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Abstract

Background: Curcumin, found in the rhizome of Curcuma longa, demonstrates anti-inflammatory and neuroprotective
properties.

Objectives: This study aims to assess its effects on the proliferation and differentiation of embryonic neural stem cells (NSCs).
Methods: Female rats (n = 36) became pregnant, resulting in the formation of embryos (n =176). Neural stem cells from female
embryos (n = 50, embryonic day 15.5, E15.5) were cultured in a serum-free medium with growth factors (FGF-2 and EGF).
Curcumin was then added at doses of 0.1, 0.5, and 1 uM. The proliferation of NSCs was assessed using the MTT colorimetric assay,
nestin immunofluorescence labeling, and RT-PCR. NSC differentiation was compared using immunocytochemistry (ICC) and RT-
PCR for nestin, glial fibrillary acidic protein (GFAP), and class III B-tubulin (Tuj-1).

Results: Curcumin at concentrations of 0.1 and 0.5 uM increased the proliferation of NSCs, as indicated by an increase in
neurosphere diameter. Similarly, the MTT assay showed that curcumin at doses of 0.1 and 0.5 pM enhanced the viability of NSCs.
In the differentiation condition, no significant difference was observed. However, RT-PCR analysis showed that nestin and GFAP
expressions reached their highest levels in cells treated with curcumin at a dose of 0.5 uM, while Tuj-1 expression significantly
increased in cells treated with curcumin at a dose of 1 uM.

Conclusions: Curcumin at lower doses may regulate the proliferation and differentiation of NSCs. Treating NSCs with curcumin
could provide a promising option for pre-differentiation before cell therapy.
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1. Background involving NSC transplantation in brain disorders.
However, the necessity of expanding and pre-
Neural stem cells (NSCs) can selfrenew and  differentiating NSCs before administration into the

differentiate into a variety of cells, including neuronal
and glial cells, in both in vitro and in vivo conditions (1).
The ability of endogenous NSCs for neurogenesis and
gliogenesis in the embryonic and adult brain has been
demonstrated in response to inflammation, ischemic
conditions, and traumatic events (2, 3). The potential for
repair and replacement of cells in the adult brain
through endogenous neurogenesis and gliogenesis
supports the development of therapeutic approaches

injured site of the brain should be considered (2).
Neural stem cells from embryonic tissue of rodents can
be isolated and cultured in serum-free conditions (4).
Neurogenesis plays an essential role in the development
and plasticity of the central nervous system (CNS) (5, 6).
It involves two important stages: Proliferation and
differentiation (7), which are regulated by several
intrinsic and environmental factors. Stem cells are
multipotent, and the substitution of proliferative
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culture medium with differentiative conditions forces
NSCs to differentiate into neuronal and glial cells (8, 9).

Curcumin, a polyphenol component, was isolated
from the rhizomes of Curcuma longa L. (turmeric) two
centuries ago (10). This component has many
therapeutic effects (11), including anti-inflammatory,
anti-oxidative, and anti-cancer properties (12).
Experimental analyses in animal models have shown
that curcumin has beneficial effects on a wide variety of
neurodegenerative diseases (11, 13). Some interesting
studies have focused on evaluating curcumin's effects
on neurogenesis (8, 14). Neuronal stem/progenitor cells
of the hippocampus are regulated by intrinsic and
extrinsic factors in both positive and negative ways (15).
Unfortunately, these studies primarily concentrated on
the proliferative effects of curcumin and did not
consider its regulatory role in neurogenesis.

2. Objectives

In the current study, both the proliferation and
neurogenesis of embryonic rat NSCs were considered.
Therefore, the influence of curcumin on the
proliferation and differentiation of NSCs was examined.
Furthermore, the neurospheres were characterized by
the expression of nestin, class III B-tubulin (Tuj-1), and
glial fibrillary acidic protein (GFAP) markers.

3. Methods

3.1. Animals

Female Wistar rats, weighing 180 - 200 g, were housed
in normal room conditions at a constant temperature
(25°C) with a 12-hour light/dark cycle and ample access
to food and water. The experiments were approved by
the ethics committee of animal research at Islamic Azad
University, Science and Research Branch, Tehran, Iran,
under ethical approval number IRMUQ.REC.1397.119.

3.2. Experimental Design

At the beginning of the experiment, there were 50
female rats and 50 male rats. Male and female rats were
kept together in a cage overnight for mating. The next
day, vaginal plugs were regularly screened to determine
pregnancy. If a vaginal plug was observed, it was
considered the zero-day of pregnancy (E = 0). Pregnant
rats (n = 36) at gestational age 15.5 days (E15.5) were then

sacrificed by intraperitoneal injection (i.p.) of an
overdose of sodium pentobarbitone, and the fetuses (n
=176) were extracted. The brains of female fetuses (n =
50) were then dissected and prepared for NSC
extraction.

3.3. Neurosphere Culture

Neurospheres were cultured wusing previously
described methods with minor modifications (16, 17).
After removing the overlying meninges and blood
vessels from the isolated fetuses’ brains, the sub-
ventricular zone (SVZ) of each head was isolated and
transferred to serum-free media. The cultures were
incubated at 37°C in a humidified atmosphere with 5%
CO,. The cultures were assigned into four experimental

groups as follows: I (control: No treatment), II (exposure
to 0.1 utM curcumin), III (exposure to 0.5 ptM curcumin),
and IV (exposure to 1 pM curcumin). For differentiation
studies, after four days of in vitro culture, the counted
cells were seeded onto Poly-L-lysine (Sigma-Aldrich)-
coated surfaces and developed into a monolayer in the
same mitogen-free medium.

3.4. The MTT Assay: Cell Viability

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma] method (18) was
employed to evaluate cell growth and viability based on
the reduction of MTT into formazan crystals by
mitochondrial dehydrogenase enzymes of viable cells.
The absorbance of the samples was read at 570 nm. All
experiments were replicated at least three times to
reduce probable errors.

3.5. Immunocytochemistry (ICC)

After four days in vitro (DIV), the cells were processed
by ICC to evaluate the expression of the antigen and for
morphology-related analysis. Subsequently, the nuclei
were counterstained with propidium iodide (1/15000,
Sigma-Aldrich).

3.6. Reverse Transcription Polymerase Chain Reaction
(RT-PCR) Analysis

The neurospheres were identified by the expression
of nestin, class III B-tubulin (Tuj-1), and GFAP. Total RNA
was extracted using TRIZOL reagent, and cDNA synthesis
and PCR were carried out using a one-step RT-PCR kit
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(Invitrogen). The samples were evaluated on a 1% agarose
gel containing ethidium bromide.

3.7. Morphometric Analysis

Four days after the proliferation condition, five non-
overlapping fields were randomly chosen from each
well. Digital images of the neurosphere cultures were
taken using an inverted microscope. Finally, Image]
software (version 1.53t 24) was used to analyze the size of
the neurospheres.

3.8. Statistical Analysis

Our findings are presented as the mean *standard
error of the mean (SEM). Statistical analysis was carried
out using one-way ANOVA and Tukey’s post-hoc test. A P-
value of < 0.05 was considered statistically significant.

4. Results

4.1. Characterization of Neural Stem Cells

The formation of neurospheres is a marker of
stemness (Figure 1A). When these neurospheres were
dissociated into single cells, they were cultured into a
monolayer and subsequently immunostained with the
nestin marker, showing nestin positivity (Figure 2). The
substitution of the proliferative medium with the
differentiation medium was executed by withdrawing
growth factors and adding fetal bovine serum (FBS) to
the medium, resulting in the differentiation of the
cultured cells. Immunocytochemistry analysis for the
presence of Tuj-1 and GFAP proteins showed positive
results (Figures 3 and Figures4A). The cultured cells
exhibited characteristics of NSCs, demonstrating self-
renewal and multipotency.

4.2. Effects of Curcumin on Diameter of Neural Stem
Cells

Evaluating the diameter of cultured neurospheres is
a proper method for assessing the proliferation rate of
NSCs. The size of spheres from the primary culture was
measured after 8 days. Simultaneously, images were
taken from various fields, and the size of the
neurospheres in each field was evaluated. Curcumin at
doses of 0.1 pM and 0.5 pM increased the size of
neurospheres (P < 0.05) (Figures 1and 2).
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4.3. Effect of Curcumin on Viability of the Neural Stem
Cells

Cell viability was determined using the MTT
reduction assay. Figure 5B demonstrates the MTT results
of the neurospheres. The viability of cells exposed to
curcumin at doses of 0.1 tM and 0.5 pM was markedly
increased compared to the control group (P < 0.05).

4.4. Effects of Curcumin on Expression of Neural and
Glial Markers in Neural Stem Cells

The NSCs could express markers of glial and neural
cell differentiation under specific differential
conditions. Notably, morphological studies revealed
that the GFAP-positive cells obtained from cultures
treated with different doses of curcumin exhibited
obvious morphological changes. The GFAP-positive cells
in the curcumin groups were long and thin, while the
GFAP-positive cells in the control groups appeared to be
polygonal and flat (Figure 3).

4.5. Effects of Curcumin on Nestin, Glial fibrillary acidic
protein and Tuj-1 m RNA Expressions

The expression levels of nestin, GFAP, and Tujl were
measured in the neurospheres treated with curcumin.
As shown in Figure 6, nestin expression levels were
increased by 0.1 and 0.5 uyM of curcumin. In addition,
GFAP expression was similarly increased. However, Tujl
expression levels increased in the group treated with 1
uM of curcumin (Figure 6).

5. Discussion

In this study, curcumin was found to stimulate the
proliferation of embryonic NSCs at low doses (0.1 and
0.5 pM) using the MTT assay, with the highest level of
proliferation observed at a dose of 0.5 uM. Conversely,
proliferation declined at a high dose of curcumin (1 uM).
Furthermore, NSCs exposed to different doses of
curcumin exhibited a biphasic pattern of proliferation.
Reverse transcription polymerase chain PCR reaction
analysis showed that nestin and GFAP expressions
reached their highest levels in curcumin-treated cells at
a dose of 0.5 pM, while Tuj-1 expression levels increased
in curcumin-treated cells at 1 uM.

Mitogenic growth factors play an important role in
establishing neurosphere culture and are necessary for
the growth and viability of free-floating neurospheres
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Figure 1. Photomicrographs of neurospheres. A, control; B, treated with 0.1 uM curcumin; C, treated with 0.5 uM curcumin; and D, treated with 1 pM curcumin. Photographes
were taken atmagnification 200X.

Figure 2. Nestin immunofluorescence staining. A, control; B, treated with 0.1 uM curcumin; C, treated with 0.5 uM curcumin; and D, treated with 1 uM curcumin.

(8,19). In this study, we verified that supplementing the size of neurospheres that were only supplemented with
proliferation condition with curcumin can enhance the mitogenic factors. The simultaneous addition of
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Figure 3. Glial fibrillary acidic protein (GFAP) immunofluorescence staining. A, Control; B, treated with 0.1 uM curcumin; C, treated with 0.5 uM curcumin; and D, treated with 1

UM curcumin

curcumin and growth factors induced the growth of
neurospheres. Similar to the MTT assay, a higher
diameter of neurospheres was observed with 0.5 uM of
curcumin.

In addition, the differentiation of NSCs in this study
was assessed by detecting Tuj-1 and GFAP markers.
Immunocytochemistry results indicated that in the
presence of curcumin, the NSCs differentiated into
neurons and glia. Reverse transcription polymerase
chain reaction PCR analysis revealed that higher doses
of curcumin corresponded to higher expression levels
of Tuj-1. Under differentiation conditions, especially in
the presence of FBS, a greater proportion of cells
differentiated into astrocytes, and only a small portion
of stem cells followed a neuronal fate (< 5%) (20).

In line with our experiment, curcumin promoted the
differentiation of glioma-initiating cells (GICs).
Curcumin (2 uM) stimulated GIC differentiation and
inhibited glioma growth, which is related to the
induction of autophagy in vitro and in vivo (21).

Thrita ] Neu. 2023;12(2): e143850.

Additionally, the effects of curcumin (1 or 5 pM) on
oligodendrocyte progenitors (OPs) were recently
assessed. Curcumin promoted the differentiation of OPs
and counteracted the maturation arrest of OPs induced
by TNE-a (22).

Consistent with our experiment, the impacts of
curcumin on mouse multipotent neural progenitor
cells (NPCs) and mature hippocampal neurogenesis
were shown. Curcumin exhibited a biphasic response on
cultured NPCs; low concentrations (0., 0.5 pM)
stimulated cell  proliferation, whereas  high
concentrations (= 10 uUM) were cytotoxic. Moreover,
curcumin induced the proliferation and differentiation
of cultured NSCs and encouraged neurogenesis in the
healthy mature hippocampus (8). In another study,
NPCs and cultured neurons exposed to celecoxib were
examined. Curcumin attenuated celecoxib-induced
inhibition of neurogenesis in the fetal frontal cortex via
the Wnt/B-catenin pathway (23). Similarly, following
cerebral ischemia in mice, curcumin stimulated



Rajabi M et al.

Figure 4. Tuj-1 immunofluorescence staining. A, control; B, treated with 0.1 uM curcumin; C, treated with 0.5 UM curcumin; and D, treated with 1 uM curcumin

Figure 5. A, effect of curcumin on neurosphere size. B, the MTT reduction reaction results of the neural stem cells from different treated groups. *P < 0.05 and **P<0.01

significantly different from control group.

neurogenesis in the hippocampal dentate gyrus via the
Wnt/B-catenin signaling pathway (24). Recently,
neonatal curcumin treatment (20 mg/kg, i.p.) restored
hippocampal neurogenesis and improved autism-

related symptoms in an experimental mouse model of
autism (25).

Furthermore, in vitro treatment of cell cultures and
in vivo treatment of adult rodents with curcumin

Thrita ] Neu. 2023;12(2): e143850.
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Figure 6. Gene expression levels of nestin, glial fibrillary acidic protein (GFAP) and Tuj1 in neurosphers treated in different experimental groups as measured by RT-PCR.

protected neurons from damage related to Alzheimer's
disease (AD), Parkinson's disease (PD), and stroke models
(26-28). Curcumin improved cognitive functions in
different neuropathologic models such as diabetic
encephalopathy and ischemia (29). Animal model
studies have suggested that curcumin s
neuroprotective in neurodegenerative disorders such as
AD (30, 31) and focal cerebral ischemia (32). Additionally,
curcumin treatment protected hippocampal neurons
against excitotoxic and traumatic injury (26, 33).
Recently, in a rat model of AD, curcumin treatment
repaired cognitive impairments and enhanced
hippocampal neurogenesis. Curcumin dose-
dependently (50 and 100 mg/kg/d, i.p.) increased the
proliferation of NSCs, stimulated differentiation, and
maturation of newly generated neural cells, and
increased the expression of neurogenesis-involved
proteins (34).

Many studies have demonstrated the proliferative
role of curcumin on neuroprogenitor cells (8, 35, 36).
Previous studies have documented the antioxidant and
anti-inflammatory effects of micromolar concentrations
of curcumin in cultured tumor cell lines as well as
normal cells (37, 38).

5.1. Conclusions

Curcumin regulated both the proliferation and
differentiation steps of neurogenesis in embryonic
hippocampal NSCs. Treatment with curcumin could
provide an alternative method for the pre-
differentiation of NSCs before cell replacement therapy.
The regulatory role of curcumin on the fate of NSCs was
noted in the present study. It has been shown that

Thrita ] Neu. 2023;12(2): e143850.

curcumin may alleviate cognitive deficits resulting from
various circumstances, such as aging and brain
ischemia, by promoting the proliferation and neuronal
differentiation of NSCs.

Footnotes

Authors' Contribution: Study concept and design,
Majid Rajabi; the experimental, Majid Rajabi and Siamak
Yari; analysis and interpretation of data, Javad Fahanik-
Babaei; drafting of the manuscript, Nahid Fakhraei;
critical revision of the manuscript for important
intellectual content, Abdollah Amini.

Conflict of Interests Statement: The authors declare
no conflict of interest.

Data Availability: It was not declared by the authors.

Ethical Approval: The ethics committee of Islamic Azad
University, Central Tehran Branch approved the
experimental protocol (based on a Ph.D. thesis). The
Research Ethics Committee initially approved the
experimental procedures and protocols under the
ethical no. of IRRMUQ.REC.1397.119.

Funding/Support: The ethics committee of Islamic
Azad University, Central Tehran Branch approved the
experimental protocol (based on a Ph.D. thesis). The
Research Ethics Committee initially approved the
experimental procedures and protocols. In addition, a
written consent form was signed after reading and
understanding the details of the experiments.

Informed Consent: In addition, a written consent form
was signed after reading and understanding the details
of the experiments.



Rajabi M et al.

References

10.

12.

13.

Teixeira Al, Duckworth ]JK, Hermanson O. Getting the right stuff:
controlling neural stem cell state and fate in vivo and in vitro with
biomaterials. Cell Res. 2007;17(1):56-61. [PubMed ID: 17211445].
https://doi.org[10.1038/sj.cr.7310141.

Christie K], Turnley AM. Regulation of endogenous neural
stem/progenitor cells for neural repair-factors that promote
neurogenesis and gliogenesis in the normal and damaged brain.
Front Cell Neurosci. 2012;6:70. [PubMed ID: 23346046]. [PubMed
Central ID: PM(C3548228]. https://doi.org[10.3389/fncel.2012.00070.

Hallbergson AF, Gnatenco C, Peterson DA. Neurogenesis and brain
injury: managing a renewable resource for repair. J Clin Invest.
2003;112(8):1128-33. [PubMed ID: 14561695]. [PubMed Central ID:
PMC213498]. https://doi.org[10.1172/]C120098.

Swistowski A, Peng ], Han Y, Swistowska AM, Rao MS, Zeng X. Xeno-
free defined conditions for culture of human embryonic stem cells,
neural stem cells and dopaminergic neurons derived from them.
PLoS One. 2009;4(7). €6233. [PubMed ID: 19597550]. [PubMed Central
ID: PMC2705186]. https://doi.org/10.1371/journal.pone.0006233.

Urban N, Guillemot E. Neurogenesis in the embryonic and adult
brain: same regulators, different roles. Front Cell Neurosci.
2014;8:396. [PubMed ID: 25505873]. [PubMed Central ID:
PMC4245909]. https:[/doi.org[10.3389/fncel.2014.00396.

Gage FH. Neurogenesis in the adult brain. / Neurosci. 2002;22(3):612-
3. [PubMed ID: 11826087]. [PubMed Central ID: PMC6758482].
https://doi.org/10.1523[]NEUROSCI.22-03-00612.2002.

Zhao C, Deng W, Gage FH. Mechanisms and functional implications
of adult neurogenesis. Cell. 2008;132(4):645-60. [PubMed ID:
18295581]. https://doi.org[10.1016j.cel.2008.01.033.

Kim SJ, Son TG, Park HR, Park M, Kim MS, Kim HS, et al. Curcumin
stimulates proliferation of embryonic neural progenitor cells and
neurogenesis in the adult hippocampus. | Biol Chem.
2008;283(21):14497-505. [PubMed ID: 18362141]. [PubMed Central ID:
PM(C2386914]. https:|/doi.org/10.1074/jbc.M708373200.

Selvaraj V, Jiang P, Chechneva O, Lo UG, Deng W. Differentiating
human stem cells into neurons and glial cells for neural repair. Front
Biosci (Landmark Ed). 2012;17(1):65-89. [PubMed ID: 22201733].
https://doi.org[10.2741/3916.

Corson TW, Crews CM. Molecular understanding and modern
application of traditional medicines: triumphs and trials. Cell
2007;130(5):769-74. [PubMed ID: 17803898]. [PubMed Central ID:
PMC2507744]. https:|/doi.org/10.1016/j.cell.2007.08.021.

Gupta SC, Patchva S, Koh W, Aggarwal BB. Discovery of curcumin, a
component of golden spice, and its miraculous biological activities.
Clin Exp Pharmacol Physiol. 2012;39(3):283-99. [PubMed ID: 22118895].
[PubMed Central ID: PMC3288651]. https://doi.org/10.1111/j.1440-
1681.2011.05648.X.

Epstein ], Sanderson IR, Macdonald TT. Curcumin as a therapeutic
agent: the evidence from in vitro, animal and human studies. Br |
Nutr. 2010;103(11):1545-57. [PubMed ID: 20100380].
https://doi.org/10.1017/S0007114509993667.

Ishrat T, Hoda MN, Khan MB, Yousuf S, Ahmad M, Khan MM, et al.
Amelioration of cognitive deficits and neurodegeneration by
curcumin in rat model of sporadic dementia of Alzheimer's type
(SDAT). Eur Neuropsychopharmacol. 2009;19(9):636-47. [PubMed ID:
19329286]. https://doi.org[10.1016/j.euroneuro.2009.02.002.

14.

15.

16.

17.

19.

20.

21

22.

23.

24.

25.

Xu Y, Ku B, Cui L, Li X, Barish PA, Foster TC, et al. Curcumin reverses
impaired hippocampal neurogenesis and increases serotonin
receptor 1A mRNA and brain-derived neurotrophic factor expression
in chronically stressed rats. Brain Res. 2007;1162:9-18. [PubMed ID:
17617388]. https:|/doi.org[10.1016/j.brainres.2007.05.071.

Pluta R, Bogucka-Kocka A, Ulamek-Koziol M, Furmaga-Jablonska W,
Januszewski S, Brzozowska ], et al. Neurogenesis and
neuroprotection in postischemic brain neurodegeneration with
Alzheimer phenotype: is there a role for curcumin? Folia
Neuropathol. 2015;53(2):89-99. [PubMed ID: 26216111].
https://doi.org/10.5114/fn.2015.52405.

Shanley DK, Sullivan AM. Alterations in cellular phenotypes
differentiating from embryonic rat brain neurosphere cultures by
immunoselection of neuronal progenitors. Brain  Res.
2006;1067(1):85-94. [PubMed ID: 16269135].
https:[/doi.org[10.1016/j.brainres.2005.10.008.

Gibney SM, McDermott KW. Differentiation of oligodendrocytes in
neurospheres derived from embryonic rat brain using growth and
differentiation factors. | Neurosci Res. 2007;85(9):1912-20. [PubMed
ID: 17526011]. https://doi.org/10.1002/jnr.21331.

Yari S, Parivar K, Nabiuni M, Keramatipour M. Effect of embryonic
cerebrospinal fluid on proliferation and differentiation of
neuroprogenitor cells. Cell J. 2013;15(1):29-36. [PubMed ID: 23700558].
[PubMed Central ID: PMC3660022].

Gil-Perotin S, Duran-Moreno M, Cebrian-Silla A, Ramirez M, Garcia-
Belda P, Garcia-Verdugo JM. Adult neural stem cells from the
subventricular zone: a review of the neurosphere assay. Anat Rec
(Hoboken).  2013;296(9):1435-52.  [PubMed ID:  23904071].
https://doi.org[10.1002/ar.22746.

Chandrasekaran A, Avci HX, Leist M, Kobolak ], Dinnyes A. Astrocyte
Differentiation of Human Pluripotent Stem Cells: New Tools for
Neurological Disorder Research. Front Cell Neurosci. 2016;10:215.
[PubMed ID: 27725795]. [PubMed Central ID: PMC5035736].
https://doi.org/10.3389/fncel.2016.00215.

Zhuang W, Long L, Zheng B, Ji W, Yang N, Zhang Q, et al. Curcumin
promotes differentiation of glioma-initiating cells by inducing
autophagy. Cancer Sci. 2012;103(4):684-90. [PubMed ID: 22192169].
[PubMed Central ID: PMC7659256]. https://doi.org/10.1111/.1349-
7006.2011.02198.X.

Bernardo A, Plumitallo C, De Nuccio C, Visentin S, Minghetti L.
Curcumin promotes oligodendrocyte differentiation and their
protection against TNF-alpha through the activation of the nuclear
receptor PPAR-gamma. Sci Rep. 2021;11(1):4952. [PubMed ID:
33654147). [PubMed Central ID: PMC7925682].
https://doi.org[10.1038/s41598-021-83938-y.

Wang R, Tian S, Yang X, Liu J, Wang Y, Sun K. Celecoxib-induced
inhibition of neurogenesis in fetal frontal cortex is attenuated by
curcumin via Wnt/beta-catenin pathway. Life Sci. 2017;185:95-102.
[PubMed ID: 28754619]. https://doi.org[10.1016/j.1fs.2017.07.028.

Yang X, Song D, Chen L, Xiao H, Ma X, Jiang Q, et al. Curcumin
promotes neurogenesis of hippocampal dentate gyrus via Wnt/beta-
catenin signal pathway following cerebral ischemia in mice. Brain
Res. 2021;1751:147197. [PubMed ID: 33160958].
https://doi.org[10.1016/j.brainres.2020.147197.

Zhong H, Xiao R, Ruan R, Liu H, Li X, Cai Y, et al. Neonatal curcumin
treatment restores hippocampal neurogenesis and improves
autism-related behaviors in a mouse model of autism.
Psychopharmacol  (Berl). 2020;237(12):3539-52. [PubMed ID:
32803366]. https:[/doi.org/10.1007/s00213-020-05634-5.

Thrita ] Neu. 2023;12(2): e143850.


http://www.ncbi.nlm.nih.gov/pubmed/17211445
https://doi.org/10.1038/sj.cr.7310141
http://www.ncbi.nlm.nih.gov/pubmed/23346046
https://www.ncbi.nlm.nih.gov/pmc/PMC3548228
https://doi.org/10.3389/fncel.2012.00070
http://www.ncbi.nlm.nih.gov/pubmed/14561695
https://www.ncbi.nlm.nih.gov/pmc/PMC213498
https://doi.org/10.1172/JCI20098
http://www.ncbi.nlm.nih.gov/pubmed/19597550
https://www.ncbi.nlm.nih.gov/pmc/PMC2705186
https://doi.org/10.1371/journal.pone.0006233
http://www.ncbi.nlm.nih.gov/pubmed/25505873
https://www.ncbi.nlm.nih.gov/pmc/PMC4245909
https://doi.org/10.3389/fncel.2014.00396
http://www.ncbi.nlm.nih.gov/pubmed/11826087
https://www.ncbi.nlm.nih.gov/pmc/PMC6758482
https://doi.org/10.1523/JNEUROSCI.22-03-00612.2002
http://www.ncbi.nlm.nih.gov/pubmed/18295581
https://doi.org/10.1016/j.cell.2008.01.033
http://www.ncbi.nlm.nih.gov/pubmed/18362141
https://www.ncbi.nlm.nih.gov/pmc/PMC2386914
https://doi.org/10.1074/jbc.M708373200
http://www.ncbi.nlm.nih.gov/pubmed/22201733
https://doi.org/10.2741/3916
http://www.ncbi.nlm.nih.gov/pubmed/17803898
https://www.ncbi.nlm.nih.gov/pmc/PMC2507744
https://doi.org/10.1016/j.cell.2007.08.021
http://www.ncbi.nlm.nih.gov/pubmed/22118895
https://www.ncbi.nlm.nih.gov/pmc/PMC3288651
https://doi.org/10.1111/j.1440-1681.2011.05648.x
https://doi.org/10.1111/j.1440-1681.2011.05648.x
http://www.ncbi.nlm.nih.gov/pubmed/20100380
https://doi.org/10.1017/S0007114509993667
http://www.ncbi.nlm.nih.gov/pubmed/19329286
https://doi.org/10.1016/j.euroneuro.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17617388
https://doi.org/10.1016/j.brainres.2007.05.071
http://www.ncbi.nlm.nih.gov/pubmed/26216111
https://doi.org/10.5114/fn.2015.52405
http://www.ncbi.nlm.nih.gov/pubmed/16269135
https://doi.org/10.1016/j.brainres.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17526011
https://doi.org/10.1002/jnr.21331
http://www.ncbi.nlm.nih.gov/pubmed/23700558
https://www.ncbi.nlm.nih.gov/pmc/PMC3660022
http://www.ncbi.nlm.nih.gov/pubmed/23904071
https://doi.org/10.1002/ar.22746
http://www.ncbi.nlm.nih.gov/pubmed/27725795
https://www.ncbi.nlm.nih.gov/pmc/PMC5035736
https://doi.org/10.3389/fncel.2016.00215
http://www.ncbi.nlm.nih.gov/pubmed/22192169
https://www.ncbi.nlm.nih.gov/pmc/PMC7659256
https://doi.org/10.1111/j.1349-7006.2011.02198.x
https://doi.org/10.1111/j.1349-7006.2011.02198.x
http://www.ncbi.nlm.nih.gov/pubmed/33654147
https://www.ncbi.nlm.nih.gov/pmc/PMC7925682
https://doi.org/10.1038/s41598-021-83938-y
http://www.ncbi.nlm.nih.gov/pubmed/28754619
https://doi.org/10.1016/j.lfs.2017.07.028
http://www.ncbi.nlm.nih.gov/pubmed/33160958
https://doi.org/10.1016/j.brainres.2020.147197
http://www.ncbi.nlm.nih.gov/pubmed/32803366
https://doi.org/10.1007/s00213-020-05634-5

Rajabi M et al.

26.

27.

28.

20.

30.

3L

32.

Sumanont Y, Murakami Y, Tohda M, Vajragupta O, Watanabe H,
Matsumoto K. Prevention of kainic acid-induced changes in nitric
oxide level and neuronal cell damage in the rat hippocampus by
manganese complexes of curcumin and diacetylcurcumin. Life Sci.
2006;78(16):1884-91. [PubMed ID: 16266725].
https://doi.org/10.1016/j.1fs.2005.08.028.

Al-Omar FA, Nagi MN, Abdulgadir MM, Al Joni KS, Al-Majed AA.
Immediate and delayed treatments with curcumin prevents
forebrain ischemia-induced neuronal damage and oxidative insult
in the rat hippocampus. Neurochem Res. 2006;31(5):611-8. [PubMed
ID:16770732]. https://doi.org/10.1007/s11064-006-9059-1.

Zhu YG, Chen XC, Chen ZZ, Zeng YQ, Shi GB, Su YH, et al. Curcumin
protects mitochondria from oxidative damage and attenuates
apoptosis in cortical neurons. Acta Pharmacol Sin. 2004;25(12):1606-
12. [PubMed ID:15569404].

Kuhad A, Chopra K. Curcumin attenuates diabetic encephalopathy in
rats: behavioral and biochemical evidences. Fur | Pharmacol.
2007;576(1-3):34-42. [PubMed ID: 17822693).
https://doi.org/10.1016/j.ejphar.2007.08.001.

Calabrese V, Butterfield DA, Stella AM. Nutritional antioxidants and
the heme oxygenase pathway of stress tolerance: novel targets for
neuroprotection in Alzheimer's disease. [Ital | Biochem.
2003;52(4):177-81. [PubMed ID: 15141484].

Lim GP, Chu T, Yang F, Beech W, Frautschy SA, Cole GM. The curry spice
curcumin reduces oxidative damage and amyloid pathology in an
Alzheimer transgenic mouse. /] Neurosci. 2001;21(21):8370-7. [PubMed
ID: 11606625]. [PubMed Central ID: PMC6762797].
https://doi.org/10.1523[JNEUROSCI.21-21-08370.2001.

Thiyagarajan M, Sharma SS. Neuroprotective effect of curcumin in
middle cerebral artery occlusion induced focal cerebral ischemia in

Thrita ] Neu. 2023;12(2): e143850.

33.

34.

35.

36.

37.

38.

rats. Life Sci. 2004;74(8):969-85.

https://doi.org[10.1016/j.1fs.2003.06.042.

[PubMed ID: 14672754].

Wu A, Ying Z, Gomez-Pinilla F. Dietary curcumin counteracts the
outcome of traumatic brain injury on oxidative stress, synaptic
plasticity, and cognition. Exp Neurol. 2006;197(2):309-17. [PubMed ID:
16364299]. https://doi.org[10.1016/j.expneurol.2005.09.004.

Tiwari SK, Agarwal S, Seth B, Yadav A, Nair S, Bhatnagar P, et al.
Correction to Curcumin-Loaded Nanoparticles Potently Induce Adult
Neurogenesis and Reverse Cognitive Deficits in Alzheimer's Disease
Model via Canonical Wnt/beta-Catenin Pathway. ACS Nano.
2019;13(6):7355. [PubMed ID: 31135130].
https://doi.org/10.1021/acsnan0.9b03830.

Leuchtweis ], Boettger MK, Niv F, Redecker C, Schaible HG. Enhanced
neurogenesis in the hippocampal dentate gyrus during antigen-
induced arthritis in adult rat-a crucial role of immunization. PLoS
One. 2014;9(2). €89258. [PubMed ID: 24586636]. [PubMed Central ID:
PM(C3931708]. https://doi.org/10.1371/journal.pone.0089258.

Dong S, Zeng Q, Mitchell ES, Xiu ], Duan Y, Li C, et al. Curcumin
enhances neurogenesis and cognition in aged rats: implications for
transcriptional interactions related to growth and synaptic
plasticity. PLoS One. 2012;7(2). e31211. [PubMed ID: 22359574]. [PubMed
Central ID: PMC3281036]. https://doi.org/10.1371/journal.pone.0031211.

Aoki H, Takada Y, Kondo S, Sawaya R, Aggarwal BB, Kondo Y. Evidence
that curcumin suppresses the growth of malignant gliomas in vitro
and in vivo through induction of autophagy: role of Akt and
extracellular signal-regulated kinase signaling pathways. Mol
Pharmacol. 2007;72(1):29-39. [PubMed ID: 17395690].
https://doi.org[10.1124/mol.106.033167.

Menon VP, Sudheer AR. Antioxidant and anti-inflammatory

properties of curcumin. Adv Exp Med Biol. 2007;595:105-25. [PubMed
ID:17569207|. https://doi.org/10.1007/978-0-387-46401-5_3.


http://www.ncbi.nlm.nih.gov/pubmed/16266725
https://doi.org/10.1016/j.lfs.2005.08.028
http://www.ncbi.nlm.nih.gov/pubmed/16770732
https://doi.org/10.1007/s11064-006-9059-1
http://www.ncbi.nlm.nih.gov/pubmed/15569404
http://www.ncbi.nlm.nih.gov/pubmed/17822693
https://doi.org/10.1016/j.ejphar.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/15141484
http://www.ncbi.nlm.nih.gov/pubmed/11606625
https://www.ncbi.nlm.nih.gov/pmc/PMC6762797
https://doi.org/10.1523/JNEUROSCI.21-21-08370.2001
http://www.ncbi.nlm.nih.gov/pubmed/14672754
https://doi.org/10.1016/j.lfs.2003.06.042
http://www.ncbi.nlm.nih.gov/pubmed/14672754
https://doi.org/10.1016/j.lfs.2003.06.042
http://www.ncbi.nlm.nih.gov/pubmed/16364299
https://doi.org/10.1016/j.expneurol.2005.09.004
http://www.ncbi.nlm.nih.gov/pubmed/31135130
https://doi.org/10.1021/acsnano.9b03830
http://www.ncbi.nlm.nih.gov/pubmed/24586636
https://www.ncbi.nlm.nih.gov/pmc/PMC3931708
https://doi.org/10.1371/journal.pone.0089258
http://www.ncbi.nlm.nih.gov/pubmed/22359574
https://www.ncbi.nlm.nih.gov/pmc/PMC3281036
https://doi.org/10.1371/journal.pone.0031211
http://www.ncbi.nlm.nih.gov/pubmed/17395690
https://doi.org/10.1124/mol.106.033167
http://www.ncbi.nlm.nih.gov/pubmed/17569207
https://doi.org/10.1007/978-0-387-46401-5_3

