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HIGHLIGHTS

o A decrease in BDNF levels is associated with Alzheimer’s disease and depression.
e Curcumin supplementation improves BDNF levels in Alzheimer’s and depression.
e Curcumin supplementation improves symptomatology in Alzheimer’s and depression.

e Curcumin is a powerful anti-inflammatory and antioxidant.

Abstract: Curcumin is a polyphenol present in Curcuma longa, a root used in Asian cuisine for thousands of
years, and it has several medicinal properties, acting as an antioxidant, anti-inflammatory, anticancer, among
others. Polyphenols generally have the ability to restore BDNF (Brain Derived Neurotrophic Factor) levels,
which is a very important neurotrophin in controlling neuronal development and survival, when they are
impaired, offering a therapeutic effect. The aim of this study was to evaluate the effects of curcumin in
Alzheimer's disease and Depression, which has as its main pathogenesis the reduction of BDNF levels,
monoamine levels, increased oxidative stress, inflammation, beta-amyloid aggregation, Tau protein
accumulation and aluminum neurotoxicity, verifying its therapeutic capacity. Therefore, a literature review
was performed in the Scholar Google, ScienceDirect, and PubMed databases. The data analyzed
demonstrated that curcumin supplementation is able to restore BDNF levels in Alzheimer's disease and
depression, in addition to modulating monoamines and reducing oxidative stress, inflammation, beta-amyloid
aggregation, Tau protein accumulation and aluminum neurotoxicity, improving their symptoms.
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INTRODUCTION

Brain-Derived Neurotrophic Factor (BDNF) is a neurotrophin of the Neurotrophin-3 (NT-3) and Nervous
Growth Factor (NGF) family, very important in regulating neuron development and survival [1-4], besides
possibly regulating synaptic function and inducing the synthesis of several synaptic proteins [5]. BDNF is a
molecule capable of stimulating neurogenesis [6], and a decrease in its levels is associated with several
neurocognitive and psychological disorders, such as Alzheimer's disease [7] and depression [8]. However,
several factors are capable of upregulating BDNF and, consequently, neurogenesis, such as caloric
restriction [9], physical activity [10], enriched environment [11-12], omega 3 fatty acids [13] and polyphenols
[14], being curcumin one of the most studied polyphenols with this effect [15-16].

Turmeric (Curcuma longa) is a root widely used in Asian cuisine as a spice and has a variety of medicinal
properties, such as antioxidant, anti-inflammatory, anti-HIV, antibacterial, anti-tumor [17], BDNF restorative
[18], among others. One of the main constituents of turmeric and accounting for most of its benefits is
curcumin, a polyphenol with numerous biological effects, but with low water solubility. Therefore, it has low
bioavailability due to its low absorption, fast metabolism and rapid systemic elimination [19]. As a result, many
researchers have found ways to overcome this problem, such as the association of curcumin with piperine
[20], in addition to curcumin-loaded lipid core nanocapsules, which also improves its bioavailability [21].

Due to the scarcity of studies related to the restorative effects of curcumin on BDNF in the intervention
of Alzheimer's disease and depression, this study becomes extremely relevant. The following sections will
address BDNF, curcumin, curcumin's effects on Alzheimer's disease and depression through their various
mechanisms of action. Thus, the present study aimed to evaluate the implications of curcumin in the
intervention of Alzheimer's disease and depression and its mechanisms of action, such as in BDNF levels,
monoamines, oxidative stress, inflammation, beta-amyloid aggregation, Tau protein accumulation, and
aluminum neurotoxicity, to assess its potential as a therapeutic agent.

MATERIAL AND METHODS

Search strategy and data extraction

A literature review was conducted to verify studies that evaluated the effects of curcumin
supplementation on neurodegenerative/psychological disorders such as Alzheimer's and depression in
animal and human models, and their respective mechanisms of action. Scholar google, ScienceDirect and
PubMed electronic databases were consulted up to September 2021. In the search, the following descriptor
combinations were used in the English-language databases: “BDNF”, “Neurogenesis”, “Curcumin BDNF”,

” ” W L]

“Curcumin Bioavailability”, “Curcumin Depression”, “Curcumin Depression BDNF”, “Curcumin Depression

” ” ”

Inflammation”, “Curcumin Serotonin Depression”, “Depression BDNF”, “Depression Brain Size”, “Depression

LT ” o« ” o« LT

mechanism”, “Depression Medication”, “Depression Neurogenesis”, “Polyphenol Depression”, “Polyphenol

LT

Bioavailability”, “Alzheimer's”, “Alzheimer's BDNF”, “Alzheimer's Curcumin”, “Curcumin Alzheimer's BDNF”,
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“Alzheimer's Inflammation”, “Alzheimer’'s Oxidation”, "Curcumin Tau protein", "Alzheimer Metals", "Alzheimer

Neurogenesis", "Exercise BDNF", "Calorie restriction BDNF ”,“ Omega 3 BDNF ”.

Methodological quality assessment

The selection of articles was performed first by reading the titles found in the three electronic databases,
then, the articles were selected according to their abstracts, so that the articles considered most relevant for
the complete reading were selected, with a total of 79 being included in the review, as shown in the PRISMA
flow diagram (Figure 1) [22]. Consultations were also performed in bibliographies of the selected articles, in
order to locate articles not found in the search.
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Figure 1. Flow diagram of the literature review [22].

Inclusion and exclusion criteria

The studies included had proper design description, measurement of outcomes and statistical and
analytical methods. Studies without the interventions or exposures of interest, or with no proper design
description were not included in the review. No restrictions were set on language, publication time, or study
design. All data collected was revised by the both authors independently.
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RESULTS AND DISCUSSION

Curcumin

Curcumin is the main polyphenol derived from Curcuma longa L’ rhizome, a plant used as a spice,
preservative, yellowish dye and as a medicine in Ayurvedic and Chinese medicine [23-24]. This polyphenol
has several medicinal properties as antioxidant, anti-inflammatory, anti-HIV, antibacterial and antitumor effect
[17]. In addition, curcumin is also used as a therapeutic agent in inflammatory bowel disease, pancreatitis,
arthritis, some types of cancer [24], head trauma [25], anxiety [26], Parkinson’s [27], depression [28],
Alzheimer's disease [16], as well as acting as BDNF restorer [18].

Most of curcumin’ benefits can be attributed to its anti-inflammatory action, obtained by the modulation
of the expression and production of enzymes such as cyclooxygenase-2 (COX-2), lipoxygenase and inducible
nitric oxide synthase (iNOS), and by the inhibition of inflammatory cytokines, including interleukin (IL) -1, -2,
-6, -8 and -12, tumor necrosis factor alpha (TNF-a), monocyte chemotactic protein (MCP), among others [24,
29]. In neurodegenerative and neuropsychological diseases, its role in restoring BDNF levels and,
consequently, promoting neurogenesis, it's extremely important and may contribute to the reversal of
cognitive and mood disorders [30]. Polyphenols metabolites can activate cellular stress response pathways,
leading to upregulation of neuroprotective genes, such as BDNF (Figure 2) [31].
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Figure 2. Metabolic routes involved in the biological effects of polyphenols, such as curcumin, mainly in neurological
and neuropsychological disorders. They can act in vivo by activating cellular stress response mechanisms leading
to upregulation of neuroprotective genes [31].
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Curcumin’s low absorption, rapid metabolism and rapid excretion [19] makes its bioavailability very low.
When administered orally at a dose of 1 g/kg, its fecal excretion is around 75% [32], achieving very low
plasma concentrations, in both rat and human studies [33, 34]. However, the association with piperine, an
alkaloid derived from black pepper (Pipernigrum L) and long pepper (Piperlongum L), is capable of increasing
the bioavailability of some drugs by inhibiting intestinal [35] and hepatic glucuronidation [20, 35, 36]. The
administration of 20mg/kg of piperine with 2g/kg of curcumin in rats increases its bioavailability by 154%
compared to administration of 2g/kg of curcumin alone. In humans, administration of 20mg of piperine with
2g of curcumin increased its bioavailability by 2000% compared to administration of 2g of curcumin alone.
Piperine is capable of increasing absorption, plasma concentration, and bioavailability of curcumin in both
rats and humans without significant side effects [20]. Piperine is a non-specific drug metabolism inhibitor,
with low discrimination between different forms of cytochrome P-450. In rats, orally administered piperine
strongly inhibits the hepatic activity of aryl hydrocarbon hydroxylase (AHH) and UDP-glucuronyl transferase,
with a potent inhibitory effect on pharmacological metabolism [37]. Moreover, another way to overcome its
low bioavailability is through the use of curcumin-loaded lipid-core nanocapsules. Considering the fact that
curcumin is a liposoluble compound, this formulation is able to stabilize it and improve its absorption and
biological activities [16].

Alzheimer's disease: pathophysiology

Alzheimer's disease is a heurodegenerative disease characterized by gradual memory degradation due
to neuron damage and/or disruption. When neurons begin to malfunction and die, various symptoms start to
appear, such as memory loss, difficulty in planning or problem solving, mood and personality changes,
confusion about time or place, problems understanding visual images and spatial relations, problems writing
or pronouncing words, difficulty walking, swallowing, among other symptoms [38].

Also according to the Alzheimer's Association [38], the disease is the most common form of dementia
and it is associated with the accumulation of beta-amyloid plagues and abnormal amounts of Tau protein in
the brain. Beta-amyloid accumulation is believed to be responsible for interfering with neuronal
communication at synapses and contributing to cell death. Tau protein blocks the transport of nutrients and
other essential molecules into neurons and contributes to neuronal death. Patients with advanced
Alzheimer's have considerable brain shrinkage due to cell loss and debris from dead and dying neurons. The
brain changes caused by the disease may begin about 20 years before symptoms manifestation.

There is evidence of the involvement of BDNF in the pathogenesis of Alzheimer's disease [39-40], as it
plays an important role in synaptic plasticity, differentiation and neuronal survival. In the early stages of
Alzheimer's disease, BDNF plasma levels are elevated, possibly due to a compensatory repair mechanism
in the early stages of neurodegeneration, which could contribute to the degradation of beta-amyloid plaques.
In the disease progression, BDNF levels are increasingly reduced due to the constant accumulation of beta-
amyloid, and this decrease contributes to the progressive degeneration of specific brain regions and to
disease severity [39]. Postmortem hippocampal analyzes of organ donors with Alzheimer's disease
demonstrated a reduction in BDNF, but not NGF or NT-3 levels, suggesting the possibility that decreased
BDNF expression may contribute to the progression and cell death in Alzheimer's disease [7].

Weinstein and coauthors [41] evaluated plasma BDNF concentrations from 2131 participants, and
monitored them for 10 years to examine any association with dementia and Alzheimer's disease. During the
study, 140 participants developed dementia, of which 117 had Alzheimer's disease, showing a strong
correlation between lower BDNF levels and the risk of developing these diseases. Each quintile increase in
BDNF plasma concentration was associated with a 23% reduction in the risk of developing dementia and
Alzheimer's disease. These associations were significant among female participants, participants older than
80 years, and those with college degree. The study concluded that higher plasma BDNF levels may protect
against future development of dementia and Alzheimer's disease, and it may be an active participant in the
pathogenesis of these diseases, not just an incidental risk factor. Therefore, this data demonstrates the
importance of BDNF in the biology and prevention of these pathologies.

A study by Nagahara and coauthors [42] demonstrated that BDNF infusion in older rats reversed
cognitive decline, improved age-related disorders (by gene expression) and restored cell signaling. In older
primates, BDNF improved age-related cognitive impairment and reversed neuronal atrophy. Evidence
suggests that the use of strategies to stimulate the restoration of BDNF plasma levels could be used in the
prevention and treatment of Alzheimer's disease [39]. Among the most effective non-drug strategies for
potentially treating the disease are omega 3 fatty acids supplementation [43], intermittent fasting and calorie
restriction [44], physical activity [45] and polyphenol ingestion/supplementation [46], in particular curcumin
[15].
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Curcumin effects on cognition

To verify the effects of curcumin on cognition and mood in elderly people, Cox and coauthors [47]
recruited 60 healthy adults aged 60-85 in a randomized, double-blind, placebo-controlled trial. The solid lipid
curcumin (400 mg as Longvida®) supplementation was tested acutely (1 and 3h after a single dose),
chronically (after 4 weeks) and acute-on-chronic (1 and 3h after single dose following chronic treatment) on
cognitive function, mood and blood biomarkers. The acute treatment (1h) demonstrated a significant
improvement in performance on sustained attention and working memory tasks, when compared with placebo
supplementation. The chronic treatment demonstrated a significant improvement on working memory, mood
and psychological stress resilience, while the acute-on-chronic treatment also had a significant effect on
alertness and contentedness. A significant reduction in total and LDL cholesterol were also observed after
the treatment with curcumin, with no alterations in hematological safety measures. These results indicate a
possible applicability of curcumin supplementation in Alzheimer’s patients, due the significant improvement
on cognitive functions, however, more studies with this specific population are needed.

Curcumin and inhibition of beta-amyloid plague aggregation

As previously described, it is believed that one of the major causes of Alzheimer's disease is the
accumulation of beta-amyloid plaques in the brain, leading to several cellular changes that leads to synaptic
dysfunction. Many studies have shown positive effects of curcumin supplementation in counteracting the
deleterious effects of beta-amyloid plaques [16, 48].

To evaluate curcumin’s inhibitory effects on beta-amyloid plaque aggregation, Yang and coauthors [48]
used groups of APPsw Tg2576 transgenic mice bred on 500ppm of curcumin or safflower oil diets, aged until
their 22 months of age. Prior to slaughter, a mice from the 500ppm curcumin diet was injected with 200ul of
curcumin/PBS within 5 minutes. Two other mice were injected with PBS alone, one without dietary curcumin
as a control and the other with dietary curcumin. Then, these mice were brain analyzed and it was observed
that the amyloid plaques were dyed with a yellowish fluorescence color of curcumin, as well as of thioflavin,
proving that curcumin can cross the blood-brain barrier. After hours of exposure to light, the yellow/orange
curcumin fluorescence gradually changed to yellow/green. Animals not treated with curcumin showed no
fluorescence. To evaluate beta-amyloid aggregation, the ELISA (Enzyme-Linked Immunosorbent Assay)
protocol and N-terminal antibody (6E10) were used for capture and detection. The aggregation of amyloid
plagues was significantly reduced with curcumin, with an approximate ICso of 0.81 M (p <0.001).

In the same study [48], it was found that in vitro, increasing doses of curcumin (0-8uM) were able to
disaggregate pre-aggregated beta-amyloid. The present study also compared the beta-amyloid anti-
aggregating effect of curcumin with non-steroidal anti-inflammatory drugs. Beta-amyloid40 (50ug/ml
concentration) was incubated with naproxen (0-32uM), ibuprofen (0-32uM) or curcumin (0-8uM) for 6 days
at 37°C. Beta-amyloid aggregation was verified with the 6E10/6E10 ELISA. Curcumin exhibited dose-
dependent beta-amyloid antiaggregating effects, superior to the effects of naproxen and ibuprofen, which
were only effective at high doses.

Curcumin in the restoration of cognitive and synaptic deficit caused by beta-amyloid

One of the characteristics of Alzheimer's disease is the cognitive and synaptic deficit, interfering with
ordinary activities. To simulate the effects of Alzheimer's disease, rats were injected with beta-amyloid
(2nmol) for 2 weeks, experiencing memory and learning decline, with decreased spontaneous Y-maze
alternation. To evaluate the effects of curcumin, the animals were treated with 50mg/kg/day of curcumin (Cur
50) or 2.5mg/kg/day of curcumin loaded lipid-core hanocapsules (Cur-LNC 2.5) for 10 days. Curcumin-treated
animals (Cur 50 and Cur-LNC 2.5) increased spontaneous alternation of behavior, significantly attenuating
the damage caused by beta-amyloid injection without increasing the number of maze entries, indicating that
the improvement was not due to motivational, exploratory or locomotor effects. In the object recognition test,
animals injected with beta-amyloid were unable to distinguish between familiar and new objects, whereas
those receiving curcumin treatment, Cur 50 and Cur-LNC 2.5, had both improved short-term and long-term
memory, being able to distinguish between new and familiar objects. A lower dose of free curcumin
(10mg/kg/day) had no effect on behavioral tests against beta-amyloid toxicity [16].

In the same study [16], to assess synaptic integrity, synaptophysin (presynaptic marker) was analyzed.
Its levels were significantly reduced after beta-amyloid injection, indicating synaptic dysfunction. The animals
treated with Cur 50 and Cur-LNC 2.5 did not had a reduction in synaptophysin levels, indicating preservation
of synaptic activity, consistent with the results found in the behavioral tests.
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Curcumin in Tau protein suppression

One of the mechanisms involved in the neurotoxic effects produced by beta-amyloid plagues is caused
by hyperphosphorylation of Tau protein, which generates neurofibrillary tangles. This is a limiting factor for
beta-amyloid-induced cell death, and an intervention that reduces the levels of this protein is extremely
important [49]. To evaluate the effects of curcumin in the treatment of Tau protein hyperphosphorylation, Ma
and coauthors [50] analyzed aged transgenic mice that overexpress human Tau protein, compared to an
unmutated group (wild type C57B1/6J), both with pathological levels of Tau protein and with neuronal loss.
One group received a control diet and the other a diet containing brain-permeable beta-amyloid and
curcumin. Curcumin-treated rats had a suppression of soluble dimers levels of the Tau protein (without
changing insoluble Tau), correcting cognitive, synaptic, and heat shock protein deficits (HSP70, HSP90, and
HSC70 without elevation of their mRNAS), which are closely linked to Tau protein removal, even after the
formation of their tangles. Heat shock protein kinases were affected differently, reducing Fyn without reducing
Akt (protein kinase B). From these results, it is concluded that curcumin has a significant effect on reducing
Tau protein and its beta-amyloid-induced tangles, improving behavioral/cognitive and synaptic functions [50].

Curcumin in the control of oxidative stress and inflammatory response

Oxidative stress and the inflammatory process are very important factors in the pathogenesis of
Alzheimer's disease. Protein oxidation by reactive oxygen species and nitrogen reactive species can
generate unstable products, such as protein hydroperoxides, which generate even more free radicals. Some
of these oxidized proteins can accumulate and contribute to the development and to the damage generated
by various diseases. Patients with Alzheimer's disease have greater susceptibility to oxidative stress and lipid
peroxidation, presenting neuronal changes in various antioxidant enzymes. In the progression of the disease
there is an accumulation of lipofuscin, an aggregate of lipids and peroxidized proteins, in the lysosomes of
aged cells and brain cells, contributing to the severity of the pathology. Therefore, it is important to use
antioxidants to control excessive reactive oxygen species and protein/lipid peroxidation [51-52].

Exacerbated inflammation is a hallmark of Alzheimer's disease through increased expression of
inflammatory cytokines and activation of microglia. Aggarwal and coauthors [53] found that curcumin down-
regulates the expression of NF-kB-regulated genetic products, such as COX-2, TNF, 5-LOX, IL-1, IL-6, IL-8,
MIP-1a, adhesion molecules, C-reactive protein (CRP), CXCR-4, among others, besides down-regulating
their own activation by inhibiting AKT and IkBa. This modulation of the inflammatory response provides
benefits in numerous pathologies, including neurodegenerative diseases such as Alzheimer's disease.

Curcumin has a much higher antioxidant activity than vitamin E, with the ability to protect the brain against
lipid peroxidation and oxidative stress. Divided into three groups, APPSw transgenic mice were treated with
low doses of curcumin (160 ppm), high doses of curcumin (5000 ppm), or no treatment, for 6 months, before
being sacrificed. Oxidative damage was evaluated using Western blot analysis, where carbonyl groups of
oxidized proteins were derived with 2,4-dinitrophenylhydrazine and detected using an anti-
deoxyribonucleoprotein antibody. Untreated mice had a 10.7-fold increase in oxidized proteins. Animals
treated with high doses of curcumin had a reduction in protein oxidation by 46.3%, while animals treated with
low doses of curcumin had a 61.5% reduction, when compared to untreated animals [54].

In the same study, to verify its inhibitory effect on the inflammatory process generated by beta-amyloid,
Lim and coauthors [54] evaluated levels of IL-1beta (interleukin-1beta) in APPSw transgenic mice, because
they are related to Alzheimer's disease, involved in the inflammatory response, and also because their
elevation is associated with cognitive loss in rodents. Its levels were measured in the hippocampus, entorhinal
cortex, piriform cortex and residual cortex. The low-dose curcumin group showed a 61.8% reduction in IL-
lbeta expression, while the high-dose group showed a 57% reduction, when compared to the untreated
group.

In a study by Bala and coauthors [55], it was found that chronic administration of curcumin in 6 and 24
month old rats significantly reduced cerebral lipid peroxidation, while SOD, GPx and Na(+)/K(+)-ATPase
levels were significantly increased in many brain regions. In the 24-month-old rats it was also seen a
significant decrease in intraneuronal lipofuscin deposits, in all the four brain regions. This study showcases
curcumin’s ability not only to decrease lipid peroxidation due its own antioxidant power, but also to increase
endogenous antioxidant enzymes, of which are associated with neuroprotection and anti-aging.

Curcumin and aluminum

Aluminum is a neurotoxic metal capable of increasing the permeability of the blood-brain barrier,
negatively affecting the central nervous system. Epidemiological, neuropathological and biochemical studies
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have suggested a possible association of aluminum neurotoxicity in the pathogenesis of Alzheimer's disease,
promoting insoluble beta-amyloid accumulation and hyperphosphorylated Tau protein aggregation, as well
as enhancing the oxidative effect generated by various transition metals [56].

Thus, to verify the protective effects of curcumin on cognitive dysfunction and oxidative damage exerted
by aluminum, Kumar and coauthors [57] administered 100 mg/kg of aluminum chloride to rats, daily, for 6
weeks. Rodents were treated with curcumin (30mg/kg or 60mg/kg) for 6 months and, on the twenty-first and
forty-second study days, memory and locomotor capacity were evaluated. The non-curcumin-treated group
experienced significant memory retention loss and increased oxidative stress, as well as increased aluminum
levels and acetylcholinesterase activity. Curcumin-treated groups (30mg/kg and 60mg/kg) displayed a
significant improvement in memory retention, decreased oxidative damage, decreased acetylcholinesterase
activity and aluminum concentrations, especially in the 60mg/kg treated group, showing neuroprotective
effect against cognitive dysfunction and oxidative stress induced by aluminum.

Curcumin in the restoration of BDNF levels

There is evidence that the progression of neurodegenerative diseases, such as Alzheimer's, are mainly
linked to synaptic degeneration, and therapies that act on this mechanism through BDNF up-regulation are
able to improve the symptomatology and the survival rates of these diseases [58]. To verify the BDNF
restorative effects of curcumin, Zhang and coauthors [15] treated rats with beta-amyloid 1-42. Beta-amyloid
treated rats experienced significant cognitive deficits in behavioral tests (Y-maze, open field, and Morris water
maze). Rodents were divided into several groups, some received single doses of 50, 100 or 200mg/kg of
curcumin, while others received chronic treatment for 5 consecutive days at the same doses (50, 100 or
200mg/kg, once a day). Acute treatment rats showed no improvement in both cognitive and locomotor testing
compared to the curcumin-free group, but chronically treated rats showed significant improvement in both
aspects, especially in the 100mg/kg and 200mg/kg groups. To verify the mechanism involved in the positive
effects seen in the chronic treatment with curcumin, the expression of BDNF, GSK343, ERK, JNK and p38
were verified, and their respective phosphorylated forms in the hippocampus were also analyzed. There was
a significant increase in ERK and GSK3f phosphorylation and BDNF expression in the 100 and 200mg/kg
treated groups, with no change in the 50mg/kg treated group. Following injection with lentivirus-shBDNF,
curcumin's cognitive improvements were blocked, proving that the mechanism involved in curcumin's benefits
were obtained by the restoration of BDNF levels. To verify if the improvement in the spatial memory exerted
by curcumin occurred by the activation of ERK or GSK33 phosphorylation, their respective inhibitors were
used. Inhibition of ERK, but not GSK3 blocked the cognitive benefits of curcumin. It is concluded that the
cognitive benefits exerted by curcumin in Alzheimer's mainly occurs by activation of signaling pathway ERK-
BDNF.

Hoppe and coauthors [16] evaluated the effects of treatment with free curcumin (50mg/kg/day) and
curcumin-loaded lipid-core nanocapsules (2.5mg/kg/day) on beta-amil6ide1-42 (2nmol) injected rats that had
significant cognitive (memory and learning) impairment, with a large reduction in BDNF expression, which is
critical for neuronal survival and activity, neurotransmitter release modulation and neuronal plasticity, in
addition to mediating long-term memory enhancement and fixation. Both free curcumin-treatment and
curcumin-loaded lipid-core nanocapsules treatment were found to block beta-amyloid-induced reduction of
BDNF levels in the rats, by restoring them to basal levels.

Depression: pathophysiology

Depression is a mood disorder characterized by sadness and constant loss of interest, which leads to
an increased risk of low productivity and absenteeism at work, reflecting in the lower wage rates and higher
unemployment rates among people with this disorder, besides having a suicide-related mortality risk 20 times
higher than the general population. Severe symptoms of depression are associated with a significantly
increased risk of all-cause mortality [59].

The mechanism involved in this disease is thought to be far beyond a simple imbalance of
neurotransmitter levels, and antidepressants also act on the activation of the 3'5'-cyclic adenosine
monophosphate (CAMP) monophosphate system in some brain regions, including the increased brain
expression and function of the transcription factor cyclic adenosine monophosphate response element-
binding protein (Figure 3). When activated, the cAMP system leads to regulation of some specific target
genes, including increased BDNF expression in some neuronal populations in the hippocampus and cerebral
cortex [60]. Antidepressant treatment increases synaptic levels of norepinephrine and serotonin via blocking
the reuptake or degradation of these monoamines. This results in the activation of intracellular signal
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transduction cascades, one of which is the cAMP-cAMP response element binding protein (CREB) cascade.
A target gene for antidepressant treatment and the cAMP-CREB cascade is BDNF, which contributes to the
cellular processes underlying neuronal plasticity and cell survival [61].

Antidepressant Treatment Neural Plasticity
fE-HT or NE f Glutamate
SAR Aac NMDA
PDE —» 4 cAMP /
Inhibitor L Ca2+-dependent kinases

4 PkA

Neuronal Plasticity
and Cell Survival

nucleus

4 CREB

L\

4 BDNF Gene
Expression

Figure 3. Influence of antidepressant treatment on the cyclic adenosine monophosphate (cCAMP)-CREB cascade,
increasing BDNF levels [61].

A meta-analysis by Koolschijn and coauthors [62] analyzed brain volume abnormalities in patients with
depression. For this, magnetic resonance images were evaluated in 64 studies in a total of 2418 patients
with depression and 1974 resonances of healthy subjects. Patients with depression showed large reductions
in the frontal regions. In the hippocampus, putamen and caudate nucleus, the volume reductions were
moderate.

A study by Sheline and coauthors [63] evaluated hippocampal volume of individuals with a history of
depression but who are currently in remission, using volumetric magnetic resonance imaging, compared with
normal subjects. Individuals with a history of depression had significantly lower left and right hippocampal
volume, and the degree of volumetric reduction correlated with the total duration period of depression.

Frodl and coauthors [64] evaluated the hippocampal size of 60 patients with depression, compared with
60 control subjects, measured by high resolution magnetic resonance imaging. The 120 study subjects were
genotyped for BDNF Val66Met polymorphism. Patients with depression had significantly lower hippocampal
volume than the control group, but in patients with depression and control subjects carrying the Met-BDNF
allele, they had significantly smaller hippocampi than patients with depression and control subjects carrying
the homozygous Val-BDNF allele. These results suggest that individuals with Met-BDNF allele have a higher
risk of developing smaller hippocampi and may be more susceptible to the development of depression.

There is evidence that neuronal plasticity is the key in treating and recovering from depression.
Antidepressant and electroshock/electroconvulsive therapy treatments act on the expression of several
molecules, mainly in BDNF and its TrkB receptor, consequently increasing neurogenesis. Response to
antidepressant treatment is slow and may take several weeks, possibly due to the need for brain
reorganization and physical growth in response to BDNF signaling [65-66].
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Curcumin and reduction of depression symptoms

To compare curcumin's antidepressant effects with those of fluoxetine, 60 patients diagnosed with
depression were divided into 3 groups and assessed using the Hamilton Depression Rating Scale. The first
group received 20mg of fluoxetine, the second received 1000mg of curcumin and the third group received
the combination of both. The 3 groups were compared with demographic data and initial clinical
characteristics. After 6 weeks of treatment, the group treated with the combination of curcumin and fluoxetine
had a 77.8% response to treatment, whereas the group treated with fluoxetine alone had a response of
64.7%, and the curcumin only group had a response of 62.5%. The overall efficacy of the treatments was
70.5% in fluoxetine-treated patients, 75% in curcumin-treated patients and 83.3% in the combined treatment
group, with 'excellent’ or 'good' efficacy [67]. Similar results were found by Kanchanatawan and coauthors
[68], where they tested curcumin supplementation (500-1500mg/day) as monotherapy or as an adjunctive
treatment for depression, or placebo, for 12 weeks in Thai patients. The Montgomery-Asberg Depression
Rating Scale and the Hamilton Anxiety Rating Scale were used to measure the score of depression and
anxiety at baseline and 2, 4, 8, 12, and 16 weeks later. Curcumin treatment was significantly more efficacious
than placebo at 12 and 16 weeks, with a more pronounced effect in males. No significant changes in blood
parameters or adverse effects were seeing.

Asadi and coauthors [69] conducted a double-blind, placebo-controlled clinical trial to test the effects of
curcumin supplementation in nano-curcumin form, on depression and anxiety symptoms in diabetic patients
with peripheral neuropathy. Eighty diabetic patients were randomly allocated to the intervention group (n =
40), which received 80mg of nano-curcumin, or in the control group (n = 40), which received 80mg of placebo,
for 8 weeks, in capsules. The depression, anxiety and stress levels were measured by the Depression,
Anxiety, Stress Scale (DASS-21-items) questionnaire before and after the intervention. After the 8 weeks of
intervention, it was observed that the nano-curcumin supplementation led to a significant decrease in both
depression and anxiety symptoms (from 16.7 [3.1] to 15.3 [2.6] and 22.4 [4.03] to 20.6 [3.4], respectively),
compared with placebo (17.5 [3.2] to 17.3 [3.1]; p = .02 and 21.9 [3.5] to 21.2 [3.5]; p = .009, respectively).
No significant difference in the stress score were seen. This study reinforces curcumin potential on treating
depression and also anxiety symptoms.

To verify the efficacy of antidepressant treatment in rats, immobility time in forced swimming test is used
as one of the main parameters. Zhang and coauthors [70] used rats with chronic, moderate, stress-induced
depressive behavior (CUMS) to test the effects of curcumin supplementation. Exposure to CUMS for 6 weeks
significantly increased the immobility time of rats compared to those not exposed to stress. Animals treated
with 40mg/kg/day of curcumin experienced a significant reduction in immobility time and an increased
swimming time in the forced swimming test, suggesting that curcumin exerted an antidepressant effect.

Also, to verify the effects of curcumin on immobility time in the forced swimming test, Wang and coauthors
[71] used placebo, curcumin (2.5, 5 or 10mg/kg) or fluoxetine (10, 20 or 30mg/kg) in mice. Both curcumin-
treated rodents (5 and 10mg/kg) and fluoxetine-treated rodents (20 and 30mg/kg) experienced a significant
reduction in immobility time when compared to the placebo group. The reduction was most significant in
curcumin-treated mice.

In an open field activity test, Zhang and coauthors [70] exposed rats to CUMS for 6 weeks, resulting in
depressive-like symptoms, with a significant reduction in crossings and exploratory behavior, when compared
to the control group. Rats that received chronic administration of curcumin (40mg/kg/day) before de CUMS
exposure had no decrease in crossings and exploratory behavior, indicating that curcumin can also be used
to prevent depressive symptoms.

Curcumin and the inflammatory response

Because inflammation plays a very important role in the development of depression and curcumin is one
of the most powerful natural anti-inflammatories in existence, Jiang and coauthors [72] analyzed its effects
on rats with chronic mild stress-induced depression (water and food deprivation for 24h, noise exposure for
3h, cage tilt (45°) for 7h, night lighting, dirty cage for 24h, and forced swimming at 4°C for 6 minutes) for 21
days. RT-PCR and ELISA were used to verify TNF-a and IL-6 expression, and western blotting method to
verify NF-kB modulation. Chronic stress-induced depression significantly elevated all inflammatory factors
compared to the control group. Curcumin (10mg/kg/day) was able to significantly prevent elevation of TNF-
a and IL-6 levels and inhibit the increase of the expression of TNF-a and IL-6 mMRNA in stressed rats. Chronic
curcumin treatment was also able to inhibit phosphorylation of NF-kB (p65) in the prefrontal cortex and
hippocampus. Moreover, curcumin-treated rats also showed improvement on behavioral tests (open field and
preferably sucrose), indicating improvement in depression symptoms.
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Curcumin in the modulation of monoamines

Considering the monoaminergic theories of depression, Kulkarni and coauthors [73] conducted a study
to investigate the involvement of curcumin in the catecholamine and serotoninergic system. Behavioral
(forced swimming), biochemical and neurochemical tests were used to measure treatment efficacy in the
study rats. After curcumin (10-80mg/kg) supplementation, dose-dependent improvement on behavioral tests
was observed, with reduced immobility time on the forced swimming test, as well as increased serotonin and
dopamine levels, with inhibition of monoamine oxidase enzymes (MAO-A and MAO-B). When used in
combination with other antidepressants (fluoxetine, venlafaxine and bupropion), curcumin at a dose of
20mg/kg was able to increase their efficacy in the anti-immobility effect, resulting in a higher elevation of
serotonin levels. When curcumin (20 and 40mg/kg) was co-administered with piperine (bioavailability
enhancer) at a dose of 2.5mg/kg, its pharmacological effects were intensified. Therefore, it is concluded that
curcumin has antidepressant effects both isolated and in combination with other antidepressants, exerting
influence on the serotoninergic and dopaminergic system.

Curcumin on BDNF levels

Depression is a multifactorial disease, however, it is believed that one of the main pillars of its
pathogenesis is due to the reduction of BDNF expression. To verify the effects and mechanisms of curcumin
in the animal model of depression, Zhang and coauthors [74] divided mice into a control group, curcumin-
treated group (40mg/kg), curcumin and SL327-treated (ERK cascade inhibitor), fluoxetine-treated and
SL327-treated for 21 days. Both curcumin-treated and fluoxetine-treated rodents had an improvement in
depression symptoms (reduced immobility time and increased swimming time in the forced swimming test),
showing a significant antidepressant effect. Curcumin treatment also significantly increased BDNF levels, as
did fluoxetine treatment, when compared with the control group. Animals treated with the curcumin-SL327
combination had no improvement in depressive symptoms, as well as no significant increase in BDNF levels,
indicating that the ERK-CREB-BDNF cascade is the key factor involved in curcumin antidepressant effects.

Also to verify the effects of curcumin on BDNF levels, Huang and coauthors [75] injected corticosterone
(30mg/kg) into rats for 3 weeks, inducing depressive symptoms (significant reduction in sucrose consumption
and increased forced swim immobility), and significantly reducing BDNF levels in the prefrontal cortex and in
the hippocampus. Rats treated with curcumin (20mg/kg) prior to corticosterone injections had a suppression
of depressive effects and presented no decrease in BDNF levels.

Xu and coauthors [18] used curcumin in the treatment of stress-induced depression and hypothalamic-
pituitary-adrenal axis (HPA) dysfunction, at doses of 2.5, 5 and 10mg/kg. Rats were exposed to a chronic
stress protocol for 20 days, resulting in test box performance deficits and various physiological effects, such
as abnormal adrenal weight to body weight ratio, increased adrenal cortex thickness, increased plasma
concentrations of corticosterone, reduced glucocorticoid mRNA receptor expression, down-regulation of
BDNF expression, and reduced CREB phosphorylation. Chronic curcumin treatment at doses of 5 and
10mg/kg were able to reverse all negative physiological and performance changes caused by stress induction
in the animals. The behavioral improvement generated by curcumin was attributed to the restoration of
neurotrophin levels, especially BDNF, and by the normalization of the HPA axis.

In order to verify the effects of curcumin in combination with conventional antidepressants, Yu and
coauthors [76] recruited 108 subjects with depression in a randomized, double-blind, placebo-controlled
study. Subjects received 2 capsules of 500mg of curcumin or placebo per day, along with their usual
escitalopram medication (5-15mg), for 6 weeks. Depression levels were measured using the Hamilton
Depression Rating Scale and the Montgomery-Asberg Depression Rating Scale. After chronic curcumin
supplementation, subjects had a significant reduction in depressive symptoms, with a reduction in the
Hamilton Depression scale and the Montgomery-Asberg scale. Curcumin supplementation was also able to
elevate plasma BDNF levels and reduce inflammatory cytokines TNF-a and IL-1B, and salivary cortisol
concentrations, when compared to the placebo group. These results suggest that supplementation with
curcumin is able to improve the action of selective serotonin reuptake inhibitor class of antidepressants, such
as escitalopram, mainly by increasing BDNF levels, inhibiting proinflammatory cytokines and reducing cortisol
secretion. Therefore, there is strong evidence of curcumin potential as a therapeutic agent in the
neuropsychological and neurodegenerative context, especially when used in more bioavailable and high-
quality formulations [16, 20, 47, 77-79].

CONCLUSION

In summary, the data presented suggests that curcumin is able to prevent and improve the symptoms of
Alzheimer’s disease through the improvement of cognitive and memory deficit by restoring BDNF levels,
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reducing oxidative stress, inflammation, beta-amyloid aggregation, Tau protein accumulation and aluminum
neurotoxicity. In Depression, curcumin treatment was also able to improve its symptoms by restoring BDNF
levels, modulating monoamines and reducing inflammation.

This study helps to clarify the various mechanisms of action of curcumin in the
neurodegenerative/neuropsychological diseases, Alzheimer’s disease and depression, suggesting it as a
potential therapeutic agent without any significant side effects. However, further long-term clinical studies are
needed to better elucidate its efficacy and safety.
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