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Purpose: Chronic ethanol exposure causes neurotoxicity and long-term learning and memory impairment along with hippocampal
and frontal cortical dysfunction. Flavonoids possess antioxidant and anti-inflammatory properties believed to be contributory factors in
reversing cognitive decline. 6-Methoxyflavone (6-MOF), a flavonoid occurring naturally in medicinal plants, has been reported to
instigate neuroprotection by reversing cisplatin-induced hyperalgesia and allodynia. Consequently, this study was designed to
investigate 6-MOF activity in models of chronic ethanol-induced cognitive impairment along with neurochemical correlates.
Methods: Mice were given ethanol orally (2.0 g/kg daily) for 24 days plus either saline, 6-MOF (25-75mg/kg) or donepezil (4mg/kg)
and then ethanol was withdrawn for the next 6 days. Animals were subsequently assessed for their cognitive performance in several
models on days 1, 12, and 24, during abstinence (Day-26) and on the 7th day of the washout period. Following behavioral assessment,
post-mortem dopamine, noradrenaline and vitamin C concentrations were quantified in the frontal cortex, hippocampus and striatum,
using HPLC with UV detection.

Results: Chronic ethanol treatment suppressed locomotor activity and impaired cognitive tasks, which included novel object
recognition, performance in the Morris water maze as well as the Y-maze, socialization and nest-building behavior throughout the
protocol and during withdrawal. These behavioral deficits were at least partially restored by the co-administration of 6-MOF or
donepezil with ethanol as were ethanol-induced deficits in frontal cortical and hippocampal dopamine plus noradrenaline, together
with striatal dopamine. 6-MOF co-administration with ethanol also modestly restored striatal vitamin C levels.

Conclusion: It is postulated that, apart from donepezil, 6-MOF may be useful not only in the treatment of ethanol withdrawal severity
but also in the management of chronic ethanol withdrawal induced cognitive impairment.

Keywords: ethanol cognition, 6-methoxyflavone, dopamine, noradrenaline, hippocampus, frontal cortex

Introduction

Chronic alcoholism is invariably associated with cognitive abnormalities that give rise to a long-term impairment of
learning and memory. Such outcomes have been coupled not only with shrinkage in brain volume but may also be
detrimental to hippocampal and prefrontal cortical function.! In addition, chronic alcohol exposure followed by
abstinence, is injurious to grey matter by way of microstructural disruption of myelin and dysfunction in the prefrontal
cortex instigating impaired retrieval and recall of fear memories.” Studies have shown that chronic alcohol consumption
modifies cholinergic and monoamine neurotransmission inducing a negative affective state, although in this respect,
adaptation to hippocampal neuronal excitability is subject to a gender difference.>* Moreover, chronic ethanol induces
further cognitive dysfunction as the result of cortical and hippocampal oxide-nitrosative stress, elevated cytokine levels,
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neuroinflammation and raised acetylcholinesterase (AChE) activity.” In light of this, donepezil is an anticholinesterase
drug reported to have a beneficial effect on cognitive functioning® in alcoholic patients although further studies have been
advocated to confirm any possible role in managing alcohol-related dementia. Donepezil has also been reported to
possess neuroprotective properties’ and anti-apoptotic activity as well as an inhibitory action against alcohol-induced
toxicity.®

Flavonoids are secondary plant metabolites with a broad spectrum of medicinal properties, and they have been
employed as a fundamental constituent of pharmaceutical, cosmetic and nutraceutical preparations.”'® Their diverse
pharmacological properties include antioxidant,'" anti-inflammatory,'? anxiolytic'® and as neuroprotective,'* so they
have been used in the treatment of several ailments. These polyphenolic phytochemical compounds have been reported to
reverse neuronal damage, stroke and ischemia.'>'® Their antioxidant and anti-neuroinflammatory properties are con-
sidered to be major contributory factors in slowing rates of cognitive decline. Thus, it has been shown that the
consumption of flavonoid-rich foods could be a valuable approach towards reducing cognitive impairment in older
adults.'® Flavonoids modulate neuronal activity by interacting with y-aminobutyric acid (GABA), dopamine, glycine and
serotonin neurotransmitters.”’ Even though there is evidence that flavonoids enhance cognitive function in both humans
and animals, the underlying mechanism(s) have yet to be fully elucidated.'®

6-Methoxyflavone (6-MOF, Figure 1), which can be found naturally in Anvillea garcini leaves, is a flavonoid®'
capable of alleviating cisplatin-induced neuropathic-like pain.** In addition, it has been shown to act as a flumazenil-
insensitive positive allosteric modulator of GABA responses at human recombinant alb2c2L and a2b2c2L. GABA,
receptors and of GABA at benzodiazepine sensitive mutant p11307S/W328 M GABA receptors in Xenopus oocytes.” It
has also been reported that 6-MOF has immunomodulatory activity capable of suppressing NFAT-mediated T-cell
activation.”*

The present experiments were conducted, bearing in mind the effect of chronic ethanol on cognitive impairment and
the pharmacological potential of flavonoids for improving cognition. Thus, the pharmacological effects of 6-MOF on
chronic ethanol-induced cognitive deficits were investigated in a range of behavioral paradigms involving cognition in
parallel with neurochemical studies. The tests included locomotor activity, spatial working memory in the Morris water
maze as well as the Y-maze, novel object recognition, socialization and nest-building behavior while postmortem
monoamine levels were determined in the prefrontal cortex, hippocampus and striatum.

Methods

Animals

Adult male BALB/c mice (n=6/group; 22-28 g) were acquired from the Veterinary Research Institute, Peshawar,
Pakistan. Animals were kept under regular environmental conditions of temperature maintained at 22.0 + 2.0 °C on a
12/12 h light/dark cycle with ad libitum food and water access. The ethical committee of COMSATS University
Islamabad, Abbottabad campus approved all experimental procedures under the certificate number PHM.Eth/CS-MO03-
015-1106, which conformed to the guidelines of the Animals Scientific Procedure Act (1986) UK.

Drugs and Chemicals
6-MOF, (Purity 98% - Santa Cruz, USA); Dimethyl sulfoxide (DMSO), Tween 80, Normal Saline (Marions Laboratories
Pakistan). 6-MOF was dissolved in a vehicle comprising DMSO: Tween 80: Normal saline (5:1:94).

Figure | Molecular structure of 6-Methoxyflavone (C;¢H,,03).
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Experimental Protocol

In experiments involving chronic ethanol-induced cognitive impairment, 2.0 g/kg (15% W/V) aqueous ethanol was given
daily by the oral route (P.O.) for 24 consecutive days.”> 6-MOF was given at previously established doses of 25, 50 and
75 mg/kg,** and donepezil was administered at a dose of 4 mg/kg.>® Animals were divided into six groups: Group 1,
received normal saline vehicle (10 mL/kg); Group 2 received ethanol (2.0 g/kg p.o); Group 3 received ethanol +
donepezil (4.0 mg/kg P.O.), Group 4 received ethanol + 6-MOF (25 mg/kg P.O.); Group 5 received ethanol + 6-MOF (50
mg/kg P.O.); Group 6 received ethanol + 6-MOF (75 mg/kg P.O.). 6-MOF or donepezil was administered 15 min before
ethanol administration for 24 successive days. After 24 days of co-administration (ethanol + test compounds), treatment
was withdrawn for the next 6 days. Animals were assessed for their cognitive performances in several behavioral models
on days 1, 12, and 24, during abstinence (Day-26) and on the 7th day of the washout period.*’

Behavioral Activity Tests
Locomotor Activity Test (Open Field)

Locomotor activity was assessed in activity boxes (46 x 46 cm)*’*®

internally divided into four quadrants measuring (23 x 23
cm) with floor line-markings.*® All animals were placed individually into the locomotor boxes, and activity was recorded by a
video camera mounted 230 cm above the box. The number of lines crossed in 30 minutes was noted, and data were logged.*”
During all experimental procedures, 70% ethanol was used to clean the apparatus thoroughly between recordings.!

Measurement of Spatial Learning and Memory in the Morris Water Maze

The Morris water maze was employed to evaluate spatial learning and memory. The test procedure was performed using a
circular pool (120 ¢cm in diameter and 60 c¢cm in height) filled with water, which was rendered opaque with milk powder. The
pool was divided into four notional quadrants, and spatial cues with geometrical shapes were attached to the walls of the pool.
Phase —1 (training), mice were trained for 5 days to find the location of a platform (13 cm diameter and 34 cm high) that was
hidden 1 cm below the water level. This platform was placed in the same target quadrant on each occasion during all training
sessions. Phase 2 (Trial) 5 trials per day were given with an intervening time interval of 10 minutes. During each trial, mice
were placed facing the wall in one of the four quadrants with a randomly selected starting point. Each animal was permitted to
locate the hidden platform for 90 seconds and was then allowed to sit on the platform for 5 seconds. Animals failing to locate
the hidden platform were gently placed on the platform for 20 seconds (Phase-3). On the test day, ie, probe trial day, the
platform was removed from the quadrant and mice were allowed to explore the maze for 90 seconds while being recorded by
the video camera. Cognitive function was evaluated by recording the time spent in the target quadrant, the number of entries in
the target quadrant and the number of platform location crossings by each animal.***

Spontaneous Alternation Y-Maze

A Y-maze apparatus with three equal-length arms positioned at an angle of 120° (21 cm long x 8.5 cm wide x 40 cm
height) was used. Each animal was positioned at the midpoint of the apparatus and permitted to freely explore all arms
for 5 minutes. The time spent in each arm was recorded using the video camera and between each animal procedure, the
apparatus was swabbed with 70% ethanol. In the analysis of spontancous Y-maze activity, the number of alternations,
number of entries in each arm and percent alternations were recorded. Alternations were measured as entries into each
arm and percentage alternations were calculated using the following formula.**

. Total alternations
% alternations =

— X
No : of arms entries

Novel Object Recognition

A three-day protocol was followed using an open arena (60cm x 50cm x 40cm). On day-1 (Acclimatization phase),
animals explored the experimental boxes for 10 minutes. On day-2 (The training phase), animals were exposed to two
novel objects for 10 minutes. On the test day, one familiar object was replaced with a novel object. Animals explored the
objects for 10 minutes. During the experimental protocol, 70% ethanol was used to clean the boxes and objects. The time

spent with each object was recorded by the video camera.*’
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Socialization Test

Mice were habituated to the test environment for 30 minutes. A juvenile male was used as a presenter animal. A test
involved a sampling phase in which a juvenile presenter was introduced to the test animal, allowed to interact for
5 minutes and then removed. After a | hr interval, in the recognition phase, the same juvenile male or a novel male

juvenile was introduced into the test cage for a 5-minute interaction.>®

Nest Building Behavior
A single animal was placed in each cage and provided with cotton nesting material (5 x 5 cm square) and then left
overnight. Animals were not disturbed during the nest-building period. The height and width of each nest were measured

and recorded, then each nest was scored according to the criteria of Kraeuter et al.>’

Neurotransmitter and Vitamin C Quantification Using HPLC

Sample Preparation

After behavioral experimentation, all the animals were euthanized and different brain areas, ie, frontal cortex, striatum
and hippocampus, were dissected on ice-chilled plates, weighed and then stored at —80°C. During sample preparation, a
Teflon-glass homogenizer (Ultra-Turax®T-50) was used for tissue homogenization in 0.2% ice-cold perchloric acid at
5000 rpm. The sample was then cold centrifuged at 12,000 rpm/min (4°C) (DLAB Scientific), and the supernatant was
filtered using a 0.45 mm filter (CNW technologies) before introduction into the HPLC autosampler.”

Chromatographic Conditions

Chromatographic analysis was performed utilizing a Waters Alliance 2690 separation module with PDA, UV detector,
and autosampler (USA). A C18 stainless steel column (250x 4.6 mm) (Waters X Select® HSS Ireland) with a 5um
particle size was employed. The mobile phase comprised methanol and 20mM monobasic sodium phosphate (5:95, v/v);
while detection was performed at 280 nm with isocratic elution. The elution rate was set at a flow rate of 0.5 mL/min

while the column was maintained at a temperature of 35 °C.>**

Standard Preparation

For the preparation of the standard stock solutions, 1.0 mg of dopamine, noradrenaline and vitamin C were dissolved in 10 mL
HPLC grade water. The stock solution of each neurotransmitter was then diluted to make 5 concentrations (100-500 ng/mL)
used for the calibration curve. These samples were then placed in the HPLC autosampler, and a 20pL volume was withdrawn
for injection into the system by the software (Empower' ™). The calibration curve was then made by plotting the peak area of
dopamine, noradrenaline and vitamin C (y) against the concentration of dopamine, noradrenaline and vitamin C (x),

respectively, using linear regression analysis.>’

Statistical Analysis

Data were presented as mean + standard error and processed by Graph Pad Prism version 8 statistical software. One-way
ANOVA followed by post hoc Dunnett’s test was applied. A value of p < 0.05 was taken as the threshold level of
significance and data were considered significant if ***p < 0.001, **p < 0.01 and *p < 0.05.

Results
The Activity of Chronic Ethanol Treatment on Locomotor Activity (Open Field Test)

Ethanol (2.0g/kg/p.0) was given alone for 24 days followed by 6 days of ethanol abstinence, and locomotor activity was
assessed on days-1, 12, 24, during abstinence (Day-26) and day-7 (post-withdrawal). There was significant hyperloco-
motion observed in the ethanol-treated animals on day 12. However, there was a depression of locomotor activity during
6-days of ethanol abstinence and on day-7 (post-withdrawal) (Figure 2).
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Figure 2 Locomotor activity induced by ethanol (2.0g/kg p.o) administered daily in BALB/c mice (n=6/group) for 24 days followed by 6 days of ethanol abstinence with
further testing on post-withdrawal day-7. Data are presented as mean + SEM and analyzed using Student’s t-test. “p<0.05 and *#p<0.001.

The Activity of 6-Methoxyflavone or Donepezil on Chronic Ethanol-Induced

Suppression of Locomotor Activity (Open Field Test)

Ethanol (2.0 g/kg/P.0O.) plus either 6-MOF (25, 50 and 75 mg/kg P.O.) or donepezil (4.0 mg/kg P.O.) were co-
administered daily for 24 days followed by 6 days of ethanol abstinence. Animal locomotor activity was tested on
days-1, 12 and 24, then during abstinence (Day-26) and on day-7 (post-withdrawal). There was a significant elevation of
ethanol stimulated locomotion induced by 75 mg/kg of 6-MOF on day-12. During ethanol abstinence, the groups
cotreated with all doses of 6-MOF up to day 24 expressed an increase in locomotor activity as did the group on the
7th protocol day (post-ethanol withdrawal). In contrast, the group co-administered donepezil with ethanol displayed a
decrease in locomotion on protocol day-24 and during the abstinence period, locomotion was markedly increased
(Figure 3).

The Activity of Chronic Ethanol Treatment on Novel Object Recognition

Ethanol (2.0g/kg/p.o) was administered for 24 days followed by 6 days of ethanol abstinence, and novel object
recognition was assessed on days-1, 12 and 24, during abstinence (Day-26), and on day-7 (post-withdrawal). On each
test day, a familiar object was replaced with a novel object and animals were tested for object recognition memory for 10
minutes. There was a significant decrease in exploration time with novel objects observed throughout treatment and upon
withdrawal in ethanol-treated animals compared to that administered saline vehicle (Figure 4).

The Activity of 6-Methoxyflavone or Donepezil on the Chronic Ethanol-Induced
Cognitive Deficit in the Novel Object Recognition Test

A significant increase in novel object exploration time was observed on protocol days-12, 24, abstinence (Day-26) and on
the 7th-day (post-withdrawal) in the groups that received ethanol combined with all three 6-MOF doses (25, 50 and 75
mg/kg). In the chronic donepezil plus ethanol treatment group, there was also an increased novel object exploration time
during the whole protocol in comparison with the ethanol alone treatment group (Figure 5).

The Activity of Chronic Ethanol Treatment on Morris Water Maze Performance
Ethanol (2.0g/kg P.O.) was administered for 24 days followed by 6 days of ethanol abstinence, and Morris water maze
performance was assessed on days-1, 12 and 24, during abstinence (Day-26) and on day-7 (post-withdrawal). It produced
a statistically significant decrease in the time spent in the target quadrant (Figure 6A), the number of entries in the target
quadrant (Figure 6B) and the number of platform location crossings (Figure 6C) throughout the entire protocol.
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Figure 3 Locomotor activity induced by ethanol (2.0g/kg p.o) plus either 6-MOF (25, 50 and 75 mg/kg) or donepezil (4.0 mg/kg) coadministered daily in BALB/c mice (n=6/
group) for 24 days followed by 6 days of ethanol abstinence with further testing on post-withdrawal day-7. Data are presented as mean + SEM and analyzed using ANOVA
(one way) with post hoc Dunnett’s test. ***p<0.001.
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Figure 4 Modified novel object recognition time induced by ethanol (2g/kg p.o) administered daily in BALB/c mice (n=6/group) for 24 days followed by 6 days of ethanol
abstinence with further testing on post-withdrawal day-7. Data are presented as mean = SEM and analyzed using Student’s t-test. “*#p<0.001.

The activity of 6-methoxyflavone or donepezil on the chronic ethanol-induced

cognitive deficit observed in performance in the Morris water maze

Chronic ethanol treatment in combination with 6-MOF (50 and 75 mg/kg) caused an increase in the time spent in the
target quadrant on protocol day 24, during abstinence (Day-26) and post-withdrawal. Likewise, donepezil had an
augmenting action on the time spent in the target quadrant on day-24, during abstinence (Day-26) and post-withdrawal

(Figure 7A). Regarding the number of entries in the target quadrant, all three concomitant doses of 6-MOF, as well as
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Figure 5 Effect of 6-methoxyflavone (25, 50 and 75 mg/kg) or donepezil (4 mg/kg) on chronic ethanol (2.0 g/kg P.O.) induced cognitive deficit in the novel object recognition
test. Male BALB/c mice (n=6) were included in the 24-day protocol followed by 6 days of ethanol abstinence with further testing on post-withdrawal day-7. The figure shows
the 10-minute exploration time spent with the novel object on the test day. Data are presented as mean * SEM and analyzed using ANOVA (one way) and post hoc
Dunnett’s test. **p<0.001.

donepezil increased this parameter during the post-withdrawal period (Figure 7B). However, donepezil and only the two
higher doses of 6-MOF increased the number of entries in the target quadrant during abstinence (Day-26).

Co-administration of 6-MOF with ethanol also augmented the number of platform location crossings on protocol day-12
(75mg/kg), at all doses on day-24, during abstinence (Day-26) and post-withdrawal. The chronic ethanol plus donepezil
combination significantly increased the number of platform location crossings during abstinence (Day-26) and post-
withdrawal (Figure 7C).

The Activity of Chronic Ethanol Treatment on Y-Maze Performance

Ethanol (2.0 g/kg/p.o) was given for 24 days followed by 6 days of ethanol abstinence and testing on Days 1, 12, and 24,
abstinence (Day-26) and on post-withdrawal day 7. It produced statistically significant decrements in the total number of
arm entries (Figure 8A), number of alternations (Figure 8B) and percentage alternations (Figure 8C) in Y-maze task
performance throughout the entire protocol.

The Activity of 6-Methoxyflavone or Donepezil on the Chronic Ethanol-Induced

Cognitive Deficit in Y-Maze Performance

Chronic ethanol treatment in combination with 6-MOF (50 and 75 mg/kg) caused an increase in the number of Y-maze
arm entries on protocol days 12, 24, during abstinence (Day-26) and post-withdrawal. Likewise, donepezil had the same
enhancing action on arm entry on day-24 and during post-withdrawal (Figure 9A). Regarding the number of alternations
to chronic ethanol, all three concomitant doses of 6-MOF increased them throughout the whole protocol and donepezil
had a similar action except during the post-withdrawal period (Figure 9B).
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Figure 6 Effect of ethanol administration (2.0 g/kg PO.) on Morris water maze performance. Male BALB/c mice (n=6/group) were included in the 24-day protocol followed
by 6-days of ethanol abstinence and testing on post-withdrawal day 7. The Figure shows the time spent in the target quadrant (A), number of entries in the target quadrant
(B) and number of platform location crossings (C). Data are presented as mean + SEM and analyzed using Student’s t-test. **p<0.01 and *#p<0.001.

Co-administration of 6-MOF with ethanol also augmented the % alternations on protocol day-12 (75mg/kg), at all
doses on day-24 and post-withdrawal, but only at the two higher doses during abstinence. The chronic ethanol plus
donepezil combination significantly increased % alternations throughout except on day-24 (Figure 9C).

The Activity of Chronic Ethanol Treatment on Socialization Behavior

Mice chronically treated with ethanol were tested for their socialization behavior on days-1, 12, and 24, during
abstinence (Day-26) and the 7th-day post-withdrawal. There was a significant decrease in exploration time in sniffing
a novel juvenile animal throughout the whole course of the protocol (Figure 10).

The Activity of 6-Methoxyflavone or Donepezil on Chronic Ethanol-Induced Cognitive

Deficit Expressed in Socialization Behavior

Chronic co-administration of 6-MOF with ethanol reversed the ethanol-induced cognitive deficit on socialization
behavior. Hence, treatment with all three doses of 6-MOF significantly increased ethanol-induced exploration time in
sniffing novel juvenile mice at all stages of the protocol similarly, chronic donepezil also had an identical pronounced
socialization behavioral effect in combination with ethanol during the whole protocol (Figure 11).

The Activity of Chronic Ethanol Treatment on Nest-Building Behavior

Ethanol (2.0g/kg/p.o) was given for 24 days followed by 6 days of ethanol abstinence. A significant decrease in the height of
nests built by ethanol-treated animals was observed in comparison with the saline-vehicle group all through the protocol
(Figure 12A). Statistical analysis revealed that the width of the nests, indicating the amount of untouched material, was
significantly increased in chronic ethanol-treated animals versus the saline-vehicle controls (Figure 12B). However, concern-
ing the nest building score, the quality of nest building was impaired compared to the control animals (Figure 12C).
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Figure 7 Effect of 6-methoxyflavone (25, 50 and 75 mg/kg) or donepezil (4 mg/kg) on chronic ethanol (2.0 g/kg PO.) induced cognitive deficit on Morris water maze
performance. Male BALB/c mice (n=6/group) were included in the 24-day protocol followed by 6-days of ethanol abstinence and testing on post-withdrawal day 7. The
Figure shows the time spent in the target quadrant (A), number of entries in the target quadrant (B) and number of platform location crossings (C). All data are presented as
mean + SEM (n=6) and analyzed using ANOVA (one way) and post hoc Dunnett’s test. *p<0.05, **p<0.01 and ***p<0.001.

The Activity of 6-Methoxyflavone or Donepezil on the Chronic Ethanol-Induced
Cognitive Deficit in Nest-Building Behavior

There was a considerable increase in the height of nests built by mice cotreated with ethanol plus all doses of 6-MOF or
donepezil at each stage of the protocol (Figure 13A). Statistical analysis disclosed that the nest width, as an indication of
the amount of untouched material, was decreased during the whole protocol by chronic ethanol with 6-MOF or donepezil
concomitant dosing versus ethanol alone (Figure 13B). Also, as a consequence of evaluation by scoring, the quality of
chronic ethanol-induced nest building was improved by combining it with 6-MOF or donepezil for the whole protocol
duration (Figure 13C).

Quantification of Neurotransmitters and Vitamin C Using HPLC-UV

Action of Chronic Ethanol Treatment with 6-Methoxyflavone or Donepezil on Frontal Cortical Tissue
Concentrations of Dopamine, Noradrenaline and Vitamin C

Chronic ethanol treatment induced a marked decrease in frontal cortical levels of dopamine, noradrenaline and vitamin C
compared to the saline (vehicle) treated groups. However, combined treatment with 6-MOF (75 mg/kg) plus ethanol
elevated the levels of dopamine and vitamin C, which were formerly suppressed by chronic ethanol. Additionally, all
three doses of 6-MOF, as well as donepezil, manifestly reversed the repressive action of chronic ethanol on noradrenaline
levels in the frontal cortex and the highest dose of 6-MOF also increased the vitamin C level (Table 1).
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Figure 8 Effect of ethanol administration (2.0g/kg PO.) on Y-maze performance. Male BALB/c mice (n=6/group) were included in the 24-day protocol followed by 6-days of
ethanol abstinence and testing on post-withdrawal day 7. The Figure shows the total number of arm entries, (A), the number of alternations (B) and the % alternations (C).
Data are presented as mean * SEM and analyzed using Student’s t-test. #p<0.05, ##p<0.01 and ###p<0.001.

Action of Chronic Ethanol Treatment with 6-Methoxyflavone or Donepezil on Hippocampal Tissue
Concentrations of Dopamine, Noradrenaline and Vitamin C

Chronic ethanol treatment produced a substantial decline in hippocampal levels of dopamine and noradrenaline. In
contrast, chronic co-administered donepezil or 6-MOF at all doses increased the ethanol repressed hippocampal
concentration of dopamine. Similarly, donepezil or the highest dose of 6-MOF in combination with chronic ethanol
significantly elevated the ethanol attenuated hippocampal noradrenaline concentrations (Table 2).

Action of Chronic Ethanol Treatment with 6-Methoxyflavone or Donepezil on Striatal Tissue Concentrations
of Dopamine, Noradrenaline and Vitamin C

Chronic ethanol treatment produced a marked decrease in striatal levels of dopamine, noradrenaline and vitamin C. Only
donepezil or 6-MOF (75 mg/kg) caused a significant reversal of ethanol diminished striatal dopamine while noradrenaline
remained unmodified by chronic coadministration of donepezil or any of the 6-MOF doses with chronic ethanol (Table 3).

Discussion
Chronic ethanol has been reported to alter the behavioral and cognitive aptitude of both animals and humans primarily by
disrupting hippocampal-dependent learning and memory.*® This cognitive decline is largely attributable to the ability of
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Figure 9 Effect of 6-methoxyflavone (25, 50 and 75 mg/kg) or donepezil (4 mg/kg) on chronic ethanol (2.0g/kg P.O.) induced cognitive deficit on Y-maze performance. Male
BALB/c mice (n=6/group) were included in the 24-day protocol followed by 6-days of ethanol abstinence and testing on post-withdrawal day 7. Figure (A) shows the total
number of arm entries. Figure (B) shows the number of alternations. Figure (C) shows % alternations. All data are presented as mean * SEM (n=6) and analyzed using
ANOVA (one way) and post hoc Dunnett’s test. ¥p<0.05, **p<0.01 and ***p<0.001.

ethanol to cross the blood—brain barrier inducing oxidative stress.*>*' Studies have shown that ethanol withdrawal
produces cognitive dysfunction by perturbing frontal cortical, striatal and hippocampal functions.>*** In the current
study, an increase in spontaneous locomotor activity was observed on protocol days 12 and 24 of chronic ethanol
administration. A similar treatment schedule has been shown to induce robust ethanol sensitization though in the present
case, a further ethanol challenge was not presented to expose the expression of sensitization.** However, a decrease in
locomotor activity was noted during ethanol abstinence and on the 7th day, post-withdrawal compared to saline controls.
During long-term ethanol withdrawal, it has been reported that the inhibitory action of GABA was diminished due to
impaired GABA 5 receptor function leading to anxiety-like behavior and a downturn in locomotor activity.** In contrast,
our findings showed that 6-MOF reversed chronic ethanol-induced hyperlocomotion after 12 days of combined treatment.
Concerning this, 6-MOF possesses an inherent GABA 5 agonist effect” and it has also been reported that an increased
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Figure 10 Effect of ethanol administration (2.0 g/kg P.O.) on socialization behavior. Male BALB/c mice (n=6) were included in the 24-day protocol followed by 6-days ethanol
abstinence and testing on post-withdrawal day 7. The figure shows exploration time in sniffing novel juvenile mice. All data are presented as mean * SEM (n=6) and analyzed
using Student’s t-test *#p<0.001.
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Figure |1 Effect of 6-methoxyflavone (25, 50 and 75 mg/kg) or donepezil (4 mg/kg) on chronic ethanol (2.0 g/lkg PO.) induced cognitive deficit on socialization behavior.
Male BALB/c mice (n=6) were included in the 24-day protocol with 6-days ethanol abstinence and testing on post-withdrawal day 7. The figure shows exploration time in
sniffing novel juvenile mice. All data are presented as mean * SEM and analyzed using ANOVA (one way) and post hoc Dunnett’s test. ***p<0.001.

release of GABA in the nucleus accumbens results in hyperlocomotion that is mediated by inhibition of dopaminergic
pathways in the ventral tegmental area and nucleus accumbens.*®

During abstinence and post-withdrawal from chronic ethanol plus 6-MOF or donepezil, there was augmented
locomotor activity compared to chronic ethanol treatment alone. Thus, an enhanced GABA-ergic function or antic-
holinesterase activity may well have been a factor in the counteraction of ethanol withdrawal hypolocomotion.
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Figure 12 Effect of chronic ethanol administration (2.0 g/kg PO.) causing impairment of nest-building behavior. Male BALB/c mice (n=6) were included in the 24-day
protocol with 6-days ethanol abstinence and testing on post-withdrawal day 7. Figure (A) shows the height of the nest. Figure (B) shows the width of the nest. Figure (C)
shows the nest building score. All data are presented as mean + SEM and analyzed using Student’s t-test.#p<0.01 and *#p<0.001.

Additionally, long-term ethanol ingestion results in altered activity of dopaminergic and noradrenergic pathways, which
affect the phosphorylation and trafficking of tyrosine kinase receptor B (TrkB) via cyclic AMP stimulation. Studies in
humans and animals have suggested that there is a convincing link between memory formation in the hippocampus and
dopaminergic neuromodulation.*” It is also relevant to mention that in our study, both 6-MOF and donepezil increased
ethanol suppressed noradrenaline levels in the hippocampus. Moreover, postsynaptic activation of 5-HT 5 receptors has
been shown to elicit an increase in extracellular noradrenaline levels in the hippocampus causing psychomotor stimula-
tion and hyperlocomotion.*® Additionally, donepezil is an AChE inhibitor with a neuroprotective effect and it has been
shown to improve cognition in mild, moderate and severe Alzheimer’s disease by both cholinergic and non-cholinergic
mechanisms.***° Thus, increased hippocampal noradrenaline levels can provide a plausible mechanism underlying the
enhancement of ethanol withdrawal locomotor activity by 6-MOF and donepezil.

Chronic ethanol consumption results in anterograde amnesia mitigating the acquisition of new information through an
impaired processing capability accompanied by the debility to forget rapidly.”’ This feature is commonly found when
there are lesions in the hippocampus and ethanol tends to decrease hippocampal synaptic plasticity promoting an inability

to store information before it is consolidated in long-term memory.>'~>?

Drug Design, Development and Therapy 2022:16 heeps: 1585

Dove:


https://www.dovepress.com
https://www.dovepress.com

Arif et al Dove

= Ethanol 2g/kg
== Ethanol 2g/kg == Ethanol+Donepezil (4mg/kg)
== Ethanol+Donepezil (4mg/kg) B3 Ethanol+6-MOF (25 mg/kg)
=3 Ethanol+6-MOF (25 mg/kg) == Ethanol+6-MOF (50 mg/kg)
== Ethanol+6-MOF (50 mg/kg) E=  Ethanol+6-MOF (75 mg/kg)
== Ethanol+6-MOF (75 mg/kg) .
T B ik
* *
A 1131 3ifd iy iiid
104 251
E 8- £ 20
E -
; 6 g 154
- z
) 4 s
= = 104
20 =
) =
Z 5 \/ \ 4 \ =
5
QO " —" v —  —  — 0
1 oz T T4 Abstinence Post-Withdrawal I { | | | i | 1 | J
L J 6 Days Day-7 L 1 12 24 jAbstinence Post-Withdrawal
Ethanol+6-MOF Treatment Days Y - Ethanol+6-MOF Treatment Days 6 Days Day-7
1-24 1-24 .
= Ethanol 2g/kg
== Ethanol+Donepezil (4mg/kg)
= Ethanol+6-MOF (25 mg/kg)
= Ethanol+6-MOF (50 mg/kg)
== Ethanol+6-MOF (75 mg/kg)
* *
Cc PiEoPEEropn
6- | | ‘ | |
g
S
@» 4+
)
=
=
3 w
7 27
<
z
o4 ! o |
1t

11

1T 1
jAbstinence Post-Withdrawal
6 Days Day-7

I 1L
l' 1 12 24

Ethanol+6-MOF Treatment Days
1-24

Figure 13 Effect of chronic 6-methoxyflavone (25, 50 and 75 mg/kg) or donepezil (4 mg/kg) on chronic ethanol (2.0 g/kg PO.) induced cognitive deficit in nest-building
behavior. Male BALB/c mice (n=6) were included in the 24-day protocol followed by 6-days ethanol abstinence. Figure (A) shows the height of the nests built. Figure (B)
shows the width of the nests. Figure (C) shows the nest building score. All data are presented as mean + SEM (n=6) and analyzed using ANOVA (one-way) followed by post
hoc Dunnett’s test. ¥p<0.05, **p<0.01 and ***p<0.001.

Previous findings employing the novel object recognition test have been heavily influenced by lesions in both the
hippocampus and cortex.” Hence, in rats and primates, the hippocampus is associated with the perirhinal and prefrontal
cortical areas, which play a role in the recognition of memory tasks by activating the executive center.’>>* In our study,
chronic ethanol administration in mice compromised object recognition memory and this accords with a similar outcome
in rats.”' Furthermore, we demonstrated that sustained ethanol consumption decreased the time spent with a novel object
not only during the period of treatment but also during withdrawal. Taking this into account, the medial prefrontal cortex
is an important area that is responsible for a range of functions, not least of which include episodic and contextual
memory formation.>®

It has been demonstrated that ethanol-induced impairment of spatial memory may be ascribed to a reduction in the release
of hippocampal glutamate® in addition to attenuating BDNF levels.’” In this context, hippocampal glutamate release is
modulated by BDNF-TrkB signaling®® and this has been shown to critically impact long-term potentiation and long-term
memory formation.” It is also noteworthy that BDNF is essential for maintaining noradrenergic tone in catecholaminergic
neurons.> Furthermore, ethanol consumption not only decreases levels of nerve growth factor but also inhibits NGF-mediated
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Table | Frontal Cortical Concentrations of Dopamine, Noradrenaline, and Vitamin C (ng/mg of Wet Tissue)
Following Combined Treatment with 6-Methoxyflavone (25, 50 and 75 mg/kg) or Donepezil (4 mg/Kg) with

Chronic Ethanol (2.0 g/kg p.o.) in Mice

Treatment Dopamine Noradrenaline Vitamin C
Saline (Vehicle) 10mL/kg 2215+ 189 676 74 2192 £ 107
Ethanol (2.0g/kg) 32.9 £ 420 3.8 & ||k 43.7 + | 8FK*
Ethanol+ Donepezil (4mg/kg) 134+ 15 122.9 + 3.2%%* 416 £ 1.0
Ethanol+6-MOF 25mg/kg 219 +£25 131.0 + 7.9%% 383 +08
Ethanol + 6-MOF 50mg/kg 514+ 111 156.8 + 9.|%** 402 +23
Ethanol + 6-MOF 75mg/kg 100.5 + 10.2%%* 204.0 £ |3.2%%* 48.6 +5.5%

Notes: All data are presented as mean + SEM. (n=6) and analyzed using ANOVA (one way) and post hoc Dunnett’s test. Group statistical
comparisons were performed between ethanol alone versus the saline treatment and between co-administered ethanol with 6-methoxyflavone
or donepezil versus ethanol alone treatment.* p<0.05 and **p< 0.001.

Table 2 Hippocampal Concentrations of Dopamine, Noradrenaline, and Vitamin C (ng/mg of Wet Tissue)
Following Combined Treatment with 6-Methoxyflavone (25, 50 and 75 mg/kg) or Donepezil (4 mg/kg) Plus
Chronic Ethanol (2.0 g/kg p.o.) in Mice

Treatment Dopamine Noradrenaline Vitamin C
Saline (Vehicle) 10mL/kg 69.4 £ 6.0 l61.1 +83 587+74
Ethanol (2.0g/kg) 6.1 £|.0°%FF* 10.5 & |.3%* 14.0 £ | 4%
Ethanol + Donepezil (4mg/kg) 94 +038 17.6 £ 0.7+ 52+04
Ethanol + 6-MOF 25mg/kg 10.8 +1.4* 9306 4103
Ethanol + 6-MOF 50mg/kg 16.2 + 0.9+ 125 + 2.1 7.1 0.6
Ethanol + 6-MOF 75mg/kg 202 £1.2%F 15.6 + 0.6% 8.6 +|.8

Notes: All data are presented as mean * SEM and analyzed using ANOVA (one way) and post hoc Dunnett’s test. Group statistical comparisons
were performed between ethanol alone versus the saline treatment and between co-administered ethanol with 6-methoxyflavone or donepezil
versus ethanol alone treatment. *p<0.05, **p<0.0| and ***p<0.001.

Table 3 Striatal Concentrations of Dopamine, Noradrenaline, and Vitamin C (ng/mg of Wet Tissue) Following
Combined Treatment with 6-Methoxyflavone (25, 50 and 75 mg/kg) or Donepezil (4 mg/kg) Plus Chronic
Ethanol (2.0 g/kg p.o.) in Mice

Treatment Dopamine Noradrenaline Vitamin C
Saline (Vehicle) 10mL/kg 334 +£32 81.6 +10.8 23.6 £ 2.6
Ethanol (2.0g/kg) 3.3 + 0.70F* 13.2 + |.8%%* 7.6 £ | 3%k
Ethanol + Donepezil (4mg/kg) 20.3 £ 2.2%%* 5.8 +4.2 8.0 tl.6
Ethanol + 6-MOF 25mg/kg 3402 122 £ 2.0 5207
Ethanol + 6-MOF 50mg/kg 2.6 £0.5 13.1 £23 6.1 £08
Ethanol + 6-MOF 75mg/kg 20.0 £ .7k 162 + 1.8 89 +07

Notes: All data are presented as mean *+ SEM and analyzed using ANOVA (one way) and post hoc Dunnett’s test. Group statistical comparisons
were performed between ethanol alone versus the saline treatment and between co-administered ethanol with 6-methoxyflavone or donepezil
versus ethanol alone treatment. ***p<0.001. The asterisks (¥) are only intended to flag levels of significance If a p-value is less than 0.05, it is
flagged with one star (¥) *p<0.05. If a p-value is less than 0.01, it is flagged with 2 stars (**) **p<0.01. If a p-value is less than 0.001, it is flagged
with three stars (***) *p<0.001.
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cell survival.®® Flavones are TrkB receptor agonists an example being 7, 8-dihydroxyflavone which improves object
recognition memory in mice.®' Additionally, flavonoids affect the regulation of NGF leading to cellular phosphorylation of
hippocampal proteins aiding memory formation.®” It is a distinct possibility, therefore, that 6-MOF similarly increases novel
object exploration time via modulation of BDNF-TrkB receptors and stimulation of NGF release.

Monoamines in the frontal cortex and hippocampus are implicated in mnemonic processes, such as learning, memory
consolidation, formation and retrieval,”> while ethanol consumption disrupts dopaminergic and noradrenergic pathways.*’
Our experiments disclosed that donepezil or 6-MOF treatment with chronic ethanol escalated frontal cortical levels of
noradrenaline, while only 6-MOF increased hippocampal dopamine. Both of these consequences may be instrumental towards
the increased time spent with a novel object and the overall enhancement of object recognition memory. On top of this, chronic

41,64

ethanol causes oxidative stress*® by lipid peroxidation and contrary to this, vitamin C has antioxidant properties.

Consequently, vitamin C conserves oxidative mechanisms improving cognition and memory®>-%°

in addition to reversing an
ethanol-generated apoptotic neuronal loss, neuroinflammation and oxidative stress.®’ In our study, 6-MOF at the highest co-
administered dose did evoke a moderate but significant reversal of chronic ethanol attenuated frontal cortical vitamin C level,
which may have had a contribution to offsetting some oxidative stress.

The Morris water maze is a frequently used behavioral test to assess hippocampal-centered spatial reference and
working memory.®® It has been documented that lesions in the dorsal hippocampus and striatum,®® along with the
cerebral cortex, basal forebrain and cerebellum impair Morris’s water maze performance.”® Concerning this, it is notable
that chronic ethanol consumption causes lesions in the hippocampus and cerebral cortex possibly by increasing both
AChE activity and oxidative stress.”' The Y-maze paradigm is used for assessing spatial and short-term working memory
and learning. The model evaluates spontaneous alternation behavior, which involves a functional association between the
prefrontal cortex and hippocampus. Lesions in these key areas result in a deterioration of Y-maze performance’ and
prolonged consumption of ethanol also produces prefrontal cortical dysfunction.”® Our findings exposed a substantially
decreased performance by chronic ethanol-treated animals in the Morris water maze and Y-maze. A broad range of
neurotransmitters, including dopamine, acetylcholine, noradrenaline, serotonin and glutamate as a monoamine co-
transmitter, are involved in memory formation.”*”> However, the spatial choice of animals in the Morris water maze
is altered due to changes in GABAergic, cholinergic and monoaminergic (particularly serotonergic and noradrenergic)
neurotransmission’® while Y-maze performance is exacerbated by dopaminergic D1 blockade in the medial frontal
cortex.”” Ethanol consumption has been reported to disrupt dopaminergic as well as noradrenergic transmission in
addition to causing oxidative stress.*” Dopamine D1-like receptors, when activated in the hippocampus, enhance memory
formation and monoamine oxidase-B (MAO-B) inhibitors have been reported to raise extracellular dopamine levels in
this brain region.”® Intriguingly, O-methylated flavonoids inhibit MAO-B,”® which may contribute to increased dopamine
levels in the hippocampus and the positive impact of 6-MOF on spatial memory in the Y-maze. Correspondingly,
augmented brain noradrenaline levels improve cognition,®® and in our study, chronic ethanol plus 6-MOF produced a
specific frontal cortical noradrenaline upsurge likely to improve Y-maze performance. Spatial learning, memory and
neurogenesis in the hippocampus are compromised by depletion of hippocampal noradrenaline levels.®' Regarding this
assertion, in our study 6-MOF increased ethanol suppressed hippocampal noradrenaline levels, which would have been
likely to improve MWM performance.

Vitamin C has an antioxidant effect that tends to oppose memory-related impairment in several ailments and it
improves memory chiefly by conserving the hippocampal antioxidant mechanism.®> We found that chronic ethanol
administration diminished vitamin C levels in all three brain areas examined and in the chronic ethanol/6MOF
combination group, only a marginal, though significant reversal, was observed in the frontal cortex. This may have
had some bearing on the antioxidant status of the frontal cortex in ameliorating Y-maze performance. Oxidative stress
and the generation of reactive oxygen species is one of the underlying mechanisms by which chronic ethanol induces
impairment of spatial working memory.** It has been shown that the prefrontal cortex and hippocampus are primarily
involved in the modulation of spatial learning and memory and oxidative stress in these key brain areas results in spatial
memory impairment.*® Vitamin C, a natural antioxidant, has been documented to facilitate hippocampal antioxidant
enzyme activity thereby improving cognitive function.** We found that 6-MOF treatment curtailed ethanol repressed
frontal cortical vitamin C levels and this may have contributed to improved Morris water maze performance.
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The socialization test has been used commonly for the quantification of short-term memory and is primarily centered
on the innate preference of rodents to explore unknown conspecifics more strongly than familiar ones.®>*¢ Socialization
is critical for survival, social collaboration, reproduction and adaptation of social behavior.*® The dorsal hippocampal
CA1l region and frontal cortical area are involved in the sensory system and social interaction behaviors, whereas the
amygdala and somatosensory areas appear to be more concerned with behavioral regulation.?” Chronic ethanol exposure
modifies neuronal function in the hippocampus, medial prefrontal cortex and dentate gyrus.' This neuronal activity would
tend to impair socialization as confirmed by our findings that there was a decrease in social interaction (time spent
sniffing novel juvenile mice) by chronic ethanol-treated animals. Flavonoids have been reported to ameliorate cognitive
function in humans,® and the outcome of treatment chronically with ethanol plus 6-MOF partially reversed ethanol
impaired socialization behavior in our study. In this context, noradrenaline acting on B-adrenoceptors and dopamine
operating through D1/D5 receptors, both play an essential role in social recognition memory.*® This was corroborated by
our result that chronic ethanol plus 6-MOF treatment raised the levels of noradrenaline and dopamine in the frontal
cortex, while the dopamine concentration was boosted in the hippocampus, thereby improving socialization.

Nest building behavior in mice has been utilized as an assay for affective states as well as sensorimotor function and

these entities are modified even during acute ethanol withdrawal.®

The hippocampus plays an important role in nest
building and hippocampal lesions lead to impairment of this behavior.”” % In addition, to acute ethanol withdrawal,
abstinence from chronic ethanol predictably modulates nest-building behavior” and this is substantiated by our results.
Nest building entails orofacial and forelimb measures, which are dopamine-dependent® and it has been previously
demonstrated that flavonoids improve deficits in nest building, social interactive behaviors and cognitive function.”® In
our study, a treatment combination of ethanol with either donepezil or 6-MOF ameliorated ethanol impaired nest height,
width and overall score. Both dopaminergic and noradrenergic pathways play an important role in nest-building and
deficiencies in these systems are inclined to exacerbate the behavior.”* Thus, dopaminergic dysfunction and decreased
dopamine levels in the striatum result in impaired nest-building activity; however, when dopamine levels are restored,
nest-building is reinstated.”* Our outcome of chronic ethanol treatment with 6-MOF generated increased levels of
noradrenaline and dopamine in the frontal cortex and dopamine in the hippocampus and striatum may well be underlying

nesting mechanisms.

Conclusion

We have shown that chronic ethanol treatment suppressed locomotor activity in addition to impairing cognitive tasks,
which included novel object recognition, performance in the Morris water maze and Y-maze, socialization and nest-
building behavior throughout a 24-day protocol and during subsequent withdrawal. These behavioral deficits were at
least partially restored by co-administration of ethanol plus 6-MOF or donepezil as were ethanol-induced deficits in
frontal cortical dopamine and noradrenaline, hippocampal or striatal dopamine and frontal cortical vitamin C by 6-MOF
cotreatment.

Flavonoids are not only AChE inhibitors but are also thought to be neuroprotective through protein kinase and lipid
kinase signaling cascades, preserving neuronal Ca®" homeostasis, binding ATP sites as well as BDNF-TrkB receptors and
regulating NGF.”® 6-MOF is a flavone flavonoid and after oral administration, it is well absorbed from the intestine and
can cross the blood-brain barrier to impart neuroprotective activity.”’ Accordingly, it may be postulated that it has
conferred neuroprotection during ethanol-induced cognitive decline by one or more of its recognized mechanisms. It
might be proposed as a consequence that 6-MOF would be useful not only in the treatment of ethanol withdrawal severity
but also in the management of ethanol memory impairment. Taking this into account, it is worth remembering that
flavonoids are generally considered to be safe.”®

Limitations of the Study
This study has involved behavioral and biochemical techniques and more specific investigative work at the molecular
level is needed to explore the underlying mechanism(s) of 6-MOF on cognitive decline.
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