.1 mg/kg bwt SeNPs), D + SeNPs/
M (diabetic + 0.1/50 mg/kg bwt SeNPs and metformin)
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Fig. 7 Illustration depicting the mechanism of action of SeNPs and/or M in attenuating T2D-induced oxidative brain injury in rats

signaling, oxidative stress, and apoptosis (Kamat et al. 2016;
Biswas et al. 2016). The two key pathological conditions of
diabetes which are insulin resistance and partial pancreatic (3-
cell dysfunction was successfully exhibited in the experimen-
tal animals in this study. Although normal functioning of the
brain requires high glucose demand, the brain cells cannot
cope with persistent glucose uptake under diabetic conditions
due to hyperglycemia—a trend referred to as glucose neuro-
toxicity (Tomlinson and Gardiner 2008; Bahniwal et al.
2017). Consequently, the prevention or attenuation of diabetic
neurotoxicity is of vital interest to the clinician in order to
improve the health of diabetic patients.

Previous studies demonstrated that low doses of selenium
could exhibit antidiabetic and insulin-mimetic activities in an-
imal models (Steinbrenner et al. 2011; Al-Quraishy et al.
2015; Abdulmalek and Balbaa 2019; Ebokaiwe et al. 2019,
2020a, b). However, clinical interventions using selenium as a
drug are contradictory, as low doses acute exposure show
efficacy whereas high doses and long-term usage worsen dia-
betes by increasing insulin resistance (Thomson 2004;
Steinbrenner et al. 2011; Fontenelle et al. 2018). An earlier
study by Steinbrenner (2013) reported that high doses of se-
lenium contributed to the induction of insulin resistance as a
result of its role in the metabolism of carbohydrates and lipids.
In another study elsewhere, Wang et al. (2014) demonstrated
that high doses of selenium (200 mg/kg) exacerbated hyper-
glycemia by promoting the expression of carboxykinase phos-
phoenolpyruvate and glucose 6-phosphatase enzymes in-
volved in gluconeogenesis. The study by Jablonska et al.
(2016) demonstrated that low doses of selenium improve ho-
meostasis of glucose and the expression of genes related to
glucose metabolism at different levels of regulation, linked to
insulin signaling, glycolysis, and pyruvate metabolism.

NFBG levels are a vital parameter in comprehending the
severity of type 2 diabetes (Group 1998). We measured the
NFBG from day 7 of the intervention and fasting blood glu-
cose (FBG) at the end of the intervention. From our results,
SeNPs and/or M exhibited potent blood glucose-lowering ac-
tivity in the treated rats, starting from the second week and
throughout the intervention. Potential mechanisms that may
account for the blood glucose-lowering activity of SeNPs and/
or M include enhancement of insulin action (Hwang et al.
2007) and pancreatic (3-cell stimulation (Al-Quraishy et al.
2015). Earlier study by Deeds and colleagues have established
significant weight loss and mortality of rodents as accom-
plices of STZ toxicity and complications of hyperglycemia.
The noticeable reduction in body weight and high mortality in
the DC group in this study corroborates earlier reports (Deeds
etal. 2011) as part of the toxicology impact of STZ. However,
bodyweight gain and blood glucose were significantly im-
proved to levels comparable with the NC after treatment with
SeNPs and/or M indicating an improvement in metabolic con-
dition and attenuation of tissue damage associated with hyper-
glycemia in the treated groups.

Maintaining glucose homeostasis is undoubtedly signifi-
cant to lower the risk of micro or macro-vascular complica-
tions in diabetes condition (Chawla et al. 2016). Treatment
with SeNPs and/or M enhanced insulin concentration in dia-
betic rats compared to DC. This activity is due to lower NFBG
and FBG levels observed in the treated groups, as a result of
enhanced glucose uptake by the peripheral tissues.
Furthermore, SeNPs and/or M reduced HOMA-IR index (for
insulin resistance) and also improved the HOMA-(3 (for 3-cell
function) score. This technique (HOMA) is utilized in the
estimation of insulin resistance and {3-cell function from
fasting blood glucose levels and insulin concentration
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(Wallace et al. 2004). The reduction in the HOMA-IR scores
by SeNPs and/or M treatment has further strengthened their
potent antidiabetic activities.

Diabetes is accompanied by altered cognitive and motor
functions, as evidenced by a significant decrease in spontane-
ous alternation, reduced locomotion frequency, increased im-
mobility time, and decreased hinding and forelimb grip,
reflecting altered short-term memory, depression, and impair-
ment in the coordination between the nervous and muscular
junctions (Sharma et al. 2010; Adedara et al. 2019). We ob-
served a similar trend in this study; however, the observed
tendency to reverse impaired neurobehavioral parameters in
diabetic rats following treatment with SeNPs and/or M is a
further confirmation of metabolic improvement in the treated
rats.

Reactive oxygen species (ROS) generation, oxidative
stress, and altered levels of inflammatory mediators
have been strongly implicated in tissue damage due to
hyperglycemia (Newsholme et al. 2016). Estimation of
antioxidant defense along with LPO provide insight into
the brain redox status (Valko et al. 2016) since mem-
branes within the brain are known to be rich in
peroxidizable fatty acids, thus they undergo peroxidation
under oxidative insult (Shichiri 2014). The current study
demonstrated the efficacy in the treatment of diabetic
rats with SeNPs and/or M, evidenced in their conspicu-
ous ability to attenuate LPO by decreasing MDA level
in treated rats. Accordingly, SeNPs and/or M not only
lowered the LPO level but also increased both first and
second line of antioxidant defense mechanisms. The
present investigation showed that DC rats exhibited
heightened MPO activity in the brain samples, which
indicates the induction of inflammatory response in di-
abetic neurotoxicity. Acetylcholinesterase hydrolyzes
acetylcholine, an essential neurotransmitter in the regu-
lation of motor function and locomotion (Day et al.
1991). The observed decrease in MPO and AChE activ-
ity by SeNPs and/or M treatment indicates amelioration
of inflammation and consequently, improving choliner-
gic neurotransmission and restoring locomotor functions.
Several reports have implicated Nrf2 as the main tran-
scription factor of antioxidative stress (Zhang et al.
2018; Ebokaiwe et al. 2019, 2020a, b). Also, activation
of Nrf2 expression decreases secondary brain damage
and improves functional recovery after traumatic brain
injury (Chandran et al. 2017; Zhang et al. 2018;
Ebokaiwe et al. 2019). In this study, the observed sig-
nificant reduction in Nrf2 expression in DC animals is
an indication of oxidant stress. Administration of SeNPs
and/or M restored Nrf2 expression to basal levels,
which could be one of the mechanisms/pathways in-
volved in attenuating diabetes mediated neurobehavioral
dysfunction.
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The antioxidant activity of selenoproteins in the CNS is
well recognized, and deficiency of Se elicits brain injury
(Fang et al. 2013). In addition to the role of Se as an essential
component of the antioxidant system in the brain, studies have
further demonstrated that Se can assuage oxidative stress in
the brain through the regulation of Ca®* channels, mitochon-
drial biogenesis, and apoptosis (Steinbrenner and Sies 2013;
Dominiak et al. 2016).

Altered calcium homeostasis could lead to severe brain
damage in diabetic conditions. The reduction in levels of
calcium-binding protein-parvalbumin in the brain samples
has been reported under diabetic conditions (Park and Koh
2017). Parvalbumin, a known calcium-buffering protein that
is structurally similar to calmodulin (Cates et al. 2002; Koh
2012) has an affinity for Ca**-binding domains, thus playing a
vital function in the maintenance of Ca>* homeostasis. Hence,
this protein is an important Ca>*-buffering protein (Silver and
Erecinska 1990; Lindholm et al. 2002). During our investiga-
tion, DC rats showed reduced expression of parvalbumin in
the whole brain lysate. The observed enhancement in the ex-
pression of parvalbumin following SeNPs and/or M treatment
corroborates their beneficial neuro-therapeutic effects by
modulating calcium homeostasis via regulation of
parvalbumin protein expression, hence, another possible path-
way that is involved in SeNPs and/or M attenuating influence
against diabetes-induced brain damage. Hyperglycemia, hyp-
oxia, and ischemic conditions have been reported to enhance
intracellular Ca** levels as well as apoptotic and necrotic cell
death in the rat brain (Lindholm et al. 2002; Park and Koh
2017). In neurodegenerative diseases, cellular dysfunction
and cell death are usually mediated by increased cytoplasmic
Ca®* concentrations (Park and Koh 2017). In the present
study, caspase 3 protein-apoptotic biomarker was estimated.
Elevated expression of caspase 3 in the brain of DC animals
was significantly attenuated in the SeNPs and/or M treated
groups, an indication of apoptosis regulation.

Conclusion

According to the findings from this study, the restorative im-
pact of SeNPs and/or M against diabetes-induced alterations
in neurobehavioral and biochemical/molecular indices is at-
tributed to the enhancement of endogenous antioxidant sys-
tems, reduced lipid peroxidation, suppression of oxidative/
inflammatory stress, acetylcholinesterase, and most impor-
tantly regulation of molecular markers of oxidant stress and
tissue damage, Nrf2, caspase-3, and parvalbumin proteins.
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