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Abstract

Purpose Diabetes mellitus is associated with perturbations in brain biochemical parameters associated with dementia. This study
aimed at comparing the effect of metformin and metformin/donepezil combination on oxidative stress, endoplasmic reticulum
stress and inflammation in the brain of diabetic Wistar rats.

Methods Diabetes was induced by single intraperitoneal injection of 40 mg/kg streptozotocin after administration of 10%
fructose for 14 days. Animals were randomly assigned to four groups of five animals each. Group 1 was the normal control
and received only distilled water. Groups 2 and 3 were diabetic rats treated with metformin/donepezil combination and metformin
only respectively, while group 4 was diabetic control. Treatment lasted for 21 days after confirmation of diabetes. Activities of
acetylcholinesterase (AchE), butyrylcholinesterase (BchE), superoxide dismutase (SOD), glutathione peroxidase (GPx) and
catalase were evaluated in the brain of diabetic rats. Enzyme-linked immunosorbent assay was used to estimate brain levels of
tumour necrosis factor-oc (TNF-«), interleukin-6 (IL-6) malondialdehyde and glucose transporter-4 (GLUT4), while expression
of endoplasmic reticulum stress markers — glucose regulated protein-78 (GRP78), activating transcription factor-4 (ATF4) and C/
EBP homologous protein (CHOP) was determined using real-time PCR in the hippocampus of diabetic rats.

Results Treatment with metformin/donepezil combination significantly reduced the activities of AchE, BchE as well as levels of
malondialdehyde, TNF-« and IL-6, while the activities of SOD, GPx and catalase were significantly increased in the brain.
Moreover, expression of ER stress markers was attenuated in the hippocampus.

Conclusion Metformin/donepezil combination appeared more efficacious than metformin only and could be considered for
managing diabetes-associated dementia.
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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder usu-
ally characterized by insulin deficiency, insulin resistance and
54 Tajudeen Olabisi Obafemi general dysregulation of glucose metabolism [1]. Notably,

oobafemi @abuad.edu.ng prolonged T2DM leads to microvascular and macrovascular
complications and eventually leads to end-organ damage in
important organs, such as the brain, where such damages usu-
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and neurodegenerative diseases including AD [4, 5]. Moreover,
activities of butyrylcholinesterase (BuChE) and acetylcholinester-
ase (AChE) have been suggested to increase in both T2DM and
AD in a manner involving low grade systemic inflammation. [6].
These enzymes are involved in acetylcholine hydrolysis, however,
ACHhE is responsible for most of the cholinesterase activities in the
brain while BuChE accounts for only about 10%. These enzymes
are considered important therapeutic targets for AD [7].

Both animal and human studies reported that disruption of
insulin function is implicated in development of neurodegener-
ative diseases [8], moreso, insulin resistance was identified to
be an important predisposing factor and contribute to the path-
ogenesis of dementia [9, 10]. In fact, brain insulin resistance
usually occurs prior to AD and also accounts for reduced cog-
nitive ability in AD more than other known causes of the dis-
ease [11]. Thus, insulin resistance in the brain seems to be an
attractive drug target that could ameliorate the cognitive decline
associated with AD [12]. It has been established that loss of
function of glucose-4 transporter (GLUT4) in peripheral tissues
is associated with insulin resistance [13]. Besides, it was recent-
ly reported that GLUT4 may be involved in glucose transport
both in normal brains as well as diabetic brains, especially in the
nerve cells. Moreover, levels of GLUT4 was reported to de-
crease in streptozotocin-induced diabetic rats [14].

The endoplasmic reticulum (ER) is a cellular organelle re-
sponsible for protein folding, quality control system, calcium
storage, lipid synthesis and secretion. Several factors such as
oxidative stress, disturbance in glucose level, imbalances in the
secretory pathway, mitochondrial dysfunctions, and other failures
in protein quality control may result in buildup of unfolded/
misfolded proteins in the ER [15]. Accumulation of misfolded
proteins in the ER leads to activation of an evolutionarily con-
served pathway called unfolded protein response (UPR) with the
aim of improving ER and cellular function. UPR functions
through three main stress sensors which include protein kinase
R-like ER kinase (PERK), inositol-requiring enzyme 1
(IRElx) and activating transcription factor-6 (ATF6). These
stressors are ER transmembrane proteins whose luminal domains
associate with glucose regulated protein-78 (Grp78), an ER-
resident chaperone. Their interaction with the chaperone prevents
their activation [16]. Upon accumulation of misfolded proteins,
GRP78 dissociates from the ER stress sensors and associates
with the misfolded proteins, thereby activating the UPR [17].
Specifically, UPR relieves the burden on the ER by decreasing
protein synthesis (translation), increasing protein folding capacity
of ER and also increasing the degradation of unfolded proteins
via the ubiquitin-proteasome pathway or autophagy [18].
However, failure of UPR to relieve ER burden leads to chronic
ER stress with its attendant deleterious effects such as apoptosis,
as brought about by the pro-apoptotic CCA AT-enhancer-binding
protein homologous protein (CHOP), which is under the control
of activating transcription factor 4 (ATF4), both of which are
downstream mediators of UPR [19].
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Neurons are highly susceptible to several insults that affect
ER homeostasis as a result of redox imbalances and accumu-
lation of unfolded proteins [20]. Moreover, studies have
shown that an important factor in the onset of AD is increased
production of amyloid-3 peptides as well as its oligomeriza-
tion and aggregation [21]. Previous studies showed that in AD
brains, expression of GRP78 is increased in addition to sig-
nificant increase in levels of other ER stress markers [22].
Moreso, it was earlier reported that activation of UPR corre-
lates with age even without any pathology [23]. Thus, high
level of ER stress markers apparently is an early event prior to
observable protein deposition in AD [24]. The continuous
hyperglycemia associated with T2DM may cause 3-cell stress
and diminish its function as a result of glucotoxicity. Under
this condition, increased need for proinsulin biosynthesis may
inundate the protein folding capacity of the ER and thereby
lead to activation of UPR. Both long- and short term exposure
of 3-cells to hyperglycemia has been reported to cause hyper-
activation of IRE1« [25].

Donepezil, a synthetic AChE inhibitor increases the
availability of acetylcholine as well as its interaction with
cholinergic receptors. It is one of the drugs approved for
treating AD [26, 27]. While it selectively inhibits Ache,
the inhibitory effect of donepezil on BuChe is much lower
[28]. Conversely, metformin is an antidiabetic drug be-
longing to the class of the biguanides and it has become
the most prescribed antidiabetic drug due to its safety
[29]. Ability of metformin to reduce inflammation in dif-
ferent types of cell suggest that it could also protect
against inflammation of nervous tissues [30]. It was pre-
viously reported that metformin reduced the risk of cog-
nitive deficit [31], while T2DM patients on metformin
treatment were less likely to have dementia [32].
Moreover, metformin was proposed to improve the effica-
cy of several drugs [33], underlining its relevance in com-
bination therapy. The present study therefore aims to com-
pare the effect of metformin/donepezil combination and
metformin only on oxidative stress, endoplasmic reticu-
lum stress and inflammation in the brain of fructose-fed
type 2 diabetic rats.

Materials and methods
Chemicals

Streptozotocin, metformin, fructose, citric acid, epinephrine,
and sodium citrate were procured from Sigma-Aldrich (St-
Louis, MO, USA). Enzyme-linked immunosorbent assay
(ELISA) kits for tumour necrosis factor-o« (TNF-o) and
interleukin-6 (IL-6) were purchased from MyBioSource
Biotechnology company (San Diego, U.S.A). All other
chemicals and reagents used were of analytical grade.
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Experimental design and induction of diabetes

Twenty male Wistar rats weighing 180 —200 g were obtained
from the animal house, Afe Babalola University, Ado-EKkiti,
Nigeria, after which they were maintained under standard con-
ditions. Animals were fed ad libitum for 7 days before and
throughout the course of the study. The rats were randomly
grouped into four of 5 animals in each. Group 1 served as the
normal control and received only distilled water while the
study lasted. Groups 2 and 3 were diabetic animals treated
with 100 mg/kg metformin/ 10 mg/kg donepezil combination
and 100 mg/kg metformin only respectively, while group 4
was diabetic control and received distilled water only.
Treatment of animals was done orally and lasted for 21 days
after confirmation of diabetes. Rats were made diabetic by
first giving them drinking water containing 10% fructose for
14 days, followed by injection of 40 mg/kg body weight
streptozotocin dissolved in ice-cold 0.1 M citrate buffer (pH
4.5) intraperitoneally [34]. Diabetes was confirmed 72 h after
injection of streptozotocin using Accu-check® glucometer
and animals with blood glucose > 250 mg/dl were considered
diabetic and were used for the study.

Preparation of serum and homogenates

After the administration of the last doses of treatment, animals
were made to fast for 12 h, and later sacrificed by decapitation
under mild anesthesia. Blood was taken from the heart and
spun at 3000 rpm for 5 min to obtain the serum which was
used to analyze for biochemical parameters. The whole brain
of each animal was rapidly dissected, hippocampus was re-
moved and immediately stored at -80 °C until used. The re-
maining portion of the brain was rinsed with isotonic saline,
weighed and thereafter homogenized (1:10 w/v) in ice-cold 50
mmol/l Tris-HCI (pH 7.4) buffer containing 300 mmol/l su-
crose [35]. The resultant homogenate was spun at 3000 rpm
for 10 min at 4°C and the resulting supernatant was
used for analyses of biochemical parameters. Animal
studies adhered to the Principles of Laboratory Animal
Care [36]. All animal experiments were approved by the
Animal Care Committee of the Afe Babalola University
Research Directorate, Ado-Ekiti, Nigeria, with ethical
approval number ABUAD-SCI19/03/102.

Biochemical analyses

Activities of AChE, BuChE as well as levels of GLUT4, IL-6
and TNF-« in the brain were determined using ELISA kits by
following manufacturer’s instruction. Serum glucose level
was estimated according to the protocol provided by the kit
manufacturer (Randox Laboratories Crumlin, United
Kingdom). Brain malondialdehyde (MDA) level was evaluat-
ed as described by Varshney and Kale (1990) [37]. Activities

of superoxide dismutase (SOD), catalase and glutathione per-
oxidase (GPx) in the brain were evaluated using the methods
of Misra and Fridovich (1972) [38], Sinha (1972) [39] and
Rotruck et al., (1973) [40] respectively.

Gene expression analysis by reverse-transcription
polymerase chain reaction (RT-PCR)

Isolation of total RNAs from hippocampus of diabetic rats
as well as PCR amplification were done using OneTaq®
2X Master Mix (New England BioLabs, Massachusetts,
USA) according to the manufacturer’s protocol. The reac-
tion was run on a Labgene thermocycler. Primers for ac-
tivating transcription factor-4 (ATF4), glucose regulated
protein (GRP78), C/EBP homologous protein (CHOP)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were purchased from Inqaba Biotec (Hatfeild, South
Africa). Reverse Transcription—PCR reaction was per-
formed in a 30 pl final volume. Amplification conditions
were pre-denaturation at 94 °C for 5 min, denaturation at
94 °C for 30 s annealing at 55 °C for 30 s and extension
72 °C for 30 s and then 72 °C for 5 min by 30 cycles.
Assessment of Polymerase Chain Reaction products
(amplicons) were electrophoresed in 0.2% of agarose gel
using 0.5 % TBE buffer (2.6 g of Tris base, 5 g of Tris
boric acid and 2 ml of 0.5M EDTA and adjusted to pH
8.3 with the sodium hydroxide pellet) with 5 pl EZ-vision
(VWR Life Science). The relative amount of complimen-
tary DNA (cDNA) was quantified using ImageJ software,
and the gene expression was normalized with GAPDH
gene as housekeeping gene. The intensities of the bands
form agarose gel electrophoresis were quantified
densitometrically using ImageJ software (Table 1).

Data analysis

All results were expressed as mean value + standard deviation
(SD). Data was analyzed with one-way analysis variance
(ANOVA) using Graphpad prism 5 software and SPSS pack-
age 16. Means were compared with Tukey test. p < 0.05 was
considered statistically significant.

Results

Result presented in Fig. 1 showed that treatment of diabetic
rats with metformin/donepezil combination as well as metfor-
min only for 21 days significantly (p<0.05) reduced
serum glucose levels when compared with rats in dia-
betic control group. There was however no significant
(p <0.05) difference in glucose levels in both treatment
groups by the end of the study.
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Table 1 Sequence of primers for

polymerase chain reaction Gene name Forward primer sequence Reverse primer sequence
GRP78 AGCCCACCGTAACAATCAAG TCCAGCCATTCGATCTTTTC
ATF-4 GTTGGTCAGTGCCTCAGACA CATTCGAAACAGAGCATCGA
GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT
CHOP CCAGCAGAGGTCACAAGCAC CGCACTGACCACTCTGTTTC

As presented in Fig. 2, co-administration of metformin
with donepezil showed a significantly (p < 0.05) higher inhib-
itory effect on acetylcholinesterase than metformin only in the
brain of diabetic rats. However, both treatments significantly
(p < 0.05) inhibited the enzyme when compared with the dia-
betic control group.

In Fig. 3, it was observed that treatment with both metfor-
min only and combination of metformin and donepezil signif-
icantly (p < 0.05) inhibited butyrylcholinesterase in the brain
of diabetic rats when compared with the diabetic control.
However, there was no significant (p <0.05) difference in
the inhibitory effect of metformin only and metformin/
donepezil combination.

Treatment of diabetic rats with metformin only and
metformin/donepezil combination significantly (p < 0.05) in-
creased brain level of GLUT4 (Fig. 4). Remarkably, brain
GLUT4 level was significantly (p <0.05) higher in diabetic
rats treated with combination therapy of metformin and
donepezil when compared with metformin only.

Figure 5 shows that there was no significant (p < 0.05) differ-
ence in brain SOD activity of diabetic rats treated with metformin
only and combination of metformin and donepezil. However,
both treatments significantly (p <0.05) increased brain SOD ac-
tivity when compared with diabetic control group.

From result presented in Fig. 6, it was observed that dia-
betic rats treated with combination of metformin and
donepezil had a significantly (p < 0.05) higher catalase activ-
ity in the brain when compared with those treated with

Fig. 1 Effect of metformin/ 400

donepezil combination and met-
formin only on serum glucose
level in diabetic rats. Values are
expressed as mean =+ standard de-
viation of five determinations. “p
< 0.05 vs. normal control, #p <
0.05 vs. diabetic control. Met =
Metformin, Don = Donepezil
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metformin only. In addition, both treatments significantly (p
< 0.05) increased catalase activity in the brain of diabetic rats
when compared with the diabetic control group.

Figure 7 shows that activity of glutathione peroxidase in
the brain of diabetic rats treated with combination of both
metformin and donepezil was significantly (p < 0.05) higher
than that of metformin only-treated diabetic rats.
However, both treatments significantly (p <0.05) in-
creased brain glutathione peroxidase activity when com-
pared with diabetic control group.

As presented in Fig. 8, MDA level in the brain of rats in
diabetic control group was significantly (p < 0.05) higher than
those observed in other groups in the study. In addition, brain
of diabetic rats treated with metformin/donepezil combination
had a significantly (p < 0.05) reduced MDA levels when com-
pared with those treated with metformin only.

As shown in Fig. 9, there was no significant (p <0.05)
difference between in TNF-«x levels in the brain of diabetic
rats treated with combination of metformin and donepezil as
well as with metformin only. However, both treatments caused
a significant (p < 0.05) reduction in brain TNF-« levels when
compared with diabetic control.

It was observed in Fig. 10 that level of IL-6 in the brain of
diabetic rats treated with combination of metformin and
donepezil was significantly (p<0.05) lower than those
treated with metformin only. Both treatments however
reduced brain IL-6 level in diabetic rats when compared
with the diabetic control group.
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Fig. 2 Effect of metformin/donepezil combination and metformin only
on brain acetylcholinesterase activity in diabetic rats. Values are
expressed as mean = standard deviation of five determinations. “p < 0.05
vs. normal control, *p <0.05 vs. diabetic control. Bars with different
alphabets are significantly different. Met = Metformin, Don = Donepezil

Figure 11 shows that level of GRP78 mRNA in hip-
pocampus of diabetic control rats was significantly (p <
0.05) higher when compared with other groups in the
study. In addition, hippocampal GRP78 mRNA of
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Fig. 3 Effect of metformin/donepezil combination and metformin only
on brain butyrylcholinesterase activity in diabetic rats. Values are
expressed as mean + standard deviation of five determinations. “p < 0.05
vs. normal control, *p <0.05 vs. diabetic control. Bars with different
alphabets are significantly different. Met = Metformin, Don = Donepezil

503

i 40+
U]
=
8
2 30- S
© | "
© — ﬁﬁ:ﬁ: #b
[72] )
S 20- [ R
E SR e
s |l g : %: :
Y E ) |} *
o % :5- IEI
T 10 2 e
R W
c SR e a
@ ﬁ ﬁ l...l
m 0 o o 'l | I

& S S

\00 \x %X 00
«° e & &
é ‘@rg o\ o\{b
&
o\
Groups

Fig. 4 Effect of metformin/donepezil combination and metformin only
on brain level of GLUT4 in diabetic rats. Values are expressed as mean +
standard deviation of five determinations. “p < 0.05 vs. normal control,
#p<0.05 vs. diabetic control. Bars with different alphabets are signifi-
cantly different. Met = Metformin, Don = Donepezil

diabetic rats treated with combination of metformin
and donepezil was significantly (p<0.05) lower when
compared with those treated with metformin only.
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Fig. 5 Effect of metformin/donepezil combination and metformin only
on activity of SOD in the brain of diabetic rats. Values are expressed as
mean = standard deviation of five determinations. “p < 0.05 vs. normal
control, #p <0.05 vs. diabetic control. Met=Metformin, Don =
Donepezil
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Fig. 6 Effect of metformin/donepezil combination and metformin only
on activity of catalase in the brain of diabetic rats. Values are expressed as
mean + standard deviation of five determinations. “p <0.05 vs. normal
control, *p <0.05 vs. diabetic control. Bars with different alphabets are
significantly different. Met = Metformin, Don = Donepezil

It was shown in Fig. 12 that both metformin only as well as
combination of metformin and donepezil significantly (p <
0.05) reduced the level of ATF4 mRNA in the hippocampus
of diabetic rats when compared with diabetic control.
However, ATF4 mRNA level was significantly (p <0.05)
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Fig. 7 Effect of metformin/donepezil combination and metformin only
on activity of GPx in the brain of diabetic rats. Values are expressed as
mean = standard deviation of five determinations. “p < 0.05 vs. normal
control, *p <0.05 vs. diabetic control. Bars with different alphabets are
significantly different. Met = Metformin, Don = Donepezil
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Fig. 8 Effect of metformin/donepezil combination and metformin only
on level of MDA in the brain of diabetic rats. Values are expressed as
mean + standard deviation of five determinations. “p <0.05 vs. normal
control, *p <0.05 vs. diabetic control. Bars with different alphabets are
significantly different. Met = Metformin, Don = Donepezil

higher in hippocampus of diabetic rats treated with metformin
only when compared with those treated with combination
therapy metformin and donepezil.

Figure 13 shows that treatment of diabetic rats with
metformin/donepezil combination significantly (p <0.05)
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Fig. 9 Effect of metformin/donepezil combination and metformin only
on level of TNF-« in the brain of diabetic rats. Values are expressed as
mean = standard deviation of five determinations. “p < 0.05 vs. normal
control, #p<0.05 vs. diabetic control. Met=Metformin, Don =
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repressed the expression of CHOP gene in the hippocampus of
diabetic rats when compared with treatment with metformin
only. Metformin only also significantly (p <0.05) repressed
the expression of CHOP gene in the hippocampus of diabetic
rats when compared with diabetic control group.

Discussion

Combination therapy has several benefits when compared to
monotherapy as it produces improved efficacies and also re-
duces the possibility of adverse effects [41]. As a result of this,
it has been employed in treating multiple complex diseases
[42]. The present study therefore explored the benefit of com-
bination therapy with metformin and donepezil in comparison
with monotherapy with metformin only in type 2 diabetes-
associated dementia with a focus relevant biochemical pro-
cesses such as oxidative stress, endoplasmic stress, activities
of cholinesterases and inflammation, that have been implicat-
ed in type 2 diabetes-associated dementia.

Alteration in cognition associated with T2DM patients who
are yet to be diagnosed of dementia has been earlier reported
[43]. Moreover, T2DM patients have a higher likelihood of
progressing from slight impairment to cognition to dementia,
and to AD [44]. In such patients, the level and period of hy-
perglycemia are related to extent of dementia. Actually, faster

Fig. 11 Effect of metformin/donepezil combination and metformin only
on hippocampal GRP78 expression in diabetic rats. Values are expressed
as mean = standard deviation of five determinations. “p < 0.05 vs. normal
control, *p <0.05 vs. diabetic control. Bars with different alphabets are
significantly different. Met = Metformin, Don = Donepezil

decline in cognition is associated with both increased glycated
hemoglobin and duration of diabetes, with reduced cognition
observed for every 1% rise in glycated hemoglobin [45].
Cerebral hemorrhage, aggregation of amyloid-3 as well as
neuronal damage in terms of structure and function are some
of the mechanisms through which hyperglycemia worsens
cognition [46]. In this study, a significant reduction in serum
glucose level was observed in diabetic rats treated with met-
formin only and its combination with donepezil with no sig-
nificant difference between the antihyperglycemic effect of
both treatments.

It has been suggested that treatment of T2DM with cholin-
esterase inhibitors might delay the onset of AD [47]. This
could be due to ability of cholinesterase inhibitors to prevent
depletion of acetylcholine which is the principal substrate of
the Ache and BuChe, and thereby inhibit eventual cholinergic
dysfunction that usually characterizes AD [48]. In our study,
we observed that both metformin/donepezil combination and
metformin only significantly reduced activity of Ache and
BuChe in the brain of diabetic rats. A similar trend was ob-
served in earlier studies on AChe with metformin [49] and
combination of metformin and donepezil [50]. However, in
diabetic rats treated with metformin/donepezil combination,
AChe activity was significantly lower than in metformin only
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Fig. 12 Effect of metformin/donepezil combination and metformin only
on hippocampal expression of ATF4 in diabetic rats. Values are expressed
as mean = standard deviation of five determinations. “p < 0.05 vs. normal
control, *p <0.05 vs. diabetic control. Bars with different alphabets are
significantly different. Met = Metformin, Don = Donepezil

group, an indication of possible synergy between both metfor-
min and donepezil. A similar trend was earlier observed by
Markowicz-Piasecka et al., 2018 [50]. Our study did not show
a significant difference in inhibition of BuChe.

Oxidative stress and subsequent increase in the level of its
markers are known to be involved in the pathological process-
es leading to AD [51]. The brain consumes in excess of 20%
of the total oxygen available to the organism, 98% of which
passes through the mitochondrial electron transport chain with
attendant production of reactive oxygen species (ROS).
Coupled with this is high level of polyunsaturated fatty acids
(PUFA), low activity of brain antioxidant enzymes, and high
level of pro-oxidant metal ions in the brain, which makes it
particularly susceptible to oxidative stress [52, 53]. This is
especially relevant in the settings of AD as research has re-
vealed that oxidative stress is the most consistent risk factors
in AD [54]. It has been abundantly proven that exposure of (3-
cells to chronic hyperglycemia increases ROS production and
decreases both insulin content and glucose-stimulated insulin
release [55]. Like the brain, (3-cells have low levels of antiox-
idant enzymes and this also makes them susceptible to oxida-
tive stress [56]. Thus, oxidative stress indicators such as re-
duced levels of antioxidant enzymes and their activities, as
well as increased lipid peroxidation products are known to
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Fig. 13 Effect of metformin/donepezil combination and metformin only
on hippocampal expression of CHOP in diabetic rats. Values are
expressed as mean + standard deviation of five determinations. “p < 0.05
vs. normal control, #p<0.05 vs. diabetic control. Bars with different
alphabets are significantly different. Met = Metformin, Don = Donepezil

be present in diabetic patients [10]. This study showed that
metformin/donepezil combination significantly improved
brain antioxidant status in diabetic rats. Even though a previ-
ous study established the fact that metformin ameliorates brain
oxidative stress arising from diabetes [57], our study showed
that metformin/donepezil combination had a better ameliora-
tive effect on brain antioxidant status when compared with
metformin only as observed in the activities of catalase and
glutathione peroxidase as well as in the level of MDA.
Inflammation is associated with the pathological processes
leading to both AD and T2DM [58]. Higher level of TNF-o
was linked with AD [59]. Similarly, earlier research demon-
strated that increase in the level of inflammatory markers (e.g.
IL-6) correlates with development of T2DM [60]. Besides,
inflammation correlates with decline in cognition [61]. Anti-
inflammatory effect of metformin and cholinesterase inhibi-
tors like donepezil has earlier been reported. Metformin is
known to reduce the expression of NF-kB, the transcription
factor involved in inflammation as well as NF-kB—dependent
genes [62, 63]. In the same vein, inhibition of acetylcholine
hydrolysis by cholinesterase inhibitors sustains the anti-
inflammatory effect of acetylcholine, which it exerts by sup-
pressing generation of pro-inflammatory cytokines [64]. In the
present study, it was discovered that both metformin/
donepezil combination and metformin only significantly
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reduced inflammation in the brain of diabetic rats.
Nevertheless, a significantly lower level of IL-6 was observed
in the brain of diabetic animals treated with metformin/
donepezil combination when compared with those treated
with metformin only, while no significant difference was ob-
served in the level of TNF-« between the two treatment
groups. Both drugs could have exerted their anti-
inflammatory effects via the mechanisms stated earlier, and
the significant anti-inflammatory effect of both drugs especial-
ly as observed in the level of IL-6 in the brain could be as a
result of synergy between both drugs.

Apart from its expression in peripheral tissues, GLUT4 is
also expressed in various parts of the brain such as the hippo-
campus and cerebellum [65, 66]. Its role as blood glucose
sensor as well as in the uptake and utilization of glucose in
the brain has been reported [67]. Improvement in cognition as
a result of insulin stimulated glucose uptake by GLUT4 has
made its hippocampal overexpression a promising drug target
[68]. In this study, treatment of diabetic rats with metformin/
donepezil combination and metformin only resulted in signif-
icantly higher level of GLUT4 in the brain of diabetic rats
when compared with diabetic control. It is noteworthy that
GLUT4 levels in the brain of diabetic rats treated with
metformin/donepezil combination was significantly higher
than those treated with metformin only. Metformin has earlier
been reported to markedly improve GLUT4 expression in
muscle of streptozotocin induced diabetic rats [69]. In our
study, we observed an identical effect in the brain of diabetic
rats, which was apparently complemented by donepezil.

ER stress has been associated with cognitive impairment in
experimental diabetic animals [70, 71]. GRP78 is critical in
protecting cell death due to several stresses on the ER [72].
Relatedly, ATF4 is a transcription factor and a downstream
mediator in the PERK arm of ER stress pathway that regulates
ER redox homeostasis, protein folding and cell fate through its
induction of CHOP which in turn induces apoptosis by acti-
vating proapoptotic factors like p53 upregulated modulator of
apoptosis (PUMA) [73] and suppression of pro-survival com-
ponents of B-cell lymphoma 2 (Bcl-2) family of proteins [74].

Increase in the number of CHOP positive neurons was
reported in the hippocampus of diabetic rats [75]. Besides, in
Alzheimer’s disease brain post mortem, upregulation of
GRP78 was observed in both hippocampus and cerebral cor-
tex [76] while brain protein level of ATF4 was also signifi-
cantly upregulated in murine models of Alzheimer’s disease
[77]. In the present study, expression of GRP78, ATF4 and
CHOP was upregulated in the hippocampus of diabetic rats
while treatment with metformin/donepezil combination and
metformin only significantly attenuated the expression of the
three ER stress markers. Furthermore, treatment of diabetic
rats with combination of metformin and donepezil showed
better ER stress ameliorating effect when compared with met-
formin only by attenuating the expression of the three ER

stress markers evaluated in this study. The significantly higher
expression of CHOP in the diabetic control group suggests
that ER stress in this group persisted such that the ATF4-
induced CHOP-mediated apoptotic pathway could be
prompted, as expression of CHOP is under the influence of
ATF4 [78]. This is particularly significant as loss of neuronal
cells in different parts of the brain is characteristic of both
neurodegenerative diseases [79] and diabetic rats [80]. The
hippocampus is a brain region with very important functions
in learning and memory [81]. Earlier studies confirmed that
ER stress in the hippocampus is associated with cognitive
impairment in diabetes. Thus, inhibiting hippocampal ER
stress could be a means of improving cognition in diabetes
[75]. It therefore follows that both treatment modalities in this
study could improve cognition in diabetic rats.

Conclusion

This study revealed that there is a synergistic effect between
metformin and donepezil, and that combination of both drugs
had an edge over metformin only in modulating antioxidant
status, inflammation, endoplasmic reticulum stress and activ-
ity of cholinesterases in the brain of type 2 diabetic rats. This
implies that combination of both drugs could be considered in
managing type 2 diabetes-associated dementia-cum-
Alzheimer’s disease. Further research on dose variation of
both drugs in order to determine the optimum doses of both
drugs as well as the effect of a combination of both drugs on
behavioral studies associated with dementia is recommended.
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