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Abstract

Melatonin has antioxidant, anti-apoptotic and anti-aging effects in the brain. Sirtuin2 (SIRT2) accumulates in the central
nervous system with aging, and its inhibition appears to be protective in aging and aging-related neurodegenerative diseases.
Forkhead Box-class O3a (FOXO3a) transcription factor is one of the main targets of SIRT2, and SIRT2-mediated FOXO3a
deacetylation is closely related to aging, oxidative stress, and apoptosis. This study aimed to investigate the effects of mela-
tonin on SIRT2 and FOXO3a expressions in the cerebral cortex and hippocampus of aged rats. Young (3 months, n=18) and
aged (22 months, n=18) male Wistar rats were divided into control (4% DMSO-PBS, sc, for 21 days), melatonin (10 mg/
kg, sc, for 21 days) and salermide (1 mM; 25 pl/100 g bw, ip, for 21 days) groups. SIRT2, FOXO3a, Bcl-2, Bax and Bim
expressions in the cerebral cortex and hippocampus were demonstrated by Western blotting. SIRT2 and FOXO3a protein
levels were also measured by a sandwich ELISA method. Oxidative stress index (OSI) was calculated by measuring total
oxidant status (TOS) and total antioxidant status (TAS). Aging increased SIRT2, FOXO3a, Bim (only in the cerebral cortex),
Bax (only in the hippocampus), TOS, and OSI, while decreasing Bcl-2, Bcl-2/Bax and TAS in both brain regions. Melatonin
decreased SIRT2, FOXO3a, oxidative stress parameters and pro-apoptotic proteins, while increasing TAS, Bcl-2 and Bcl-2/
Bax, more specifically in the hippocampus of the aged brain. Our results indicate that inhibition of SIRT2 and FOXO3a
expressions appears to be involved in the protective effects of melatonin in the hippocampus of aged rats.
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Introduction

Brain aging is associated with many neurodegenerative dis-
eases such as Alzheimer's (AD), Parkinson's (PD) and Hun-
tington's disease (HD) and is critical in the development of
new treatment targets. The neocortex and hippocampus are
highly sensitive to oxidative stress, inflammation, and meta-
bolic changes, and therefore, these two brain regions are the
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first place where neurodegenerative changes are observed
(Clarke et al. 2018; Fjell et al. 2014; Xinkun Wang and
Michaelis 2010). It is known that pathological processes in
the aging brain are related to the sirtuin and FOXO family,
which are effective on life span, metabolism, apoptosis and
oxidative stress (Jenwitheesuk et al. 2018).

Sirtuins are the members of the nicotinamide adenine
diphosphate (NAD +)-dependent histone/protein deacetylase
family, which can extend life through by maintaining home-
ostasis and genome stability (Michan and Sinclair 2007).
SIRT2 is a member of the Sirtuin family (SIRT1-SIRT?7).
SIRT2, which is abundantly expressed in the brain, increases
in response to oxidative stress, DNA damage and aging
(Anwar et al. 2016; Braidy et al. 2015; Keskin-Aktan et al.
2018; Maxwell et al. 2011).

FOXO family members (FOXO1, FOX03a, FOXO04,
FOXO06) in mammals are involved in the insulin/IGF (insu-
lin-like growth factor) pathway that regulates metabolism,
apoptosis and aging. The highest mRNA expression level
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of FOXO1 is observed in fat tissue, FOXO3 in the brain,
FOXO04 in the heart and FOXO6 in the developing brain
(Greer and Brunet 2005).

One of the main targets of SIRT2 is the FOXO3a (Fork-
head Box, class O3a) transcription factor, and SIRT2-medi-
ated FOXO3a deacetylation is required to cope with oxida-
tive stress by increasing the antioxidant enzymes such as
manganese-SOD and catalase. However, activation of SIRT2
induces apoptosis by deacetylating FOXO3a and stimulat-
ing the translocation of FOXO3a to the nucleus (Wang et al.
2007). An increase in FOXO?3a activity causes neurodegen-
erative diseases such as AD and PD (Pino et al. 2014; Qin
et al. 2008). FOXO3a expression in the aging brain is not
clear yet. Increased FOXO3a expression with aging has been
reported in the occipital lobe (Braidy et al. 2015) and hip-
pocampus (Jackson et al. 2009). However, FOXO3 expres-
sion has also been reported to decrease with aging (Huang
et al. 2011; Park et al. 2011).

The brain is highly susceptible to oxidative stress. While
the products of lipid peroxidation (malondialdehyde),
protein oxidation and DNA oxidation (8-hydroxydeoxy-
guanizine) increase in the brain with aging, antioxidant
enzymes such as glutathione (GSH), GSH-reductase, GSH-S
transferase, thioredoxin reductase and superoxide dismutase
(SOD) decrease. This pattern may also manifest itself as
an increase in total oxidant status and a decrease in total
antioxidant status in tissues (Akbulut et al. 2008; Oztiirk
et al. 2012; Pollack et al. 2002). Increased neural losses are
observed with oxidative stress in the aging brain. There is
mutual interaction between family members of Bcl-2 (B-cell
lymphoma/leukemia-2) in the induction or suppression of
apoptosis. Bcl-2 inhibition and/or the activation of pro-apop-
totic proteins such as Bax, Bak and Bim induced apoptosis
in the neurons (Becker et al. 2004; Caballero et al. 2009; Xu
et al. 2007). Among the Bcl-2 family members working at
critical checkpoints of apoptosis, Bcl-2, Bel-xL, Bel-w and
Mcl-1 anti-apoptotic, Bax, Bak, Bid, Bim, Puma, Noxa and
Bcl-xs have pro-apoptotic effects.

Pharmacological (sirtinol, salermide, AGK-2, AK-7, etc.)
or genetic inhibition of SIRT2 appears to be protective in
neurodegenerative diseases such as AD (Biella et al. 2016),
PD (Chen et al. 2015) and HD (Luthi-Carter et al. 2010).
Salermide N-{3-[(2-hydroxy-naphthalene-1-ylmethylene)-
amino]-phenyl }-2-phenyl-propi-onamide), used as a phar-
macological SIRT?2 inhibitor in the present study, can inhibit
SIRT?2 activity by 80% in vitro, and it is well tolerated by
mice at concentrations up to 100 uM (Alcain and Villalba,
2009). Salermide increases acetylated p53 and apoptosis
in vitro cancer cells (Peck et al. 2010) but not in fibroblasts
(Lara et al. 2009).

Melatonin, the main hormone of the pineal gland, is an
endogenous free radical scavenger and antioxidant (Tan et al.
1993). Melatonin easily crosses the blood—brain barrier, and
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its receptors have a widespread distribution in the brain.
Melatonin administration suppresses increased inflamma-
tion, oxidative stress and apoptotic activity in the aged brain,
which result in increased survival rates of neurons (Akbulut
et al. 2008; Caballero et al. 2009; Kireev et al. 2013). Mela-
tonin decreases with age, while SIRT2 increases. In the pre-
sent study, we aimed to investigate the effects of melatonin
treatment or SIRT2 inhibition on oxidative stress, apoptosis,
SIRT2 and FOXO3a expression in two important regions of
the brain, such as the cerebral cortex and hippocampus, and
the role of Sirtuin and FOXO families in becoming a new
treatment target in brain aging and aging-related neurode-
generative diseases.

Materials and method
Animals and treatments

A total of 36 Wistar albino male rats were provided by Gazi
University Laboratory Animal Breeding and Experimen-
tal Research Center (GUDAM). All rats were kept under
standard laboratory conditions with equal periods of light
and dark (12 h light/12 h dark; 08:00/20:00) at 23 °C and
were fed commercial rat chow and water ad libitum. Animal
treatments and all the methods used in the present study
were approved by the Animal Experiments Ethics Com-
mittee of Gazi University (animal study protocol number:
#G.U.ET-16.008).

Young (3 months, n=18) and aged (22 months n=18)
male rats were divided into six groups: Young Control
(n=6), Young-Melatonin (n=6), Young-Salermide (n=06),
Aged Control (n=06), Aged-Melatonin (n=6) and Aged-
Salermide (n=6) (Fig. 1). Melatonin (M5250-1G, Sigma-
Aldrich) was dissolved in ethanol then diluted with phos-
phate buffer (1% ethanol-PBS, pH 7.4). Salermide (13,178,
Cayman Chemical) was dissolved in dimethyl sulfoxide
(DMSO) then diluted with PBS (4% DMSO-PBS). In our
previous study, we found that there was no significant dif-
ference in the parameters investigated (SIRT2 activity,
oxidative stress and apoptosis) between the groups treated
with 1% ethanol-PBS or 4% DMSO-PBS. Daily treatments
of melatonin (10 mg/kg, 100 pl/100 g bw, sc), salermide
(1 mM; 25 pl/100 g bw, ip) and control groups (4% DMSO-
PBS, sc) were administered as described in our previous
studies (Akbulut et al. 2008; Keskin-Aktan et al. 2018). All
injections were continued for 21 days, at 17:00. On the 22nd
day of the experiment, the rats were sacrificed by taking
intracardiac blood under ketamine-xylazine anesthesia. The
cerebral cortex and hippocampus were isolated according
to the atlas of Paxinos and Watson, and tissues were stored
at—80 °C.
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day 1 day 21 day 22
1. Young Control I One daily sc injection of 4% DMSO-PBS for 21 days I Sacrifice I
(3 months old, n=6)

day 1 day 21 day 22
2. Young MLT I One daily sc injection of 10 mg/kg melatonin for 21 days ISacriﬁce T
(3 months old, n=6)

day 1 day 21 day 22
3. Young SLM I One daily ip injection of 1mM salermide for 21 days I Sacrifice T
(3 months old, n=6)

day 1 day 21 day 22
4. Aged Control I One daily sc injection of 4% DMSO-PBS for 21 days ISacrifice T
(22 months old, n=6)

day 1 day 21 day 22
5. Aged MLT I One daily sc injection of 10 mg/kg melatonin for 21 days ISacrifice T
(22 months old, n=6)

day 1 day 21 day 22
6. Aged SLM I One daily ip injection of 1mM salermide for 21 days I Sacrifice T

(22 months old, n=6)

Fig. 1 The schematic of the experimental design and timeline of drug treatment of each group

Measurement of total oxidant status (TOS) and total
antioxidant status (TAS)

The cerebral cortex and hippocampus tissues were
homogenized by sonication in 140 mM KCI buffer (1:9,
w/v, pH 7.4). Tissue homogenates were centrifuged at
3,000 rpm, +4 °C for 5 min, and the supernatants were
stored at —80 °C. Commercially available kits for TOS
and TAS (RL0024, RL0O017, Rel Assay Diagnostics)
were used as recommended. Spectrophotometric readings
were performed at 595 nm (for TOS) and 660 nm (for
TAS). The assay was calibrated with H,O, (10 pmol/L),
and the results for TOS were expressed in umol H,0O,
Equiv./L. The assay was calibrated with Trolox Equiva-
lent (1 mmol/L), a stable antioxidant standard solution,
and the results for TAS were expressed in mmol Trolox
Equiv./L.

Oxidative stress index (OSI)

Percent ratios of TOS to TAS level were accepted as OSI,
which is considered an indicator of oxidative stress level. For
the calculation of OSI, TAS unit (mmol Trolox Equiv./L)
was changed to pmol Trolox Equiv./L, and OSI value was
calculated according to the following formula: [(TOS, pmol
H202 Equiv./L)/(TAS, pmol Trolox Equiv./L) X 100] (Yanik
et al. 2004).

Western blot analysis

The cerebral cortex and hippocampus tissue lysates were
prepared on ice with RIPA Lysis Buffer (pH 7.4) (Santa
Cruz Biotechnology). 300 ul of lysis buffer for 20 mg of tis-
sue containing phenylmethanesulfonyl fluoride (200 mM),
sodium orthovanadate (100 mM) and protease inhibitor
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cocktail. The lysates were centrifuged twice at 10,000g,
10 min at+4 °C, after 30 min incubation on ice. Proteins
were quantified using Bradford’s method (Bradford, 1976),
and 20 pg of protein (40 pg for FOXO03a) was separated with
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(10%). Blotted nitrocellulose membranes (Bio-Rad) were
blocked with freshly prepared Tris-buffered saline with
0.1% Tween 20 (TBST) containing 5% (w/v) bovine serum
albumin (Bioshop) or non-fat dry milk (Santa Cruz Biotech-
nology) for overnight at+4 °C. Membranes were incubated
with primary antibodies against SIRT2 (1:500, sc-28298),
FOXO03a (1:250, sc-11351), Bim (1:300, sc-11425), Bcl-2
(1:1000, MA1-12,246), Bax (1:500, sc-493), or B-actin
(1:125, sc-130657) diluted in TBS for 1-2 h. Membranes
were then washed with TBST and incubated for 1 h with
their respective horseradish peroxidase-conjugated second-
ary antibodies (1:5000, sc-2004 or 1:5000, sc-2005). An
enhanced chemiluminescence detection reagent (Pierce
™ Thermo Sci) was used for visualizing protein bands on
X-ray film. The bands were quantified by using the ImageJ
software (http://rsb.info.nih.gov/nih-image/) and normalized
to P-actin expression levels. The protein expression levels
of each group were calculated as fold change to the young
control group.

Enzyme-linked Imnmunosorbent Assay (ELISA)

The quantification of SIRT2 and FOXO3a protein in the
cerebral cortex and hippocampus tissues was measured by
a sandwich ELISA method. For this purpose commercial
ELISA kits (Rat Sirt2 ELISA Kit-ER0299, Wuhan Fine
Biological Tech.; Rat Forkhead Box O3A ELISA Kit-
MBS9305817, MyBioSource) were used. Tissue samples
were prepared by following the manufacturer’s protocol.
ELISA results were standardized by the total protein con-
tent of the samples measured by Bradford’s method, and the
results were expressed as ng/mg protein for SIRT2 and pg/
mg protein for FOXO3a.

Statistical analysis

Results are presented as mean + standard error of the mean
(SEM). To examine the effect of age and treatment, a two-
way ANOVA was run with the following factors: age (young
vs. aged) and treatment (control, melatonin vs. salermide).
Post hoc LSD tests were performed to examine the differ-
ences between the treatment groups. All respective find-
ings are presented in Tables 1 and 2. Paired-sample z-tests
were run to compare the cerebral cortex and hippocampus
regions. Pearson's r was also calculated to investigate the
relationships between the variables. Findings of within-
subject analysis were presented in the text. The significance
level was accepted as p <0.05.
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Results

Effect of melatonin on oxidative stress
and apoptosis in aging

Compared to young rats, TOS was significantly higher in
the cortex and hippocampus of aged rats (p <0.001; Fig. 2a
and b), while TAS was significantly lower (p =0.004,
p=0.001, respectively; Fig. 2c and d, Table 1). OSI was
higher in the cortex and hippocampus of aged rats than
young rats (p <0.001; Fig. 2e and f). Melatonin (MLT)
administration significantly reduced TOS and OSI in both
brain regions compared to control groups in young and
aged rats (p <0.001). MLT increased TAS in the cortex
and hippocampus of aged rats (p =0.02, p =0.004, respec-
tively), but it had no significant effect on TAS in young
rats (Fig. 2, Table 1).

Compared to young rats, Bim in the cortex and Bax in
the hippocampus were significantly higher in aged rats
(p=0.039, p<0.001, respectively). MLT administra-
tion in aged rats significantly reduced Bim in the cortex
(p=0.022) and Bax in the hippocampus (p =0.002) com-
pared to the aged control group (Figs. 3a—c, 4a—c, Table 2).
The Bcl-2 expression and Bcl-2/Bax ratio were signifi-
cantly lower in the cortex and hippocampus of aged rats
(p<0.001, p=0.001, p=0.003, respectively), whereas
MLT increased Bcl-2 and Bcl-2/Bax ratio in the aged
group (p=0.008, p <0.001, respectively; Figs. 3d and e,
4d and e).

Salermide (SLM) significantly reduced TOS and OSI
in the cortex and hippocampus of young and aged rats
compared to control groups (p < 0.001), and significantly
increased TAS in aged rats (p =0.003, p <0.001, respec-
tively; Fig. 2, Table 1). SLM administration increased
Bcl-2 and Bcl-2/Bax ratio in the cortex and hippocampus
of aged rats (for Bcl-2 p=0.001, p =0.021; for Bcl-2/Bax
p=0.008, p=0.001, respectively) and also increased Bcl-2
in both brain regions of young rats (p=0.01, p =0.005,
respectively). SLM reduced increased Bax expression
in the hippocampus of aged rats (p =0.001; Fig. 3, 4,
Table 2).

Effect of melatonin on SIRT2 and FOX03a
expressions

SIRT2 and FOXO3a expressions were higher in cortex and
hippocampus of aged rats compared to young rats (for SIRT2
p=0.017, p=0.032; for FOX03a p=0.007, p<0.001,
respectively), whereas MLT administration decreased SIRT2
and FOXO3a in the hippocampus of the aged rats (p =0.028,
p=0.036, respectively), but no significant effect of MLT
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Table 1 Changes in parameters related to oxidative stress and in protein levels of SIRT2 and FOXO3a

Young Aged F
Control Melatonin Salermide Control Melatonin Salermide
Cortex
TOS (umol 13.73+0.14 7.13+0.17* 7.67+£0.22* 26.37 £0.64* 14.68+0.21%  14.3+0.21* Foee(1,30)=1216.38,
H,0, 1=25.63, 1=23.53, t=-19.42, p<0.001 1=20.42, t=21.08, p<0.001 p<0.001
Equiv./L) p<0.001 p<0.001 p<0.001 Freamen(2:30) =560.62,
p<0.001
Fage*(realmem(2730) =53 307
p<0.001
TAS (mmol 2.04+0.07 2.06+0.17 2.16+0.22 1.37+0.11* 1.82+0.07* 1.97+0.17* Fe(1,30)=9.58, p=0.004
Trolox t=—0.09, = -0.50, =227, p<0.001 1=-2.59, t==349,p=0.003 F\men(2:30)=3.13,
Equiv./L) p=0.928 p=0.623 p=0.020 p=0.058
Fage*uealmem(2’30) = 335’
p=0.049
OSI 0.68+0.02 0.36+0.02* 0.37+0.03* 2+0.18% 0.82+0.03" 0.7 +0.06"* Fge(1,30)=110.19, p < 0.001
=851, 1=8.20, 1=-7.28,p<0.001 =738, 1=7.70,p<0.001  Fyopmen(2:30)=60.13,
p<0.001 p<0.001 p<0.001 p<0.001
Fage“‘ueatmenl(z’?’o) =21 55’
p<0.001
SIRT2 (ng/mg 1+0.1 0.98+0.04 0.91+0.06 1.27+0.08* 1.2+0.1 1.14+0.07 Foee(1,30)=14.26, p=0.001
protein) 1=0.17, 1=0.85, 1=-2.17,p=0.050  =0.56, 1=1.06,p=0308  Fyymen(2:30)=0.93,
p=0.865 p=0.409 p=0.582 p=0.406
Fage*lreatmen!(2’30) =0.07,
p=0.933
FOXO3 (pg/ 10.07+1.01 10.69+1.45 5.44+0.93*% 13.72 +1.54% 14.36+1.79 9.4+1.06" Foee(1,30)=11.88, p=0.002
mg protein) 1=—0.38, 1=2.84, 1=-219p=0050  r=-030, 1=2.16,p=0.050  Fyoymen(2:30)=8.67,
p=0.712 p=0.013 p=0.766 p=0.001
Fage*trealmenl(2>30) =347,
p=0.044
Hippocampus
TOS (umol 10.85+0.12 5.77+0.09* 6.13+0.18* 20.81+0.49* 11.66+0.18* 11.36+0.15" Foqe(1,30)=1256.34,
H,0, 1=26.88, 1=24.97, t=-19.59,p<0.001  r=20.46, t=21.14, p<0.001 p<0.001
Equiv./L) p<0.001 p<0.001 p<0.001 F reatment(2:30) =570.70,
p<0.001
Fage“‘ueatmem(z’?’o) =55.51,
p<0.001
TAS (mmol 3.92+0.35 4.16+0.13 4.48+0.28 2.66+0.18* 3.5+0.17% 422+0.19% Foee(1,30)=15.16, p=0.001
Trolox 1=—-0.62, 1=—148, 1=3.17, p=0.010 1= =336, 1= =620, p<0.001 F,men(2:30)=10.77,
Equiv./L) p=0.544 p=0.159 p=0.004 p<0.001
Fage*[realment(2’30) =5.40,
»=0.009
OSI 0.29+0.03 0.14+0.01* 0.14+0.02%* 0.76 +0.04* 0.34+0.01* 0.27+0.01* Fee(1,30)=269.43, p <0.001
1=6.04, 1=5.97, 1=-10.23,p<0.001  r=13.16, 1=15.14,p<0.001  Fyoymem(2:30) = 148.39,
p<0.001 p<0.001 p<0.001 p<0.001
Fagc*trcalmcnl(2?30) = 38'60?
p<0.001
SIRT2 (ng/mg 1.1+0.08 1.4+0.19 1.16+0.17 2.05+0.07* 1.54+0.19* 1.11+0.15% Fee(1,30)=8.17, p=0.008
protein) t=—1.40, t=-0.29, t=-881,p<0.001 =252, t=441,p=0001  Fmen(2.30)=4.75,
p=0.184 p=0.773 p=0.024 p=0.017
Fagc*lrcatmcnl(2’30) = 6‘57’
p=0.004
FOXO3 (pg/ 13.66+1.44 1143+1.1 13.01+£0.85 15.85+1.96 14.59+1.36 11.48+0.75 Fee(1,30)=1.42, p=0.243
mg protein) =139, 1=0.39, t=-090,p=0393 =062, 1=2.08p=0058  Fomen(2:30)=1.84,
p=0.188 p=0.705 p=0.544 p=0.176

Fagc*uca[mcm(zﬁo): 1.79,

p=0.184

Results are presented as mean + standard error of the mean (SEM) (*p <0.05 compared to Young Control group, * p<0.05 compared to Aged
Control group) (n=6 for each group). All dfs for 1, g, values are equal to 10. Total oxidant status (TOS), total antioxidant status (TAS), oxidative
stress index (OSI)

was observed in the cortex. MLT also reduced FOXO3a in
the hippocampus of young rats (p =0.023; Figs. 3f and g,
4f and g, Table 2). SLM treatment inhibited SIRT2 only

in the hippocampus (p =0.014), but FOXO3a in both brain
regions of the aged rats (for cortex p =0.012; for hippocam-
pus p=0.001; Figs. 3f and g, 4f and g).
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Table 2 Western blot results normalized by § —actin expression

Young Aged F
Control Melatonin Salermide Control Melatonin Salermide
Cortex
Bim/p —actin 0.46+0.13 0.49+0.24 0.62+0.26 0.78+0.15* 0.53+0.14% 0.67+0.17 Fope(1,30)=4.68,
t=-0.27,p=0.791 t=-1.25,p=0.229 t=-3.88,p=0.003 r=2.58, p=0.022 t=1.16, p=0.265 p=0.039
Fireament(2,30)=1.51,
p=0.237
Fogertreatment(2,30) =3.62,
p=0.039
Bax/p-actin 1.36+0.15 1.62+0.67 1.77+0.62 1.76 +£0.53 1.5+0.62 1.43+0.5 Fee(1,30)=0.01,

Bcl-2/p-actin

Bcl-2/Bax ratio

SIRT?2/B-actin

FOXO3a/p-actin

Hippocampus
Bim/p-actin

Bax/f-actin

Bcl-2/p-actin

Bcl-2/Bax ratio

t=-0.81,p=0.434

1.46+0.18 1.6+0.26

1+0.05

t=—0.98, p=0.343

0.94+0.09
t=0.40, p=0.696

0.81+£0.12 0.9+0.21

t=-0.62, p=0.549

0.76+0.04 0.63+0.19

1=1.40, p=0.184

0.53+0.12 0.54+0.1

t=-0.21, p=0.839

1.53+0.17 1.51+0.43

1.36£0.2

t=0.12, p=0.909

1.6+0.21
t=-1.59,p=0.134

0.89+0.06 1.12+0.12

t=—153, p=0.147

t=-1.20,p=0.253

1.91+0.31*
t=-3.00, p=0.010

0.98+0.13
t=0.12, p=0.903

1+0.29
t=-137,p=0.193

0.61+£0.2
t=1.61, p=0.130

0.58+£0.16
t=-0.73, p=0.480

1.56+0.31
t=—-0.16, p=0.878

1.85+0.34*
t=-3.28, p=0.005

1.15£0.12
t=—1.74, p=0.102

t=-1.66,p=0.135

1.09+0.09%
1=4.59, p=0.001

0.59+£0.06%
t=4.90, p=0.001

1.05£0.14*
1=-2.92, p=0017

0.99 +0.18*
1=-2.89, p=0.016

0.58+0.18
t=-0.68, p=0.514

2.14+0.1%
t=-6.92, p<0.001

0.95+0.16*
t=3.76, p=0.004

0.47+0.07+
1=4.83, p=0.001

t=0.75, p=0.467

1.41+02*
1= =3.05, p=0.008

0.78 +0.08
t=-1.06,p=0.313

0.87+£0.2
1=1.90, p=0.076

0.9+0.24
t=0.76, p=0.457

0.56£0.07
1=0.30, p=0.770

1.46+0.33%
t=3.93, p=0.002

1.48 +0.09%
t=—6.08, p<0.001

1.06+0.1*
t=-5.57, p<0.001

t=0.96, p=0.354

1.51+0.22*
t=-4.01, p=0.001

1.18+0.18%
t=—3.22, p=0.008

0.95+0.14
=101, p=0.327

0.65+0.11"
1=2.89, p=0.012

0.41+0.1
t=2.19, p=0.053

1.36+0.33%
t=4.49, p=0.001

1.19+0.18%
t=-2.64, p=0.021

0.91+0.06"
t=—4.43, p=0.001

p=0.921
Flrealmem(2s30) =0.02,
p=0.980
Fage*treatmem(Z,?’O) =1.24,
p=0.304
Foe(1,30)=19.72,
p<0.001
Flrculmcnl(szO) =11.60,
p<0.001
Fage*lremlmenl(2s30) =5.61,
p=0.009

Foee(1,30)=1.97,
p=0.171
Freamen(2,30)=3.72,
p=0.036
Fﬂge*\reulme|\[(2’30) =3.81,
p=0.034
F0e(1,30)=0.58,
p=0452
Flrealmem(2s30) =0.64,
p=0.534
Fage*[realmenl(z’?’o) = 358»
p=0.040
Foee(1,30)=8.37,
p=0.007
Fireament(2,30)=5.27,
p=0.011
Fygertreament(2,30) =3.68,
p=0.037

Fpe(1,30)=0.45,
p=0.507

Flrealmem(z’BO) =0.68,
p=0.514

Fage*[realmem(z’SO) = 2'40*
p=0.108

Fle(130)=1.23,
p=0.276
Ftreatmenz(2v30) =5.21,
p=0.011
Fﬂgc*lrcalmcn[(zs:io) =5.45,
p=0.010
Fee(1,30)=26.56,
p<0.001
Ftrealmem(zso) =1 1.44,
p<0.001
Fage*treatmem(Z,?’O) =4.67,
p=0.017
Fge(1,30)=10.51,
p=0.003
Fu‘calmcm(zvSO) =11.80,
p<0.001
Fﬂge*(rea!mcnl(zﬂ:io) =4.46,
p=0.020
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Table 2 (continued)
Young Aged F
Control Melatonin Salermide Control Melatonin Salermide
SIRT?2/B-actin 0.93+0.13 0.91+0.14 1.09+0.31 1.37+£0.41% 0.88+0.29% 0.92+0.46* Fpee(1,30)=0.13,
t=0.18, p=0.861 t=-1.30,p=0212 1=-2.49,p=0.032 =245,p=0.028 1=2.82,p=0.014 p=0.721
Fﬁealmenl(2’30) = 2'80’
p=0.077
Fage*[realmenl(z’?’o) = 5'12*
p=0.012
FOXO3a/p-actin 1+0.25 0.72+0.13* 0.97+0.16 1.41+0.27* 1.14+0.16* 0.9+0.13* Foee(1,30)=14.24,
t=2.56, p=0.023 t=0.28, p=0.787 t=-2.69,p=0.023 r=2.32,p=0.036 t=4.18, p=0.001 p<0.001
Ftreat|nem(2v30)=7~57v
p=0.002
Fogertreatment(2,30) =5.39,
p=0.010

Results are presented as mean + standard error of the mean (SEM) (*p <0.05 compared to Young Control group, ¥ p<0.05 compared to Aged
Control group) (n=6 for each group). All dfs for t; ¢, values are equal to 10

The results obtained by the ELISA method for SIRT2 and
FOXO3a were consistent with Western blot results, where
we found significant positive correlations between ELISA
and Western blot analysis (for SIRT2 r=0.267, p=0.011;
for FOX03a r=0.361, p=0.001). Unlike the western blot
results, expression changes in the hippocampal FOXO3a did
not differ significantly in ELISA results. Furthermore, SLM
treatment in young rats significantly decreased FOXO3a pro-
tein levels in the cortex (p =0.013; Fig. 5, Table 1).

Relationship between OSI and expression of SIRT2,
FOXO03a and apoptosis-related proteins

OSI was positively correlated with SIRT2, FOXO3a and
Bim expressions while negatively correlated with Bcl-2
and Bcl-2/Bax in the cerebral cortex (r=0.450, p=0.002;
r =0.401, p=0.006; r=0.405, p=0.006; r= —0.598,
p<0.001; r=-0.389, p=0.014, respectively, Fig. 6).
OSI was positively correlated with SIRT2, FOXO3a and
Bax expressions while negatively correlated with Bcl-2
and Bcl-2/Bax in the hippocampus (r=0.482, p=0.001;
r=0.744, p<0.001; r=0.448, p=0.003; r= —0.641,
p<0.001; r=—-0.605, p=0.014, respectively, Fig. 6).

A significant positive correlation between SIRT2 and
FOXO3a was observed in both ELISA and Western blot
results (r=0.392, p<0.001; r=0.417, p<0.001, respec-
tively). In Western blot results, there was also a positive cor-
relation between FOXO3a and Bim expression in the cortex
and hippocampus (r=0.576, p <0.001; r=0.323, p=0.033,
respectively, Fig. 6).

Oxidative stress, SIRT2 and FOX03a expressions
in the brain are region-specific

Paired-sample #-tests showed that SIRT2 and FOXO3a
protein levels were significantly higher in the hippocam-
pus than the cerebral cortex (#(35)=4.09, p<0.001;

1(35)=2.89, p=0.007, respectively). There was a negative
correlation between TOS and TAS in the cortex and hip-
pocampus (r= —0.545, p<0.001; r = —0.576, p<0.001,
respectively). Although TOS and OSI were higher in the
cortex at significant levels, TAS was higher in the hip-
pocampus (#(35)=12.34, p <0.001; #35)="7.09, p <0.001;
1(35)=15.79, p <0.001, respectively).

Discussion

Our findings showed that SIRT2 and FOXO3a increased
both in the cerebral cortex and hippocampus during the
aging process, and this was accompanied by an increase in
oxidative stress and apoptosis. Increased SIRT?2 expression
is considered as one of the specific indicators of premature
senescence due to oxidative stress and DNA damage (Anwar
et al. 2016). Maxwell et al. suggested that decreased levels
of acetylated tubulin correlated with the accumulation of
SIRT2 in the aged mouse brain and spinal cord are respon-
sible for initiating neurodegeneration (Maxwell et al. 2011).
Braidy et al. demonstrated that SIRT2 mRNA and protein
expressions correlated with FOXO3a increased in the occipi-
tal lobe, in 24-month-old Wistar rats (Braidy et al. 2015).
Our findings also indicated that SIRT2 levels correlated with
FOXO3a increased with aging in both brain regions (Figs. 3,
4).

FOXO3a is abundantly expressed in the brain, but lim-
ited studies showed its expression in different brain regions
in aging. Jackson et al. showed that FOXO3a expression
was much higher in the CA1 region which is more sensi-
tive to oxidative and metabolic stressors in aging (Jackson
et al. 2009). Exposure to oxidative stress increases FOXO3a
expression in the hippocampus (Gémez-Criséstomo et al.
2014). Liu et al. reported that FOXO3a deacetylation by
SIRT2 upregulates Bim expression in PD, which results
in increased nigrostriatal pathway damage and apoptosis
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Fig.2 Total oxidant status (TOS, umol H,0, Equiv./L) (a, b), total
antioxidant status (TAS, mmol Trolox Equiv./L) (e, d), oxidative
stress index (OSI) (e, f) in the cortex and hippocampus of young and
aged rats treated with melatonin (MLT) or salermide (SLM). Results

(Liu et al. 2014). Qin et al. demonstrated that the IR-PI3K-
Akt-FoxO3a pathway involves in amyloid neuropathology.
Increased nuclear FOXO3a activity in primary cortical
and hippocampal neurons inhibits a-secretase activity and
promotes AP production. Therefore, they suggested that
FOXO3a inactivation may be effective in reducing amyloid
neuropathology and spatial memory disorders (Qin et al.
2008).

The serotonin N-acetyltransferase (SNAT) enzyme, which
mediates the synthesis of melatonin, and which is shown
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are presented as mean =+ standard error of the mean (SEM). (*P <0.05
compared to Young Control group, P <0.05 compared to Aged Con-
trol group) (n =06 for each group)

to be the largest source of endogenous ROS production in
the matrix and intermembranous range of mitochondria.
Melatonin synthesis occurs in the mitochondria of vari-
ous eukaryote cells such as oocytes, pinealocytes, neurons
and endothelial cells (Quintela et al. 2018; Tan and Reiter
2019). It was reported in previous studies that there are also
melatonin receptors in the neural mitochondria, and mito-
chondrial MT1 receptors play regulatory roles in the neu-
roprotective effect of melatonin in ischemic brain damage
(Suofu et al. 2017) and Huntingtin-mediated neurotoxicity
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(Xin Wang et al. 2011). Decreased melatonin levels in aging
are considered to be one of the most important causes of
neurodegeneration and neural loss (Reiter et al. 2018). Mela-
tonin administration downregulates PTEN and FOXO3a in
AB,5_3s-induced toxicity by rescuing miR-132 expression
(Zhao et al. 2018). Melatonin increases the binding affinity

etal. 2017).

of FOXO3a for the p27¥®! promoter by suppressing phos-
phorylation and cytoplasmic translocation of FOXO3a (Jang

Oxidative stress leads to an increase in total oxidant sta-

tus in the brain tissue and plasma and a decrease in total
antioxidant status (Atmaca et al. 2014). Lipid peroxidation,
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protein oxidation and nitration increase in the cerebral cor-
tex, hippocampus, cerebellum and limbic areas in aging,
whereas antioxidant systems decrease (Akbulut et al. 2008;
Keskin-Aktan et al. 2018; Kireev et al. 2013; Venkateshappa
et al. 2012). Melatonin has been shown to decrease oxidative
stress and apoptosis in different brain regions (Akbulut et al.
2008; Kireev et al. 2013; Paredes et al. 2015). Our findings
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showed that TOS, OSI, pro-apoptotic protein expressions
(Bim in the cortex, Bax in the hippocampus) increased in
the cortex and hippocampus of aged rats, while TAS, Bcl-2
expression and Bcl-2/Bax ratio decreased. Increased oxida-
tive damage and apoptotic activity in the cerebral cortex
and hippocampus have been associated with Bcl-2 down-
regulation and Bax up-regulation (Xu et al. 2007). Weinreb
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Fig. 6 Relationship between OSI and expression of SIRT2, FOXO3a
and apoptosis-related proteins. Pearson's correlation test results
showed that OSI was positively correlated with SIRT2, FOXO3a and
Bim expressions while negatively correlated with Bcl-2 and Bcl-2/
Bax in the cerebral cortex. OSI was positively correlated with SIRT2,

et al. reported that Bcl-2, BDNF, synapsins 1 and Trk-B
receptor mRNA expressions decreased in the hippocampus
with aging, but they observed no significant changes in Bax
expression (Weinreb et al. 2015). Kireev et al. showed that
pro-apoptotic proteins such as Bax, Bak, AIF increased with
aging in the dentate gyrus, whereas anti-apoptotic proteins

FOXO3a and Bax expressions while negatively correlated with Bcl-2
and Bcl-2/Bax in the hippocampus. There was also a positive corre-
lation between FOXO3a and Bim expression in the cortex and hip-
pocampus (n=36, P<0.05)

such as XIAP, NIAP, Mcl-1 decreased (Kireev et al. 2013).
Melatonin enhances the antioxidants (GSH, SOD, cata-
lase, etc.) and detoxification gene expressions by receptor-
dependent and/or independent pathways in aging and vari-
ous environmental stress conditions. Melatonin can also
increase the redox-sensitive Bcl-2 and Bcel-2/Bax ratio by
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its anti-apoptotic and antioxidant properties (Caballero et al.
2009). Melatonin induces apoptosis by reducing the Bcl-2/
Bax ratio in cancer cells (Leja-Szpak et al. 2010) while pre-
venting neural loss by Bcl-2 up-regulation and Bax down-
regulation in homocysteine-induced hippocampal cell death
(Baydas et al. 2005).

Our study found that melatonin decreased TOS, OSI
and expressions of Bim (in the cortex) and Bax (in the hip-
pocampus) while increasing TAS and Bcl-2 in both brain
regions of aged rats. Salermide revealed melatonin-like
effects in our study, decreasing TOS and OSI levels in
both brain regions in aged rats while increasing TAS and
Bcl-2 levels. Furthermore, like melatonin, salermide also
reduced Bax in the hippocampus. The effects of salermide
are revealed through SIRT?2 inhibition (Alcain and Villalba,
2009; Lara et al. 2009; Peck et al. 2010). Similar effects of
salermide and melatonin on TAS, TOS and OSI suggest that
SIRT?2 inhibition plays a role in reducing oxidative stress in
aging. SIRT?2 inhibition reduces oxidative stress, inflamma-
tion, cytokines, MAPK and JNK (c-Jun N-terminal kinase)
phosphorylation (Anwar et al. 2016; Sarikhani et al. 2018;
She et al. 2018). Melatonin and salermide were also found
to be effective in reducing TOS and OSI in young rats, but
the enhancing effect on TAS was not significant, it may be
necessary to increase the sample size.

Pro-apoptotic Bim, which is associated with microtu-
bules, is mainly controlled by FOXO3a, and an increase in
FOXO3a-mediated Bim expression leads to apoptosis (Car-
bajo-Pescador et al. 2013; Wang et al. 2007). Similarly, we
observed an increase in Bim correlated with FOXO3a in the
cerebral cortex of aged rats. INK-mediated phosphorylation
of Bim leads to neural apoptosis (Becker et al. 2004), and
Ap peptide-induced Bim results in loss of hippocampal and
cortical neurons in AD (Biswas et al. 2007). Shimmyo et al.
showed that Bid increased in the early stages of HD, while
Bim in the later stages, and on this basis, they suggested that
Bim is an important indicator of the progression and sever-
ity of neuronal dysfunction (Shimmyo et al. 2008). To our
knowledge, no study showed aging-related changes in Bim
expression in the brain, except for studies showing a Bim
increase in the heart (Sin et al. 2014) and skeletal muscle in
aging (Sin et al. 2015).

Oxidative stress induced by H,0, increases FOXO3a
in quiescent cells (Kops et al. 2002). SIRT?2 can increase
cell death by deacetylating the FOXO family. Wang et al.
showed that increased SIRT2 expression in response to
H,0,-induced oxidative stress upregulates expression of
FOXO3a target genes such as MnSOD, p27X"P! and Bim
(F. Wang et al. 2007). Overexpression of SIRT2 induces
cell death, while SIRT2 inhibition increases tolerance to
oxidative stress (Lynn et al. 2008). Oxidative stress and
apoptosis can be suppressed by AGK-2 mediated SIRT2
inhibition (Nie et al. 2014). Therefore, SIRT2 is regarded

@ Springer

as a mediator in oxidative stress-induced cell death. Li et al.
also showed that SIRT2, Bax and Bim were overexpressed
in MPP-induced dopaminergic neuron loss and miR-7 treat-
ment, directly targeted to SIRT2 and Bax, reduced neural
losses (Li et al. 2016). SIRT?2 inhibitor AGK-2 treatment in
thioacetamide-induced liver toxicity ameliorates the toxicity
and suppresses apoptosis by decreasing Bax and increasing
Bcl-2 (Jiao et al. 2019). On the other hands, overexpression
of SIRT?2 in glioma cells upregulates caspase and Bax pro-
tein and downregulates Bcl-2 (Y. Li et al. 2013).

We found that melatonin and salermide inhibited
increased FOXO3a expression as well as SIRT2 in the hip-
pocampus of aged rats. ELISA and western blot results were
positively correlated for SIRT2 and FOXO3a levels in both
brain regions. Although significant differences between
groups were similar in ELISA and western blot results, sig-
nificant differences in western blot results were not observed
in ELISA results only for hippocampal FOXO3a. This may
be related to methodological differences and/or sample size
(Figs. 3, 4, 5). Although its mechanism has not been eluci-
dated yet, the regulatory effects of melatonin in physiologi-
cal and pathological conditions include sirtuin and FOXO
proteins. In our previous studies, we showed that melatonin
is effective in reducing reactive oxygen species, regulating
the expression of apoptosis-related proteins such as Bcl-
2, Bax and caspase 3 (Akbulut et al. 2008, 2012; Keskin-
Aktan et al. 2018), as well as providing inhibition of SIRT2
expression and oxidative stress in the adult rat hippocampus
(Keskin-Aktan et al. 2018). Zhao et al. showed that mela-
tonin inhibits neurotoxicity by suppressing FOXO3a via
miR-132/PTEN/AKT/FOXO0O3a pathway (Zhao et al. 2018).
On the other hands, Jenwitheesuk et al. reported that mela-
tonin administration increased p27 and FOX0O3a mRNA
expressions in the hippocampus in 19-month-old mice (Jen-
witheesuk et al. 2018).

The hippocampus and neocortex are the most sensi-
tive brain regions to aging and neurodegeneration. Our
results indicate that the responses to aging and exogenous
treatments are not uniform in the brain. Morphological,
metabolic and genomic features of the brain are region-
specific, and it is known that the vulnerability of each
region, even sub-regions, to aging, oxidative stress and
inflammation are different (Clarke et al. 2018; Fjell et al.
2014; Xinkun Wang and Michaelis, 2010). Astrocytes are
the most abundant glial cells in the CNS, and astrocyte
dysfunction is associated with age-related neurodegen-
erative diseases such as AD, PD and dementia (Clarke
et al. 2018). The astrocyte count, astrocyte/neuron ratio
and astrocyte/microglia ratio are different in the cerebral
cortex and hippocampus. Neuron density is less in the hip-
pocampus compared to the cortex, while the astrocyte/
neuron ratio is higher (Keller et al. 2018). The hippocam-
pus is more vulnerable to oxidative stress compared to the
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cortex (Candelario-Jalil et al. 2001). Although there are
widespread expressions of melatonin G-protein coupled
receptors (MT1, MT2) in the central nervous system, the
distribution of these receptors is region-specific. MT1 has
higher immunoreactivity in the cerebral cortex (prefron-
tal, retrosplenial, and occipital), and MT2 especially has
higher immunoreactivity in the hippocampus (CA3 and
dentate gyrus) (Ng et al. 2017). It was shown that MT2
immunoreactivity increases in astrocytes rather than in the
microglia in neuronal damage of CA1, which is highly sen-
sitive to ischemic damage (Lee et al. 2010). Our findings
indicated that SIRT2 and FOXO3a protein levels are sig-
nificantly higher in the hippocampus than in the cerebral
cortex. The reason why the SIRT2 and FOXO3a levels in
the cortex of aged rats did not decrease significantly with
melatonin may be related to the genomic and metabolic
differences of the cortex and hippocampus. Due to the
regional differences in the brain, the dosage of melatonin
and salermide treatment used in the present study was suf-
ficient for SIRT2 inhibition in the hippocampus of aged
rats, but it might not be sufficient for a significant reduc-
tion in the cortex.

In the present study, OSI was positively correlated with
SIRT2, FOXO3a, Bim (in the cortex) and Bax (in the hip-
pocampus) while negatively correlated with Bcl-2 and
Bcl-2/Bax in both brain regions. The exogenous melatonin
significantly decreased TOS, OSI, SIRT2, FOXO3a, Bim
(in the cortex) and Bax (in the hippocampus) (Figs. 2, 3, 4).
Accordingly, salermide-mediated SIRT2 inhibition was also
accompanied by a decrease in TOS, OSI and Bax, and an
increase in TAS, Bcl-2 and Bcl-2/Bax in the hippocampus
(Figs. 2, 3, 4).

In conclusion, our study suggests that SIRT2 and
FOXO3a act as key regulators of oxidative stress and
apoptosis. Inhibition of SIRT2 and FOXO3a seems to be
involved in the protective effects of melatonin in the aged
rat brain, especially in the hippocampus. Thus, SIRT2 and
FOXO3a may be potential therapeutic targets in aging and
neurodegeneration. However, further studies are needed to
investigate the effect of melatonin on aging-related signal-
ing pathways.
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