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Abstract

Neurodegenerative diseases, such as Alzheimer’s disease have been recognized as one of the microvascular complications of type 2
diabetes (T2D). In this study, the effect of T2D on neuronal integrity and elemental distribution in the cerebellar cortex, as well as the
therapeutic effect of Raffia Palm (Raphia hookeri) wine (RPW) were investigated in male albino rats. T2D was induced in 4 groups
of rats using fructose and streptozotocin. One group served as negative control which was administered water, the second and third
group were administered 150 and 300 mg/kg bodyweight of RPW, while the fourth was administered metformin (200 mg/kg
bodyweight). Two other groups of normal rats were administered distilled water (control) and of RPW (300 mg/kg bodyweight).
The rats were sacrificed after 5 weeks of treatment, and brains were collected. The cerebellum was removed, and several parts
analyzed by immunochemistry, histology and scanning electron microscopy (SEM). Remaining brain tissues were used to analyze
for the oxidative stress biomarkers and acetylcholinesterase activity. These analyses revealed oxidative damage with concomitantly
increased acetylcholinesterase activity and upregulation of Nrf2 expression in the diabetic brain cerebellar cortexes. Histological
and microscopic analysis also revealed altered distribution of neurons and axonal nodes with concomitant elevated levels of several
heavy metals. Treatment with RPW significantly elevated glutathione (GSH) level, superoxide dismutase (SOD) and catalase
activities, as well as depleted acetylcholinesterase and malondialdehyde (MDA) level and concomitantly inhibited Nrf2 expression.
It also improved neuronal integrity and reduced the levels of heavy metals in brain. Taken together, the results of this study suggest
that the RPW may afford a novel neuroprotective potential against diabetic neurodegeneration.
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Introduction level due to the incapability of pancreatic [3-cells to synthesize

insulin as seen in type 1 diabetes (T1D) and/or insufficient
Being a major global epidemic, diabetes mellitus (DM) is a  utilization of synthesized insulin as seen in type 2 diabetes
metabolic disease characterized by increased blood glucose (T2D) (Unnikrishnan et al. 2017; van Crevel et al. 2017).
T2D is the predominant of all DM types and it is characterized
by insulin resistance and partial pancreatic (3-cell dysfunction,
leading to chronic hyperglycemia. Chronic hyperglycemia, in
turn, leads to excess production of free radicals, which can
initiate oxidative stress when they surpass the tissue’s endog-
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playing a key role in mediating tis effect (Kim et al. 2015;
Uttara et al. 2009). The brain utilizes glucose as its predominant
source of energy, when glucose transporters transport it across
the blood-brain barrier (BBB) (McEwen and Reagan 2004;
Reagan et al. 2008; Wrighten et al. 2009). However, this ho-
meostasis is disrupted in T2D due to impaired signaling and the
down regulation of glucose transporters (GLUTs) (Gejl
et al. 2017; Hwang et al. 2017; Pardridge et al. 1990;
Wrighten et al. 2009), leading to neuronal loss, structural al-
terations, and metal accumulation (Folarin et al. 2017; Kim
et al. 2015; Wrighten et al. 2009).

The role of nuclear factor erythroid 2-related factor 2
(Nrf2) has been correlated with redox homeostasis as it medi-
ates the activation and recruitment of endogenous antioxidants
in response to oxidative stress (Dieter 2014; Ma 2013). Its
beneficial role has been reported in cerebellar function and
neurodegenerative diseases such as Alzheimer and
Parkinson (Ma 2013; Sandberg et al. 2014), cardiovascular
diseases (Barancik et al. 2016), and hepatoxicity (Ma 2013).
Its role in the activation of oxidative stress has been reported
(Wrighten et al. 2009; Zucker et al. 2014). The activation of
Nrf2 on the onset of T2D with concomitant generation of
ROS, leading to downstream of antioxidants has also been
reported (He et al. 2012; Miao et al. 2012).

Raffia palm (Raphia hookeri) wine (RPW) refers to the
natural beverage obtained from the trunks of Raphia hookeri
(raffia palm tree) (Eze and Ogan 1988b; Nwaiwu et al. 2016).
Its consumption cuts across West Africa and Asia where it is
utilized for spiritual, socio-economical and medicinal pur-
poses. In traditional medicine, it is usually employed as a
macerating medium for medicinal plants, but can be utilized
singly. Its medicinal uses include treatment of measles, breast
milk replenishment, and aphrodisiac (Gruca et al. 2014;
Kosseva et al. 2016; Okwu and Nnamdi 2008; Rétsch
2005). Erukainure et al. (2019a, 2019b) reported the ability
of RPW to reduce blood glucose level, oxidative stress and
ameliorate testicular damage in diabetic rats. Its macro and
micro — nutritional constituents, which consists of ascorbic
acid, B vitamins, calcium, potassium, sodium, nitrogen and
phosphorus have been reported (Bassir 1962; Cunningham
and Wehmeyer 1988; Eze and Ogan 1988; Obahiagbon and
Osagie 2007; Tuley 1965). Its phytochemical constituents
have been reported to include hydroxycafteic acid, luteic acid,
caffeic acid, 7,4’-dihydroxyflavone, protocatechuic acid 4-
glucoside, gallic acid 3-glucoside, flavogallol, gallocatechin
gallate, 7,4'-dimethoxyflavone (Erukainure et al. 2018b). It
has also been reported to be rich in the sugars: glucose, raffi-
nose, sucrose, xylose, and lactose (Ezeagu et al. 2003;
Obahiagbon and Osagie 2007). These sugars are not only
responsible for its sweetness, but act as fermentation sub-
strates for the high Saccharomyces cerevisiae content of RPW.

This study aims to investigate the effect of RPW on the
redox status, ATPase and acetylcholinesterase activities in
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whole brain, as well as the morphology, neuronal distribution,
elemental distribution, and Nrf2 expression in the cerebellar
cortex of T2D rats. Brain glucose uptake has been reported to
alter in T2D due to the down regulation of GLUTs (Gejl et al.
2017; Hwang et al. 2017; Pardridge et al. 1990), thus the
ability of RPW to stimulate glucose uptake in brain tissues
was also investigated ex vivo.

Materials and methods
Raffia palm wine

Raffia palm wine was obtained fresh from local palm tappers
in Benin city, Nigeria. They were concentrated in a water bath
at 50 °C and stored at 4 °C.

Experimental animals

Thirty eight male albino rats of Sprague-Dawley (SD) strain,
weighing about 180-200 g were collected from the
Biomedical Research Unit (BRU), University of KwaZulu-
Natal, Durban, South Africa. The animals were maintained
under optimum temperature and humidity with natural photo
period of 12-h light-dark cycle, while acclimatizing on pellet-
ized rat chows for 7 days. Water was provided ad libitum. The
study was carried out in accordance with the approved guide-
lines of the animal ethics committee, University of KwaZulu-
Natal, Durban, South Africa (protocol approval number:
AREC/020/017D).

Groupings

The animals were grouped into 6 consisting of Normal
Control (NC): Normal rats (non-diabetic and not treated);
Diabetic Control (DC): Diabetic and untreated control;
Diabetic + low dose (DSG-LD): Diabetic rats adminis-
tered low dose (150 mg/kg bodyweight [bw]) of RPW;
Diabetic + high dose (DSG): Diabetic rats administered
high dose (300 mg/kg bw) of RPW; Diabetic + standard
drug metformin (DSM): Diabetic rats administered
200 mg/kg bw metformin; and Normal Toxicological Group
(PHD): Non-diabetic rats administered high dose (300 mg/kg
bw) of RPW.

Each group consists of 5 rats for normal groups, and 7 for
the diabetics. The treatment design is summarized in Fig. 1.

Induction of type 2 diabetes

T2D was induced by first feeding 10% fructose solution to the
animals in diabetic groups (DC, DSG-LD, DSG, and DSM)
for 2 weeks ad libitum, before injecting (i.p) with
streptozotocin (40 mg/kg BW) dissolved in citrate buffer
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Induction of T2D Intervention

Adaptation l Week 0 l Week 1 — Week 5

Sacrifice

Fig. 1 Summary timeline of intervention trial

(pH 4.5) after an overnight fast. While the normal groups, NC
and PHD were fed normal drinking water and injected (i.p)
with citrate buffer only.

The rats were assessed for their non-fasting blood glucose
(NFBG) levels after 7 days using a glucometer (Glucoplus
Inc., Quebec, Canada). They were considered diabetic, with
blood glucose level > 200 mg/dL.

Intervention trial

Raffia palm wine were orally administered to DSG-LD and
DSG at low (150 mg/kg bw) and high (300 mg/kg bw) doses
using a gastric gavage needle. PHD was administered
300 mg/kg bw of RPW, while NC and DC were administered
distilled water only. The intervention period lasted for
5 weeks.

Collection of organs

At the end of the intervention trial, the rats were humanely
sacrificed by euthanizing with halothane anesthesia. The
brains were collected and washed in 0.9% NaCl and weighed.
Parts of the cerebellum were excised and fixed in 10% neutral
buffered formalin for histology and immunohistochemistry.
About 2 mm of the cerebellum was also excised and fixed in
2.5% glutaraldehyde for electron microscopy. The remaining
parts of the brain were homogenized in a homogenizing buffer
(50 mM sodium phosphate buffer with 10% triton X-100,
pH 7.5), and centrifuged at 15,000 rpm for 10 mins at 4 °C.
The supernatants were decanted into 2 mL Eppendorf tubes
and stored at —20 °C.

Determination of oxidative stress
and proinflammatory biomarkers

Reduced glutathione (GSH) level

The GSH level was determined using the Ellman’s method
(Ellman 1959). Briefly, the supernatants were deproteinized
with an equal volume of 10% TCA and then centrifuged at
3500 rpm for 5 mins at 25 °C. Thereafter, 200 puL of the
supernatant was pipetted into a 96 well plate. A 50 uL of
Ellman reagent was then added and allowed to stand for 5
mins. Absorbance was read at 415 nm. The GSH level was
then extrapolated from the standard curve of plotted GSH
concentrations.

Superoxide dismutase (SOD) activity

Superoxide dismutase activity was determined using previ-
ously established method which is based on the principle that
H,0, from SOD catalyzed dismutation of O, oxidizes 6-
hydroxydopamine (6-HD) to produce a colored product
(Gee and Davison 1989). Briefly, 170 pL of 0.1 mM
diethylenetriaminepentaacetic acid (DETAPAC) and 15 pL
of the samples were added in the each well of a 96-well plate.
Thereafter, 15 pL of 1.6 mM 6-HD was added and mixed by
gently tapping all four sides of plates. Absorbance of
the resultant mixture was measured at 492 nm for 5
mins at 1 min interval.

Catalase activity

The catalase activity of the supernatants was calculated using
previously established protocol (Aebi 1984). Briefly, 340 uL
of 50 mM sodium phosphate buffer (pH 7.0) was mixed with
10 uL of the supernatants, 150 uL of 2 M H,0O, was then
added to the mixture. Absorbance was read at 240 nm for
3 min at 1 min interval.

Lipid peroxidation levels

Lipid peroxidation levels of the supernatants were determined
by measuring thiobarbituric acid reactive substances
(TBARS), expressed as malondialdehyde (MDA) equiv-
alent (Chowdhury and Soulsby 2002). Briefly, 100 pL
of the supernatants were mixed with an equal volume of
8.1% SDS solution, 375 pL of 20% acetic acid, 1 mL
of 0.25% thiobarbituric acid (TBA), and 425 uL of
distilled water. The reaction mixture was heated at
95 °C for 1 h in a water bath. Thereafter, 200 pL of
the heated mixture was pipetted into 96-well plate and absor-
bance read at 532 nm.

Myeloperoxidase activity

The myeloperoxidase (MPO) activities of the supernatants
were determined using a previously established method with
slight modifications (Granell et al. 2003). Briefly, 100 uL of
the samples or distilled water (blank) were incubated with
100 uL of 5 mM KCl and 25 pL of 2 M H,0, for 10 mins.
Thereafter, 50 uL of 1.25% ammonium molybdate was added
to the reaction mixture and allowed to stand for 5 mins.
Absorbance was read at 405.

Determination of ATPase activity
The ATPase activities of the supernatants were analyzed using

previously described protocol with slight modification
(Adewoye et al. 2000; Erukainure et al. 2017). Briefly,
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200 pL of the supernatants were incubated with 200 uL of
5 mM KCl, 1300 uL of 0.1 M Tris-HCI buffer, and 40 pL of
50 mM ATP at 37 °C in a shaker for 30 mins.
Thereafter, 1 mL of distilled water and 1.25% ammoni-
um molybdate were added respectively to stop the reac-
tion. 1 mL of freshly prepared 9% ascorbic acid was
then added to the reaction mixture and allowed to stand
for 30 mins. Absorbance was read at 660 nm and ATPase
activity was calculated as the amount of inorganic phosphate
(Pi) released/min/mg protein.

Determination of acetylcholinesterase activity

The Ellman’s method was utilized in determining the acetyl-
cholinesterase activities of the supernatants (Ellman
et al. 1961). Briefly, 20 puL of the supernatant was
mixed with 10 pL of 3.3 mM Ellman’s reagent
(pH 7.0) and incubated with 50 puL of 0.1 M phosphate
buffer (pH 8) for 20 min at 25 °C. 10 uL of 0.05 M
acetylcholine iodide was then added to the reaction mixture
and absorbance read at 412 nm at 3 min intervals.

Histology

The fixed cerebellar tissues were subjected to paraffin
embedding using standard protocol, before staining with
hematoxylin and eosin. A Leica slide scanner (SCN
4000, Leica-biosystems Germany) was used in viewing
the slides.

Scanning Electron microscopy

Microscopic analysis of the cerebellar cortex was carried out
with a scanning electron microscope (SEM; Zeiss Ultra
Plus). The fixed tissues were buffer-washed thrice at 5
mins intervals to remove glutaraldehyde. They were
post-fixed with 0.5% osmium tetraoxide for 2 h. The
tissues were washed with distilled water thrice at 5 mins
interval, before subjecting to dehydration using ethanol
of increasing concentrations: 25% (twice at 5 mins in-
terval), 50% (twice at 5 mins interval), 75% (twice at 5
mins interval) and 100% (twice at 10 mins interval).
The tissue samples were dried in a critical-point-dryer appa-
ratus, gold coated, and observed at an accelerating voltage of
20-25 k with a SEM (Zeiss Ultra Plus).

Energy dispersive X-ray (EDX) microanalysis

After SEM analysis, the cerebellar samples were further ana-
lyzed for elemental distributions by energy dispersive X-ray
(EDX) microanalysis using a SEM (Zeiss Ultra Plus)
equipped with an Oxford Instruments X-Max 80 mm2 Solid
State EDX detector.
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Immunohistochemistry

Thin sections of 5 um thickness were obtained from routine
paraffin embedded tissues prepared during histology.
Following deparaffinization, sections were subjected to anti-
gen retrieval by heating in a citrate-based antigen unmasking
solution, pH 6.0 (Vector®, Burlingame, CA, USA; #H3300)
for 30 mins in a steamer and cooled on the bench at room
temperature for 30 mins. Endogenous peroxidase blocking
was performed in 0.3% hydrogen peroxide in Tris Buffered
Saline (TBS, pH 7.4) for 10 mins. Sections were blocked in
2.5% normal horse serum (Vector® #MP-7401) for 20 mins.
Sections were then incubated overnight at 4 °C in primary
rabbit antibodies: Nrf2 (Abcam, MA, USA; #ab31163) at
1:100 dilution. Sections were washed in TBS and incubated
in InmPRESS™ HRP Anti-Rabbit IgG (Peroxidase) Polymer
Reagent, made in horse (Vector® #MP-7401). Colour was de-
veloped with DAB Peroxidase (HRP) Substrate Kit (Vector®
#SK-4100), and sections were counter-stained in Harris hema-
toxylin. Sections without primary antibodies were similarly
processed to control for binding of the secondary antibody.
No specific immunoreactivity was detected on these control
sections. Immunostained sections were digitized with a
Pannoramic 250 Flash II slide scanner (3D Histech,
Budapest, Hungary) and representative photomicrographs were
obtained at 200x magnification using 3DHistech Case Viewer
Software. Image analysis was performed using ImmunoRatio
plugin on Image J software (NIH, USA), which separates and
quantifies the percentage of DAB (positive immunoreactivity)
by digital color deconvolution (Tuominen et al. 2010).

Glucose uptake in rat brain ex vivo

This was carried out by incubating freshly harvested normal
rats’ (SD strain, male) brains with different concentrations of
RPW (30, 60, 120 and 240 pg/mL) in 8 mL of Krebs buffer
containing 11.1 mM glucose for 2 h under conditions of 5%
CO,, 95% oxygen and 37 °C (Chukwuma and Islam 2015).
An extra incubation without any treatment served as a control,
while metformin served as the standard antidiabetic drug.
Prior to incubation, an aliquot of the buffer was collected in
2 mL micro tubes for uptake analysis.

After incubation, the glucose concentrations of the buffer
collected before and after incubation were analyzed with an
automated chemistry analyzer (Labmax Plenno, Labtest Inc.,
Lagoa Santa, Brazil). Glucose uptake was calculated using the
formula:

GC1-GC2
Weight of brain tissue (g)

Glucose uptake =

Where GC1 and GC2 are glucose concentrations (mg/dL)
before and after incubation, respectively.
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Statistical analysis

Data obtained were analyzed with one-way analysis of vari-
ance (ANOVA) and significant difference established at
p <0.05, with results reported as mean + SD. Tukey’s HSD-
multiple range post hoc test was used to find the significance
of difference. All statistical analyses were carried out using
IBM SPSS for Windows, version 23.0 (SPSS Inc., Chicago,
IL) and Microsoft 2016 Excel spread sheet.

Results

There was an elevation of blood glucose level on induction of
T2D. The level was however, reduced by 44.29 and 53.57%
after treatment with low and high dose of RPW, respectively.

Oxidative biomarkers were measured in order to determine
the oxidative stress levels in the brain tissues of the experi-
mental animals. As shown in Figs. 2a, 2d, induction of T2D
led to a significant (p <0.05) decrease in GSH levels, SOD
and catalase activities, with concomitant increase in MDA
levels. These were reversed on treatment with RPW and met-
formin to levels indistinguishable from controls.
Administration of RPW to normal rats had no significant ef-
fect on GSH levels and SOD activities but reduced the catalase
activity compared to the control. These results indicate the
potent antioxidant activity of RPW.
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Fig. 2 Antioxidant status of different animal groups at the end of the
intervention period. Values=mean+SD; n=5 (NC and PHD) and 7
(DC, DSG-LD, DG, and DSM). *Statistically (p <0.05) significant to
DC, #statistically significant (p <0.05) to NC. NC =normal rats, DC =

Myeloperoxidase activity was measured in order to deter-
mine the level of proinflammation in the brain tissues of the
experimental animals. Induction of T2D led to a significant (p
< 0.05) increase in myeloperoxidase activity as shown in Fig.
3, indicating a proinflammatory response. This was signifi-
cantly reduced in the RPW treated groups, with low dose
showing the better activity, which is comparable with metfor-
min. RPW had no significant effect on the activity in normal
rats compared to the control.

ATPase activity was measured in order to have an insight
on the ATP levels in brain tissues of the experimental animals.
As shown in Fig. 4, ATPase activity in the diabetic group was
significantly (p <0.05) higher compared to the control. This
effect was attenuated in response to the treatment with RPW,
while the high dose showed a marked reduction reaching
levels indistinguishable from controls. Metformin had no sig-
nificant effect on the activity. The activity significantly in-
creased in normal rats administered RPW compared to respec-
tive controls.

Acetylcholinesterase activity was measured in the brain
tissues of the experimental animals in order to determine the
inhibitory effect of RPW on the enzyme. Induction of T2D led
to significant (p < 0.05) increase in acetylcholinesterase activ-
ity as depicted in Fig. 5. This effect was significantly reduced
in rats treated with low dose of RPW. The metformin treated
group, DSM also showed a significant reduction in acetylcho-
linesterase activity. Acetylcholinesterase activity in normal
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Fig. 3 Myeloperoxidase activities of experimental groups. Values =
mean + SD; n=35 (NC and PHD) and 7 (DC, DSG-LD, DG, and DSM).
*Statistically (p <0.05) significant to DC, #statistically significant (p <
0.05) to NC. NC =normal rats, DC = diabetic control, DSG-LD =

rats administered RPW was indistinguishable from the normal
control group.

Histological analyses were carried out in order to reveal the
morphology of the cerebellar cortices of the experimental an-
imals. Histological analysis of the cerebellar cortex revealed
intact Purkinje and granular cell layers as shown in Fig. 6a.
The intactness of these layers was distorted upon induction of
T2D (Fig. 6b), with evidence for compromised neuronal in-
tegrity. These layers appeared normal in rats treated with low
dose of RPW and metformin (Fig. 6c, e), indicating a protec-
tive activity and maintenance of optimal neuronal integrity.

The cerebellar cortices of the experimental animals were
subjected SEM analysis in order to reveal the surface mor-
phology and neuronal distributions. SEM analysis of the cer-
ebellar cortex revealed intact Purkinje and glial cells, with a
vast network of dendrites and axons (Fig. 7a). This intactness
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diabetic rats + Raffia palm wine (150 mg/kg bw), DSG = diabetic rats +
Raffia palm wine (300 mg/kg bw), DSM = diabetic rats + metformin
(200 mg/kg bw), and PHD = Normal rats + Raffia palm wine
(300 mg/kg bw)

DSG DSM

was also distorted in the untreated diabetic group (Fig. 7b) as
evidenced by a depleted number of Purkinje and glial cells,
and altered network of dendrites and axons. The dendrites and
axon networks were more conspicuous in the low dose RPW
treated group (Fig. 7c), while the Purkinje and glial cells, and
nerve networks were more intact in the high dose treated
group (Fig. 7d). These cells and networks were altered in
metformin treated rats (Fig. 7e¢). Administration of RPW to
normal rats had no discernible effect on the Purkinje and glial
cells as well as dendrites and axons networks (Fig. 7f).

EDX mapping of the cerebellar cortices was carried out in
order to determine the elemental distribution in the cortices of
the experimental animals. Figure 8a reveals the EDX mapping
of the cerebellar cortex, showing elemental distribution in the
cortex. Quantitative analysis revealed depleted levels of car-
bon, nitrogen and iron, with concomitantly elevated levels of

#
| I
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Fig. 4 ATPase activities of experimental groups. Values = mean + SD;
n=5 (NC and PHD) and 7 (DC, DSG-LD, DG, and DSM).
*Statistically (p <0.05) significant to DC, #statistically significant (p <
0.05) to NC. NC =normal rats, DC = diabetic control, DSG-LD =
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Raffia palm wine (300 mg/kg bw), DSM = diabetic rats + metformin

(200 mg/kg bw), and PHD = Normal rats + Raffia palm wine
(300 mg/kg bw)
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Fig. 5 Acetylcholinesterase activities of experimental groups. Values =
mean +SD; n=5 (NC and PHD) and 7 (DC, DSG-LD, DG, and DSM).
*Statistically (p <0.05) significant to DC, #statistically significant (p <
0.05) to NC. NC =normal rats, DC = diabetic control, DSG-LD =

oxygen, magnesium, aluminum and calcium (Fig. 8b).
Induction of T2D had little or no effect on the cerebellar

Fig. 6 Morphological changes in cerebellar tissues of experimental
groups. Magnification: 10x — 0.02. (A)=NC, (B)=DC, (C)=DSG-LD,
(D)=DSG, (E)=DSM, and (F)=PHD. Legends: Black arrow =
Purkinje cell layer; Red arrow: Granule cell layer; White arrow: white
matter; Blue arrow: Molecular layer. NC =normal rats, DC = diabetic
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diabetic rats + Raffia palm wine (150 mg/kg bw), DSG = diabetic rats +
Raffia palm wine (300 mg/kg bw), DSM =diabetic rats + metformin
(200 mg/kg bw), and PHD = Normal rats + Raffia palm wine
(300 mg/kg bw)

potassium content. These were reversed in the RPW treated
rats, with the low dose showing elevated levels of carbon and

control, DSG-LD = diabetic rats + Raffia palm wine (150 mg/kg bw),
DSG = diabetic rats + Raffia palm wine (300 mg/kg bw), DSM =
diabetic rats + metformin (200 mg/kg bw), and PHD = Normal rats +
Raffia palm wine (300 mg/kg bw)
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Fig. 7 SEM analysis of cerebellar tissues of experimental groups.
Magnification = 1000x. (A)=NC, (B)=DC, (C)=DSG-LD, (D)=
DSG, (E)=DSM, and (F)=PHD. Legend: Black arrow = Purkinje
cells; Blue arrow = dendrite network; Red arrow = axon. NC = normal

iron, and depleted levels of potassium. While the high dose
showed higher levels of nitrogen and potassium compared to
the control. Magnesium, calcium and iron were largely deplet-
ed in the cerebellar cortex of diabetic rats treated with high
dose of RPW. The cerebellar aluminum contents were highly
depleted in diabetic rats treated with both doses of RPW.
The expression of Nrf2 was determined in the cerebellar
cortices of the experimental animals in order to investigate the
suppressive effect of RPW on the expression in T2D.
Induction of T2D led to significantly (P < 0.05) increased
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rats, DC = diabetic control, DSG-LD = diabetic rats + Raffia palm wine
(150 mg/kg bw), DSG = diabetic rats + Raffia palm wine (300 mg/kg
bw), DSM = diabetic rats + metformin (200 mg/kg bw), and PHD =
Normal rats + Raffia palm wine (300 mg/kg bw)

expression of Nrf2 in the cerebellar cortex, particularly in
the Purkinje and granular cell layers compared to the normal
controls, (NC). Treatment with RPW attenuated the increase in
Nrf2 expression in T2D rats (Fig. 9).

Ex vivo glucose uptake was carried out in order to deter-
mine the ability of RPW to stimulate brain glucose uptake.
Incubation of rat brain with RPW led to decreased glucose
level of the incubating buffer, suggesting increased glucose
uptake, as depicted in Fig. 10. This enhanced glucose uptake
activity increased in a concentration-dependent manner.
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Fig. 8 A. EDX mapping of cerebellar tissues of experimental groups.
Magnification = 1000x. (a)=NC, (b)=DC, (¢)=DSG-LD, (d)=DSG,
(e)=DSM, and (f) =PHD. Legends: C = carbon, N =nitrogen, O =
oxygen, Na=sodium, Mg = magnesium, K = potassium, Ca = calcium,
Fe =1iron, and Al = aluminum. NC = normal rats, DC = diabetic control,

Incubation with metformin did not alter glucose uptake vs.
control.

Discussion

The brain dependence on glucose as its primary source of
energy is well established, with neurons being the highest

DSG-LD = diabetic rats + Raffia palm wine (150 mg/kg bw), DSG =
diabetic rats + Raffia palm wine (300 mg/kg bw), DSM = diabetic rats
+ metformin (200 mg/kg bw), and PHD = Normal rats + Raffia palm
wine (300 mg/kg bw). B. Quantitative analysis of EDX scans

consumers owing to their high energy demand (Howarth
et al. 2012; Mergenthaler et al. 2013). Hence, the continuous
need for a constant supply of glucose from the blood across
the BBB to the brain via glucose transporters. This supply has
been reported to be altered in T2D (Vagelatos and Eslick
2013; Whitlow et al. 2015), and has been attributed to down
regulation of glucose transporters at the BBB (Gejl etal. 2017;
Hwang et al. 2017). Diminished brain supply of glucose

@ Springer



1394 Metab Brain Dis (2019) 34:1385-1399
Carbon Nitrogen Oxygen
60 16 38
59 14 __36
T 58 T2 EET
e g 10 %31
g s £ £ 30
S 55 g6 828
5 = 4 & 2
& s3 ¢ 24
52 22
0
% NC DC  DSGAD DSG  DSM  PHD 0
NC DC  DSGAD DSG  DSM  PHD i NC DC  DSGLD DSG  DSM  PHD
Magnesium Aluminium Potassium
0.06 08 0.04
__ 005 =
X T o6 003
o 004 i 1
s 4 s
£ 003 2 o4 < 0.02
c e =
@ o o
£ o002 g g
& g o2 & 001
0.01
0 0 o
NC DC  DSGAD DSG  DSM  PHD NC DC  DSGAD DSG  DSM  PHD NC OC DSGLD DSG  DSM  PHD
Calcium Iron
0.07 03
__ 006 g 025
R <
E 0.05 g 02
& 004 8
€ S 01s
€ o0 g
g om & o1
0.01 0.05
° 0
N bE DsGdD iber  BsM PO Ne DC  DSGLD DSG  DSM  PHD

Fig. 8 (continued)

might, in turn, lead to neurodegenerative diseases character-
ized by oxidative stress, defective physiology, neuronal
loss and dysfunction. In this study, the therapeutic effect
of RPW on T2D-induced oxidative brain injury as well
as its ability to promote brain glucose uptake ex vivo
were investigated.

The high consumption of O, and concomitant dependence
on glucose by the brain has been attributed for its high sus-
ceptibility to oxidative stress, which has been recognized as a
major mechanism of T2D-induced neurodegeneration (Das
et al. 2009; Patel 2016). This susceptibility can also be attrib-
uted to its low endogenous antioxidative system, high poly-
unsaturated fatty acid content, as well as the excitotoxic and
auto-oxidizable activities of neurotransmitters (Patel 2016).
The depleted GSH level, SOD and catalase activities upon
induction of T2D (Figs. 2a, c) portray a distorted pro-oxi-
dant/antioxidant equilibrium, reflected by increased ROS pro-
duction. This corroborates earlier reports on the increased ac-
tivities of these biomarkers in brain tissues of STZ-induced
diabetic rats (Mastrocola et al. 2005; Moreira et al. 2003).
ROS, such as O, and. OH are toxic to neuronal cells
(Uttara et al. 2009). SOD catalyzes the dismutation of O,” to
H,0, and O,. Catalase further catalyzes the breakdown of
H,0, to H,O and O, (Erukainure et al. 2017). In the absence
of its breakdown by catalase, H;O, generates hydroxyl ions
('OH). Both H,0, and "OH can initiate peroxidation of poly-
unsaturated fatty acids. The elevated MDA level in brain tis-
sues of the diabetic control (DC) rats (Fig. 2d) indicate the
occurrence of lipid peroxidation, which correlates with the
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depleted GSH levels, SOD and catalase activities. H;O, can
also be converted to hypochlorite (HOCI) in a reaction cata-
lyzed myeloperoxidase in the presence of hydrochloric acid
(HCI) (Patel 2016). HOCI is known to have proinflammatory
activities (Erukainure et al. 2018a). The increased
myeloperoxidase activity in the untreated diabetic group
(DC) (Fig. 3), may thus reflect a proinflammatory activity.
The reversal of these levels and activities to near normal in
the RPW-treated groups, indicates an antioxidative and anti-
proinflammatory potential of the palm wine.

Altered ATP levels have been reported in neurodegenera-
tive diseases (Mochel et al. 2012; Zhang et al. 2015), as a
consequence of increased ATPase activity. Increased brain
ATPase also been implicated in impaired glucose facilitative
transportation across the BBB (Falkowska et al. 2015;
Magistretti and Allaman 2015). In this study, the increased
ATPase activity in the diabetic control (DC) (Fig. 4) may
insinuate an impaired glucose transport across the BBB and/
or altered brain ATP concentration. The decreased activity in
the treated groups, particularly DSG likely reflects increased
ATP concentration as well as increased glucose uptake. This
corroborates the increased glucose uptake in rat brains incu-
bated with RPW in the presence of glucose (Fig. 10). The
slight decrease in ATPase activities in brains of metformin-
treated rats might be attributed to the fact that metformin ac-
tivates GLUTs 2 and 4, which are less concentrated at the
BBB (Kellett and Brot-Laroche 2005; Rice et al. 2011). This
may also explain its lesser effect on brain glucose uptake
(Fig. 10).
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Fig. 9 a. Immunohistochemistry
photomicrographs of Nrf2
expression in cerebellar cortex of
experimental groups.
Magnification = 200x;

(1)=NC, (2)=DC, (3)=DSG-
LD, (4)=DSG, (5) =DSM, and
(6)=PHD. b. Nrf2
immunoreactivity in cerebellar
cortex of experimental groups.
*Statistically (p <0.05)
significant to DC, #statistically
significant (p < 0.05) to NC.

NC =normal rats, DC = diabetic
control, DSG-LD = diabetic rats
+ Raffia palm wine (150 mg/kg
bw), DSG = diabetic rats + Raffia
palm wine (300 mg/kg bw),
DSM = diabetic rats + metformin
(200 mg/kg bw), and

PHD = Normal rats + Raffia palm
wine (300 mg/kg bw)
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The role of acetylcholinesterase in exacerbating neurode-  disease, and motor neuron dysfunction amongst other neuro-
generative diseases has been well established (Kuhl et al.  degenerative diseases (Hwang et al. 1999; Kuhad et al. 2008;
1999; Mushtaq et al. 2014; Pavlov et al. 2009). Its hydrolyzing ~ Tabet 2006). Increased acetylcholinesterase activity has been
effect on the neurotransmitter has been implicated in impaired ~ reported in diabetic rat brains (Ghareeb and Hussen 2008;
cognition, pathogenesis and progression of Alzheimer  Kuhad et al. 2008), correlating with the increased activity in

Fig. 10 Effect of Raffia palm
wine on brain glucose uptake

ex vivo. Values = mean +

SD; n = 3. *Statistically (p < 0.05)
significant to metformin,
#statistically significant (p < 0.05)
to glucose only
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the diabetic control in our present study (Fig. 5). The increased
activity further corroborates an occurrence of brain injury due
to induction of T2D. The increased activity also corroborates
the increased myeloperoxidase activity (Fig. 3), as acetylcho-
linesterase activity has been correlated with the inhibition of
the cholinergic anti-inflammatory pathways (Martelli et al.
2014; Pavlov et al. 2009). Increased oxidative stress has also
been correlated with elevated acetylcholinesterase activity
(Melo et al. 2003; Mushtaq et al. 2014), thereby implying that
the increased acetylcholinesterase activity is consistent
with increased oxidative stress (Fig. 2). The decreased
acetylcholinesterase activities in treated diabetic rats,
particularly the low dose RPW treated group, DSG-LD
indicates an acetylcholinesterase-inhibitory activity as
well as a protective effect against hyperglycemia-
induced neurodegeneration by RPW. The reduced inhib-
itory effect of the high dose of RPW may be attributed
to (1) the alteration of its pharmacokinetics at high
dose; and/or (2) the target site of action may only accommo-
date a certain dose of drug or extract, which could suppress the
effect of high doses.

Changes in brain morphology have been correlated with
the pathogenesis and progression of most neurodegenerative
diseases, with oxidative stress playing a major role (Ojo et al.
2014; Sidhu and Nehru 2004). The cerebellum controls motor
and muscular activities in the brains as well as body balance
(Imosemi 2013), with Purkinje cells as the main neurons pres-
ent (Lopez et al. 2009). The morphological changes in the
cerebellar cortex of the diabetic control rats (Fig. 6) as
depicted by distorted Purkinje and granular cell layers indicate
brain injury, which can be attributed to the T2D induced ox-
idative stress (Fig. 2). The vulnerability of Purkinje cells to
oxidative stress has been reported (Chen et al. 2003; Kern and
Jones 2006; Lopez et al. 2009). Their altered morphology and
distribution has also been reported in diabetes (Solmaz et al.
2017; Yamano et al. 1986). This is further evident in the al-
tered distribution and loss of Purkinje and glial cells as well as
dendrites and axons networks as revealed in Fig. 7b. These
changes indicate an altered neuronal integrity, which is com-
mon in most neurodegenerative diseases such as Alzheimer’s
disease. These results are in consent with reports on the alter-
ation of cerebellar cortex on induction of DM in rats
(Hernandez-Fonseca et al. 2009; Nagayach et al. 2014;
Ozdemir et al. 2016). The near-intactness of these cells and
networks in the treated groups (Figs. 6¢, 6f and 7c¢, 7f), par-
ticularly diabetic rats treated with RPW correlates with the
observed antioxidant activities (Fig. 2). Thus, indicating a
neuro-protective potential of RPW against T2D-induced
neurodegeneration.

Altered elemental distribution, particularly accumulation of
metals has been implicated in oxidative neurodegeneration
(Chen etal. 2016; Jan et al. 2015). Unless altered, these metals
are involved in the normal physiology of the brain as they act

@ Springer

as co-factors for most enzymes and are integral component of
most redox reactions (Uttara et al. 2009). Altered elemental
distributions and accumulations have been reported in cere-
bellar toxicity (Folarin et al. 2017; Kamal and Kamal 2013).
The increased O, content (Fig. 8) correlates with the induced
oxidative stress in DC, as oxygen is the major precursor of
ROS and its increased accumulation may lead to generation of
O, (Patel 2016). The increased Ca and Al contents (Fig. 8)
portrays toxic effect as their accumulation have been implicat-
ed in the pathogenesis and progression of neurodegeneration
(Kamal and Kamal 2013; Wojda et al. 2008). The role of
magnesium in neurodegeneration is still debatable. However,
its aggravative and negative effect on neurodegeneration has
been reported (Van Den Van Den Heuvel and Vink 2004). The
modulation of these elemental levels to near normal in the
treated groups, further portrays the neuro-protective effects
of RPW.

Exacerbated Nrf2 expression has been implicated in the
onset of T2D and antioxidant suppression, leading to ROS
generation (He et al. 2012; Miao et al. 2012). This
correlates with the increased expression in Purkinje
and granular layers in the cerebellar cortex of the dia-
betic control group (Fig. 9b). The increased expression
also corroborates the diminished antioxidant enzymes
(SOD and catalase) activities and lipid peroxidation in
the diabetic control (Fig. 2). The down regulation of the
expressions particularly in rats treated with RPW, indi-
cates an extenuative effect on cerebellar Nrf2 expression. This
extenuative effect also corroborates the exacerbated antioxi-
dative activity in the rat brains (Fig. 2).

Conclusion

These results indicate the neuroprotective potentials of
RPW against oxidative brain injury in T2D. This is
evident by its ability to reduce blood glucose level,
attenuate oxidative stress and proinflammation, inhibit
acetylcholinesterase and ATPase activities; modulate el-
emental distribution, attenuation of Nrf2 expression, with con-
comitant maintenance of cerebellum neuronal integrity, while
stimulating brain glucose uptake.
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