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Summary: Alzheimer’s disease (AD) is the most common cause of dementia that affects one patient every seven seconds, 

with over 35 million people currently affected worldwide. The aim of the study was to investigate the modulation of memory 

and neurochemical responses by resveratrol and environmental enrichment (EE) in aluminium chloride (AlCl3) model of 

Alzheimer’s disease in mice. Male mice used for the study were divided into nine groups, of seven animals each. Group I 

(negative control): 0.2 ml normal saline/kg, Group II: 0.2 ml CMC/kg. Group III: resveratrol (200 mg/kg/), Group IV: CMC 

and kept in EE, Group V: AlCl3 at dose of 50 mg/kg, Group VI: resveratrol at dose of 200 mg/kg and kept in EE, Group VII: 

AlCl3 (50 mg/kg) + resveratrol (200 mg/kg), Group VIII: AlCl3 (50 mg/kg) and kept in EE, Group IX: AlCl3 (50 mg/kg) + 

resveratrol (200 mg/kg) and kept in enriched environment. All treatments were oral and lasted for 8 weeks. Assessments of 

memory was carried out before treatment, and at weeks 4 and 8, after the first treatment. The mice were sacrificed and 

hippocampal samples collected for neurochemical analysis. The findings of the study suggest that AlCl3 induced contextual 

fear memory deficit over time (p < 0.05), which was improved by resveratrol. Both Aβ and Nrf2 significantly (p < 0.05) 

increased in AlCl3 + EE + resveratrol group. In conclusion, Individual treatment with either resveratrol or EE improved 

memory over the combined treatment in AlCl3 model of AD by decreasing Aβ protein concentration.  
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INTRODUCTION 
 

Alzheimer’s disease (AD) is the most common cause of 

dementia that affects one patient every seven seconds, with 

over 35 million people currently affected worldwide 

(Mohandas et al., 2009; Prince et al., 2018). It has been 

projected that the disease will affect about 115 million 

people by 2050 (Prince et al., 2013), which may be caused 

by both genetic and environmental factors (Gatz et al., 

20106). Indeed, it is the most frequent cause of dementia 

found in the elderly, with an estimated prevalence of 25-

50% in people over the age of 85, making it one of the most 

important medical problem in the elderly (Hong-Qi et al., 

2012). The principal histological hall-marks of the disease 

are the presence of aggregated amyloid-beta (Aβ)-laden 

plaques and hyperphosphorylated tau-laden neurofibrillary 

tangles (NFTs) (Selkoe et al., 2001). However, the 

neurodegeneration that occurs in AD has been proposed to 

arise not only from the accumulation of Aβ and/or aberrant 

modification of tau, but also from a number of other factors 

that include oxidative stress, inflammation, vascular disease 

and accumulation of metals, such as zinc and aluminium 

(Al) (Mohandas et al., 2009; Amstrong, 2011; Craddock et 

al., 2012).  

 The negative impacts of aluminium toxicity include 

diseased ageing induced by alteration of cellular and 

molecular mechanisms through gene activation and 

silencing, eventually leading to various age-related 

disorders, such as AD. Interestingly, Al is an important 

component of many household materials, such as clays, 

glasses, and alum (Rui and Yongjian, 2010; Kawahara and 

Kato-Negishi, 2011). Exposure to Al has been associated 

with the impairment of mitochondrial functions and the 

antioxidant defence systems leading to  oxidative stress and 

increased lipid peroxidation, which could eventually 

promote Aβ peptide formation, deposition, and AD-like 

amyloidosis (Niu et al., 2005; Kumar, et al., 2008; Kumar 

and Gill, 2009).  

 Resveratrol (3, 4′-5- trihydroxystilbene), which is a 

natural polyphenolic compound found in the skin and seeds 

of grapes, has been reported to possess antioxidant and anti-

inflammatory properties (Das and Das, 2007; Roy et al., 

2011; Poulsen et al., 2015). It induces sirtuin 1-dependent 

histone deacetylase (HDAC) activities (Howitz t al., 2003; 
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Aggarwal et al., 2005). Resveratrol is more effective in 

inhibiting oxidative damage than the conventional 

antioxidants. It scavenges ROS, such as lipid hydroperoxyl, 

hydroxyl and superoxide anion radicals, through modulation 

of glutathione biosynthesis via Nrf2 antioxidant-response-

element signalling (Pervaiz, 2003; Rahman, 2008). 

Resveratrol possesses numerous health benefits such as 

increase in life-span in yeast, nematode worm, fruit fly and 

short-lived fish, through a direct sirtuin 1-dependent 

mechanism, or indirectly through activation of mitogen-

activated protein kinase (Bauer et al., 2004; Viswanathan et 

al., 2005; Valenzano et al., 2006; Hawley et al., 2010; Wang 

et al., 2012). However, the life-span-prolonging effect of 

resveratrol has been seriously debated (Pearson et al., 2008; 

Miller et al., 2011), and the molecular mechanisms 

responsible for therapeutic potential in AD need further 

investigation. 

 Environmental enrichment (EE) is a sustained and 

progressive increase in cognitive and sensorimotor stimuli, 

with cumulated voluntary physical activity and complex 

social interactions (Anastasia et al., 2009). It possesses 

many benefits such neuroprotection both in health and 

disease conditions, especially in ageing and animal models, 

against neurodegenerative disorders (Faherty et al., 2005; 

Nithianantharajah and hannan, 2006; Laviola et al., 2008). 

The synthesis and release of trophic factors (TFs) have been 

suggested to play a crucial role in the neuroprotection 

induced by EE. The EE has been observed to alter the 

expression of TFs and their receptors in several brain areas, 

and it induces astrogliogenesis (Spires et al., 2004; Steiner 

et al., 2006). It increases brain-derived neurotrophic factor 

(BDNF) expression in the striatum and glia cell-line-derived 

neurotrophic factor (GDNF) mRNA in the substantia nigra 

in animals (Bezard et al., 2003; Faherty et al., 2005). 

Furthermore, it improves spatial memory in rodents by 

elevating histone acetylation in the hippocampus (Levenson 

et al., 2004; Chwang et al., 2007; Fischer et al., 2007). 

 The global health burden of dementia of AD has been on 

the increase in an alarming rate, next to cardiovascular 

disease with estimated global societal economic cost of over 

$604 billion per annum (Wimo and Prince, 2010). Reports 

indicated that unless progress is made in the management of 

AD, the annual national cost of managing AD will reach a 

projected US$ 1.2 trillion in the US alone by 2050 

(Vradenburg, 2015), which further buttress the need to carry 

out more researches in AD with the aim of proffering viable 

therapeutic approach that will ameliorate its 

pathophysiological progression. However, research efforts 

focused on elucidation of the combined role of EE and 

resveratrol in Al-induced AD are currently lacking in the 

available literature. Measures to alleviate Al-induced AD 

via resveratrol and EE interventions have not been 

investigated.  This study intends to evaluate the effect of 

resveratrol and environmental enrichment on memory and 

neurochemical responses in rodent model of AD.  

 

 

MATERIALS AND METHODS 

 

Animals and management: A total of 63 male mice, 8-12 

weeks of age, and weighing 22-27 g were used for this 

study. The animals were purchased from the Animal House 

Facility of the Department of Pharmacology and 

Therapeutics, Faculty of Pharmaceutical Sciences, Ahmadu 

Bello University, Zaria, Nigeria. They were given free 

access to standard commercial grower’s mash feed and 

water. The mice were allowed to acclimatise to the 

environment for two weeks before the commencement of 

the experiment. All experimental protocols were carried out 

in accordance with the Ahmadu Bello University Research 

policy, ethics and regulations, governing the care and use of 

experimental animals (NIH Publication no. 85-23, revised 

1996). Ethical clearance was received from Ahmadu Bello 

University Animal Use and Care committee 

(ABUCAUC/2018/056). The experiments were conducted 

in a quiet laboratory from 9: 00 h to 16: 00 h, with light-dark 

cycle of about 12:12 h.  

 
Chemicals and drugs: Resveratrol (Candlewood Stars 

Incorporated, Danbury, USA, Batch Number: MR 150528), 

Aluminium chloride (100 g), purchased from ACROS 

Organics, New Jersey USA (CAS: A0352086), and 

carboxymethyl cellulose (CMC) (Product No: 27929, BDH 

Laboratory Chemicals Limited Poole, England), 70% 

alcohol, ELISA biochemical assay kits were used in the 

study. 

 

Preparation and Administration of Drugs: Trans-

resveratrol (200 mg/kg/body weight/day), was suspended in 

10 g/L carboxymethyl cellulose (CMC) because it is poorly 

soluble in water, and administered orally (Juan et al., 2002; 

Roy et al., 2011). Aluminium chloride (50 mg/kg/body 

weight/day) was administered orally (Bihaqi et al., 2009). 

 

Animal Housing and management: The enriched cage 

(66 cm long × 46 cm wide × 38 cm high) used in keeping 

the mice was constructed as described by Harburger et al. 

(2007). The cage contained tubes, ramps, stairs, and 

different ‘toys’ (hard plastic balls, cubes, cones, and sticks). 

The toys were changed twice a week to avoid contamination 

by faeces and urine, and to continuously encourage 

exploration of the environment. The complexity (the 

number of objects) of the housing facility was increased 

progressively every two days with two to four objects added 

to the environment. After housing the mice in the enriched 

cage for ten (10) days, the complexity of the cage was 

expected to be maximal, but the positions of the objects 

were changed continuously every 2 days to ensure maximal 

exploration by the mice (Anastasia et al., 2009). Seven mice 

were housed together to allow social interactions. The 

standard (control) condition consisted of cages made 

without objects or running wheels, housing seven mice per 

cage. 

Mice were kept in EE housing for eight weeks, while 

receiving the appropriate treatment as described by Steiner 

et al. (2006). The control mice were given normal saline and 

kept under good housing.  

 

Animal groupings: The mice were divided into nine groups 

of seven animals each (Table 1). All drugs were 

administered via the oral route. All treatments lasted for 8 

weeks. Neurobehavioral studies to assess memory and 

learning was carried out in three phases; 7 days before 

treatment, and at weeks 4 and 8 after the first treatment. The 

animals were sacrificed 24 hours after the last 
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neurobehavioral assessment and the hippocampus was 

collected for biochemical analysis.  
Table 1:  

Animal Groupings 

S/No Groups Treatment Duratio

n 

1 Group I 0.2 ml normal saline/kg 

body weight (negative 

control) 

8 weeks 

2 Group II 0.2 ml CMC/kg body 

weight  

8 weeks 

3 Group III Resveratrol  

(200 mg/kg) orally 

8 weeks 

4 Group IV CMC + Enriched 

housing 

8 weeks 

5 Group V AlCl3 (50 mg/kg)  8 weeks 

6 Group VI Resveratrol (200 mg/kg) 

+ Enriched environment 

8 weeks 

7 Group VII AlCl3 (50 mg/kg) + 

Resveratrol (200 mg/kg)  

8 weeks 

8 Group VIII AlCl3 (50 mg/kg) + 

Enriched environment. 

8 weeks 

9 Group IX AlCl3 (50 mg/kg) + 

Resveratrol (200 mg/kg) 

+ Enriched environment 

8 weeks 

 

Neurobehavioral assessments 

 

Assessment of contextual fear memory using passive 

avoidance test: The passive avoidance chamber (40 cm × 

25 cm × 25 cm) as described by Zhu et al. (2001) and 

modified by Ambali et al. (2010), was used for the 

evaluation of emotional memory, based on contextual fear 

conditioning learning (Altman et al., 1987). The floor of the 

chamber consisted of parallel 2-mm-calibre stainless steel 

bars, copper rods spaced 1 cm apart, and a well-insulated 2.5 

cm × 8 cm × 25 cm wooden platform placed on the extreme 

left of the chamber. An electric shock was delivered through 

the floor bars. Each mouse was placed in the chamber for a 

three-minute adaptation period and then placed on the 

platform. The latency to step-down on the grid with all four 

paws was measured. Upon stepping down on the copper 

bars, each mouse received an immediate mild electrical 

shock (40-volt foot shock). To avoid the shock, the mouse 

demonstrated an instinctive reaction to jump back onto the 

platform. Each mouse was tested in this manner for 5 

minutes (Shuchang et al., 2009). The number of times the 

mouse stepped down from the platform within 5 minutes 

was considered acquisition errors. This procedure was 

repeated 24 hours later, and the step-down latency was used 

as a measurement of memory retention. The number of 

times the mouse stepped down from the platform within the 

5-minute interval was recorded as retention errors.  

 

Biochemical Assessments: All the mice were humanely 

sacrificed. The hippocampus was removed from each brain 

sample using surgical incision and rinsed with ice-cold 

isotonic saline. The hippocampus was then ground in a cold 

glass mortar and homogenised with ice-cold 100 mM 

phosphate buffer (pH 7.4; 1 g of tissue/9 mL). The 

homogenates (10 % w/v) were then centrifuged at 1000g for 

20 min and the supernatants were used for the following 

biochemical analyses. 

 

Quantification of mouse amyloid beta peptide 1-42 

concentration: The Mouse Amyloid Beta Peptide 1-42 

Elisa assay kit (GA-E0181MS) was used to assess the 

concentration of Aβ1-42 in mouse hippocampus, based on 

the principle of biotin double antibody sandwich technology 

(Song et al., 2011).  Exactly 40 µL of the sample, 10 µL of 

mouse Aβ1-42 antibody and 50 µL streptavidin-HRP were 

added to wells, pre-coated with Aβ1-42 monoclonal 

antibody. Mouse Aβ1-42 antibody (10 µL) was added to the 

blank well, with no sample added to it. The standard well 

contained 50 µL of the standard + 50 µL streptavidin-HRP 

(no biotin antibody added). The plate was covered with a 

seal and shaken gently to mix. It was incubated at 37°C for 

60 minutes. Thereafter, the plate was removed and drained 

off liquid. Each well was filled with washing solution and 

allowed to stand for 3 seconds, after which it was blot off. 

The washing was repeated five times. Chromogen A (50 µL) 

and Chromogen B (50 µL) were added to the blank, standard 

and sample wells, respectively. The plate was shaken to mix 

the solution, and incubated at 37°C for 10 minutes away 

from light for colour development. The plate was removed 

after 10 minutes and 50 µL stop solution was added to each 

well to stop the reaction. Colour changes were observed 

from blue to yellow. The absorbance of each well was 

measured one by one under 450 nm, 10 minutes after adding 

stop solution. The optical density was measured and 

concentration of the samples was determined using 

MyAssays software. 

 

Quantification of malondialdehyde concentration: The 

Mouse malondialdehyde (MDA) Elisa assay kit (GA-

E0638MS) was used to assess the concentration of MDA in 

mouse hippocampus on the basis of biotin double antibody 

sandwich technology (Janero et al., 1990), according to the 

manufacturer’s protocol.  

 

Quantification of nuclear factor E -related factor 2 

(Nrf2) concentration: The Mouse Nrf2 Elisa assay kit 

(GA-E3955MS) was used to assess the concentration of 

Nrf2 in mouse hippocampus on the basis of biotin double 

antibody sandwich technology (Taguchi et al., 2011), 

according to the manufacturer’s protocol.  

 

Statistical Analyses 

The analysis of data was carried out using SPSS version 22 

(NY: IBM Corp, 2013) and values obtained were expressed 

as Mean ± SEM. All analyses were done using one-way 

analysis of variance (ANOVA) for biochemical parameters 

and mixed analysis of variance for neurobehavioural 

evaluation, followed by Tukey’s and Bonferroni post-hoc 

tests in order to evaluate the significance of the differences 

between the means, respectively. Values of P < 0.05 were 

considered significant.  

 

RESULTS 

 

Assessment of memory and learning deficits induced by 

AlCl3 in mice 

 

Acquisition error (learning)-induced deficits in mice: 

Table 1 shows the effect of resveratrol and EE on AlCl3-

induced acquisition error deficits using passive avoidance 

test in mice. A significant (p < 0.05) difference was 
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observed in acquisition error across the three phases of the 

study: [F (2, 42) = 6.47; p = 0.004]. A significant increase 

in acquisition error was observed in AlCl3 + EE treatment 

group (6.33 ± 1.42) in phase 2, when compared to the base-

line mean score of the same treatment group (1.67 ± 0.64). 

There was no significant [F (8, 21) = 2.99; p = 0.2] 

difference between groups, and there was no interaction 

between groups and time in all the three phases of the study: 

[F (16, 42) = 0.67; p = 0.80].  

 

Step down latency (memory-induced deficits in mice): 

The effect of resveratrol and EE on AlCl3-induced latency 

(memory) deficits using passive avoidance test in mice 

showed a significant [F (2, 42) =39.65; p = 0.001] difference 

across the three phases of the study (Table 2). A significant 

(p < 0.05) decrease in latency (s) was recorded across the 

three phases in: normal saline; phases 2 (13.00 ± 27.54) and 

3 (27.25 ± 46.82), CMC; phases 2 (22.00 ± 31.80) and 3 

(2.67 ± 54.06), EE; phases 2 (39.00 ± 31.80) and 3 (20.00 ± 

54.06) treatment groups, when compared to the mean scores 

of their respective phase 1 (base-line). A significant 

decrease in latency (s) was also recorded in AlCl3; phase 3 

(13.33 ± 54.06), EE + resveratrol; phase 2 (6.75 ± 27.54); 

AlCl3 + resveratrol; phases 2 (155.67 ± 31.80) and 3 (124.00 

± 54.06); AlCl3 + EE; phase 2 (5.00 ± 31.80), and AlCl3 + 

EE + resveratrol; phase 2 (67.75 ± 27.54) treatment groups, 

when compared to the mean scores of their respective phase 

1 (base-line). However, significant decrease in latency (s) 

was also observed in AlCl3-treatment group in phase 3 

(13.33 ± 54.06), when compared to phase 2 (235.33 ± 

31.80), EE + resveratrol in phase 2 (6.75 ± 27.54), when 

compared to phase 3 (172.25 ± 46.82); and AlCl3 + EE in 

phase 2 (5.00 ± 31.80), compared to phase 3 (208.33 ± 

54.06), respectively. 

 A significant difference was observed between groups: 

[F (8, 21) = 3.7; p = 0.01], in phases 1 and 2 of the study. 

The latency(s) in resveratrol group was lower (144.67 ± 

42.22), when compared to that of AlCl3 + EE + resveratrol 

(251.25 ± 36.57) group at base-line (phase 1). In phase 2 of 

the study, a significant decrease in latency (s) was recorded 

in the control (13.00 ± 27.54), CMC (22.00 ± 31.80) EE 

(39.00 ± 31.80), EE + Resveratrol (6.75 ± 27.54), AlCl3 + 

EE (5.00 ± 31.80) and AlCl3 + EE + resveratrol (67.75 ± 

27.54) treatment groups, compared to resveratrol (217.00 ± 

31.80) or AlCl3 (235.33 ± 31.80) groups, respectively.  

 A significant interaction between groups and time was 

observed in latency (s) in the study: [F (16, 42) =3.29; p = 

0.001]. Using Bonferroni post-hoc test, a significant 

increase (p < 0.001) was obtained in latency (s) of AlCl3 

(235.33 ± 31.80) group in phase 2, when compared to 

normal saline (13.00 ± 27.54), CMC (22.00 ± 31.80), EE 

(39.00 ± 31.80), EE + Resveratrol (6.75 ± 27.54), AlCl3 + 

EE (5.00 ± 31.80) and AlCl3 + EE + resveratrol (67.75 ± 

27.54) treatment groups, respectively. The latency (s) of 

AlCl3 decreased over time in phase 3 (13.33 ± 54.06). 

 

 
Table 1:  

Effect of resveratrol and environmental enrichment on acquisition error in aluminium chloride-induced cognitive deficits using passive 

avoidance test 

Groups Phase 1 (Base-line) Phase 2 (Four weeks) Phase 3 (Eight weeks) 

Normal Saline 2.75 ± 0.55 5.00 ± 1.23 3.25 ± 0.85 

CMC 1.67 ± 0.64 3.33 ± 1.42 3.33 ± 0.98 

Resveratrol 2.33 ± 0.64 4.33 ± 1.42 3.67 ± 0.98 

EE 3.67 ± 0.64 5.33 ± 1.42 2.33 ± 0.98 

AlCl3 1.67 ± 0.64 2.00 ± 1.42 1.33 ± 0.98 

EE + Resveratrol 2.00 ± 0.55 4.75 ± 1.23 2.50 ± 0.85 

AlCl3 + Resveratrol 1.33 ± 0.64 2.00 ± 1.42 2.00 ± 0.98 

AlCl3 + EE 1.67 ± 0.64 6.33 ± 1.42* 2.33 ± 0.98 

AlCl3 + EE + Resveratrol 1.75 ± 0.55 2.00 ± 1.23 2.50 ± 0.85 

* Indicate significance (p < 0.05) when compared to phase 1 (base-line). CMC = Carboxymethyl cellulose, EE = Environmental 

enrichment, AlCl3 = Aluminium chloride, n = 7 

 

 

Table 2:  

Effect of resveratrol and environmental enrichment on aluminium chloride-memory deficits using passive avoidance test in mice 

Groups Step-down latency (s)  

Phase 1 (Base-line) 

Step-down latency (s)  

Phase 2 (Four weeks) 

Step-down latency (s)  

Phase 3 (Eight weeks) 

Normal Saline 247.75 ± 36.57 13.00 ± 27.54*,b, c 27.25 ± 46.82* 

CMC 180.00 ± 42.22 22.00 ± 31.80*,b, c 2.67 ± 54.06* 

Resveratrol 144.67 ± 42.22a 217.00 ± 31.80 88.33 ± 54.06 

EE 266.67 ± 42.22 39.00 ± 31.80*,b, c 20.00 ± 54.06* 

AlCl3 297.67 ± 42.22 235.33 ± 31.80 13.33 ± 54.06*# 

EE + Resveratrol 261.50 ± 36.57 6.75 ± 27.54*+,b, c 172.25 ± 46.82 

AlCl3 + Resveratrol 300.00 ± 42.22 155.67 ± 31.80* 124.00 ± 54.06* 

AlCl3 + EE 284.33 ± 42.22 5.00 ± 31.80*+,b, c 208.33 ± 54.06 

AlCl3 + EE + Resveratrol 251.25 ± 36.57 67.75 ± 27.54*,b, c 191.75 ± 46.82 

* Indicates significant (p < 0.05) difference when compared to phase 1 (base-line), # Indicates significant (p < 0.05) difference compared 

to phase 2, + Indicates significant (p < 0.05) difference compared to phase 3, a, b and c Indicates significant (p < 0.05) difference compared 

to AlCl3 + EE + resveratrol, Resveratrol and AlCl3 treatment groups, respectively. CMC = Carboxymethyl cellulose, EE = Environmental 

enrichment, AlCl3 = Aluminium chloride, s = seconds, n =7 
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Determination of Amyloid βeta Peptide (Aβ) 

Concentration: Results of Aβ peptide concentration (ng/L) 

obtained during  the study  are represented in  Figure 1. 

There was no significant difference in concentration (ng/L) 

of Aβ protein across all the treatment groups, when 

compared to the control (normal saline). However, a 

significant (p < 0.05) decrease was observed in 

concentration (ng/L) of Aβ protein in resveratrol (412.35 ± 

25.84), EE + resveratrol (617.35 ± 171.38), AlCl3 + 

resveratrol (590.30 ± 150.75) and AlCl3 + EE (741.76 ± 

219.13) groups, compared to AlCl3 + EE + Resveratrol 

(9495.00 ± 2462.40) groups, respectively, [F (8, 21) = 4.71; 

p = 0.02]. 

 

Assessment of oxidative stress biomarkers in aluminium 

chloride model of Alzheimer’s disease 

 

Determination of malondialdehyde (MDA) 

concentration: Results of MDA concentration (nmol/ml) 

obtained during the study are represented in Figure 2. There 

was no significant difference in MDA concentration 

(nmol/ml) in all the treatment groups, when compared to the 

controls, [F (8, 24) = 0.86; p = 0.56]. 

 

Determination of nuclear factor erythroid 2-related 

factor 2 (Nrf2) concentration: Results of Nrf2 

concentration (ng/ml) obtained during the study are 

represented in Figure 3. There was a significant [F (8, 23) = 

4.59; p = 0.002] difference in concentration (ng/ml) of Nrf2 

in Resveratrol (5.62 ± 0.31), AlCl3 + Resveratrol (5.92 ± 

0.53) and AlCl3 + EE (6.96 ± 0.31) groups, compared to the 

controls (13.24 ± 0.72).  The concentrations (ng/ml) of Nrf2 

in Resveratrol (5.62 ± 0.31) and AlCl3 + Resveratrol (5.92 ± 

0.53) groups were lower (P < 0.05), when compared to that 

of AlCl3 + EE + Resveratrol (12.61 ± 0.78).  

 

 

DISCUSSION 
 

The result of the study demonstrated that resveratrol and 

environmental enrichment modulate memory and 

neurochemical changes in AlCl3 model of AD in mice. 

 The results of the current study agreed with the findings 

that environmental stimuli such as physical exercise, 

pollutants, life-style, chemicals, pesticides, nutrition, 

physical stress, behavioural stress and exposure to metals 

such as aluminium affect the normal inherited methylome 

throughout the life-span of an organism, leading to either 

healthy or diseased ageing (Nicolia et al., 2015). The 

negative impacts of these stressors such as Al toxicity have 

been shown to lead to diseased ageing by altering cellular 

and molecular mechanisms through gene activation and 

silencing.  

Figure 2:  

Effect of resveratrol and 

environmental enrichment on 

malondialdehyde concentration in 

aluminium chloride model of 

Alzheimer’s disease in mice  

AD = Alzheimer’s disease,  

CMC = Carboxymethyl cellulose, 

EE = Environmental enrichment, 

AlCl3 = Aluminium chloride, 

MDA = Malondialdehyde, n = 4 

 

Figure 1:  
Effect of resveratrol and 

environmental enrichment on 

amyloid-beta concentration in 

aluminium chloride model of 

Alzheimer’s disease. 
b Indicate significant (p < 0.05) 

difference, when compared to 

AlCl3 + EE + Resveratrol. CMC 

= Carboxymethyl cellulose, EE = 

Environmental enrichment, AlCl3 

= Aluminium chloride, n = 4 
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Figure 3:  

Effect of resveratrol and environmental enrichment on nuclear factor erythroid 2-related factor 2 concentration aluminium chloride model 

of AD in mice  
a and b = significant (p < 0.05) difference, when compared to the control and AlCl3 + EE + Resveratrol, respectively. AD = Alzheimer’s 

disease, CMC = Carboxymethyl cellulose, EE = Environmental enrichment, AlCl3 = Aluminium chloride, Nrf2/keap-1= Nuclear factor 

erythroid 2-related factor 2/keap-1, n = 4 

 

The impacts eventually lead to the manifestation of various 

aged-related disorders such as Alzheimer’s disease. 

Environmental enrichment and dietary supplement of 

resveratrol have been shown to act as epigenetic factors that 

regulate gene activation and silencing (Kawano et al., 2015; 

Nicolia et al., 2015). Experimental models have unveiled 

numerous pathways; thus, providing novel insights into the 

mechanisms of their epigenetic control, especially in 

pathological conditions. Therefore, modulation of 

neurobehavioral and cellular responses obtained in the 

present study by resveratrol and EE may be of prophylactic 

and therapeutic potentials in the management of AD.  

 The significant increase observed in acquisition error in 

AlCl3 + EE group in the fourth week of the study, when 

compared to the mean base-line score demonstrated the 

effect of time on learning process. The significant decrease 

in latency (memory) of the animals to stay on the safe 

platform over time across the various groups using the 

passive avoidance test indicated the effect of time and 

ageing on cognitive functions. However, in EE + resveratrol 

and AlCl3 + EE treatment groups, the significant decrease 

in latency observed in at the fourth week, compared to the 

base-line was followed by significant increase in latency at 

the eighth week of the study. This finding may be attributed 

to improvement in cognitive function, elicited by both 

resveratrol and EE. This finding was further corroborated by 

significant decrease in Aβ concentration in the same 

treatment groups. Both treatments have been reported to 

improve cognitive functions in ageing and animal models of 

AD by reducing oxidative stress, neuroinflammation, and 

CREB pathway; thereby decreasing the levels of Aβ-

precursor protein and promoting the synthesis of brain 

derived neurotrophic factor, consequently leading to 

improved memory and learning (Kawano et al., 2015; Yazir 

et at., 2015; Grinan-Ferre et al., 2015; Zhang et al., 2016).  

 The significant decrease in latency of the animals to stay 

on the safe platform observed in the resveratrol group, when 

compared to AlCl3 + EE + resveratrol group at base-line, 

could be as a result of behavioural variation due to anxiety 

of animals exposed to novel environment. Although the 

animals were well acclimatised to the passive avoidance test 

apparatus prior to the commencement of the experiment, 

anxiety may play a role in the decline in latency observed in 

the resveratrol group, compared to AlCl3 + EE + resveratrol 

treatment group at base-line, as animals responses to novelty 

differ. After four weeks of the study (phase 2), a significant 

decrease in latency of the animals to stay on the platform 

was observed in the controls, CMC, EE, EE + Resveratrol, 

AlCl3 + EE and AlCl3 + EE + resveratrol groups, compared 

to resveratrol and AlCl3 groups, respectively. The 

significant increase in latency observed in the resveratrol 

group, compared to the various treatment groups may be due 

to its ability to improve cognitive functions, which was 

further corroborated by significant decrease in Aβ 

concentration in the same treatment group. Resveratrol has 

been reported to improve memory and learning in humans 

and animal models of AD by activating sirt-1-dependent 

mechanism, increasing hippocampal production of insulin-

like growth factor-1 via sensory neurone stimulation, 

reducing cellular level of iNOS and lipid peroxidation by 

increasing haeme oxygenase-1 (HO-1) production and 

reducing the expressions of miR-134 and miR-124, thus in 
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turn up-regulating CREB levels, thereby promoting BDNF 

synthesis and decreasing Aβ concentration (Harada et al., 

2011; Huang et al., 2011; Zhao et al., 2013; Yazir et at., 

2015). These are possible mechanisms via which resveratrol 

improves memory and learning as observed in the present 

study. 

 The significant increase in latency of the animals to stay 

on the platform in the AlCl3 group, observed in the fourth 

week of the study, decreased over time after the eighth week 

of the study period (phase 3). This demonstrated a cognitive 

decline induced by AlCl3 at the eighth week and further 

shows that, the increased latency observed over time was 

transient in the AlCl3 treatment group at the fourth week, 

indicating a significant interaction between group and time 

in the present study.  

 Results of Aβ peptide concentration obtained during the 

study showed no significant difference in concentration of 

Aβ protein across all the groups, when compared to the 

control (normal saline) group. However, a significant 

decrease in concentration of Aβ protein was observed in 

resveratrol, EE + resveratrol, AlCl3 + resveratrol and AlCl3 

+ EE treatment groups, compared to AlCl3 + EE + 

Resveratrol treatment group. The increase in concentration 

of Aβ protein observed in AlCl3 + EE + Resveratrol implies 

that the combined treatment of resveratrol and EE with 

AlCl3 did not decrease Aβ protein concentration, rather it 

increased the value far beyond the value obtained in the 

AlCl3 treatment group.   

 Available data suggest that both caloric restriction and 

EE exert similar beneficial effects on neurones in the brain 

by inducing a mild stress, thereby sending signals that 

increase the production of cell survival-promoting 

molecules, including growth factors (insulin like growth 

factors, brain derived neurotropic factors, and nerve derived 

neurotropic factor), neurotransmitters (glutamate, 

serotonin), protein chaperones (heat-shock proteins 70 and 

glucose-regulated protein 78), antioxidants (superoxide 

dismutase, reduced glutathione), increased calcium influx 

and gene expression and enhanced energy metabolism 

(electron-transport chain and glycolysis). These factors 

consequently lead to enhanced cognitive function, disease 

resistance, increased insulin sensitivity and improved lipid 

metabolism (Mattson et al., 2001; Bordone and Guarente, 

2005; Mattson et al., 2005; Sinclair, 2005). Resveratrol 

acting as an established CR mimetic, could act via similar 

mechanism to elicit its beneficial role in AD (Markus and 

Morris, 2008). However, the combination of resveratrol and 

EE in AlCl3 model of AD may reverse the beneficial role of 

the individual treatment by exaggerating the beneficial mild 

stress response, elicited by the individual treatments in the 

AD model. This may lead to oxidative stress that 

consequently increased Aβ protein production as observed 

in the AlCl3 + EE + Resveratrol group. Decreasing the dose 

of resveratrol from below 200 mg/kg/body weight may 

result in better response in the combined treatment. 

 The results of oxidative stress biomarkers obtained from 

the study showed that there was no significant difference in 

MDA concentrations in all the groups, when compared to 

the controls. However, the Nrf2 concentrations obtained 

during the study showed significant decrease in the 

concentration in Resveratrol, AlCl3 + Resveratrol and 

AlCl3 + EE groups, compared to the controls.  This finding 

showed that both resveratrol and EE did not to up-regulate 

the concentration of Nrf2 independently and in combination 

with AlCl3 above those of the controls, and AlCl3 group. 

This is in disagreement with the findings of Tamaki et al. 

(2014) and that of Yang et al. (2015), who reported an 

increase in Nrf2 protein level of rats exposed to chronic 

cerebral hypo-perfusion and periodontitis by EE and 

resveratrol, respectively, thereby improving the antioxidant 

status of the animals. Both resveratrol and EE may probably 

exert their beneficial effect via alternate pathway in the 

present study, improving oxidative status by either 

increasing the synthesis of high molecular weight 

endogenous antioxidant enzymes such as superoxide 

dismutase, glutathione peroxidase and catalase enzymes or 

constitutive nitric oxide which has unpaired electron in its 

outermost shell thereby making it more attractive to ROS 

and sparing Nrf2 for other scavenging roles (Das and 

Maulik, 2006). 

 The increase in Nrf2 concentration observed in AlCl3 + 

EE + Resveratrol compared to Resveratrol and AlCl3 + 

Resveratrol could be adaptive in order to contain the 

oxidative stress-induced neuropathology. The increase, 

apparently, resulted from increased MDA concentration 

observed in the same group, with a trend towards 

significance, which consequently led to increase in Aβ 

concentration. This result demonstrated the synergistic role 

of resveratrol and EE in up-regulating Nrf2 concentration to 

convert the increased oxidative stress level and Aβ protein 

concentration, thereby suggesting the antioxidant role of the 

combined treatments in AlCl3 model of AD. This cascade 

could be via activation of SIRT1-dependent mechanism as 

both resveratrol and treadmill exercise, which is an 

important component of EE, were reported to increase the 

level of Nrf2 via SIRT1-dependent mechanism (Tamaki et 

al., 2014; Koo et al., 2017).  

 In conclusion and based on the results of this study, it 

was concluded that time significantly influenced memory in 

the various groups at the fourth week of the study. 

Resveratrol administration improved contextual fear 

memory. Resveratrol and EE treatments alone significantly 

lowered Aβ concentration over the combined treatment in 

AlCl3 model of AD. Combined treatment of resveratrol and 

EE enhanced the antioxidant status by upregulating Nrf2 

concentration in AlCl3 model of AD. 

 

Acknowledgments 

The authors would like to acknowledged Mr. Tahir 

Mohammed of the DNA laboratory, Kaduna State, Nigeria 

for his contribution in the biochemical analyses. 

 

REFERENCES 

 
Aggarwal, B. B., Bhardwaj, A., Aggarwal, R. S., Seeram, N. P., 

Shishodia, S. and Takada, Y. (2004). Role of resveratrol in 

prevention and therapy of cancer: preclinical and clinical 

studies. Anticancer research, 24(5A), 2783-2840. 

Altman, H.J., Stone, W.S. and Ogren, S.O. (1987). Evidence for a 

functional interaction between serotonergic and cholinergic 

mechanisms in memory retrieval. Behavioural and Neural 

Biology, 48(1): 49-62. 

Alvarez, A., Muñoz, J. P. and Maccioni, R. B. (2001). A cdk5–p35 

stable complex is involved in the β-amyloid-induced 

deregulation of cdk5 activity in hippocampal neurons. 

Experimental Cell Research, 264(2): 266-274. 

Ambali, S.F., Idris, S.B., Onukak, C., Shittu, M. and Ayo, J.O. 

(2010). Ameliorative effects of vitamin C on short-term 



 Niger. J. Physiol. Sci. 37 (2022): Muhammad et al 

Memory and neurochemical changes in mice 

66 

sensorimotor and cognitive changes induced by acute 

chlorpyrifos exposure in Wistar rats. Toxicology and Industrial 

Health, 26(9): 547–558. 

Anastasía, A., Torre, L., De Erausquin, G. A. and Mascó, D. H. 

(2009). Enriched environment protects the nigrostriatal 

dopaminergic system and induces astroglial reaction in the 6‐

OHDA rat model of Parkinson’s disease. Journal of 

neurochemistry, 109(3), 755-765. 

Armstrong, R. A. (2011). The pathogenesis of Alzheimer's disease: 

a reevaluation of the “amyloid cascade hypothesis”. 

International journal of Alzheimer’s disease, 2011. (2011). 

doi:10.4061/2011/630865. 

Bauer, J. H., Goupil, S., Garber, G. B., & Helfand, S. L. (2004). 

An accelerated assay for the identification of lifespan-

extending interventions in Drosophila melanogaster. 

Proceedings of the National Academy of Sciences, 101(35), 

12980-12985. 

Bezard, E., Dovero, S., Belin, D., Duconger, S., Jackson-Lewis, 

V., Przedborski, S., ... and Jaber, M. (2003). Enriched 

environment confers resistance to 1-methyl-4-phenyl-1, 2, 3, 

6-tetrahydropyridine and cocaine: involvement of dopamine 

transporter and trophic factors. Journal of Neuroscience, 

23(35), 10999-11007. 

Bihaqi, S.W., Sharma, M., Singh, A.P. and Tiwari. M. (2009). 

Neuroprotective role of    Convolvulus pluricaulis on 

aluminium induced neurotoxicity in rat brain. Journal of Ethno-

pharmacology, 124: 409 – 415. 

Bordone, L. and Guarente, L. (2005). Calorie restriction, SIRT1 

and metabolism: understanding longevity. Nature Review of 

Molecular Cell Biology, 6(4): 298-305. 

Chwang, W.B., Arthur, J.S., Schumacher, A. and Sweatt, J.D. 

(2007). The nuclear kinase mitogen- and stress-activated 

protein kinase 1 regulates hippocampal chromatin remodeling 

in memory formation. The Journal of Neuroscience, 27(46): 

12732–12742. 

Craddock, T. J., Tuszynski, J. A., Chopra, D., Casey, N., Goldstein, 

L. E., Hameroff, S. R., & Tanzi, R. E. (2012). The zinc 

dyshomeostasis hypothesis of Alzheimer's disease. PloS one, 

7(3), e33552. doi:10.1371/journal.pone.0033552 

Das, D. K., & Maulik, N. (2006). Resveratrol in cardioprotection: 

a therapeutic promise of alternative medicine. Molecular 

interventions, 6(1), 36-47. doi:10.1124/mi.6.1.7. 

Das, S. and Das, D. K. (2007). Anti-inflammatory responses of 

resveratrol. Inflammation & Allergy-Drug Targets (Formerly 

Current Drug Targets-Inflammation & Allergy) 

(Discontinued), 6(3), 168-173. 

Faherty, C. J., Shepherd, K. R., Herasimtschuk, A. and Smeyne, R. 

J. (2005). Environmental enrichment in adulthood eliminates 

neuronal death in experimental Parkinsonism. Molecular brain 

research, 134(1), 170-179. 

Fischer, A., Sananbenesi, F., Wang, X., Dobbin, M. and Tsai, L. 

(2007). Recovery of learning and memory is associated with 

chromatin remodelling. Nature, 447 (7141): 178–182. 

Gatz, M., Reynolds, C. A., Fratiglioni, L., Johansson, B., 

Mortimer, J. A., Berg, S., ... & Pedersen, N. L. (2006). Role of 

genes and environments for explaining Alzheimer disease. 

Archives of general psychiatry, 63(2), 168-174. 

Griñan-Ferré, C., Pérez-Cáceres, D., Gutiérrez-Zetina, S. M., 

Camins, A., Palomera-Avalos, V., Ortuño-Sahagún, D., 

Rodrigo, M.T. and Pallàs, M. (2016). Environmental 

enrichment improves behaviour, cognition, and brain 

functional markers in young senescence-accelerated prone 

mice (SAMP8). Molecular Neurobiology, 53(4): 2435-2450. 

Harada, N., Zhao, J., Kurihara, H., Nakagata, N. and Okajima, K. 

(2011). Resveratrol improves cognitive function in mice by 

increasing production of insulin-like growth factor-I in the 

hippocampus. The Journal of Nutritional Biochemistry, 

22(12): 1150-1159. 

Harburger, L.L., Lambert, T.J. and Fick, K.M. (2007). Age-

dependent effects of environmental enrichment on spatial 

reference memory in male mice. Behavioural Brain Research, 

185(1): 43–48.  

Hawley, S. A., Ross, F. A., Chevtzoff, C., Green, K. A., Evans, A., 

Fogarty, S., ... and Hardie, D. G. (2010). Use of cells 

expressing γ subunit variants to identify diverse mechanisms 

of AMPK activation. Cell metabolism, 11(6), 554-565. 

Hong-Qi, Y., Zhi-Kun, S., & Sheng-Di, C. (2012). Current 

advances in the treatment of Alzheimer's disease: focused on 

considerations targeting Aβ and tau. Translational 

neurodegeneration, 1(1), 1-12. 

Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. W., 

Lavu, S., Wood, J. G., ... and Sinclair, D. A. (2003). Small 

molecule activators of sirtuins extend Saccharomyces 

cerevisiae lifespan. Nature, 425(6954), 191-196. 

Huang, T. C., Lu, K. T., Wo, Y. Y. P., Wu, Y. J. and Yang, Y. L. 

(2011). Resveratrol protects rats from Aβ-induced 

neurotoxicity by the reduction of iNOS expression and lipid 

peroxidation. PloS One, 6(12): e29102. 

Doi:10.1371/journal.pone.0029102. 

Janero, D.R. (1990). Malondialdehyde and thiobarbituric acid-

reactivity as diagnostic indices of lipid peroxidation and 

peroxidative tissue injury. Free Radical Biology Medicine, 9: 

515-540. 

Juan, M. E., Vinardell, M. P. and Planas, J. M. (2002). The daily 

oral administration of high doses of trans-resveratrol to rats for 

28 days is not harmful.  Journal of Nutrition, 132: 257–260. 

Kawahara, M., & Kato-Negishi, M. (2011). Link between 

aluminum and the pathogenesis of Alzheimer's disease: the 

integration of the aluminum and amyloid cascade hypotheses. 

International journal of Alzheimer’s disease, 2011. 

doi:10.4061/2011/276393. 

Kawano, T., Eguchi, S., Iwata, H., Tamura, T., Kumagai, N. and 

Yokoyama, M. (2015). Impact of preoperative environmental 

enrichment on prevention of development of cognitive 

impairment following abdominal surgery in a rat model. 

Anesthesiology: The Journal of the American Society of 

Anesthesiologists, 123(1): 160-170. 

Koo, J. H., Kang, E. B., Oh, Y. S., Yang, D. S. and Cho, J. Y. 

(2017). Treadmill exercise decreases amyloid-β burden 

possibly via activation of SIRT-1 signaling in a mouse model 

of Alzheimer's disease. Experimental Neurology, 288: 142-

152. 

Kumar, V. and Gill, K. D. (2009). Aluminium neurotoxicity: 

neurobehavioural and oxidative aspects. Archives of 

toxicology, 83(11), 965-978. 

Kumar, V., Bal, A., & Gill, K. D. (2008). Impairment of 

mitochondrial energy metabolism in different regions of rat 

brain following chronic exposure to aluminium. Brain 

Research, 1232, 94-103. 

Laviola, G., Hannan, A. J., Macrì, S., Solinas, M. and Jaber, M. 

(2008). Effects of enriched environment on animal models of 

neurodegenerative diseases and psychiatric disorders. 

Neurobiology of disease, 31(2), 159-168. 

Levenson, J. M., O'Riordan, K. J., Brown, K. D., Trinh, M. A., 

Molfese, D. L. and Sweatt, J. D. (2004). Regulation of histone 

acetylation during memory formation in the hippocampus. 

Journal of Biological Chemistry, 279(39), 40545-40559. 

Markus, M.A. and Morris, B.J. (2008). Resveratrol in prevention 

and treatment of common clinical condition of ageing. Clinical 

interventions in Ageing, 3(2): 331-339. 

Martin, S.L., Hardy, T.M. and Tollefsbol, T.O. (2013). Medicinal 

chemistry of the epigenetic diet and caloric restriction. Current 

Medicinal Chemistry, 20(32), 4050-4059. 

Mattson, M. P. (2005). Energy intake, meal frequency, and health: 

A neurobiological perspective. Annual Review of Nutrition, 

25: 237–260. 

Mattson, M. P., Duan, W., Lee, J. and Guo, Z. (2001). Suppression 

of brain aging and neurodegenerative disorders by dietary 

restriction and environmental enrichment: molecular 



 Niger. J. Physiol. Sci. 37 (2022): Muhammad et al 

Memory and neurochemical changes in mice 

67 

mechanisms. Mechanisms of Ageing and Development, 

122(7): 757-778. 

Miller, R. A., Harrison, D. E., Astle, C. M., Baur, J. A., Boyd, A. 

R., De Cabo, R., ... and Strong, R. (2011). Rapamycin, but not 

resveratrol or simvastatin, extends life span of genetically 

heterogeneous mice. The Journals of Gerontology: Series A, 

66(2), 191-201. 

Mohandas, E., Rajmohan, V., & Raghunath, B. (2009). 

Neurobiology of Alzheimer's disease. Indian journal of 

psychiatry, 51(1), 55. 

Nicolia, V., Lucarelli, M. and Fuso, A. (2015). Environment, 

epigenetics and neurodegeneration: Focus on nutrition in 

Alzheimer’s disease. Experimental Gerontology, 68: 8–12. 

Nithianantharajah, J. and Hannan, A. J. (2006). Enriched 

environments, experience-dependent plasticity and disorders 

of the nervous system. Nature Reviews Neuroscience, 7(9), 

697-709. 

Niu, P. Y., Niu, Q., Zhang, Q. L., Wang, L. P., He, S. C., Wu, T. 

C., Conti, P., Di Gioacchino, M. and Boscolo, P. (2005). 

Aluminum impairs rat neural cell mitochondria in vitro. 

International journal of immunopathology and pharmacology, 

18(4), 683-689. 

Pearson, K. J., Baur, J. A., Lewis, K. N., Peshkin, L., Price, N. L., 

Labinskyy, N., ... and de Cabo, R. (2008). Resveratrol delays 

age-related deterioration and mimics transcriptional aspects of 

dietary restriction without extending life span. Cell 

metabolism, 8(2), 157-168. 

Pervaiz, S. (2003). Resveratrol: from grapevines to mammalian 

biology. The FASEB Journal, 17(14), 1975-1985. 

Poulsen, M. M., Fjeldborg, K., Ornstrup, M. J., Kjær, T. N., Nøhr, 

M. K., & Pedersen, S. B. (2015). Resveratrol and 

inflammation: Challenges in translating pre-clinical findings to 

improved patient outcomes. Biochimica et Biophysica Acta 

(BBA)-Molecular Basis of Disease, 1852(6), 1124-1136. 

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., & 

Ferri, C. P. (2013). The global prevalence of dementia: a 

systematic review and metaanalysis. Alzheimer's & dementia, 

9(1), 63-75. 

Rahman, I. (2008). Dietary polyphenols mediated regulation of 

oxidative stress and chromatin remodeling in inflammation. 

Nutrition reviews, 66(suppl_1), S42-S45. 

Roy, S., Sannigrahi, S., Majumdar, S., Ghosh, B., & Sarkar, B. 

(2011). Resveratrol regulates antioxidant status, inhibits 

cytokine expression and restricts apoptosis in carbon 

tetrachloride induced rat hepatic injury. Oxidative Medicine 

and Cellular Longevity, (2011) 12 pages. 

doi:10.1155/2011/703676. 

Rui, D., & Yongjian, Y. (2010). Aluminum chloride induced 

oxidative damage on cells derived from hippocampus and 

cortex of ICR mice. Brain research, 1324, 96-102. 

doi:10.1016/j.brainres.2010.02.024 

Selkoe, D. J. (2001). Alzheimer's disease: genes, proteins, and 

therapy. Physiological reviews. 81 (2001) 741–766 

Shuchang, H., Qiao, N., Piye, N., Mingwei, H., Xiaoshu, S., Feng, 

S., Sheng, W. and Opler, M. (2008). Protective effects of 

gastrodia elata on aluminium-chloride-induced learning 

impairments and alterations of amino acid neurotransmitter 

release in adult rats. Restorative Neurology and Neuroscience, 

26(6): 467-473. 

Sinclair, D.A. (2005). Toward a unified theory of caloric restriction 

and longevity regulation. Mechanism of Ageing Development, 

126(9): 987-1002. 

Song, M., Jin, L., Lim, J.E., Kou, J., Pattanayak, A., Rehman, J.A., 

Kim, H.D., Tahara, K., Lalonde, R. and Fukuchi, K.I. (2011). 

TLR4 mutation reduces microglial activation, increases Aβ 

deposits and exacerbates cognitive deficits in a mouse model 

of Alzheimer’s disease. Journal of Neuroinflammation, 8: 92. 

Doi: 10.1186/1742-2094-8-92. 

Spires, T. L., Grote, H. E., Varshney, N. K., Cordery, P. M., Van 

Dellen, A., Blakemore, C. and Hannan, A. J. (2004). 

Environmental enrichment rescues protein deficits in a mouse 

model of Huntington's disease, indicating a possible disease 

mechanism. Journal of Neuroscience, 24(9), 2270-2276. 

Steiner, B., Winter, C., Hosman, K., Siebert, E., Kempermann, G., 

Petrus, D. S. and Kupsch, A. (2006). Enriched environment 

induces cellular plasticity in the adult substantia nigra and 

improves motor behavior function in the 6-OHDA rat model of 

Parkinson's disease. Experimental neurology, 199(2), 291-300. 

Taguchi, K., Motohashi, H. and Yamamoto, M. (2011). Molecular 

mechanisms of the Keap1-Nrf2 pathway in stress response and 

cancer evolution. Genes Cells 16: 123-140. 

Tamaki, N., Orihuela-Campos, R. C., Inagaki, Y., Fukui, M., 

Nagata, T. and Ito, H. O. (2014). Resveratrol improves 

oxidative stress and prevents the progression of periodontitis 

via the activation of the Sirt1/AMPK and the Nrf2/antioxidant 

defense pathways in a rat periodontitis model. Free Radical 

Biology and Medicine, 75: 222-229. 

Valenzano, D. R., Terzibasi, E., Genade, T., Cattaneo, A., 

Domenici, L., & Cellerino, A. (2006). Resveratrol prolongs 

lifespan and retards the onset of age-related markers in a short-

lived vertebrate. Current biology, 16(3), 296-300. 

Viswanathan, M., Kim, S. K., Berdichevsky, A., & Guarente, L. 

(2005). A role for SIR-2.1 regulation of ER stress response 

genes in determining C. elegans life span. Developmental cell, 

9(5), 605-615. 

Vradenburg, G. (2015). A pivotal moment in Alzheimer’s disease 

and dementia: how global unity of purpose and action can beat 

the disease by 2025. Expert review of neurotherapeutics, 15(1), 

73-82. 

Wang, G., Amato, S., Gilbert, J. and Man, H. Y. (2015). 

Resveratrol up-regulates AMPA receptor expression via AMP-

activated protein kinase-mediated protein translation. 

Neuropharmacology, 95, 144-153. 

Wimo, A. and Prince, M. (2010). World Alzheimer Report 2010: 

The Global Economic Impact of Dementia, London: 

Alzheimer’s Disease International. 1–56.  

doi:10.1016/j.jalz.2012.11.006 

Yang, Y., Zhang, J., Xiong, L., Deng, M., Wang, J., Xin, J., and 

Liu, H. (2015). Cognitive improvement induced by 

environment enrichment in chronic cerebral hypoperfusion 

rats: A result of up-regulated endogenous neuroprotection? 

Journal of Molecular Neuroscience, 56(2): 278-289. 

Yazir, Y., Utkan, T., Gacar, N. and Aricioglu, F. (2015). 

Resveratrol exerts anti-inflammatory and neuroprotective 

effects to prevent memory deficits in rats exposed to chronic 

unpredictable mild stress. Physiology and Behaviour, 138: 

297-304. 

Young, J., Pionk, T., Hiatt, I., Geeck, K. and Smith, J. S. (2015). 

Environmental enrichment aides in functional recovery 

following unilateral controlled cortical impact of the forelimb 

sensorimotor area however intranasal administration of nerve 

growth factor does not. Brain Research Bulletin, 115: 17-22. 

Zhang, H., Yang, J., Wu, S., Gong, W., Chen, C. and Perrett, S. 

(2016). Glutathionylation of the bacterial Hsp70 chaperone 

DnaK provides a link between oxidative stress and the heat 

shock response. Journal of Biological Chemistry, 291(13), 

6967-6981. 

Zhao, Y. N., Li, W. F., Li, F., Zhang, Z., Dai, Y. D., Xu, A. L., Qi, 

C., Gao, J.M. and Gao, J. (2013). Resveratrol improves 

learning and memory in normally aged mice through 

microRNA-CREB pathway. Biochemical and Biophysical 

Research Communications, 435(4): 597-602. 

Zhu, H., Robin, W., Rockhold, R.W., Baker, R.C., Kramer, R.E. 

and Ho, I.K. (2001). Effects of single or repeated dermal 

exposure to methyl parathion on behaviour and blood 

cholinesterase activity in rats. Journal of Biomedical Sciences, 

8: 467–474.

 


