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Abstract: Curcumin is a natural dietary polyphenol which that possesses potent anti-aging and
neuroprotective properties through various mechanisms and signaling pathways. This study aimed
to investigate the effect of curcumin on factors involved in neurogenesis and angiogenesis in the
aged brain. Old female Wistar rats were divided into three equal groups (n=7): control, sham, and
curcumin (received curcumin, i.p., 30 mg/kg and 5 days/week for 8 weeks) rats. Curcumin treatment
caused a significant increase in the vascular endothelial growth factor (VEGF), Brain-derived
neurotrophic factor (BDNF) and anti-apoptotic protein BCI-2 in the brains of aging rats but no
significant effect on anti-apoptotic Bax protein. Additionally, curcumin attenuated brain lipid
peroxidation and decreased transforming growth factor 31 (TGF-f1). These results suggested that
curcumin possesses neuroprotective effects against brain aging, which were mediated by
improvment in neurogenesis and angiogenesis. Also, curcumin could alleviate brain aging which
may be due to attenuating oxidative stress, inhibiting apoptosis and down-regulating TGF-f31,
which in turn enhances VEGF and BDNF. Therefore, curcumin has potential therapeutic value in
the treatment of neurological apoptosis, neurogenesis and angiogenesis changes caused by brain

aging.

Keywords: aging; apoptosis; brain-derived neurotrophic factor; transforming growth factor p1;
vascular endothelial growth factor

Introduction

Aging is a multifactorial and natural process that is associated with many physiological changes,
functional disorders and behavioral capacity. Brain aging is considered an important aspect of the
aging process because it plays a key role in the development of neurodegenerative diseases, such as
Alzheimer's disease and Parkinson's disease (1). Aging induces several physiological phenomena in
the brain such as a reduction of the number of cerebral nerve cells, deterioration of tissue proteins,
tissue atrophy, a slight decrease in the brain size, and reduction of cerebral blood flow (2). Several
pathways cause brain aging, but the exact responsible molecular mechanisms are still unknown.

It has been wildly found that aging affects both angiogenesis and vascularization (3). Moreover,
cerebral neurogenesis decreases with aging, causing a progressive cognitive decline (4). Vascular
endothelial growth factor (VEGF) exerts both neurogenic and angiogenic functions (5). Studies
indicate that VEGF-positive cells and microvessel density are decreased in the different brain regions
of old rats, and exogenous VEGF may lead to an increase in vascular formation as well as a delay in
the aging of the nervous system(6).

In addition to VEGF, which has a direct effect on the angiogenesis process, other factors such as
transforming growth factor 3 (TGF-f) may indirectly mediate the angiogenesis process(7). TGF-{3 has
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different isoforms (TGF-f1, 2 and 3) that are inactively secreted from different tissues and organs.
This multifunctional cytokine mediates various brain physiological and pathophysiological processes
(8). TGE-P1 plays a crucial role in cell proliferation, differentiation, maturation and survival of
various neuronal and non-neuronal cell types in the brain. Also, it regulates angiogenesis,
neuroprotection, neuroimmune functions, neural regeneration and synaptic plasticity, which involve
in cognitive functions (7). Increased TGF-f signaling in the brain with aging (9, 3) and many
neurocognitive disorders (3) indicate that the pathology signaling pathway of TGF-f contributes to
impaired neurogenesis in aging and dementia (7). TGF-31 induces both pro and anti-inflammatory
effects depending on the cell type, cytokine milieu and differentiation state of the responsible cells,
and can exert positive and negative effects on adult neurogenesis (10). Due to the relationships
between TGF-P1 signaling and aging, cellular senescence, and aging-associated disorders, it is
important to find therapeutic approaches to better modulate this signaling for normal brain aging (7)

Oxidative stress is considered one of the main mechanisms of cellular aging. Due to the high
concentration of polyunsaturated fatty acids and transition metals in brain tissue, it is very
susceptible to oxidative damage (11). Reactive oxygen species (ROS) are metabolic byproducts that
levels of these oxidative stressors increase gradually whit aging, and can lead to irreversible damage
to the cytoskeleton and the microtubular network, impairing mitochondrial function and damaging
the central nervous system(12,13). Additionally, increasing cellular senescence and oxidative stress
can cause inflammation, cell membrane damage and consequently neuronal death (14). The age-
related oxidative brain impairment occurs due to lipid peroxidation products, protein oxidation, and
oxidative alterations in nuclear and mitochondrial DNA (15).

During the aging process, apoptosis and susceptibility to apoptosis enhance in several types of
intact cells (16). Apoptosis is programmed cell death that in two major regulatory intrinsic and
extrinsic pathways induces neuronal death (14). The B cell leukemia/lymphoma 2(Bcl-2) family can
regulate cell death in the central nervous system, and is related to apoptotic intrinsic pathway (17).
The anti-apoptotic protein Bcl-2 and pro-apoptotic Bcl2 associated X protein (Bax) belong to Bcl-2
family, which have two distinct functional roles in cell death (14, 17). The loss of neuronal and glial
cell populations is closely associated with dysfunction of the central nervous system (14) and motor
neuron disability in neurodegenerative diseases (18). Apoptosis is traditionally considered an index
of brain injury and contribute to various pathological conditions resulting in aging (1).

Brain-derived neurotrophic factor (BDNF) is the most important neurotrophin in the brain that
performs a neurotrophic function. BDNF exerts its biological actions through tyrosine receptor kinase
B and plays a key role in regulating neuronal development, maintenance, survival and plasticity
throughout life (1, 19). This neurotrophin influences the process of neurogenesis, and participates in
both structural and functional neuroplasticity (14). Also, BDNF possesses other neuroprotective
effects including anti-apoptosis, anti-oxidation, and suppression of autophagy (20). In the brain,
BDNF is mainly synthesized in different types of cells and has a crucial role in learning and memory
mechanisms (12). Studies have shown that BDNF decreased with normal brain aging and multiple
brain disorders, indicating that a disorder of regulation of BDNF signaling is involved BDNF plays
a crucial role in mental illness and neurodegenerative diseases including Alzheimer’s disease (12, 21,
and 22). Thus, drugs targeting BDNF signaling may be an effective neuroprotective agent for brain
aging as well as neurodegenerative disorders.

It has already been demonstrated in the literature that curcumin, a lipophilic polyphenol
compound derived from the rhizome of the plant Curcuma longa can enhance neuroprotection and is
one of the most promising anti-aging natural compound (23, 24). In the previous study has shown
that curcumin, exerts its neuroprotective and anti-aging effects in aged rat brain regions (25) and is
able to can cross the blood-brain barrier (26). Curcumin has many pharmacological activities,
including anti-inflammatory, anti-oxidant, anti-proliferative, and is nontoxic (24). Moreover, it has
been shown that curcumin, may attenuate D galactose-induced brain aging via regulation of
antioxidant enzymes and apoptosis (27). However, the ability of curcumin to improve normal brain
aging by mediator factors in angiogenesis and neurogenesis has not been elucidated. In this study,
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we aimed to investigate the protective effect of curcumin on some factors involved in neurogenesis
and angiogenesis in brain tissue of old rats.

Materials and methods

Chemicals

Curcumin, all chemicals, and reagents for biochemical assays were purchased from Sigma
Aldrich (USA). TBARS test kits were purchased from Cayman Chemical Company (Ann Arbor, MI,
USA). Brain BDNF, VEGF, TGF-f3, BCI-2 and Bax were measured using a rat ELISA kit (Cusabio
Biotech Co., Ltd., Wuhan, China) from R & D Systems according to the manufacturer's instructions.

Animals and administration

Twenty-one healthy female Wistar rats that were 24 months old (body weight: 250-300 g) were
purchased from the animal experiment center of Pasteur institute of Iran and were kept on a 12-hour
light-dark cycle at a constant temperature (22 + 2°C) and 50% humidity with food and water ad
libitum. The animal experiment was carried out by the national Institutes of health's guide for the
care and use of laboratory animals (NIH Publications no. 80-23) revised in 1996 and approved by
the Qaemshahar Branch, Islamic Azad University Animal Care (Approval No: 11768).

After one week of adaptation, the rats were randomly and equally assigned to three groups: 1)
the control group received no treatment; 2) the sham group: rats underwent a sham operation and
received an intraperitoneal injection (i.p.) of saline and 3) the Curcumin group: rats received
curcumin (i.p., 30 mg/kg) for five days per week over eight weeks (28).

Preparation for brain samples

The rats were sacrificed after being anesthetized with a mixture of ketamine (60 mg/kg) and
xylazine (5 mg/kg). The brains of the rats were carefully and quickly removed. Samples were
homogenized in 0.05 M Tris-HCl buffer with protease inhibitors and then centrifuged at 4000g for 10
min. The supernatant was conserved at -80°C for subsequent experiments.

Biochemical analysis

The lipid peroxidation was measured using a thiobarbituric acid reactive substances (TBARS)
kit (Cayman Chemicals Co.). Enzyme-linked immunosorbent assay (ELISA) was performed for
BDNF, VEGF, TGEF-$3, BCl-2 and Bax (Cusabio Biotech Co., Ltd.,, Wuhan, China) according to the
manufacturer’s guidelines.

Statistical analyses

Data were expressed as mean + standard deviation and analyzed by one-way analysis of
variance (ANOVA) followed by Tukey test post hoc test for multiple comparisons among the groups.
Data were analyzed using SPSS software v. 20.0. (IBM, Armonk, NY, USA), and differences were
taken to be statistically significant at P<0.05.

Results

Lipid peroxidation and pro and anti-apoptosis factors findings

As shown in Table 1, the curcumin-treated rats showed a significant attenuation in the lipid
peroxidation as evidenced by the decreased level of TBARS compared with the control (19.16%,
P<0.001) and saline (19.40%, P<0.001) groups. Furthermore, curcumin treatment up-regulated the
level of anti-apoptotic protein Bcl-2 and reduced Bax/Bcl-2 ratio in the brains of aging rats, as
compared to the control (22.59%, P=0.022; 34.69%, P<0.001, respectively) and saline (24.80%, P=0.012;
36.00%, P<0.001, respectively) groups, but had no significant effect on Bax protein.
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Table 1. Influence of curcumin treatment on TBARS, BCI-2 and Bax levels in the brains of old rats.

Indices Control Saline curcumin
TBARS (nmol/mg protein) 10.07+0.64 10.10+£0.59 8.1420.632
BCl-2 (ng/mg protein) 20.36+2.09 20.00+1.98 24.96+3.040
Bax(ng/mg protein) 10.09+1.67 10.06+1.92 8.08+1.40

Bax/Bcl-2 ratio 0.49+0.03 0.50+0.05 0.32+0.02a

Data are presented as means + standard deviations. 2P<0.001 versus control and sham; ?P<0.05 versus control
and sham.

Findings of proteins involved in neurogenesis and angiogenesis

Figure 1 shows the effects of curcumin on the protein levels involved in neurogenesis and
angiogenesis in the experimental groups. After curcumin treatment, the brain TGF-51 levels
significantly decreased in the curcumin group when compared with the sham (11.25%, P<0.001) and
control (10.92%, P<0.001) groups (Figure 1A). Furthermore, eight weeks curcumin intervention
significantly increased the levels of BDNF (Figure 1B)and VEGF (Figure 1C)proteins compared with
the respective values in the control (31.70%, P<0.001; 25.13%, P<0.001, respectively), sham (29.22%,
P<0.001; 12.34%, P<0.001, respectively) groups.
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Figure 1. The effects of Curcumin on the levels of TGF-£1 (A), BDNF (B), and VEGF(C) levels in the
brain tissue of old rats. Data are presented as means + standard deviations. 2 P<0.001 versus control
and sham.

Discussion

The complex structural and molecular processes contribute to brain aging that led to a balance
between protective and degenerative factors, and oxidative stress is known as one of the most
important of these processes. Curcumin is a powerful antioxidant with anti-aging properties and
neuroprotective effects via various molecular and cellular pathways. In the present study, we
investigated the protective effects of curcumin on neurogenesis and angiogenesis pathways against
the aging brain. The present findings demonstrated curcumin administration significantly decreased
the lipid peroxidation and TGF-81 protein in brain tissue of old rats, suggesting that curcumin can
alleviate oxidative damage in cellular senescence by enhancing the antioxidant capacity in the brains
of aging rats (28, 29). Studies confirm the proinflammatory role of TGF-f3 in organ damage and
diseases (30). TGF-P can regulate oxidative stress by inducing ROS production via the non-Smad
pathway and suppressing antioxidant systems. Moreover, increased ROS and/or oxidative stress
levels in turn may increment the bioavailability and activity of TGF-f3. Thus oxidative stress as well
as TGF- [ can influence cellular senescence (31). As the brain ages, the production of
neurotransmitters, ATP, cytokines, and ion changes in the local environment led to the switch of
activation microglial cells to an activated phenotype, which could result in the increased brain TGF-
Pl (32). TGF-B1 induced cerebrovascular dysfunction and neuroinflammation (33). It has been
reported that the anti-inflammatory activity of curcumin can improve spinal cord injury and suppress
glial scar formation by inhibiting the generation of TGF-f31 and improving neural functionality by
reducing in the expression of TGF-f1 (34, 35).

We found that chronic curcumin administration in old rats significantly increased the level of
BCI-2 protein and decreased Bax/Bcl-2 ratio in the brain, but was not accompanied by significant
changes in the brain Bax protein level. These results suggest that curcumin can have a
neuroprotective effect against neuronal apoptosis in old brain tissue by increasing the Bcl-2 anti-
apoptotic protein, and failure to change protein Bax pro-apoptotic protein with curcumin treatment
may be related to short treatment duration and/or dosage. Animal studies have demonstrated that
pro- and anti-apoptosis factors were altered in the aged brain, with increased expression of BAX
protein and a decrease in the Bcl-2 protein (1, 27, 29, 36). Moreover, the ratio of Bax to/ Bcl-2 is a
crucial factor that determined the cellular response to death stimuli and the progress of cell apoptosis
(1, 36) that decreased with the aging brain. It is well established that during aging, increased levels
of mitochondrial ROS in higher animals and humans can activate apoptosis pathway, which is
associated whit a decrease in the number of functioning cells (37). Similarly, recent studies have also
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reordered that administration of curcumin tended to regulate neuronal loss and suppress apoptosis
in the cerebral cortex (27) and brain (38) by down-regulating Bax and increasing Bcl-2 expression
through increasing antioxidant enzyme expression (27).

Moreover, our findings also demonstrated that curcumin administration caused an increase in
BDNF and VEGEF levels in the brain of old rats. These data provide further insights into the
mechanisms underlying the improvement in brain health in normal aging. The up-regulation of
VEGF and BDNF which are two key angiogenic and neurogenesis proteins may play a role in optimal
brain aging. This is in line with an earlier report showing that oral treatment with curcumin (300 mg/,
daily for 3 weeks), increased the levels of BDNF in the hippocampus of D-galactose-induced aged
mice (39). Franco-Robles et al. (40) found that curcumin supplementation (50mg/kg, daily for 8 weeks)
improved or restored BDNF levels to normal levels in diabetic db/db mice. Another study, has shown
that treatment with curcumin significantly reversed the chronic unpredictable stress-induced
decreased hippocampal BDNF levels in stressed rats (41). These observations confirm that the
protective effect of curcumin on the aging brain occurs in part through enhancing the BDNF level,
while the effect of curcumin on VEGEF levels in the old brain remains unclear, and it can be considered
one of the limitations of this study. Due to the involvement of the VEGF gene family in
neuroprotection through multiple biological pathways, conflicting results have been reported for
changes in VEGF during brain aging and brain disease. (42, 43). Accumulated evidence has indicated
that the mRNA and protein expression of VEGF is reduced in the hippocampus and cortex of the
amyloid beta-injected rats (44, 45), and increasing age is associated whit a decrease in VEGF levels in
normal healthy brains (43, 46). Besides, studies reported treadmill exercise for 4 weeks increased the
reduced mRNA expression level of VEGF in the hippocampus of Alzheimer’s disease rats (45) and
age-dependent loss of VEGF is reversed by physical exercise (46). Curcumin prevents amyloid-3
aggregation, and after crossing the blood-brain barrier exerts its protective effect on neurons against
toxic insults of aging and amyloid beta in humans (47). It seems that this curcumin's functional
properties are in part related to up-regulation VEGF, which counteracts amyloid-B-induced
morphological alteration synaptic dysfunction (48). It has been reported an age-related decline of
VEGEF in the brain and cerebral angiogenesis (49, 50) may lead to inhibition of apoptosis following
brain injury (51). In addition, elevated cerebrospinal fluid VEGF can improve optimal brain aging
(52). Both BDNF and VEGF exert angiogenic and neurotrophic effects via binding to their tyrosine
kinase receptors (TrkB and Flk-1, respectively), BDNF can stimulate the formation of new vessels by
releasing VEGF-mediated angiogenesis (53, 54). Furthermore, neurogenesis occurs in proximity to
blood vessels with high VEGF expression, and the production and release of BDNF enhance the new
vasculature (55).

Additionally, further studies are needed to explore the effect of curcumin on VEGF in brain
aging and to determine the safe dose of curcumin and its optimal administration, especially during
aging.

In conclusion, our study demonstrated that curcumin significantly alleviated brain aging in the
old rats. The protective effects may be mediated, at least partly, through reducing the oxidative
damage, enhancing the Bcl-2 protein, downregulating the levels of TGF-f1, and enhancing BDNF
and VEGF proteins in brain aging. These results imply that curcumin could improve age-induced
apoptosis, neurogenesis and angiogenesis changes, and suggested that curcumin had the potential to
be used as a novel nutrient for preventing brain aging and age-related diseases.
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