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ABSTRACT

Background/aim: Extracellular Amyloid beta plaque formation and intracellular tau hyperphosphorylation in brain
are hallmarks of AD pathology. Studies have indicated protective effects of resveratrol against AD. However, the
underlying mechanisms are poorly understood. Here we examined the effect of resveratrol on amyloid beta (Af), tau
protein, acetylcholine esterase (AchE), oxidative stress and inflammation to understand mechanisms in protective
effects of resveratrol using aluminum chloride (AICI3s) induced AD inrat model.

Materials and method: Sixty Rats were divided into six groups (ten rats each). Rats were treated orally with AIClsto
induced AD. Rats were treated before and after AICI; with resveratrol as protective and therapeutic effect.

Results: AICI3 treatment significantly induced the pathological characteristics of AD in the rats as evident from the
significantly increased serum Ap, tau protein, AchE, CRP, IL-6, TNF-a, TGF-p, and MDA levels and significantly
decreased catalase and SOD activities. Marked histological alterations were noticed in brain tissues of AD rats.
Oral treatment with resveratrol for 45 days before or after induction of AD resulted in a significant reversal of
studied parameters. Moreover, AD rats treated with pharmacological drug, ebixa had comparable effects to that of
resveratrol. The underlying mechanism in the protective effects of resveratrol against AD appears to involve its
modulatory effects on AP, tau, oxidative stress and inflammation. This is the first study to simultaneously measure
the multiple pathological markers to confirm the therapeutic and preventive potential of resveratrol against AD.
Conclusion: Our finding shed the light on the promising therapeutic and protective effect of resveratrol in
attenuation AD complications through its antioxidant and anti-inflammatory effect.
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INTRODUCTION

Alzheimer’s disease (AD) is probably the most common chronic neurodegenerative disease affecting 40-60% of
dementia cases (1). AD is characterized by dementia, behavioral abnormalities and disability. Formation of
neuriticplaques and neurofibrillary tangles in the brain is considered to be the hallmark of AD pathology (2).
Neuriticplaques result from the accumulation of insoluble amyloid-beta peptide (ApB) in the brain tissue, while the
formation of neurofibrillary tangles is linked to hyper phosphorylation and deposition of microtubule-bound tau
protein in neuron (3, 4). The AP is not only the major constituent of neuritic senile plaques; it also participates in the
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pathophysiology of AD by augmenting oxidative stress, neuroinflammation and disturbing the integrity of blood
brain barrier (5). Neuroimaging of neuritic plaques and measurement of AP and tau isoforms in cerebrospinal fluid
(CSF) are regarded as gold standard in the diagnosis of AD (6, 7). Despite the high world over prevalence, the
effective treatment and intervention of AD remains elusive, presumably due to the complex nature of disease
pathology. Several drugs such as choline esterase inhibitors revstigmine and memantine have produced relatively
modest beneficial effects in the reversal of AD symptoms (8). These drugs act by the inhibition of AchE enzyme
responsible for termination of excitatory transmission at cholinergic synapses by hydrolyzing neurotransmitter
acetylcholine or by blocking over activation of N-methyl-d-aspartate (NMDA)-type glutamate receptors (8, 9).
Further, the use of these drugs was marred by prolonged side effects. Due to shortcomings associated with the use of
pharmaceutical drugs, there is an increased interest in exploring the plant based natural products for their beneficial
properties against AD. Natural products such resveratrol (trans-3, 5, 4'-trihydroxystilbene), a major polyphenolic
component of grapes, red wine (10), curcumin (11), olive oil (12), and apigenin (11) have shown promising
therapeutic and preventive effects against AD in humans and animal models. Neuroprotective effects of these plant
based products are suggested to be mediated by their ability to blunt the oxidative stress, inflammation and to
potentiate antioxidant mechanism (12, 14). Resveratrol has been extensively investigated for its potential to regress
and prevent AD using in vitro and in vivo systems in humans and animal models. For instance, resveratrol has been
shown to cross the blood brain barrier, decrease the insoluble AB1-42 levels in hippocampus and protect the blood
brain barrier in AD rats (15). Resveratrol has been shown to exert its neuroprotective effects through the modulation
of AP levels, oxidative stress and inflammatory mediators (16, 17). Additionally, in vitro treatment with resveratrol
attenuated tau mediated neurodegeneration (18). Here we measured the effects of resveratrol on AP, tau, oxidative
stress and inflammatory markers, and AchE activity to confirm the beneficial effects of resveratrol in lowering the
AD risk using a well-established AICI; induced ADmodel in rats (19, 20).

MATERIALS AND METHODS
Animals

This study was conducted in accordance with the set guidelines for animal experiments and approved by the Ethical
Committee of King Fahd Medical Research Center, King Abdulaziz University. Jeddah, Saudi Arabia.Adult male
albino rats weighing 120-130 g were obtained from the King Fahad Medical Research Center. Rats were maintained
at 12 h light/dark cycle and left for acclimatization to animal house facility for 10 days. Rats had free access to food
and water. Rats were randomly divided into different groups namely; C, Res, AD, AD+Res, Res+AD and AD+Ex
with each group having 10 rats. The “C’ group rats were normal healthy rats and served as control. The “AD” group
rats were administered orally with aluminum chloride (AICls) (17 mg/kg body weight) (LobaChemie, Mumbai,
India) daily for 45 days to induce AD characteristics and served as AD rat model (19-21). The “Res” group rats were
gavage administered daily with resveratrol (20 mg/kg body weight) (Sigma, St. Lois, MO, USA) for 45days
according to the previously described method (22). Rats in “AD+Res” group were treated with AICIl; as described
above to develop AD followed by the daily treatment with resveratrol (20 mg/kg body weight) for 45 days
(Therapeutic effect of resveratrol). The “Res+AD” rats were initially treated with resveratrol for 45 days as
described above followed by the induction of AD with AICI; treatment (Protective effect of resveratrol). The
“AD+EX” group animals were treated with AICIl; for 45 days to induce AD followed by oral treatment of ebixa
(Drumsheugh Gardens, Edinburgh. UK) (1mg/kg/day) according to the procedure described previously (23). The
Ebixa is a prescription drug to alleviate the symptoms of AD in humans and acts via blocking the over activation of
N-methyl-d-aspartate (NMDA)-type glutamate receptors in neurons (9). At the end of all the treatments, blood
samples were collected from rats and were anesthetized by diethyl ether and sacrificed by cervical decapitation.
Brains were dissected out and the brain tissue was fixed in 10% formalin for histopathology. Serum was separated
and used for the measurement of AP, tau, AchE activity, oxidative stress and inflammatory markers.

Measurement of AP, tau, acetylcholine esterase, MDA, catalase activity and inflammatory markers

The AP, tauprotein, acetylcholine esterase, MDA, catalase activity and inflammatory markers were measured
according to the manufacturer’s instructions (Glory Science Co. Ltd. TX. USA).

Estimation of total protein
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Total protein content in the serum was determined according to the supplier’s instructions (Choronolab, Spain).
SOD

The SOD activity was measured by addingl0 pl of sample to reaction mixture containing 0.4 ml tris buffer
(pH7.4),20 ul of NADH (7.5 mM) and 25ul of EDTA /MnCl; (100 mM / 50 mM). The reaction was initiated by
adding 50 pl of mercaptoethanol and the initial absorbance was recorded and NADH oxidation was followed by
measuring the absorbency at 340 nm for 3 minutes.The activity of SOD was expressed as unit / mg protein. One unit
is determined as the amount of enzyme that inhibited the oxidation of NADH by 50 %.

Histopathology

Brain tissue was fixed in10% formalin and embedded in paraffin block. Sections of 4 to5 pum thick were cut and
stained with hematoxylin and eosin. Stained sections were visualized under light microscope for possible
histological alterations. Fifteen sections were randomly selected and 12 different view fields were counted in each
section.

Statistical analysis

Statistical analysis was carried out using SPSS v.20. One-way ANOVA was used to compare the
significance between different treatment groups.Numerical data were expressed as mean + SE. Differences between
groupsare considered significant at p <0.05.

RESULTS
3.1 Serum AP and Tau protein

The concentrations of AP and tau protein levels in control and different treated groups are presented in
Table 1. Resveratrol alone treatment of normal healthy rats had no effect on AP and tau levels compared to control
rats as no significant change inAp or tau levels was observed between control and resveratrol treated control rats (p
<0.05). A significant increase in AP and tau was noted in the AD rats compared to control or resveratrol treated
control rats. After resveratrol treatment, a significant decline in AP and tau levels was registered in rats treated with
resveratrol before the induction of AD and in those treated with resveratrol after AD induction (p<0.05).Additionally
rats treated with ebixa had a significantly lowered AP and tau levels. These data suggest that resveratrol was able to
exert both therapeutic and preventive effects against AD.

3.2 AchE and total protein

Data of serum AchE levels and serum total protein contentin control and different treated groups are
provided in Table 2. AchE activity was significantly elevated in AD rats compared to control and resveratrol treated
control rats. However, a significant reduction in AchE activities was noticed in AD rats treated with resveratrol
before or after AD induction (p <0.05). Interestingly, AD rats treated with ebixa also displayed a significantly
reduced AchE activity compared to that in AD rats.These data indicate the inhibitory effect of resveratrol on AchE
activity as evident by a decrease in enzyme activity in resveratrol treated rats.No significant change in total serum
protein levels was observed in AD rats or in rats treated with resveratrol or ebixa compared to control rats.

Inflammatory markers

The level of inflammatory mediators in serum of control, AD and resveratrol treated groups are given in Table 3.
The studied markers including IL-6, CRP, TNF-a and TGF- were all significantly upregulated in AICl; treated AD
rats compared to control or resveratrol treated control rats, indicating the increased systemic inflammatory activity
in AD rats presumably due to AD pathology. All these markers were significantly down modulated after resveratrol
treatment either before or after the induction of AD. Rats treated with ebixa also showed a marked decrease in these
markers.

Oxidative stress indices
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Changes in oxidative stress markers in control, AD and resveratrol treated rats are given in Table 4. The MDA levels
between control and resveratrol treated normal healthy rats were comparable suggesting the lack of any adverse
effect of resveratrol on redox homeostasis. The MDA levels significantly elevated in AD rats compared to control or
resveratrol treated control rats (p <0.05) demonstrating the role of oxidative stress in AD pathogenesis. In rats fed
with resveratrol before or after the induction of AD significantly truncated the MDA levels showing antioxidant
capacity of resveratrol. In contrast, in AD rats, antioxidant markers, catalase and SOD activities were significantly
down modulated, while in resveratrol treated rats, the activities of these enzymes were found to be significantly
restored. These data indicate that resveratrol possesses the antioxidant potential to negate the cellular oxidative
stress. Consistent with the effect of resveratrol, ebixa treatment also led to significant reduction in MDA and a
significant increase in catalase and SOD activities.

Histological alterations

Histological changes in brain tissue of control, AD and resveratrol treated rats are presented in Figure 1. Control and
resveratrol fed rats displayed normal histological features in cerebral cortex and hippocampus. Contrastingly AD
rats demonstrated a significant nuclear pyknosis in hippocampus region and focal hemorrhage in striatum of
cerebrum. In rats treated with resveratrol before the induction of AD, a significant congestion in blood vessels of
cerebellum was noted, while rats fed with resveratrol after the induction of AD displayed normal histological
structure of neuronal cells of hippocampus.

Table 1: AP, and tau protein levels in serum of control, AD and resveratrol treated rats

Parameters C Res AD Res+AD AD+Res AD+EX
(N=8) (N=8) (N=8) (N=8) (N=8) (N=8)

AP 134.3+. 1.5 136.9+1.6 183.2+1.4** 148.2+0.6* 160.5+2.9* 155.0+2.3*

(pg/mi)

Tau protein 17.7+0.5 24.5+0.8 66.4+1.0** 45.4+0.3* 50.6+0.8* 48.8+2.5*

(pg/ml)

APB; amyloid beta, Res; resveratrol, AD; Alzheimer’s disease, Ex; ebixa. Each data point represents mean +
SE.*p<0.01, **p<0.001.

Table 2: Serum acetylcholine esterase and total protein levels in control and different treatedGroups

Parameters C Res AD Res+AD AD+Res AD+EX
(N=8) (N=8) (N=8) (N=8) (N=8) (N=8)

Serum AchE 38.4+1.1 35.8+2.3 61.4+2.4** 45.35+0.7* 56+2.3* 47.8+0.7*

(U/mg)

Total serum 7.4%£0.2 6.7+0.2 7.0+0.3 8.5+0.1 7.2+0.2 7.1+0.3

protein

AchE; acetylcholine esterase, Res; resveratrol, AD; Alzheimer’s disease, EX; ebixa. Each data point is representative
of 3 independent experiments, *p<0.01, **p<0.001. Each experiment represents mean +SE.

Table 3: Serum inflammatory markers in control, AD and resveratrol treated rats

Parameters Control Res AD Res+AD AD+Res AD+EX
(n=8) (n=8) (n=8) (n=8) (n=8) (n=8)

CRP 387+25.0 303+22.3 632+52.6** 409+20.5* 514+23* 438.5+28*

(V7))

IL-6 145+20.6 149+21.3 178+25.6* 156+22* 168.5+4.1*  157.7+£3.2*

(ng/l)

TNF-a (ng/l) 13+.2.1 12.5%£3.2 24,514 5** 18.0+2.8* 19.6+2.5* 20.3+3.4*

TGF-B (ng/l) 13.4+2.4 18.1+2.0 44.36+5.3**  25.23+4.3*  35.98+4.6*  33.7£3.8*

CRP; C-reactive protein, IL-6; interleukin-6, TNF-a; tumor necrosis factor-alpha, TGF-B; transforming growth
factor-beta, Res; resveratrol, AD; Alzheimer’s disease, EX; ebixa, each data point presented as mean +SE.*p<0.01,
*%

p<0.001
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Table 4: Oxidative stress markers of control, AD and resveratrol treated rats

Parameters Control Res AD Res+AD AD+Res AD+EX
(n=8) (n=8) (n=8) (n=8) (n=8) (n=8)

Catalase 112+12.5 107+11.8 58+7.2** 84+8.6* 65+7.0* 72.5+8.7*

(Urg)

SOD 33.0£4.5 32.7£3.6 14.8+2.3** 27+4.7* 18.374£5.2* 25.3+6.1*

(U/mg)

MDA 28.6+3.8 30 £3.1 48.3£6.4** 34.5+£3.2* 43+4.3* 40.4+4.6*

(nmol/ml)

SOD; superoxide dismutase, MDA, malodialdehyde, Res; resveratrol, AD; Alzheimer’s disease, EX; ebixa, Mean +
SE *p<0.01, **p<0.001

Figure 1: H&E (x 40) staining of brain tissues of control, AD and resveratrol treated rats. (A) showing normal
histological structure of the meninges and cerbral cortex (B) A photomicrograph of brain tissue in healthy treated
with resveratrol group showing normal histological structure of hippocampus. (C) A photomicrograph of brain
tissue in AD induced group showing nuclear pyknosis in some neurons in hippocampus. (D) A photomicrograph of
brain tissue in AD induced group and treated with resveratrol as protective effect (Resv + AD) showing nuclear
pyknosis in some neurons in the hippocampus. (E) A photomicrograph of brain tissue in AD induced group s +
Resveratrol (therapeutic) showing normal histological structure of neuronal cells of hippocampus. (F) A
photomicrograph of brain tissue in AD induced group + Epixa showing focal gliosis in cerbral cortex.
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DISCUSSION

In the present study, we evaluated the therapeutic and preventive potentials of resveratrol in AD rats. Disease
specific biomarkers such as amyloid B (AP) and tau proteins, as well as oxidative stress and inflammatory indices
were measured to examine the underlying mechanism involved in the protective effects of resveratrol. Aluminum
chloride is an established chemical agent for the induction of pathological characteristics typical of AD (19, 20).
Consistently, in the present study, rats treated with AIClz exhibited significant increase in Ap and tau protein levels,
confirming the etiology of AD. In addition, these rats had significantly increased oxidative stress and inflammatory
markers. These observations also support the major role of oxidative stress and inflammation in the pathogenesis of
AD (5, 25). Further, we found a significant histopathological changes in the AICI; treated rat brains confirming the
AD etiology.

A number of studies have demonstrated the therapeutic and preventive potential of plant derived resveratrol against
AD in human and animal systems. In our observation, we found that treatment of AD rats with resveratrol
significantly blunted the AP and tau protein levels compared to untreated AD rats. Importantly, resveratrol was able
to markedly reduce these pathological markers in both the experimental conditions where the rats were treated with
resveratrol prior to the induction of AD and in the rats treated with resveratrol after the induction of AD. This clearly
demonstrates that resveratrol is able to attenuate the progression of AD and also to prevent the onset of AD
pathogenesis through the down modulating effects on A, suggesting the therapeutic as well as preventive potential
of resveratrol against AD. In contrast resveratrol exhibited no effect on AP and tau protein in normal healthy mice,
where the levels of these molecules were comparable to those in untreated control mice. Further, resveratrol had no
significant effects on total protein, body weight, and behavior of the animals, indicating the lack of any adverse
effects of resveratrol on normal physiology and activities in the treated rats. Our findings are consistent with several
studies where the resveratrol has shown to decline the AP peptide levels. For example, resveratrol significantly
truncated both the intracellular and secreted AP levels in KEK293 and mouse neuroblastoma N2a cells (17).
Importantly, the AP reducing effect of resveratrol was shown to be mediated by the degradation of AB by
proteasome and the effect was reversed by the selective proteasomes inhibitors. Likewise, AD mice fed with
clinically feasible doses of resveratrol showed reduction in the AP plaques in cortex, striatum and hypothalamus
regions of brain (26). Resveratrol also lowered the A levels in neuronal and non-neuronal cells including mouse
primary neurons by activating AMP-activated protein kinase (AMPK) signaling (27). Consistently, in an age related
AD mouse model resveratrol significantly declined the AP formation (28). Although studies indicated the reduction
of tau protein hyper phosphorylation in resveratrol treated AD mice, none of the studies have investigated the
effected of resveratrol on tau protein levels (28, 29). In the present study, we found that resveratrol significantly
reduced the tau protein content of AD rats. As in the case of AP, resveratrol, whether treated before or after the
induction of AD, was able to lower the tau protein levels. This suggests the effect of resveratrol on multiple
molecular targets in the prevention and stalling the progression of AD.

It has been reported that neurotransmitter acetylcholine (Ach) levels are reduced in AD and this contributes to
insufficient signal transmittance leading to AD pathology (30). The deficiency of ACh results due to its degradation
by acetylcholine esterase (AChE), the activity of which has been shown to be upregulated in AD (31). Consistent
with the modulating effects of AchE on Ach, the EchE inhibitors including donepezil, rivastigmine and galantamine
are shown to reverse the effect of enzyme (32). To further explore the possible underlying mechanisms mediating
the favorable effects of resveratrol, we examined for a possible down modulating effect of resveratrol on AChE. We
found that there is a significant decrease in AChE activity. Thus the mechanism underlying the favorable effects of
resveratrol may also involve its ability to inhibit the AchE activity which might result in the improved
neurotransmission, possibly due to increased levels of neurotransmitter, acetylcholine. Interestingly, we found a
significant decrease in AchE activity in rats treated with ebixa, which is a specific inhibitor of over activation of N-
methyl-d-aspartate (NMDA)-type glutamate receptors in neurons. This observation needs further investigation.

A number of studies have examined the effect of resveratrol on oxidative stress and inflammation in the context of
AD. For instance, rat hippocampal H19-7 neuronal cells treated with resveratrol exhibited a significant decrease in
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AP induced lipid peroxidation and a significant increase in enzymatic and non-enzymatic antioxidants as well as the
expression of memory associated proteins (33). Likewise, resveratrol treatment prevented inflammation, oxidative
stress, and improved antioxidant status in AD rats (15, 34). Consistent with the above observations, we found a
significant decline in MDA levels in resveratrol treated AD mice. Besides, resveratrol also augmented the levels of
antioxidants including catalase and SOD in AD mice. We also found a significant down modulation of pro-
inflammatory cytokines, IL-6, CRP, TNF-o and TGF-f in resveratrol treated AD mice. These data support the anti-
inflammatory and antioxidant capacity of resveratrol. Histopathological analysis of brain tissue of rats treated with
resveratrol either before or after the induction of AD revealed a significant restoration of tissue architecture as
evident from the normal meninges and cerebral cortex.

Several possible mechanisms have been put forth in the neuroprotective effects of resveratrol in AD. For example,
resveratrol has been shown to inhibit AP induced microglial activation via NADPH oxidase to attenuate
inflammation (35). Resveratrol treatment of rat pheochromocytoma (PC-12) cells resulted in the reduction of cell
apoptosis, stabilization of intercellular Ca (2+) homeostasis and restoration of AP suppressed silent information
regulator 1 (SIRT1) activity, eventually to attenuate neurotoxicity (36). Resveratrol also inhibited the production of
reactive oxygen species in PC12 cells to inhibit oxidative stress (16).

CONCLUSIONS

Collectively, in the present study we showed the neuroprotective capacity of resveratrol which appears to be
mediated through its ability to suppress AchE activity which possibly resulted in the attenuation of A, tau protein,
oxidative stress and inflammation. To the best of our knowledge, this is the first study to simultaneously examine
the multiple pathological makers as well as brain tissue architecture to establish the beneficial effects of resveratrol
use in lowering the AD risk. The findings here will advance our understanding of the therapeutic and preventive
mechanisms through which the resveratrol exerts its protection against AD.
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