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Abstract

Astrocytes are the most abundant glial cells in the central nervous system, and are important players in both brain injury and
neurodegenerative disease. Curcumin (1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-3,5-dione), the major active
component of turmeric, belongs to the curcuminoid family that was originally isolated from the plant Curcuma longa.
Several studies suggest that curcumin may have a beneficial impact on the brain pathology and aging. These effects are due
to curcumin’s antioxidant, free-radical scavenging, and anti-inflammatory activity. In light of this, our current review aims
to discuss the role of astrocytes as essential players in neurodegenerative diseases and suggest that curcumin is capable of
direct inhibition of astrocyte activity with a particular focus on its effects in Alexander disease, Alzheimer’s disease, ischemia
stroke, spinal cord injury, Multiple sclerosis, and Parkinson’s disease.
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cord, Bergmann cells in the cerebella cortex, and tanycytes
in the hypothalamus [1].

Astrocytes are the most abundant class of glial cell in
the CNS and are important mediators of brain develop-
ment, function, and plasticity [2]. Astrocytes play a vital
role in homeostasis, being involved in glutamate uptake,
buffering of K*, H*, Ca’" ions, nutrient support, regula-
tion of synaptic transmission and neuronal excitability [3].
Astrocytes also contribute to detoxification of ammonia,
free-radical scavenging, metal sequestration, and control of
the blood-brain barrier [4]. In addition, these cells produce
several factors, including neurotrophic factors (GDNF,
BDNF, NT-3, CNTF) and growth factors (TGF-f, FGF-2,
NGF, EGF), that are necessary for the survival of neurons
[5]. In several neurodegenerative diseases, the up regula-
tion of glial fibrillary acidic protein (GFAP), vimentin, and
nestin intermediate filament proteins lead to activation of
astrocytes, or astrogliosis which is a pathological hallmark
[6]. Activation of astrocytes leads to the production of neu-
rotrophic factors and regulation of ion homeostasis neces-
sary for neuronal survival but, once activated, astrocytes
lose their regulatory function and initiate the inflammatory
responses that cause the death of neurons amongst other
detrimental effects [7]. Thus, activation of astrocytes or
impairment of astrocyte function may contribute to the
pathogenesis of many acute and chronic disorders, such as
neurodegenerative disease, cancer, and oxidative stress [8].

Curcumin is a polyphenolic compound and a major color-
ing agent derived from the dried rhizomes of Curcuma longa
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Fig. 1 Neuroprotective actions of curcumin. Curcumin regulates
neuroinflammation in a variety of neurological ailments. Most of its
actions are related to regulating (1) NF-kB signaling, (2) the activa-
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(turmeric). Curcumin has received much attention for its
neuroprotective [9], hepatoprotective [10], wound healing
[11], pulmonoprotective [12], antitumor, and chemopreven-
tive [13—15], anti-ischemic [16], and anti-inflammatory [17]
activities. The curcumin molecule has two similar aromatic
rings where O-methoxy phenolic groups are located and are
linked to a, B-unsaturated p-diketone moiety. In many redox
reactions, curcumin serves as an electron donor owing to the
presence of conjugated double bonds. Curcumin is capable
to cross the cell membrane due to its lipophilic property.
However, several factors, such as low aqueous solubility,
insufficient tissue absorption, rapid systemic removal and
degradation at alkaline pH, decrease the bioavailability of
curcumin, thus limiting its pharmaceutical role [18]. The
anti-inflammatory effects of curcumin involve various mech-
anisms of action including inhibition of NF-xB activation
and its translocation to the nucleus, suppression of down-
stream pro-inflammatory cytokine-like, interleukin (IL)-23,
IL-1, IL-6, tumor necrosis factor (TNF)-a, and nitric oxide
(NO) release, and suppression of MAPK signal pathway in
a dose-dependent manner [19]. Curcumin is a powerful
antioxidant and significantly decreases lipid peroxidation,
regulates antioxidant enzymes and scavenges reactive-oxy-
gen species (ROS). The anti-inflammatory and antioxidant
activities of curcumin are linked to its therapeutic ability.
In the present review, we discuss the role of astrocytes
as essential players in neurodegenerative diseases, and
investigate the therapeutic effect of curcumin in brain
pathologies (Fig. 1). An extensive search in electronic
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databases (PubMed, Scopus, and Science Direct) was
used to identify the effects of curcumin on neurological
diseases: Focus on astrocytes, without any time limitation,
using “curcumin”, “Curcuma longa”, or “turmeric” and
“astrocytes”, “neurological diseases”, “Brain”, or “neu-

rodegenerative disease” as search words.

Bioavailability of curcumin

Despite the efficacy of curcumin against various diseases,
due to many problems, such as low aqueous solubility,
low intestinal absorption, low oral bioavailability and
rapid metabolism in the gastrointestinal tract, its clinical
application is limited [20]. The water-soluble glucuronide
and sulfate conjugates were the main metabolites of cur-
cumin, whereas the minor components were hexahydro-
curcuminol, hexahydrocurcumin, and hexahydrocurcumin
glucuronide. Pharmacokinetic studies have demonstrated
poor bioavailability of curcumin in both rodent and human
models. For example, the orally administration of cur-
cumin at a dose of 300 mg/kg has shown the maximum rat
plasma level of 131.26 pg/L at 4.13 h after administration
[21]. Also, the orally administered curcumin in human up
to dose 8 g resulted in less than 1 pg/mL curcumin plasma
concentration. Thus, in order to increase the metabolism,
serum levels, tissue distribution and half-life of curcumin,
the use of nanoparticles, polymeric micelles, adjuvants,
liposomes, complexation with transition metal ions and
phospholipid complexes were suggested. For example, in
healthy human subjects the use of curcumin liquid droplet
micromicellar (CLDM) formulation instead of curcumin
cause improvement in absorption up to 522 times greater.
Also, y-cyclodextrin curcumin formulation (CWS8) can
increase oral bioavailability in human subjects up to 39
times higher than unformulated curcumin extract. These
studies indicated promising results to overcome many
problems of curcumin in clinical application [22].

Curcumin in acute and chronic
neurodegenerative diseases

Several studies have implicated astrocytes in the pathogen-
esis of neurodegenerative diseases, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), tumor, stroke, and
amyotrophic lateral sclerosis (ALS) [23].

Alzheimer’s disease

Alzheimer’s disease is characterized by neuronal cell
death, dysfunction of synaptic integrity, perturbation
of neuronal communication, and cognitive impairment.
Aggregated amyloid-p peptide (AP) causes activation of
microglia and astrocytes that leading to the production of
inflammatory factors, such as TNF-a, NO, prostaglandins,
and interleukins which may cause neuronal death [24].
Activation of astrocytes and microglia are key features
of neuroinflammation and is implicated in the pathogen-
esis of many neurodegenerative disorders, such as AD,
ischemic stroke, CNS injury, chronic pain, multiple scle-
rosis, and PD [25]. In the p25 transgenic mouse model
of AD, curcumin ameliorated cognitive impairment via
reduction of p25-induced tau/amyloid pathology. How-
ever, the major underlying mechanism responsible for
curcumin’s beneficial effects in Alzheimer models is sup-
pression of neuroinflammation, regulation of the cPLA2/
LPC signaling pathways and a reduction of glial activa-
tion, especially of astrocytes [26]. Curcumin decreases the
production of microglia, astrocytes, and cytokines, and
increases PPARY transcriptional activity, by inhibiting
NF-xB signaling, thereby alleviating neuroinflammation
in a rat model of AD [27]. In a rat model of AD, cur-
cumin enhanced the RANTES expression in astrocytes,
activated MAPK, and PI-3K signaling pathways, inhib-
ited iNOS expression and exhibited neuroprotective activ-
ity [28]. Zhang et al. observed that curcumin effectively
treated neuroinflammatory-associated disorders, especially
AD. The anti-neuroinflammatory properties of curcumin
could be attributed to regulation of CCL2 production
and reduction of JNK phosphorylation in astrocytoma
cells [25]. Curcuminoid submicron particles (CSP) sig-
nificantly improved the memory impairment and patho-
logical deficits in a mouse model of AD. Treatment with
CSPs increased microglial Ap phagocytosis in vitro and
decreased astrogliosis and amyloid plaques in vivo, these
being the major mechanisms responsible for the beneficial
effects of CSPs in enhancing amyloid clearance and modu-
lating neuroinflammation [29]. In the 5XFAD mouse model
of AD, solid lipid curcumin particles (SLCPs) showed
greater anti-inflammatory and neuroprotective effects than
curcumin. This study showed that curcumin and SLCPs
significantly reduced microglia (Iba-1-IR) and astrocyte
activity, as well as decreased glial fibrillary acidic pro-
tein (GFAP)-IR and neuroinflammation in AD [30]. Lim

@ Springer



772

S. Eghbaliferiz et al.

et al. reported that curcumin at 160 ppm dose significantly
reduced oxidative damage, decreased insoluble and soluble
amyloid, and inhibited both the cytokine IL-1and GFAP (a
marker of astrocytic inflammation) in an Alzheimer trans-
genic mice. Owing to its high efficacy and low toxicity,
curcumin is; therefore, a potential therapeutic agent for
the treatment of AD [31].

Kuo et al. reported that WGA (wheat germ agglutinin)-
conjugated CL-incorporated liposomes (WGA-CL-
liposomes) increased the anti-inflammatory activity of
curcumin and produced nerve growth factor (NGF), useful
in AD therapy. NGF regulated and improved the survival
of sympathetic neurons and curcumin proved effective in
the treatment of AD [32]. Curcumin ameliorated spatial
memory disorders in AD model rats; this effect was attrib-
uted to the inhibition of astrocyte activity and suppression
of GFAP expression [33]. The effect of curcumin-loaded
lipid—core nanocapsules (Cur-LNC) in a rat model of AD
was investigated. Curcumin was found to be effective in pre-
venting, neuroinflammation, tau hyperphosphorylation, and
behavioral impairments and the cell signaling disturbances
triggered by Af. In a study conducted by Ganugapati et al.,
curcumin was found to inhibit amyloid-f protein and reduce
the activity of astrocytes, and can therefore be considered as
a possible drug candidate for the prevention of AD [34]. In
transgenic mice, curcumin suppressed activated astroglia,
decreased the expression of amyloid-f protein, and inhib-
ited inflammation; thereby, treating the AD [35]. In another
study, curcumin prevented and treated AD in Ap-infused rats
and transgenic APPS mouse model (Tg2576). Concentra-
tions of curcumin between 15 pM and 30 pM were suitable
for short studies (<24 h), whilst concentrations between
5 uM and 15 pM were more effective for longer trials of 4 to
6 days to demonstrate the anti-inflammatory and antioxidant
properties of curcumin [36].

Parkinson’s disease

Parkinson’s disease is one of the most common progres-
sive neurodegenerative disorders among elderly people. The
major pathological symptoms of PD are instability, rigid-
ity, resting tremor, and difficulty in walking due to the pro-
gressive loss of dopaminergic neurons (DNs) in the nigra
striatal and the striatum [37]. The activated astrocytes and
microglia cause production of neurotoxic molecules, such as
pro-inflammatory cytokines and prostaglandins, and reactive
oxygen and nitrogen species. Therefore, the suppression of
reactive glial cells causes reduction in neuroinflammation
and alleviated neuronal damage [38].

In PD, both inflammation and oxidative stress affect the
nigrostriatal dopaminergic (DA) pathway and are responsi-
ble for neuronal degeneration. Curcumin demonstrated neu-
roprotective effects in the 6-hydroxydopamine (6-OHDA)
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lesion in mouse model of PD via two mechanisms: (1) inhi-
bition of glial response and a reduction in the activity of
astrocytic and microglial activity (anti-inflammatory) and
(2) promoting an increase in SOD1 expression (antioxidant
activity) [39]. Curcumin showed anti-inflammatory and
antioxidant activity in 1-methyl-4-phenylpyridinium ion
(MPP+)-stimulated mesencephalic astrocytes by the sup-
pression of both MyD88-dependent and TRIF-dependent
pathways in toll-like receptor (TLR4) This mechanism could
be a potential therapeutic target in treating PD [40]. In pri-
mary mouse mesencephalic astrocytes, curcumin exhibited a
cytoprotective effect against MPP+ and LPS-induced toxic-
ity due to reduction in ROS and inhibition of CYP2E1 activ-
ity [41]. Long-term consumption of curcumin decreased the
neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) in a mouse model of PD through enhancement
of GDNF and TGFp1 expression [42].

Sharma et al. reported that curcumin exerted neuropro-
tective effect in the LPS-induced PD model due to inhibi-
tion of glial cell activation, generation of NO, inhibition of
NF-kB activation and amelioration of microglial NADPH
oxidase (PHOX) activity, as well as alleviating neuroinflam-
mation [43]. Curcumin exerted its neuroprotective effects
via inhibition of a-synuclein aggregation, production of
GSH, suppression of the glial response and prevention of
oxidative stress [44]. Moreover, in a 6-hydroxydopamine
hemi-parkinsonian mouse model, curcumin exhibited a
neuroprotective effect by reduction of Ibal-IR in microglia,
GFAP-IR in astrocytes in the ipsilateral striatum, and pro-
tected nigrostriatal DA neurons [45]. In a rat model of PD,
curcumin reduced oxidative stress mediated by the activation
of the Wnt/p-catenin signaling pathway, and increased glu-
tathione peroxidase and superoxide dismutase [37]. Abbaoui
et al. demonstrated that the consumption of excessive Cu
plays an important role in the pathogenesis of many neuro-
degenerative disorders, especially PD. Their study revealed
that treatment with curcumin decreased Cu neurotoxicity
and that this effect was related to the antioxidant property
of curcumin [46].

Cerebral ischemia

Cerebral ischemia including stroke is the major cause of
death and disability worldwide. It causes loss of neuronal
function and irreversible brain damage. Cerebral ischemia
is characterized by the lack of oxygen, cessation of blood
flow, and an influx of calcium with enhancement of reactive-
oxygen species (ROS), mitochondrial dysfunction, and neu-
ronal apoptosis [47].

In a study conducted by Wang et al., curcumin demon-
strated neuroprotective effect against ischemic damage.
This effect was related to curcumin’s antioxidant ability in
reducing oxidative stress, lipid peroxidation, and activated
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microglial cells and in ameliorating mitochondrial function
[47]. Curcumin can protect against cerebral ischemia through
inhibition of iNOS expression in astrocytes, scavenging of
oxygen-free radicals and suppression of ONOO™ that causes
blood—brain barrier disruption [48]. The histological effects
of chronic administration of first-generation, in compari-
son to second generation, antipsychotics, together with the
ameliorating effect of curcumin, were evaluated in adult rat
cerebral cortex. Treatment with haloperidol and risperidone
decreased microglia cells and increased astrocyte number
and altered neurodegenerative activity; curcumin amelio-
rated these side effects [49]. Curcumin at doses of 50 and
100 mg/kg treated the cerebral ischemia in rat. The results
showed that curcumin in a dose-dependent manner, upregu-
lated the expression of GFAP, and attenuated the cerebral
ischemia [50]. The neuroprotective effect of curcumin in an
okadaicacid-induced cerebral ischemic model was affected
via activation of astrocytes, reduction in GFAP expression,
and increased caspase-9 mRNA expression. The neuropro-
tective effect of curcumin may be related to its antioxidant,
anti-inflammatory, and anti-apoptotic activities [51].

Nanomaterials, such as zinc oxide (ZnO) are becoming
popular in many fields, including industry, nutrition, and
medicine. Pollution of the environment by nanoparticles
(NPs) under lays many neurodegenerative disorders, espe-
cially cerebral ischemia. Amer et al. reported that treatment
of rat cerebellar cortex with curcumin ameliorated the harm-
ful effects of ZnO NPs. The effects of curcumin attributed
to scavenging of reactive-oxygen species (antioxidant activ-
ity), reduction of immune expression of caspase-3 and P53
(antiapoptotic), inhibition of COX-2 and proinflammatory
cytokines (anti-inflammatory effects) [52]. The combination
of embryonic stem cell exosomes and curcumin (MESC-
exo®") effectively treated ischemia—reperfusion injury in
mice; the data suggested that MESC-exo®" attenuates the
expression of astrocytic GFAP and NeuN positive neuron
expression and decreases the tight, adherent junctions and
vascular inflammation [53].

Cerebral edema

Cerebral edemais a leading cause of death and disability
in approximately 10-20% of all strokes worldwide. The
development of brain edema with an increase in intracranial
pressure causes decreased cerebral blood flow and cerebral
perfusion pressure, and leads to poor patient prognosis [54].

Wang et al., invistigated the relationship between aqua-
porins (AQPs) and curcumin in the treatment of brain edema
in mice. AQP1, AQP4, and AQP9 play an important role in
edema formation in different types of brain diseases. Cur-
cumin attenuated brain edema and decreased both AQP4 and
AQP9 expression in astrocytes and the degradation of hemo-
globin through reduced activity of the NF-kB pathway [55].

Epilepsy

Epilepsy is a chronic neurological disease affecting 1% of
the world’s population, the main symptom being spontane-
ous recurrent seizures (SRS). The most common type of
refractory partial epilepsy in adults is temporal lobe epilepsy
(TLE), and this condition demonstrates several pathologi-
cal features, such as hippocampal sclerosis (neuronal loss
and gliosis), dysfunction of the blood-brain barrier and an
alteration of the neuronal network involved in hippocampal
formation [56].

Drion et al. compared the anti-inflammatory and antioxi-
dant effects of curcumin and rapamycinin the treatment of
epileptogenesis. Curcumin, but not rapamycin, decreased the
levels of the inflammatory markers, IL-6 and COX-2, in cul-
tured astrocytes, inhibited the MAPK pathway and showed
antioxidant effects via induction of heme oxygenase, there
by improving the epilepsy [57]. Also, the effect of curcumin
in model of TLE induced by kainic acid was invistigated. A
beneficial effect of curcumin on modifying epileptogenesis
in model of TLE induced by kainic acid was attributed to
a reduction in proinflammatory cytokines, attenuation of
abnormal mossy fiber sprouting (MFS) and astrocyte reac-
tivation and a decrease in the severity of spontaneous recur-
rent seizures (SRS) [58]. Curcumin attenuated cognitive
deficits in an experimental model of PTZ-induced chronic
epilepsy through a reduction of GFAP and Iba-1 expression,
inhibition of astrocyte and microglia activity and a reduction
of proinflammatory cytokine expression [59].

Spinal cord injury

Spinal cord injury (SCI) is defined as damage to the spi-
nal cord that causes neuronal death and irreversible tissue
necrosis. Spinal cord injury (SCI) is a complex pathological
process that includes an inflammatory response leading to
glial scar formation by astrocytes, which severely hinders
neural regeneration. The neuroprotective effect of curcumin
was investigated in both rat model of SCI and in cell cul-
ture model of astrocyte reactivation. The neuroprotective
effect was related to the attenuation of RANTES and iNOS
mRNA expression and a reduction in the neurotoxicity
of the LPS-conditioned astrocyte medium [60]. Lin et al.
reported that curcumin can increase CISD2 expression in
spinal cord injury and LPS-treated astrocytes. CDGSH iron
sulfur domain 2 (CISD2) is regarded as a survival gene and
contribute to the antagonism of neuroinflammation. Cur-
cumin decreased the expression of GFAP and RANTES,
and increased CISD2 expression, thus, reducing neuroin-
flammation and thereby improved the SCI [61]. Curcumin
was observed to inhibit apoptosis and neuron loss, quench
astrocyte activation, decrease macrophage and T-cell infil-
tration, reduce the expression ofthe chemokines MCP-1,
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RANTES and CXCL10 in astrocytes and thus reduce the
inflammation in the glial scar and regulate both the NF-xB
and SOX9 signaling pathways [62]. Curcumin was shown to
significantly decrease the expression of IL-1p, as well as the
number of Ibal+inflammatory cells, and repaired the spinal
cord through inhibiting glial scar formation and inflamma-
tion, thereby exhibiting a neuroprotective activity [63].
Ethidium bromide (EB) injections into the CNS are
known to induce a loss of local oligodendroglial and
astrocytic loss. Through increasing the immuno reactiv-
ity to GFAP EB injection also induces the development of
peripheral astrogliosis around the injury site. In the rat brain
stem, curcumin reduced the GFAP-stained area around the
lesion at all time points after EB injection (compared with
untreated animals) and attenuated glial scar formation [64].

Depression

The hypothalamic—pituitary—adrenal (HPA) axis is acti-
vated following stress and is involved in the pathogenesis
of depression that causes increased concentrations of glu-
cocorticoids in the circulating blood. Conversely, high lev-
els of glucocorticoids induce a depressive-like behavior
in rodents [65]. The antidepressant effect of curcumin and
its possible mechanisms were studied in a corticosterone
(CORT)-induced depression model in rats. BDNF is one of
the most neurotrophic factors that produces antidepressant
activity in the brain. Curcumin, enhanced the BDNF expres-
sion in the hippocampus and frontal cortex, and exerted an
antidepressant activity [66]. Due to the low solubility and
poor bioavailability of curcumin, the combination of Cur,
Dexanabinol (HU-211), and SLNs was used by He et al. to
develop Cur/SLNs-HU-211 nanoparticles as a potential tools
for major depression. In vivo, Cur/SLNs-HU-211 increased
the distribution of Cur in the brain and exhibited antidepres-
sant effect in CORT-induced depression in mice. The main
mechanism responsible for this effect was the reduction of
the astrocytes and GFAP, an increase in CB lexpression and
activation of MEK1/ERK1/2 signaling [67].

Neuroinflammation

Neuroinflammation plays a pivotal role in the pathogenesis
of chronic pain. Glial cells attenuate inflammatory or neu-
ropathic pain and inhibit neuroinflammation. The antino-
ciceptive and antineuroinflammatory effects of curcumin
were studied on complete Freund’s adjuvant (CFA)-induced
pain hypersensitivity. The intrathecal injection of curcumin
decreased CFA-induced pain hypersensitivity, attenuated
the activation of astrocytes and microglia and reduced the
expression of the proinflammatory cytokine (IL-1p) and
chemokines (MCP-1 and MIP-1a) [68].
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The beneficial effect of curcumin and the role of frac-
talkine (FKN) and its receptor, CX3CRI1 fructose-induced
neuroinflammation were examined. FKN and CX3CR1
expression were increased and fructose stimulated neuroin-
flammation and activated the hippocampal microglia by acti-
vation of Toll-like receptor 4 (TLR4)/NF-xB signaling. In
this study, curcumin attenuated neuroinflammation via inhi-
bition of microglia and astrocyte activity and suppression
of FKN/CX3CR1 up-regulation [69]. In the central nervous
system, macrophage inflammatory protein-2 (MIP-2) plays
an important role in the induction of inflammation that is
produced by astrocytes. Curcumin inhibited the induction
of MIP-2 gene expression and the production of the MIP-2
protein, and treated inflammatory diseasesof the CNS [70].

Multiple sclerosis (MS)

Multiple sclerosis (MS) is considered to be a chronic dis-
order of the central nervous system, the main symptoms
of which are inflammation, neuronal injury, axonal degen-
eration and breaching of the blood—brain barrier [71]. In
the disease process, curcumin offers neuroprotective and
neurodegenerative activity through reduction of astrocyte
activity. Curcumin reduced astrocyte activation by inhibition
of MMP-9, MCP-1 expression and secretion of IL-6. The
levels of IL-6 level are known to increase in neurodegen-
erative disorders, a [18]. In a study conducted by Naeimi
et al., curcumin-loaded nanoparticles alleviated the multiple
sclerosis disease process, indicating that curcumin-loaded
NPs are an effective strategy for improving the solubility of
curcumin. The protective effects of curcumin-loaded NPs
might be partly mediated through anti-inflammatory activity,
the inhibitory effects of glial and attenuation of oxidative
stress in the context of demyelination [72].

Neuropathic pain

Neuropathic pain (NP) is defined as pain caused by disor-
ders of the peripheral nervous system or the central nervous
system, with damage or disease affecting the somato sensory
nervous system.

Astrocytes are the major subset of glial cells and micro-
glia in the CNS and play an important role in the develop-
ment and maintenance of long-term chronic pain. Research
on curcumin has suggested some mechanisms of action
mediating the therapeutic effects of curcumin on NP. These
mechanisms include inhibition of TNF-a-induced astrocyte
migration, decrease in MCP-1 expression, up-regulation
of SOD2 expression in TNF-a-induced astrocytes [73],
increased expression of GFAP and phosphorylated ERK,
inhibition of aggregation of the NALP1 inflammasome and
activation of the JAK2-STAT3 cascade in astrocytes [74].
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Oxidative stress in the brain and related pathology

Oxidative stress results from an imbalance between antioxi-
dative defenses and the formation of ROS, is involved in a
variety of neurodegenerative diseases. Astrocytes support
neuronal survival by activitation of antioxidants and glu-
tathione that inactivate ROS. A deficiency of antioxidative
function in astrocytes leads to a variety of neurodegenerative
disorders [75].

Curcumin protects primary spinal cord astrocytes against
oxidative stress. Phase II enzymes by the detoxication of
toxin and scavenge of free radicals play an important role
in protecting cells against stress. Furthermore, antioxidant
response element (ARE) increase the many phase II anti-
oxidant enzymes genes including glutamate cysteine ligase
(GCL), heme oxygenase 1 (HO1) and reduced quinine oxi-
doreductase 1, nicotinamide adenine dinucleotide phosphate
(NADPH) [76]. In the nucleus, Nrf2 binds to ARE that
reduce the ROS and restore redox balance. Thus, curcumin
in astrocytes activated the Nrf2 cytoprotective signaling and
activation of antioxidative function that led to reduce the
level of reactive-oxygen species and attenuated oxidative
damage [75]. Curcumin inhibited oxidative stress in astro-
cytes by attenuating the astrogliosis markers, GFAP and
vimentin, inhibition of Prdx6 and suppression of apoptosis
[8]. Daverey et al., showed the protective effect of curcumin
and resveratrol against oxidative stress in astrocytes; both
compounds protected astrocytes but curcumin was most
effective in first few hours and showed better anti-inflamma-
tory action against NF-xB [77]. The protective effect of the
three different antioxidants (curcumin, Trolox, and N-ace-
tylcysteine) against oxidative stress induced by acrylonitrile
(AN) in rat astrocytes was investigated by Yu et.al. Both
pre- and post-treatments with N-acetylcysteine and curcumin
significantly reduced oxidative stress in AN-induced toxicity
in vitro and post-treatment with Trolox showed high effi-
cacy against AN-induced oxidative damage, this effect being
related to activation of the Nrf2 signaling pathway [78]. In
a study conducted by Lavoie et al., the ability of curcumin,
quercetin, and tBHQ to increase GSH synthesis in cultured
astrocytes and neurons were assessed. All three compounds
increased GSH levels and GCL activity in astrocytes, but
only curcumin increased GSH synthesis and inhibited oxi-
dative stress in neurons [79]. The interaction between astro-
glia and curcumin led to an increase in the cellular content
of GSH in parallel with an elevated basal and stimulated
efflux, which could be a prerequisite for astroglial mediated
neuroprotection [80]. Heme oxygenase-1 (HO-1) provides
efficient cytoprotection against oxidative stress and is a
redox-sensitive inducible stress protein. Caffeic acid phene-
thyl ester and curcumin were found to significantly increase
HO-1 expression and heme oxygenase activity in astrocytes
and protected endothelial cells against oxidativestress. In

cultured astrocytes and neurons, curcumin-activated phase
IT enzymes, increased HO-1 expression and exhibited cyto-
protective effects against oxidative damage by activation of
the transcription factor Nrf2 [81].

The most important underlying reason for seizure-induced
neuronal damage is increased oxidative stress. Kainic acid
(KA), the analog of the excitatory amino acid L-glutamate,
and KA-subtype receptors are particularly abundant in the
astrocytic end feet and glial fibers that surround hippocampal
capillaries. Connected to the non-N-methyl-p-aspartate (non-
NMDA) glutamate receptors is an analogue of the excitotoxin
glutamate that causes neurodegeneration, plasticity, memory
loss, and neuronal cell death. Some antioxidants exist at high
concentrations in astrocytes and protect the surrounding cells
from oxidative stress-induced cell death. Some studies have
demonstrated that curcumin, a potent antioxidant, may pro-
vide protection for KA-induced oxidative stress. Curcumin
also showed an inhibitory effect against reactive astrocyte
expression and microglial activation, and reduced the KA-
induced immunoreactivity of caspase-3 [82].

Exposure to organophosphate pesticides (OPs) have been
considered to be an important factor in the pathophysiology
of various neurodegenerative diseases. Thus, Canales et al.,
investigated the protective effect of curcumin against OP-
induced toxicity in rat hippocampus. The administration of
curcumin at a dose of 200 mg/kg diminished the oxidative
damage and reduced lipid peroxidation in rats exposed to
Ops [83]. Finally, curcumin, via other mechanisms, such
as enhancement of antioxidative function, reduction of oxi-
dative stress and amelioration of mitochondrial function,
exerted a protective effect against neurodegenerative disor-
ders and diseases exacerbated by oxidative stress.

Curcumin and glial tumors

Several studies have indicated that curcumin is the active
molecule responsible for various biological effects, includ-
ing anticancer activity. In phase I clinical trials,curcumin
was used for the treatment of some high-risk cancers. In vitro
and in vivo, the inhibitory effect of curcumin was studied
against abnormal expression of matrix metalloproteinases
(MMPs). In vitro, curcumin had an effect on proliferation,
apoptosis via the classical GBM survival pathways (PI3K/
Akt and NF-kB), and selectivity to cancer. In the C6 implant
mouse model of glioblastoma (GBM), curcumin activity was
observed irrespective of the p53 and PTEN mutational sta-
tus of the cells and reduced the size of the brain tumors in
Cé6-implanted rats [84]. In addition, Kim et al. suggested
that curcumin has broad-spectrum inhibitory activity against
MMP gene expression in human astroglioma cells via sup-
pression of PMA-induced MAP kinase activity, repression of
DNA binding and the transcriptional activity of AP-1. These
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findings suggest that curcumin might be of therapeutic value
for treating gliomas [85]. Curcumin also showed an inhibi-
tory effect on MMP-9 expression via NF-kB and AP-1, their
DNA binding activities being suppressed by curcumin. Fur-
thermore, PMA-induced phosphorylation of ERK, JNK, and
p38 MAP kinase were strongly inhibited by curcumin [86].

In malignant astrocytoma cells, nuclear factor (NF)-xB is
activated aberrantly and promotes proliferation. The inhibi-
tory effects of curcumin on NF-kB activity in a NP-2 human
malignant astrocytoma cell line were investigated by DNA-
fragmentation analysis, morphological observation and cel-
lular proliferation; curcumin inhibited the cellular prolifera-
tion and induced apoptosis [87]. Romero-Hernéndez et al.
showed that curcumin at a concentration < 100 uM increased
morphological changes and induced apoptosis in the astro-
cytoma cell line without altering the DNA [88].

Developing novel and potent drugs is critical in the treat-
ment of cancer. New derivatives of curcumin are far more active
than natural curcumin against brain tumors. A new synthetic
compound of curcumin with 2-ethylamino groups in a chal-
cone structure and variously substituted triazole groups as side
chains (designed with a mimic library) were evaluated against
TRAIL resistant human CRT-MG astroglioma cells. Among
them, the derivatives of curcumin with the triazole groups were
promising candidates as TRAIL-sensitizers with potential use
in combination chemotherapy for brain tumor [89].

Cancer nanotherapeutics is becoming an area of intense
global reasearch interest. In 2014, development of a stable
nanostructured lipid carrier (NLC) system as a carrier for
curcumin (CRM) on astrocytoma—glioblastoma cell line
(U373MG) was investigated; particle size, polydispersity
index, and entrapment efficiency (EE) were 146.8 nm, 0.18,
and 90.86%, respectively. The cytotoxicity of CRM-NLC
was higherthan CRM in the astrocytoma—glioblastoma cell
line and suggested CRM-NLC to bea promising drug deliv-
ery system for brain cancer therapy [90].

The BBB limits the access of the majority of anticancer
drugs to the brain tissue. Therefore, a variety of approaches,
such as receptor-mediated endocytosishas garnered atten-
tion because of its compelling advantages. Gold—iron
oxide nanocomposites (NCs) are one of the most utilized
nanocarriers in the field of drug delivery. The synthesis of
Fe;0,@Au NCs of curcumin with a mean size of less than
50 nm was introduced as a novel anticancer drug, enhanc-
ing cytotoxicity compared with free curcumin. In addition,
these nanoparticles were less toxic in comparison to free
curcumin, especially for normal astrocyte cells [91].

Glol (a type of glyoxalase) is ubiquitously expressed in
all mammalian cells and is suggested as promoting cellular
aging and cell death. It is known that inhibitors of Glol,
structurally related to glutathione, have anti-proliferative
properties. Curcumin is known as a strong antioxidant and
anti-inflammatory compound. Therefore, the inhibitory
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effect of curcumin was investigated in various tumor cell
lines (PC-3, JIM-1, MDA-MD 231, and 1321N1) in terms
of LPS-induced cytokine production (cytometric bead-
based array), cell proliferation (WST-1 assay), and cyto-
solic Glo1 and Glo2 enzymatic activity. The results showed
that curcumin exhibited a potent inhibitory effect on Glol
(Ki=5.161.4 mM) [92].

Malignant gliomas are brain tumors that are resistant to
both radiation and chemotherapy. Overexpression of tran-
scription factors, such as NF-kB and AP-1 are associated
with enhanced glioma survival. There is evidence suggesting
arole for curcumin as an adjunct to chemotherapy and radia-
tion in the treatment of brain cancer. The effect of curcumin
on glioma survival was therefore investigated in human
(T98G, U8TMG, and T67) and rat (C6) glioma cell lines.
Curcumin reduced the cell survival via p53-mediated mech-
anism and inhibited the AP-1 and NF-xB signaling pathways
via prevention of constitutive JNK and Akt activation [93].
Kang and collaborators observed that curcumin induced
histone hypoacetylation in brain cancer cells, and induced
apoptotic cell death viaa (PARP)-, and caspase 3-mediated
mechanism. This study suggested that curcumin is a histone
acetyltransferase inhibitor that simultaneously controls the
expression of many genes [94].

Other neurodegenerative diseases

Alexander disease is a devastating, progressive and fatal dis-
order of the CNS that is characterized by intracytoplasmic
Rosenthal fibers (RFs) in dystrophic astrocytes. Bachetti
et al. investigated the effects of curcumin in a cellular model
of Alexander disease. Curcumin is able to induce both
HSP27 and alpha B-crystallin, and reduced levels of endog-
enous GFAP, both at RNA and protein levels, and induced
autophagy [95].

Pelizaeus—Merzbacher disease (PMD) is a progressive
and lethal leukodystrophy that is characterized by cognitive
impairment, ataxia, seizures, and spasticity. This disease is
caused by various mutations within the proteolipid protein
gene (PLP1). Curcumin ameliorates symptoms of PMD in a
Plp1 transgenic mouse model through reduction of astrocy-
tosis, microgliosis, and lymphocytic infiltration with pres-
ervation of myelinated axons [96].

Diabetes mellitus is a widely prevalent metabolic disor-
der, placing a huge burden on public health systems. It is
characterized by the presence of hyperglycemia resulting
from defective insulin action, deficient levels of the hormone
insulin, or both [97]. Diabetes mellitus is associated with
an increased risk for dementia and lower cognitive perfor-
mance. Curcumin reduced the deterious effect of diabetes in
a STZ-induced diabetes model. Curcumin caused a reduction
of GFAP in astrocytes, reduced expression of pancreatic and
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cardiac caspase-3 content, decreased serum glucose levels,
and exerted a neuroprotective effect [98].

Chronic intermittent hypoxia (CIH) is a main character-
istic of obstructive sleep apnea (OSA). Curcumin mitigated
the brain edema in a dose-dependent manner and exhib-
ited a neuroprotective effect in CIH-induced brain injury
by the inhibition of AQP4 expression, and the p38MAPK
pathway [99]. Multiple forms of cellular stress, such as
nutrient deprivation, toxins, limitation of energy, radiation,
hypoxia, DNA damage, and intracellular pathogens can
stimulate autophagy. Recently, the neuroprotective effect
of curcumin on cell cultures of normal rat astrocytes, sub-
jected to 0.01 pM lipopolysaccharide (LPS), was investi-
gated. Curcumin significantly increased the cell viability,
and moderated the cytoskeleton rearrangements, and dis-
ordered NF-xB-dependent regulation in the LPS-activated
astrocytes [100].

Gulf War Illness (GWI) is a chronic condition, the major
symptoms of which are reduced ability to concentrate, sleep
disturbance, and chronic pain. Kodali et al. reported that
curcumin treatment is effective in an animal model of GWI.
Curcumin exerted its effect through increased antioxidant
activity, reduced astrocyte hypertrophy, and inhibition of
inflammation [101].

Conclusions

In our study, we discussed the role of astrocytes as essential
players in neurodegenerative diseases, and elaborated on the
therapeutic effect of curcumin in brain pathologies. To our
knowledge, this is the first review devoted on this subject
matter. Monroy et al. (2013) discussed neuroprotective effect
of curcumin especially on Parkinson’s disease, Alzheimer’s

Table 1 In vitro studies of curcumin on astrocytes

disease, and Huntington’s disease [102]. Shuxin Hu (2015)
reviewed the clinical development of curcumin in neurode-
generative disease and addresses the rationale for its use in
neurodegenerative disease, particularly Alzheimer’s disease.
We have been aware of these reviews and can ensure the sub-
ject matter and discussed contents are quite different [103].

There have been numerous experimental data support-
ing the potential efficacy of curcumin in neurodegenerative
diseases by improving the learning and neuroprotection
against disease-producing insults in animal models. How-
ever, due to interactions with specific efflux transporters
produced in the BBB or its lipophilic nature, the in vivo
use of curcumin as a neuroprotective agents is limited.
Nevertheless, curcumin is a potent bioactive molecule and
its beneficial therapeutic effects are well recognized.

Astrocytes are the most structurally complex cell type
in the CNS, activation leading to a wide spectrum of CNS
injury and disease. Astrocytes respond to CNS injuries,
such as cerebral ischemia, cancer or neurodegenerative
disease, by becoming activated, a process termed reactive
gliosis and caused by astrocytic hypertrophy, proliferation,
and altered gene expression, including regulation of glial
fibrillary acidic protein (GFAP). Several reports suggest
that activated astrocytes play an important role in neu-
rodegenerative disorders, such as epilepsy, AD, PD, and
even depression and schizophrenia. Extant evidence from
in vitro (Table 1) and in vivo (Table 2) studies has shown
that curcumin exerts its therapeutic effect through down-
regulation of the expression of the chemokines MCP-1,
RANTES, and CXCL10 released by astrocytes, suppres-
sion of proinflammatory cytokines, and reduction of the
expression of GFAP (Fig. 1).

In summary, it is evident that curcumin is a potent bio-
active molecule that can modulate cell signaling, inhibit

Disease Cell type used Dose Time of Mechanism of action References
intervention
()

Spinal cord injury Cell culture model of SCI 40 mg/kg 24 Attenuation of RANTES and iNOS [60]
mRNA expression; reduction in the neu-
rotoxicity of LPS-conditioned astrocyte
medium

Glial tumors U138MG, U87, U373 and C6 1-150 uyM 36 Effect on proliferation and apoptosis via ~ [84]
the classical GBM survival pathways
(PI3K/Akt and NFxB), and selectivity
to cancer

Glial tumors PC-3, JIM-1, MDA-MD 231 and 132IN1 10-50 uM 24 Inhibition of Glol1 (a type of glyoxalase)  [91]
through antioxidant and anti-inflamma-
tory activity

Alexander disease U251-MG 15 uM 48 Reduction in levels of endogenous GFAP, [95]

induction of both HSP27 and alpha
B-crystallin and induction of autophagy
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Table 2 In vivo studies of curcumin on astrocytes

Disease Model Dose Time of intervention Mechanism of action References

Alzheimer p25 transgenic mouse 4 g/kg 12 weeks Suppression of neuroinflammation, reg-  [26, 31]
ulation of the cPLA2/LPC signaling
pathways and inhibition the cytokine
IL-1 and GFAP

Alzheimer Rat 150 mg/kg 4 weeks Increase in PPARY transcriptional activ- [27, 33]
ity, alleviating neuroinflammation, and
suppression of GFAP expression

Alzheimer Mouse 0.75 mg/ml 90 days Enhancement of amyloid clearance and  [29]
modulation of neuroinflammation

Alzheimer 5xFAD mouse 50 mg/kg 3 weeks Reduction of microglial and astrocyte [30]
activity; decreased GFAP-IR and
neuroinflammation

Alzheimer Rat 50 mg/kg 10 days Increase in BDNF expression and acti- ~ [105]
vation of the Akt/GSK-3b signaling
pathway

Alzheimer Mouse 40 mg/kg 4 weeks Reduction of amyloid-f protein and [35]

inhibition of inflammation

Parkinson 6-OHDA lesion mouse 200 mg/kg 7 days Increase in SOD1 expression; inhibi- [39]
tion of glial response; reduction in the
activation of astrocytes

Parkinson Mouse 40 mg/kg 7 weeks Reduction of ROS; inhibition of [41,42]
CYP2EL activity; enhancement of
GDNF and TGFp1 expression

Parkinson Mouse 200 mg/kg 7 days Reduction of Ibal-IR microglia and the [45]
response of GFAP-IR astrocytes in
the ipsilateral striatum; protection of
nigrostriatal DA neurons

Parkinson Rat 10 and 15 pmol/L. 3 weeks Activation of the Wnt/f-catenin signal-  [37]
ing pathway; increase in glutathione
peroxidase and superoxide dismutase

Cerebral ischemia Rat 100 mg/kg 2 weeks Upregulated expression of GFAP at [50]
doses of 50 and 100 mg/kg
Cerebral ischemia Mouse 1-2 mg/ 7 days Reduction of GFAP expression and [51]
kg increased caspase-9 mRNA expression
Cerebral ischemia Rat 200 mg/kg 2 weeks Reduction of immune expression of [52]

caspase-3 and P53; scavenging of
reactive-oxygen species and inhibi-
tion of COX-2 and proinflammatory
cytokines

Epilepsy Rat 100 mg/kg 14 days Reduction of GFAP and Iba-1 expres- [59]
sion; reduction of proinflammatory
cytokine expression

Oxidative stress Rat 200 mg/kg 8 weeks Reduction of lipid peroxidation; [83]
diminished oxidative damage in rats
exposed to OPs

Spinal cord injury Rat 40 mg/kg 7 days Attenuation of RANTES and iNOS [64, 104]
mRNA expression; reduced the GFAP

Depression Rat 20 mg/kg 21 days Enhancement of BDNF expression [66]

Depression Mouse 20 mg/kg 2 weeks Increase in CBlexpression and activa- ~ [67]
tion of MEK1/ERK1/2 signaling

Glial tumors C6 implant mouse 50 mg/kg/day 36 h Reduction in the size of brain tumors [84]

Glial tumors Rat 50 mg/kg 10 days Reduction in cell survival and inhibi- [93]
tion of the AP-1 and NF-kB signaling
pathways

Pelizaecus—Merzbacher Mouse 20 mg/kg 10 weeks Reduction of astrocytosis, microgliosis  [96]

and lymphocytic infiltration
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Table 2 (continued)

Disease Model Dose Time of intervention Mechanism of action References

Gulf War Illness Rat 30 mg/kg 30 days Increased antioxidant activity and inhi-  [101]
bition of inflammation
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