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A B S T R A C T

Background: Aging is a progressive, accumulative and natural phenomenon that leads to irreversible changes in
all molecules, cells, tissues and organs of an organism. Previous studies have demonstrated that D-galactose (DG)
imitates human natural aging. EA has also shown many pharmacological properties including anti-inflammatory
and anti-oxidant activities.
Methods: In the present study, we are aimed to evaluate anti-aging effects of EA (0.01–10 μM) on DG-induced
aging model in SH-SY5Y human neuroblastoma cells, using assessment of cell proliferation, lipid peroxidation
(MDA), intra-cellular reactive oxygen species (ROS), inflammation (TNF-α), total glutathione content (GSH),
Beta-Galactosidase (β-GAL) and advanced glycation end products (AGEs) levels. Furthermore, the effects of EA
were examined on HO-1 or PPAR-γ pathways using their selective inhibitors ZnPP or GW9662, respectively.
Results: The results revealed that EA (0.01–10 μM) significantly increased cell proliferation and GSH level, while
decreased the levels of ROS, MDA, TNF-α, β-GAL and AGEs following DG-induced aging. Our findings also
presented that pre-incubation with ZnPP exacerbates toxicity features of DG-induced aging in all measured
parameters. Furthermore, we showed that pre-incubation of EA (0.1 and 1 μM) with either GW9662 or ZnPP
significantly prevents the protective activities on cell proliferation, ROS, MDA, GSH and TNF-α levels following
DG-induced aging (p < 0.001 for all cases). Additionally, EA (0.1 and 1 μM) along with GW9662 did not affect
the levels of β-GAL and AGES in comparison to DG-induced aging group.
Conclusion: Although we described for the first time that EA at low concentrations (0.1–1 μM) provides greater
antiaging properties than both its high concentration (10 μM) and metformin (2.5 mM) probably through PPAR-
γ/HO-1 signaling pathway, but additional and deeper investigations are needed to show exact involving me-
chanisms. It could be suggestible that EA may be as anti-aging agent at low concentrations for age-related
neurological disorders such as Parkinson’s and Alzheimer’s diseases.
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1. Introduction

Aging is known as a progressive, accumulative and natural phe-
nomenon that leads to irreversible changes in all molecules, cells, tis-
sues and organs of an organism [1]. It is responsible for the patho-
genesis of age related disorders including osteoporosis, atherosclerosis
and cardiovascular diseases, liver and kidney failure and immune
system dysfunction as well as neuro-degenerative disorders especially
Alzheimer’s and Parkinson’s diseases [2].

Inflammation and oxidative stress are developed and play the cru-
cial roles during aging process. Senescence-associated secretory phe-
notype (SASP) is the final trait of senescent cells. SASP includes several
compounds consisting of growth factors, chemokines and cytokines
such as interleukin-6 (IL-6), IL-8 and TNF-α which secrete from se-
nescent cells [3,4]. Chronic inflammation caused by cytokines espe-
cially TNF-α is responsible for almost every age-related disorders [5].

D-galactose (DG) is a reducing sugar which exists in different foods
including butter, honey, cheese, yogurt, milk, cherries and plums.
Normal concentrations of DG are metabolized by galacto-kinase and
uridyltransferase into glucose [6]. As well showing in cellular aging
process, DG at higher levels leads to ROS generation, apoptosis and
inflammation in various cells [7]. Previous studies have demonstrated
that DG imitates human natural aging and is commonly used for eval-
uating the protective effects of different compounds on aging devel-
opment [8]. High amounts of DG accumulate in the body and react with
amines of peptides and proteins. This could form advanced glycation
end products (AGEs) which binds to the receptor of advanced glycation
end products (RAGE). RAGE is expressed on various cell types including
T-lymphocytes, dendritic cells, neuronal cells, glia cells, monocytes/
macrophages, endothelial cells and smooth muscle cells [9]. It has been
emphasized that AGEs cause the oxidative stress and inflammatory
responses through RAGE [10].

Nuclear erythroid 2-related factor 2 (Nrf2) is a transcription factor
which has been suggested as the main anti-oxidant regulator in cells. In
normal conditions, it is attached to its repressor, Kelch-like ECH-asso-
ciated protein 1 (Keap1) in the cytoplasm [11]. Oxidative stress di-
minished the affinity of Nrf2 to Keap1. Therefore, Nrf2 is released and
could regulate the expression of antioxidant enzymes [12].

Ellagic acid (EA, 2, 3, 7, 8- tetrahydroxy - benzopyranol [5,4, 3- cde]
benzopyran-5, 10dione, Fig. 1) is a natural polyphenolic compound
existing in several fruits and nuts such as grapes, strawberries, walnuts,
almonds, green tea and pomegranate. Previous studies have reported
that EA possess many pharmacological properties including anti-apop-
totic, anti-inflammatory, neuro-protective, anti-carcinogenic, anti-de-
pressant, anti-anxiety effects as well as anti-oxidant activity [13]. Re-
cently, It has been demonstrated that EA (100 and 150mg/kg) possess
anti-oxidant, anti-inflammatory and anti-apoptotic effects on liver and
brain of DG induced aging rats [14]. It has been reported that EA exerts
anti-oxidants effects through Nrf2, and enhancing the expression of
Heme oxygenase-1 (HO-1) and superoxide dismutase (SOD) as well as
down-regulation of Keap1 in keratinocytes following UVA irradiation
[15]. Moreover, it has been shown that EA increases the activity and
expression levels of catalase (CAT), glutathione peroxidase (GPx) and
glutathione-S-transferase (GST) [16].

Metformin is categorized as a biguanide drug which is primarily
used for the management of hyperglycemia in type 2 diabetes mellitus.
Mechanistically, metformin exerts its therapeutic effects through pro-
pagating adenosine monophosphate-activated protein kinase (AMPK)
activity, insulin sensitivity, inducing glycolysis and inhibiting hepatic
gluconeogenesis [17]. However, it has been demonstrated that met-
formin possess various properties such as anti-inflammation, anti-oxi-
dant and neuro-protection [18]. Different studies have supported anti-
aging effects of metformin on different models consisting of worms,
flies, mice and rats [19]. Moreover, recent studies show a tight corre-
lation between metformin protection, and AMPK and Nrf2 signaling
pathways [20]. Taken together, metformin was selected as positive
control in this study.

Howbeit, to our knowledge, there is no study considering the anti-
aging effects and possible mechanisms of EA in-vitro. Therefore in this
study, we aimed to evaluate the anti-aging effects of EA on SH-SY5Y
human neuroblastoma cells following DG induced aging model.
Furthermore, the possible roles of HO-1 and PPAR-γ as signaling
pathways responsible for anti-aging activity of EA were assessed in our
experiment using selective HO-1 inhibitor (ZnPP) and PPAR-γ antago-
nist (GW9662).

2. Material and methods

2.1. Chemicals

DMEM media culture, fetal bovine serum (FBS), penicillin/strepto-
mycin were purchased from Gibco Life Technologies (Grand Island, NY,
USA). Ellagic acid, D-galactose and GW9662 were obtained from Santa
Cruz Biotechnology (Santa Cruz, USA). MTT and DCFH-DA were from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Other chemicals or
reagents were also provided at cellular and analytical grades from Santa
Cruz Biotechnology (Santa Cruz, USA).

2.2. Cell culture

The SH-SY5Y human neuroblastoma cell line was purchased from
Pasture Institute, Tehran, Iran. Cells were cultured in Dulbecco’s
modified eagle's medium (DMEM) enriched with 10% v/v of FBS and
100 units/ml of penicillin/streptomycin mixture, and incubated at
37 °C in 5% v/v CO2.

2.3. Cell proliferation assay

Cell proliferation was evaluated using MTT (3-(4, 5-di-
methylthiazol-2-yl)-2, 5diphenyl tetrazolium bromide) assay as de-
scribed previously [21]. SH-SY5Y cells (at density of 7000 cells/well)
were cultured in 96-well plate for 24 h. After treatment according to the
following protocols, MTT solution (5mg/ml in final volume) was added
to each well and the absorbance was read using StatFAX 2100 ELISA
plate reader (Awareness Inc, USA) at 570 nm in referencing 620 nm.

Protocol 1; SH-SY5Y cells were cultured for 24 h. Then, different
increasing concentrations of glucose (for rolling out the possible effects
of gluco-toxicity, 0–500mM), DG (as our aging model, 0–500mM),
mannitol (for rolling out the possible effects of osmotic pressure,
0–500mM) and metformin (0-10 mM) were added to cells for further
24 h incubation.

Protocol 2; SH-SY5Y cells were seeded overnight, then pretreated
with different concentrations of either EA (0.01–10 μM) or metformin
(as positive control, 1–10mM) for another 24 h. Then, cells were ex-
posed to DG (200mM) for further 24 h incubation.

Protocol 3 and 4; To have better understanding about the EA
mechanisms of action, SH-SY5Y cells were seeded overnight, then
pretreated with different concentrations of either ZnPP (selective HO-1
inhibitor, 10 μM [22]) or GW9662 (PPAR-© antagonist, 1 μM, [23])
which were added 1 h before EA (0.01–10 μM). After 24 h, cells wereFig. 1. Chemical structure of EA [82].

V.B. Rahimi et al. Biomedicine & Pharmacotherapy 108 (2018) 1712–1724

1713



incubated with DG (200mM) for 24 h.

2.4. Assessment of reactive oxygen species (ROS) level

ROS level was detected using 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) by spectrofluorimetry [24,25]. SH-SY5Y cells at density of
2× 104 cells were seeded in 96-well plate for 24 h. After treatment
according to the following protocols 2, 3 and 4, DCFH-DA (20 μM) was
incubated with cells for 30min and the florescence intensity of each
well was read using fluorescent micro-plate reader at excitation wa-
velength of 485 nm and emission wavelength of 520 nm.

2.5. Biochemistry assays

Malonedialdehyde (MDA), as a marker of lipid peroxidation [26],
and GSH as anti-oxidant reservoir were measured using commercial
biochemistry kits (ZellBio Company, Germany) according to manu-
facturer’s protocol [27]. Briefly, SH-SY5Y cells at density of 2× 106

cells were seeded in 6-well plate for 24 h. After treating the cells ac-
cording to protocols 2, 3 and 4, supernatants were collected for eva-
luation of MDA level and whole cell lysate used for assessment of GSH
level. To prepare the whole cell lysate, the cells were lysed using a
cocktail [1mL 0.1% v/v Triton-X and 0.6% v/v sulfosalicylic acid in
0.1 M potassium phosphate buffer with 5mM EDTA disodium salt, pH

Fig. 2. The effects of A) Glucose, B) D-galactose, C) mannitol and D) metformin on cell proliferation. Data were presented as mean ± SEM. *** p < 0.001 compared
to control group. Data were analyzed using one-way ANOVA with Tukey-Kramer’s post hoc test.
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7.5 (KPE), 0.5% v/v Nonidet-P40 and 0.5 mM PMSF along with the
protease inhibitor] and homogenized (DIAX 100, Heidolph, Schwabach,
Germany) the suspension in cold water (0–4 °C) for 2–3min along with
vortexing every 30 s. After lysing, the amount of sampling standardized
based on total protein level using Bradford’s method as described pre-
viously [28].

2.6. Measurement of TNF-α

The concentration of TNF-α, as a marker of inflammation [29] was
evaluated using Abcam ELISA kit (ab46087, Cambridge, MA, USA) ac-
cording to the manufacturer’s instruction. Briefly, SHSY5Y cells at
density of 2× 106 cells were seeded in 6-well plate for 24 h. After
treating the cells according to protocols 2, 3 and 4, supernatants were
collected for TNF-α level evaluation.

2.7. Assessment of the amount of β-galactosidase (β-GAL)

Senescence-associated β-GAL level is routinely measured as a bio-
marker for assessing replicative/induced senescence in cells. β-GAL
content was measured by sandwich ELISA kit (β-Galactosidase ELISA
Kit, LS-F4604, LifeSpan BioSciences, Inc. Seattle, WA, USA) according
to the manufacturer’s instruction. Briefly, SHSY5Y cells at density of
2× 106 cells were seeded in 6-well plate for 24 h. After treating the
cells according to protocols 2, 3 and 4, whole cell lysate were used for
assessment of β-GAL level.

2.8. Evaluation of AGEs

AGEs concentration was assessed by ELISA kit according to the
manufacturer’s manual (AGEs ELISA Kit, E01A0002, Shanghai Blue
Gene Biotech Co., Shanghai, China) [30]. Briefly, SHSY5Y cells at
density of 2× 106 cells were seeded in 6-well plate for 24 h. After
treating the cells according to protocols 2, 3 and 4, supernatants were
used for assessment of AGEs.

2.9. Statistical analysis

The results were presented as means ± SEM. Firstly, the normality
of data distribution was done using Kolmogorov-Simonov test. After
that, comparisons between the results were performed using one-way
ANOVA with Tukey-Kramer’s post hoc test. In addition, two-way
ANOVA statistical analysis was performed for comparing the respected
concentrations of EA in presence or absence of GW9662 with following
Sidak’s post hoc test. The probability (p) value less than 0.05 were found
statistically significant.

3. Results

3.1. The effect of glucose, DG and mannitol and metformin on cell
proliferation

As illustrated in Fig. 2A, only the highest concentration of glucose
(as glucose-toxicity control, 500mM) significantly decreased cell pro-
liferation (p < 0.001). DG (125, 250 and 500mM) notably diminished
cell proliferation (p < 0.001, Fig. 2B) in comparison to control group
and IC50 was measured 200mM Furthermore, all tested concentrations
of mannitol (as osmotic pressure control, 25–500mM) and metformin
(as positive control, 1–10mM) did not affect SH-SY5Y cell proliferation
(Fig. 2C and D, respectively).

3.2. EA and metformin significantly improved cell proliferation following
DG-induced aging

As showed in Fig. 3A, DG (200mM) markedly reduced cell pro-
liferation (p < 0.001). Metformin (1–10mM) notably increased cell

proliferation following DG-induced aging compared to DG group
(p < 0.05 and p < 0.01, respectively) and EC50 was calculated about
2.5 mM (Fig. 3A).

Metformin (2.5 mM) as positive control significantly raised SH-SY5Y
cell proliferation following DG-induced aging (p < 0.001, Fig. 3B). EA
(0.1–10 μM) significantly enhanced cell proliferation in comparison to
DG group following DG-induced aging (p < 0.01 and p < 0.001, re-
spectively, Fig. 3B). EA (1 μM) possessed stronger effects than both
metformin (2.5 mM) and EA (10 μM) following DG-induced aging
(p < 0.001 and p < 0.01, Fig. 3B).

3.3. EA markedly mitigated ROS level following DG-induced aging

As illustrated in Fig. 4A, DG (200mM) notably enhanced ROS level
while preincubation with metformin (2.5 mM) remarkably diminished
ROS level compared to DG group (p < 0.001). All tested concentra-
tions of EA (0.01–10 μM) made a significant decrement in ROS level
compared to DG group following DG-induced aging (p < 0.001 for all
cases, Fig. 5A). EA (1 μM) showed greater effects than EA (10 μM) on
ROS level following DG-induced aging (p < 0.001, Fig. 5A).

3.4. EA notably attenuated MDA level following DG-induced aging

As manifested in Fig. 5A, DG (200mM)significantly raised MDA
level whereas preincubation with metformin (2.5 mM) markedly alle-
viated MDA level comparing DG group (p < 0.001). EA (0.01–10 μM)
markedly diminished MDA level following DG-induced aging in com-
parison to DG group (p < 0.001 for all cases). The effects of EA (1 μM)
on MDA level was remarkably stronger than metformin and EA (10 μM)
following DG-induced aging (Fig. 5A, p < 0.001 for both cases).

3.5. EA markedly propagated GSH level following DG-induced aging

DG (200mM) significantly reduced GSH level (p < 0.001, Fig. 6A).
Metformin (2.5 mM) and EA (0.01–10 μM) notably appended GSH level
following DG-induced aging in comparison to DG group (p < 0.01 and
p < 0.001, respectively). EA (1 μM) improved GSH level more than
metformin and EA (10 μM) following DG-induced aging, but the dif-
ference was not significant (Fig. 6A).

3.6. EA significantly alleviated TNF-α level following DG-induced aging

As presented in Fig. 7A, DG (200mM) markedly augmented TNF-α
level (p < 0.001). EA (0.01–10 μM) and metformin (2.5 mM) notably
mitigated TNF-α level following DG-induced aging in comparison to DG
group (p < 0.001 for all cases). EA (1 μM) possessed stronger effect on
TNF-α level than EA (10 μM) and metformin and this difference was
significant for metformin (p < 0.05) but not for EA (Fig. 7A).

3.7. EA notably diminished β-GAL content following DG-induced aging

DG (200mM) significantly enhanced β-GAL content compared to
control group (p < 0.001, Fig. 8A). EA (0.01–10 μM) and metformin
(2.5 mM) markedly reduced β-GAL content following DG-induced aging
in comparison to DG group (p < 0.001 for all cases, Fig. 8A). Fur-
thermore, EA (1 μM) made a significant decrement on β-GAL content
compared to EA (10 μM, p < 0.05, Fig. 8A).

3.8. EA meaningfully mitigated AGEs level following DG-induced aging

As illustrated in Fig. 9A, DG (200mM) considerably elevated AGEs
level in comparison with control group (p < 0.001). Moreover, EA
(0.01–10 μM) and metformin (2.5 mM) remarkably alleviated AGEs
level following DG-induced aging compared to DG group (p < 0.001
for all cases, Fig. 9A). EA (1 μM) showed stronger effects on AGEs level
than EA (10 μM) and metformin (2.5 mM, p < 0.05 for both cases,
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Fig. 9A).

3.9. The effects of pre-treatment with ZnPP on anti-aging effects of EA

Application of ZnPP, as HO-1 inhibitor, at concentration of 10 μM
had no significant effects on all measured parameters of SH-SY5Y cells
comparing to control group (Figs. 3C, 4–7B). Accompanying ZnPP and
DG showed a significant decreasing effects on cell proliferation and
GSH level, while increased ROS, MDA and TNF-α levels comparing to
control, ZnPP and DG groups (p < 0.001 for all cases, Figs. 3C, 4–7B).

Our results also showed that pre-incubation of EA at concentrations of
0.1 and 1 μM with Znpp showed no differences on cell proliferation,
GSH, ROS, MDA and TNF-α levels comparing to ZnPP receiving DG
group (Figs. 3C, 4–7B). Nevertheless, addition of ZnPP before EA at
concentration of 10 μM significantly enhanced cell proliferation and
GSH level, although markedly alleviated MDA, ROS and TNF-α levels in
comparison to ZnPP receiving DG group (p < 0.001 for all cases,
Figs. 3C, 4–7B).

Fig. 3. The effects of A) metformin, B) EA, C) EA+ZnPP and D) EA+GW9662 on cell proliferation following D-galactose induced aging. Data were showed as
mean ± SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to DG group for Fig. 3A and B and compared to zero group for Fig. 3C and D. ## p < 0.01 and
### p < 0.001 compared metformin (2.5 mM) or EA (10 μM) to EA (1μM). ++ p < 0.01 and +++ p < 0.001 compared to EA concentrations in the absence of
GW9622 (Fig. 3B). Data were analyzed using one-way ANOVA with Tukey-Kramer’s post hoc test. Two-way ANOVA statistical analysis was performed for comparing
the respected concentrations of EA in presence or absence of GW9662 with following Sidak’s post hoc test in Fig. 3D.
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3.10. The effects of pre-treatment with GW9662 on anti-aging effects of EA

Use of GW9662 (1 μM) alone, as PPAR-γ antagonist, showed no
significant effects on all measured parameters in SH-SY5Y cells compare
to control group (Figs. 3D, 4–7C, 8–9B). Pre-medication of DG along
with GW9662 also showed no significant differences on all tested
parameters compared to DG alone (Figs. 3D, 4–7C, 8–9B). Pre-incuba-
tion of DG-treated cells with GW9662 markedly reduced cell pro-
liferation and GSH level as well as propagated ROS, MDA, TNF-α,
β−GAL and AGEs levels comparing to control and GW9662 alone
groups (P < 0.001 to P < 0.01 for all cases, Figs. 3D, 4–7C, 8–9B).

In present of DG, pre-incubation of EA (10 μM) with GW9662
meaningfully enhanced cell proliferation and mitigated ROS, MDA,
TNF-α, β−GAL and AGEs level compared to DG receiving GW9662

group (P < 0.001 to P < 0.01 for all cases, Figs. 3D, 4–7C, 8–9B).
In comparison to DG groups receiving different concentrations of EA

(0.1,1 and 10 μM) alone, applying the GW9662 significantly decreased
the protective effects of EA at all concentrations on MTT and TNF-a
production assessments (p < 0.001 to 0.01 for all cases, Figs. 3D,
4–7C). Our findings also showed that pre-treatment of EA by GW9662
(1 μM) completely abolished the protection of EA at 0.1 and 1 μM
concentrations for all assessed values (p < 0.001 to 0.05 for all cases,
Figs. 3D, 4–7C, 8–9B).

4. Discussion

In the present study, we determined the anti-aging effects of EA on
SH-SY5Y cells following DG-induced aging for the first time. The results

Fig. 4. The effects of A) EA B) EA+ZnPP C) EA+GW9662 on ROS level following D-galactose induced aging. Data were presented as mean ± SEM. *** p < 0.001
compared to DG group for Fig. 4A and compared to zero group for Fig. 4B and C. ### p < 0.001 compared metformin (2.5 mM) or EA (10 μM) to EA (1μM). +++

p < 0.001 compared to EA concentrations in the absence of GW9622 (Fig. 4A). Data were analyzed using ANOVA with Tukey-Kramer’s post hoc test. Two-way
ANOVA statistical analysis was performed for comparing the respected concentrations of EA in presence or absence of GW9662 with following Sidak’s post hoc test in
Fig. 4C.

V.B. Rahimi et al. Biomedicine & Pharmacotherapy 108 (2018) 1712–1724

1717



revealed that EA (0.01–10 μM) significantly increased cell proliferation
and GSH level as well as decreased ROS, MDA, TNF-α, β−GAL and
AGEs levels following DG-induced aging. Our findings also presented
that pre-incubation with ZnPP as HO-1 inhibitor exacerbates toxicity
features of DG-induced aging in all measured parameters. Furthermore,
we showed that pre-incubation with ZnPP significantly prevents the
protective activities of EA (0.1 and 1 μM) on cell proliferation, ROS,
MDA, GSH and TNF-α levels following DG-induced aging, although the
effects of EA (10 μM) did not change. Intriguingly, we found that the
protective effects of EA at 0.1 and 1 μM completely declined using
GW9662, PPAR-γ antagonist, on all assessed parameters, whereas the
protection at 10 μM of EA significantly impressed for cell proliferation
and TNF-α level.

Aging is a natural phenomenon that occurred at both macro- and
microscopic levels in all molecules, cells, tissues and organs of an or-
ganism [1]. Many studies emphasize that chronic administration of DG
could be an appropriate model for aging studies [31]. Liu et al

demonstrated that 200mM of DG significantly decreases cell pro-
liferation, SOD activity and GSH level as well as increases ROS and
MDA levels in SH-SY5Y cells [10]. Also, Hsieh et al reported that 40mM
of DG notably diminishes cell proliferation and raises ROS level in PC12
cells through oxidative stress pathways. Furthermore, they showed that
mannitol at the same concentration of DG (40mM) do not change cell
proliferation [32]. Interestingly, Li et al also supported that DG (40 g/L)
remarkably decreases cell proliferation while glucose at the same con-
centration do not inhibit cell proliferation [33]. In line to previous
studies, our results revealed that DG at concentrations higher than
25mM markedly reduce cell proliferation with a concentration de-
pendent manner which the IC50 was approximately calculated 200mM.

In the present study, to roll out the osmotic pressure changes were
not responsible for aging like effects of DG, mannitol was used as os-
motic control at same concentrations of DG (0–500mM). Accordingly,
we demonstrated that mannitol (0-500mM) could not affect the cell
proliferation. Similarly, application of glucose at concentrations of

Fig. 5. The effects metformin (2.5mM) and different concentrations of EA (0.1–10 μM) on MDA level following D-galactose induced aging. Data were presented as
mean ± SEM. ** p < 0.01 and *** p < 0.001 compared to DG group for Fig. 5A and compared to zero group for Fig. 5B and C. ### p < 0.001 compared
metformin (2.5 mM) or EA (10 μM) to EA (1μM). +++ p < 0.001 compared to EA concentrations in the absence of GW9622 (Fig. 5A). Data were analyzed using
ANOVA with Tukey-Kramer’s post hoc test. Two-way ANOVA statistical analysis was performed for comparing the respected concentrations of EA in presence or
absence of GW9662 with following Sidak’s post hoc test in Fig. 5C.
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0–500mM, except 500mM, did not alter cell proliferation. It could be
concluded that DG effects are not probably arising from glucotoxicty or
changing in osmotic pressure. Furthermore, our results showed that DG
(200mM) notably enhances ROS, MDA and TNF-α, β-GAL and AGEs
levels as well as diminishes GSH level. These findings are in line with
previous documents.

Based on literature review, EA as a natural polyphenolic compound
has potent anti-oxidant and anti-inflammatory properties [34,35]. Our
results showed that the highest used concentration of EA (10 μM) has
no destructive effects on the levels of cell proliferation, ROS, MDA,
GSH, TNF-α, βGAL and AGEs in comparison to control group in SH-
SY5Y cells. In line with us, Alfredsson et al reported that EA (1–100 μM)
decreases cell proliferation and increases lactate dehydrogenase in a
concentration dependent manner in SH-SY5Y cells, although they
showed that EA at concentrations of 1–10 μM could not diminish cell
proliferation [36]. In the present study, pre-incubation with EA
(0.1–10 μM) significantly propagated SH-SY5Y cell proliferation

following DG-induced aging. Feng et al also presented that EA (5 and 10
μM) notably diminishes Aβ42-induced neurotoxicity on SH-SY5Y cells
[37]. Moreover, Firdaus et al reported that pre-incubation with EA (10
and 20 μM) markedly improves cell proliferation and reduces ROS
generation following arsenic trioxide (As2O3)-induced toxicity in SH-
SY5Y cells [38]. It has been suggested that pre-incubation with different
concentrations of 100 and 1000 nM of EA enhance cell proliferation
following hydrogen peroxide (H2O2)-induced toxicity in rat embryonic
fibroblast (REF) cells, which the EC50 was 69.15 nM [39]. Furthermore,
EA (100 and 1000 nM) also exerted protective activities against phos-
alone-induced senescence and reduced cell proliferation in REF cells
[40].

Oxidative stress and ROS generation are playing an important role
in the pathogenesis of aging [41]. Therefore in this study, we figured
out the effects of EA on ROS and MDA levels as oxidative markers and
the level of GSH as an anti-oxidative marker. The results revealed that
EA (0.01–10 μM) remarkably mitigates ROS and MDA levels as well as

Fig. 6. The effects of metformin (2.5mM) and different concentrations of EA (0.1–10 μM) on GSH level following D-galactose induced aging. Data were presented as
mean ± SEM. ** p < 0.01 and *** p < 0.001 compared to DG group for Fig. 6A and compared to zero group for Fig. 6B and C. + p < 0.05 and +++ p < 0.001
compared to EA concentrations in the absence of GW9622 (Fig. 6A). Data were analyzed using ANOVA with Tukey-Kramer’s post hoc test. Two-way ANOVA statistical
analysis was performed for comparing the respected concentrations of EA in presence or absence of GW9662 with following Sidak’s post hoc test in Fig. 6C.
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augments the GSH level following DG-induced aging. In comparison to
other findings, Kim et al evaluated the effects of EA on paraquat-in-
duced human lung carcinoma A549 cytotoxicity, that EA (10 μM) sig-
nificantly increases cell proliferation, GSH level and Nrf2/HO-1 ex-
pression as well as decreases MDA and ROS levels following
paraquatinduced oxidative stress [42]. Also, Pavlica and coworkers
indicated that EA at concentrations of 6.2–26 μMmarkedly improve cell
proliferation and GSH level and diminish MDA and ROS levels in pre-
sent of H2O2 or ferrous sulfate (FeSO4) induced oxidative stress in PC12
cells [43]. González-Sarrías et al demonstrated that EA (1 and 5 μM)
ameliorates H2O2 –induced cytotoxicity in SH-SY5Y cells through en-
hancing the cell proliferation and mitochondrial oxidation–reduction
(REDOX) activity as well as reduction in ROS level [44]. In animal
model investigation, EA at dose of 50mg/kg also alleviated MDA and
ROS levels as well as augmented Nrf2/HO-1 expression following 6-
hydroxydopamine (6−OHDA)induced Parkinson’s disease in rat model

[45]. Furthermore, Goudarzi et al also showed that EA (30mg/kg)
notably diminishes MDA, NO, TNF-α and IL-1β production levels in
consequent of sodium arsenate-induced neurotoxicity in rats. EA also
made an increment in total anti-oxidant capacity and glutathione per-
oxidase activity [46]. EA (50 and 100mg/kg) markedly attenuated
MDA level, and also elevated GSH level and catalase activity on carbon-
tetrachloride-induced liver toxicity in mice [47]. These studies may
support our findings about anti-oxidant activity of EA against DG-in-
duced aging model.

Chronic inflammation is the result of consecutive attendance of pro-
inflammatory mediators such as IL-6 and TNF-α at a superior levels
than baseline. It emphasizes that chronic inflammation plays a major
role in the pathogenesis of almost every age-related diseases including
Alzheimer’s disease, atherosclerosis, stroke, diabetes and cancer [48].
Therefore in this study, we measured TNF-α as an inflammatory cyto-
kine [4,49]. Our experimental results supported that EA (0.01–10 μM)

Fig. 7. The effects of metformin (2.5 mM) and different concentrations of EA (0.1–10 μM) on TNF-α level following D-galactose induced aging. Data were presented
as mean ± SEM. *** p < 0.001 compared to DG group for Fig. 7A and compared to zero group for Fig. 7B and C. # p < 0.05 compared metformin (2.5mM) or EA
(10 μM) to EA (1μM). ++ p < 0.01 and +++ p < 0.001 compared to EA concentrations in the absence of GW9622 (Fig. 7A). Data were analyzed using ANOVA with
Tukey-Kramer’s post hoc test. Two-way ANOVA statistical analysis was performed for comparing the respected concentrations of EA in presence or absence of
GW9662 with following Sidak’s post hoc test in Fig. 7C.
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notably alleviates TNF-α level following DG-induced aging. Baeeri et al
also demonstrated that EA (69.15 nM) mitigates TNF-α, IL-1β, IL-6 le-
vels and NF-κB expression in H2O2- treated REF cells [39]. Moreover,
EA (10, 100 and 1000 nM) concentration dependently attenuated TNF-
α, IL-1β, IL-6 levels and NF-κB expression following phosalone-induced
senescence in REF cells [40]. Recently, it has been reported that oral
administration of EA (100 and 150mg/kg) improves CAT and SOD
activities, and GSH level, whereas reduces MDA, TNF-α, IL-6 and IL-1β
levels in blood, brain and liver tissues of DG-aged rats [14]. EA (17.5
and 35mg/kg) markedly decreased TNF-α level in streptozotocin-in-
duced memory deficit in rats [50]. Furthermore, EA (85mg/kg)
markedly prevented TNF-α, IL-6 and IL-1β levels following L-arginin
induced acute pancreatitis in rats [51]. In addition, immuno-mod-
ulatory properties of EA have been investigated in mice model of ad-
juvant-induced arthritis (AIA), in which EA diminished the level of
inflammatory cytokines such as IL-1β, TNF-α, IL-17, and enhanced IL-
10 as an anti-inflammatory cytokine [52]. In agreement with other
findings, EA (100mg/kg) also possesses potent anti-inflammatory
properties against carrageenan-induced acute inflammation through
diminishing NO, MDA, IL-1β and TNF-α levels as well as NF-κB ex-
pression, and elevating the levels of GSH and IL-10 [53]. All together,
these supporting studies are in line with our present findings.

In context to knowledge of aging, cellular senescence contributes to
its related disorders which have been demonstrated during past decade

[54,55]. In fact, cellular senescence can be provided by many physical/
chemical and biological stresses such as ROS, ionizing radiation and
drugs as well as invasive microorganism. Senescence associated βGAL is
considered as one of the most routine and detectable biomarker for
evaluating the cellular senescence [55,56]. Briefly, this enzyme is in-
volved in the cleavage of β-galactose containing moiety compounds
such as lactose and sphingolipids. For first time, Dimri et al introduced
βGAL as elevated crucial marker during the aging process in both in-
vitro and in-vivo models [54,56].

It has been showed that both the mRNA and the protein levels of
βGAL as well as its activity are notably enhanced [57]. Our results in-
dicated that treatment of the cells with DG (200mM) significantly in-
creases the level of β-GAL in comparison to control group. In agreement
with our findings, many in-vitro and in-vivo studies showed increasing
in the level or the activity of βGAL in present of DG [58–62]. We also
showed that EA concentration dependently decreases the level of β-GAL
comparing to DG groups. Baeeri and coworkers also showed that EA
reduces oxidative stress-induced βGAL over activation or expression in
REF cells [63]. Intriguingly, these authors in a different study showed
that EA could have protective effects on βGAL against phosalone-in-
duced senescence in REF cells [40]. Likewise, EA provided a beneficial
properties against 1,2dimethylhydrazine (DMH) induced colon cancer
through reduction in the activity of β-GAL and β-D-N-acetyl glucosa-
minidase [64]. The level of βGAL can be easily assessed by either

Fig. 8. The effects of metformin (2.5 mM) and
different concentrations of EA (0.1–10 μM) on
β-GAL level following D-galactose induced
aging. Data were presented as mean ± SEM.
*** p < 0.001 compared to DG group for
Fig. 8A and compared to zero group for Fig. 8B.
# p < 0.05 compared metformin (2.5mM) or
EA (10 μM) to EA (1μM). +++ p < 0.001
compared to EA concentrations in the absence
of GW9622 (Fig. 8A). Data were analyzed using
ANOVA with Tukey-Kramer’s post hoc test.
Two-way ANOVA statistical analysis was per-
formed for comparing the respected con-
centrations of EA in presence or absence of
GW9662 with following Sidak’s post hoc test in
Fig. 8B.

Fig. 9. The effects of metformin (2.5 mM) and
different concentrations of EA (0.1–10 μM)on
AGEs level following D-galactose induced
aging. Data were presented as mean ± SEM.
*** p < 0.001 compared to DG group for
Fig. 9A and compared to zero group for Fig. 9B.
# p < 0.05 compared metformin (2.5mM) or
EA (10 μM) to EA (1μM). +++ p < 0.001
compared to EA concentrations in the absence
of GW9622 (Fig. 9A). Data were analyzed using
ANOVA with Tukey-Kramer’s post hoc test.
Two-way ANOVA statistical analysis was per-
formed for comparing the respected con-
centrations of EA in presence or absence of
GW9662 with following Sidak’s post hoc test in
Fig. 9B.
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measurement at the level of proteins or its activity using ELISA or
western blotting assay, or soluble enzymatic colorimetric method, re-
spectively [57,65]. In our experiments, we assessed the intracellular
levels of β-GAL as pg per mg of total protein, while the mentioned
studies measured the activity of β-GAL using cytochemical or colori-
metric assays without any standardization of their methods for all ex-
periments. Collectively, we can possibly describe that reduction in the
activity of β-GAL is due to decreasing in its expression level, although
further studies are needed to be done to confirm the effect of EA on the
protein level or the activity of β-GAL.

Although assessment of the level of β-GAL is widely employed to
recognize senescent cells, examination of other markers of senescence
such as AGEs could be more reliable to identify and readout the se-
nescent state [55,56,60]. Recent studies also indicated that the im-
portant roles of increased circulating AGEs are associated with trigger
the onset and developing the risk of many chronic and age-related
diseases [66,67]. Therefore to have a better understanding on results of
the senescent state, we also evaluated the effects of DG and EA on the
level of AGEs. Our records showed that DG significantly increases the
level of AGEs via non-enzymatic reaction of glycation, activating the
oxidative stress and increasing the level of inflammatory cytokine. In
the course of DG metabolism, higher concentrations of DG can generate
ROS and AGEs which causes neurotoxicity through induction of neu-
ronal apoptosis, declining the neurogenesis, and inflammatory response
[58–61,64,66,68–70]. In our experimental study, pre-medication of SH-
SY5Y cells with EA significantly alleviated the level of AGEs following
DG-induced aging. Notably, EA also reduces the level of AGEs in dif-
ferent models involving the oxidative stress induced AGEs production.
Raghu and colleagues recently showed that EA strongly attenuates the
level of Nε-carboxy-methyl-lysine (CML) formation, as one of the main
AGEs products, in diabetic retinopathy in rats [71]. Additionally, they
presented in a different study that EA also has healing effects in diabetic
nephropathy by diminishing the both levels of AGEs and RAGE [72].
Yin et al showed that EA and its derivatives have strong inhibitory ef-
fects against AGEs formation and related disorders on HepG2 (human
liver carcinoma) cells. They also showed that EA displays preventive
effects on both the early fructosamine adducts, and late stages of gly-
cation [73]. These studies could confirm our finding about EA effects on
AGEs reduction.

Metformin is classified as a biguanide drug which exerts its ther-
apeutic effects as anti-inflammation, anti-oxidant and neuro-protection
via activation of AMPK [17]. During the past decade, it has been
showed that metformin possesses anti-aging effects on different pre-
clinical models [19]. Recently, a clinical trial on metformin in longevity
study (MILES) was evaluating the anti-aging effects of metformin [74].
Therefore, we used metformin as positive control in our experiments.
Our results showed that metformin (1–10mM) increases the cell pro-
liferation following DG-induced aging with a concentration dependent
manner, which the IC50 was calculated 2.5 mM. Moreover, metformin
pre-incubation provided its protection effects through reducing in the
levels of ROS, MDA, β-GAL, AGEs and TNF-α as well as increasing the
level of GSH. In this regard, Garg et al evaluated the anti-aging effects
of metformin on naturally aged and accelerated senescence using DG in
rats. They reported that metformin possesses anti-aging properties
through enhancing ferric reducing antioxidant potential (FRAP) and
GSH level as well as reducing MDA, ROS and NO levels in both men-
tioned models. Moreover, metformin down-regulated the DG-induced
over-expression of IL-6, TNF-α and sirtuin-2 [75]. In another study, it
has been also showed that metformin ameliorates DG-induced aging
through diminishing the levels of MDA and TNF-α, and improving GSH
level in rats [76]. Interestingly, we observed that the effect of EA (1 μM)
on cell proliferation, and the levels of MDA, TNF-α and AGEs were
stronger than metformin (2.5 mM).

4.1. The possible roll of HO-1 and PPAR-γ signaling pathways

In the present study, we found that pre-incubation of the cells with 1
μM of EA exerts more potent antiaging properties than 10 μM of EA
following DG-induced aging model. Previously, it has been documented
that pre-incubation with different concentrations of EA lead to an in-
crease in the level of Nrf-2/HO-1 protein expression [42,77,78]. How-
ever, some studies presented that use of a PPAR-γ inhibitor, GW9662,
significantly decreased the healing effects of EA [79]. Therefor to have
better insight into the mechanisms involved in anti-aging and protec-
tive effects of EA, two effective and related signaling pathways of EA
were targeted using either HO-1 or PPAR-γ inhibitors in our experi-
ments.

It has been shown that inhibition of HO-1 as downstream of some
anti-oxidant signaling pathways such as Nrf2, using ZnPP may increase
HO1 level to stand on its reduction as negative feedback response, al-
though this increment is not effective in present of inhibitor [22,80,81].
In line with our findings, it has been also presented that pre-treatment
with ZnPP at 10 μM exerts no cytotoxicity and inflammatory effects on
SH-SY5Y cell line [80]. Thereby, it could be concluded that in the
presence of ZnPP, anti-oxidant and protective effects of HO-1 are re-
moved, which the cells might be susceptible to adverse effects of DG.
Our data also showed that pre-mediation with a HO-1 inhibitor pro-
vides no protective effects for EA at low concentrations (0.1 and 1 μM)
on all measured parameters against DG-induced aging model. It has
been showed that EA provides defensive effects against 6-hydro-
xydopamine-induced rat model of Parkinson's disease through in-
creasing in levels of both Nrf2 and HO1 [45]. Additionally, a Chinese
research group investigated the role of Nrf2 in EA protection against
oxidative stressinduced endothelial dysfunction and atherosclerosis
using silencing the related gene. In which study, they showed that
protective effects of EA are due to Nrf2/HO1 activation and expression,
whereas knocking out the gene results disappearing the protection [77].
Recently, it has been showed that EA at higher concentrations can di-
rectly bond to sulphydryl groups of Nrf2-Keap1 complex, and liberate
Nrf2 from it [13], which by deletion of Nrf2 using siRNA methods, the
protection responses are disappeared.

Despite rolling of Nrf2/HO-1 pathway, it has been reported that EA
may also exert its protective effects through different pathways in-
cluding protein kinaseC (PKC)/extracellular signal-regulated kinase
(Erk) / peroxisome proliferator-activated receptor (PPAR)γ [79]. Kuo
and colleagues have released the report on effects of EA on oxidized
lowdensity lipoproteininduced endothelial disorders model in human
umbilical vein endothelial cells (HUVECs) [79]. They showed that EA
significantly and concentration dependently reduced oxidative stress
and metalloproteinase (MMP) type 1 and 3 through PPAR-γ pathway
which reduced after silencing the PPAR-γ gene [79]. Interestingly, we
observed no protections for EA at lower concentrations (0.1 and 1 μM)
when pre-treated with GW9662, although the protection of EA at 10 μM
was remained.

Taken all together, it could be concluded that the lower con-
centrations (0.1 and 1 μM) of EA may exert their effects through a
signaling pathway by contribution of both PPAR-γ and HO-1 activation,
although we did not found any changes for the higher concentration (10
μM) in our study and DG-induced aging model. Nevertheless, as the
limitation and also suggestion of our study, it is recommended addi-
tional investigations using either Nrf2 siRNA alone or along with Nrf2/
HO-1 axis inhibitor to determine the proportion of each mentioned
mechanisms in EA anti-aging properties. In addition, we did not per-
form any expression study to evaluate the level of HO-1 in the presence
or absence of EA and their applied antagonist due to it was not available
for us.

5. Conclusion

In summary, we found that EA may exert anti-aging effects through
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increasing the anti-oxidative defense and downregulation of oxidative,
inflammatory and aging related markers. Moreover, we showed that EA
at low concentrations (0.1–1 μM) provides greater antiaging properties
than its high concentration (10 μM) and metformin (2.5 mM) probably
through PPAR-γ/HO-1 signaling pathway. However, we reported this
for the first time but additional and deeper investigations are needed to
show exact involving mechanisms. All to all, it can be suggested EA as
anti-aging agent at low concentrations and doses to prevent age related
neurological disorders such as Parkinson’s and Alzheimer’s diseases.
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