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ABSTRACT

Aging is often accompanied by a decline in cognitive function in conjunction with a variety of neurobiological
changes, including neuroinflammation. Melatonin is a key endogenous indoleamine secreted by the pineal gland
that plays a crucial role in the regulation of circadian rhythms, is a potent free radical scavenger, has anti-inflam-
matory activity and serves numerous other functions. However, the role of melatonin in sterile inflammation in
the brain has not been fully investigated. In the present study, we investigated the neuroinflammation status in
aged mouse brains. The results showed that the protein levels of integrin oM (CD11b), glial fibrillary acidic protein
(GFAP), the major pro-inflammatory cytokines (interleukin-1 beta [IL-1p], interleukin-6 [IL-6], and tumor necro-
sis factor alpha [TNF-a]) and phosphor-nuclear factor kappa B (pNF«B) were significantly increased, while N-
methyl-D-aspartate (NMDA) receptor subunits NR2A and NR2B, Ca?"/calmodulin-dependent protein kinase II
(CaMKII), and brain-derived neurotrophic factor (BDNF) were down-regulated in the hippocampus and prefrontal
cortex (PFC) of 22-months-old (aged) mice compared with 2-months-old (young adult) mice. Melatonin was ad-
ministered in the drinking water to a cohort of the aged mice at a dose of 10 mg/kg/day, beginning at an age of 16
months for 6 months. Our results revealed that melatonin significantly attenuated the alterations in these protein
levels. The present study suggests an advantageous role for melatonin in anti-inflammation, and this may lead to
the prevention of memory impairment in aging.
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INTRODUCTION associated neuronal disorders such as mild
cognitive impairment (MCI) (Guidi et al.,
2006) and Alzheimer’s disease (AD)
(Castegna et al., 2002). Chronic low-grade in-
flammatory state in the aged brain produced
an excessive level of pro-inflammatory cyto-
kines. This state is termed “inflammaging”.

Increasing age is associated with struc-
tural and functional declines that lead to an in-
creased risk of chronic diseases such as oste-
oporosis (Ginaldi et al., 2005), cardiovascular
disease (North and Sinclair, 2012), and age-
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The overproduction of pro-inflammatory cy-
tokines in the aged brain without an injury or
infection could be associated with the micro-
glia number and activity increase in normal
aging (Dilger and Johnson, 2008). Astrocytes
are regularly co-activated with microglial
cells. The increase in cytokines also contrib-
utes to both excitotoxicity and microglia acti-
vation, by mechanisms that implicate im-
paired glutamate uptake, inflammatory sig-
nals, and/or oxidative stress (Morales et al.,
2014). Previous studies support that exagger-
ated production of pro-inflammatory cyto-
kines, such as IL-1PB, in aged rats leads to
long-term memory impairment (Abraham and
Johnson, 2009; Barrientos et al., 2012). Inter-
leukin-1 beta (IL-1pB) activated different sig-
naling pathways then resulted in activating
the cell death pathway (Barry et al., 2005;
Moore et al., 2007). IL-1PB also interrupted
synaptic plasticity and long-term potentiation
(LTP) expression by the production of free
radicals (Bliss and Collingridge, 1993).

N-acetyl-5-methoxytryptamine, regularly
known as melatonin, plays an important role
in controlling circadian rhythms and is a di-
rect and an indirect mediator that can take on
other tasks such as a free radical scavenger,
an antioxidant, an anti-apoptotic and an anti-
inflammatory (Hardeland, 2013). Melatonin
prevents inflammation by antagonizing both
excitotoxicity and mitochondrial dysfunction
(Hardeland, 2013). A previous study has re-
ported that melatonin can decrease the levels
of activated microglia and reactive astrocytes,
and down-regulate inflammatory mediators
such as phosphorylated nuclear factor kappa
B65 (p-NFxB65), IL-1pB, and tumor necrosis
factor alpha (TNF-a) in an aging mouse
model. Furthermore, the effects of melatonin
on attenuating memory impairment have also
been reported (Ali et al., 2015; Mukda et al.,
2016).

Our previous study showed that aged mice
have significantly impaired spatial memory in
the Morris water maze task. The long-term
administration of melatonin restored spatial
memory impairment (Mukda et al., 2016). In
addition, our recent study also showed that the

levels of pro-inflammatory cytokines, which
were increased after induction of senescence
with a sublethal dose of H2O», could be atten-
uvated by melatonin in SH-SY5Y cells
(Nopparat et al., 2017). Understanding the
role of melatonin in sterile inflammation in
the brain should be strongly considered and
further investigated. Therefore, in this study,
the neuroinflammatory state was investigated
in the hippocampus and prefrontal cortex
(PFC) in aged mice, and the effect of melato-
nin on the neuroinflammatory state was also
investigated.

MATERIAL AND METHODS

Chemicals and reagents

Mouse monoclonal anti-NFkB p65,
mouse monoclonal anti-CaMKII, rabbit poly-
clonal anti-BDNF, and rabbit polyclonal anti-
integrin oM antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Mouse monoclonal anti-actin,
mouse monoclonal anti-NR2B and rabbit po-
lyclonal anti-NR2A antibodies were pur-
chased from Millipore (Billerica, MA, USA).
Mouse monoclonal anti-GFAP, rabbit mono-
clonal anti-phospho-NF«kB p65, rabbit mono-
clonal anti-TNF-a, rabbit monoclonal anti-IL-
6, mouse monoclonal anti-IL-1f, and horse-
radish peroxidase (HRP)-conjugated IgG an-
tibodies were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). ECL
Western Blotting Reagents were purchased
from GE Healthcare (Little Chalfont, Buck-
inghamshire, UK). Other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO,
USA).

Melatonin treatment protocol

The melatonin treatment was performed
according to our previous study protocol (Jen-
witheesuk et al., 2017; Mukda et al., 2016).
The ICR mice used in this study were ob-
tained from the Mahidol University Animals
Center, Thailand. The experimental protocol
was approved by the Animal Ethics Commit-
tee in accordance with the guide for the care
and use of laboratory animals prepared by
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Mahidol University. They were held in stand-
ard laboratory cages with food and water pro-
vided ad libitum and a 12 h light/dark cycle.
They were randomly divided into three
groups, including the young control (2
months old), aged (22 months old) and mela-
tonin-pretreated aged mice. Mice in the mela-
tonin-treated group were given melatonin for
6 months (started from 16-22 months old).
Melatonin was freshly prepared daily with
water to a final concentration of 20 mg/I. The
weight and the consumption of water contain-
ing melatonin were measured in each mouse.
The daily melatonin intake for each mouse
was approximately 10 mg/kg of body weight.
Vehicle control mice were given tap water as
drinking water. Mice were sacrificed. The
brains were immediately removed, hippocam-
pus and prefrontal cortex were dissected and
stored at —80 °C until use.

Western blotting

We performed protein extraction and
Western blot analyses as described previously
(Jenwitheesuk et al., 2017, Mukda et al.,
2016). The hippocampus and prefrontal cor-
tex samples were lysed for 10 min in lysis
buffer and then centrifuged. The protein con-
centration was determined by the Bradford
method (Bradford, 1976). Lysate proteins
were denatured at 95 °C for 5 min in sample
buffer. Proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electropho-
resis and transferred to a polyvinyl-
idenedifluoride membrane. The membrane
was then incubated with different primary an-
tibodies, at 4 °C for 24 hrs. After washing, the
membrane was incubated with HRP-conju-
gated horse anti-mouse or anti-rabbit IgG at
room temperature. Finally, protein bands
were visualized by enhanced chemilumines-
cence using ECL PlusTM Western blotting

detection reagents. The immunoblot bands
were quantified for the detection of densitom-

etry.

Statistical analysis

One-way analysis of variance (ANOVA)
and Tukey’s post hoc tests were used in this
study to examine differences in the data. A p
value less than 0.05 was considered statisti-
cally significant.

RESULTS

Melatonin attenuated aging-induced gliosis

Numerous studies have indicated that old
age results in an increase in microgliosis and
astrocytosis (Ojo et al., 2015). The effect of
melatonin on aging-induced inflammatory
conditions was determined using protein ex-
pression levels of CD11b and GFAP. These
are specific markers of activated microglia
and astrocyte cells, respectively.

The Western blot analyses showed that
CDI11b protein expression (Supplementary
Table 1) was significantly increased in the
hippocampus (Figure 1A) and the PFC (Fig-
ure 1B) of aged mice compared to young adult
mice. The GFAP protein expressions in the
hippocampus (Figure 1C) and the PFC (Fig-
ure 1D) were significantly increased in aged
mice compared with young adult mice.
CDI11b protein expressions in the hippocam-
pus (Figure 1A) and the PFC (Figure 1B)
were significantly reduced in melatonin-
treated aged mice compared to the untreated
aged mice. Accordingly, GFAP protein ex-
pressions in the hippocampus (Figure 1C) and
the PFC (Figure 1D) were significantly de-
creased in melatonin-treated aged mice com-
pared to untreated aged mice.
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Figure 1: The effect of melatonin on CD11b and GFAP protein levels in the hippocampus (A, C) and
the PFC (B, D) of aged mice. Mice were divided into three groups including the young control (2 months
old), aged (22 months old) and melatonin-pretreated (10 mg/kg daily melatonin started from 16 to 22
months old) mice. Mice were sacrificed, brains were removed, hippocampus and prefrontal cortex were
dissected and kept at -80 °C until use. The protein levels of CD11b and GFAP were determined by
Western blot analyses. Representative bands from different groups are shown. The band densities were
normalized to actin. The ratios were calculated as a percentage of the respective value of the control
group. A one-way ANOVA was performed for statistical analysis. Data represent the mean + S.E.M.
from 4 mice. ** p < 0.01 and ***p < 0.001 compared with young adult mice, and #p < 0.05 compared with

aged mice

Melatonin attenuated aging-induced
increases in expression levels of
pro-inflammatory cytokines

Chronically activated microglia and astro-
cyte cells in aging display an increased pro-
duction of pro-inflammatory cytokines that
represent the most important causes of

chronic inflammation. We examined major
pro-inflammatory mediators including IL-1f,
IL-6, and TNF-a.

The Western blot analyses showed that
IL-1pB, IL-6, and TNF-a protein expression
(Supplementary Table 2) in aged mice was
significantly increased in the hippocampus
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(Figures 2A, 2C, and 2E, respectively) com-
pared to the young adult mice. Additionally,
IL-1B, IL-6, and TNF-a protein expressions in
aged mice was significantly increased in the
PFC (Figures 2B, 2D, and 2F, respectively)
compared with young adult mice. Long-term
administration of melatonin significantly de-
creased IL-1P, IL-6, and TNF-a protein ex-
pression in the hippocampus (Figures 2A, 2C,
and 2E, respectively) compared to the aged
mice without melatonin. Aged mice treated
with melatonin showed significantly decrease
in [L-1p, IL-6, and TNF-a protein expressions
in the PFC (Figures 2B, 2D, and 2F, respec-
tively) compared to the untreated aged mice.

Melatonin attenuated aged-induced
alterations in phosphorylated nuclear
factor-kappa B (pNFkB) expression

To investigate the effect of melatonin on
pNFkB protein expression (Supplementary
Table 3) in the hippocampus and PFC, West-
ern blot analyses were performed. pNFkB
protein expressions in aged mice were signif-
icantly increased in the hippocampus (Figure
3A) and the PFC (Figure 3B) compared to the
young adult mice. Long-term administration
of melatonin significantly decreased pNFkB
protein expressions in the hippocampus (Fig-
ure 3A) and the PFC (Figure 3B) compared to
the untreated aged mice.

Melatonin treatment alleviated
aged-induced alterations in NMDA
receptors, CAMKII and BDNF

Aging is associated with the deterioration
of memory function and changes in hippo-
campal function, including functional con-
nectivity to the PFC (Tao et al., 2016). Neu-
roinflammation plays an important role in the
development of age-related memory impair-
ment (Ali et al., 2015). NMDA receptor sub-
units and the calcium/calmodulin-dependent
protein kinase II (CaMKII) are necessary for

LTP induction (Clayton et al., 2002; Lisman
et al., 2002).

The present results showed that in aged
mice, NR2A protein expressions (Supple-
mentary Table 4) were significantly de-
creased in the hippocampus (Figure 4A) and
PFC (Figure 4B) compared with young adult
mice. Melatonin-treated aged mice showed
significantly increase in NR2A protein ex-
pressions in the hippocampus (Figure 4A) and
PFC (Figure 4B) compared to the untreated
aged mice. NR2B protein expressions in aged
mice were significantly decreased in the hip-
pocampus (Figure 4C) and PFC (Figure 4D)
compared with young adult mice. Melatonin-
treated aged mice showed significantly in-
crease in NR2B protein expressions in the
hippocampus (Figure 4C) and PFC (Figure
4D) compared with untreated aged mice. The
CAMKII protein expressions in aged mice
were significantly decreased in the hippocam-
pus (Figure 4E) and PFC (Figure 4F) com-
pared with young adult mice. Melatonin-
treated aged mice showed significantly in-
crease CAMKII protein expressions in the
hippocampus (Figure 4E) and PFC (Figure
4F) compared to the untreated aged mice.

An impairment in synaptic plasticity is not
only represented by these outcomes showing
an exaggerated neuroinflammatory response
but also by a reduction in key downstream
mediators such as brain-derived neurotrophic
factor (BDNF) (Barrientos et al.,, 2004).
BDNF protein expressions (Supplementary
Table 5) were significantly decreased in the
hippocampus (Figure 5A) and PFC (Figure
5B) in aged mice compared with young adult
mice. Melatonin-treated aged mice showed
significantly increase in BDNF protein ex-
pressions in the hippocampus (Figure 5A) and
PFC (Figure 5B) compared with untreated
aged mice.
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Figure 2: The effect of melatonin on IL-18, IL-6, and TNF-a protein levels in the hippocampus (A, C, E)
and the PFC (B, D, F) of aged mice. Mice were divided into three groups including the young control (2
months old), aged (22 months old) and melatonin-pretreated (10 mg/kg daily melatonin started from 16
to 22 months old) mice. Mice were sacrificed, brains were removed, hippocampus and prefrontal cortex
were dissected and kept at -80 °C until use. The protein levels of IL-183, IL-6, and TNF-a were deter-
mined by Western blot analyses. Representative bands from different groups are shown. The band
densities were normalized to actin. The ratios were calculated as a percentage of the respective value
of the control group. A one-way ANOVA was performed for statistical analysis. Data represent the mean
+ S.E.M. from 4 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with young adult mice, and #p <
0.05, ##p < 0.01 and ###p < 0.001 compared with aged mice.
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Figure 3: The effect of melatonin on pNFkB protein levels in the hippocampus (A) and the PFC (B) of
aged mice. Mice were divided into three groups including the young control (2 months old), aged (22
months old) and melatonin-pretreated (10 mg/kg daily melatonin started from 16 to 22 months old) mice.
Mice were sacrificed, brains were removed, hippocampus and prefrontal cortex were dissected and kept
at -80 °C use. The protein levels of pNFkB and NFkB were determined by Western blot analyses. Rep-
resentative bands from different groups are shown. The band densities were normalized to actin. The
ratios were calculated as a percentage of the respective value of the control group. A one-way ANOVA
was performed for statistical analysis. Data represent the mean + S.E.M. from 4 mice. *p < 0.05 and **p
< 0.01 compared with young adult mice, and #p < 0.05 and ###p < 0.001 compared with aged mice.

DISCUSSION

Our study in the hippocampus and PFC of
aged mice showed that protein levels of mi-
croglia, astrocytes, and major pro-inflamma-
tory cytokines including IL-1B, IL-6, and
TNF-o were significantly increased compared
with the levels in young adult mice. Melato-
nin administration significantly decreased
these protein levels. In the young adult brain,
normally quiescent microglia become acti-
vated microglia in response to a threat, with
the result of anti-inflammatory cytokine pro-
duction to facilitate a return to homeostasis
(Colton, 2009). In contrast, microglia in nor-
mal aging are characterized by an up-regula-
tion in glial markers including the major his-
tocompatibility complex class II (MHCII) and
CDl11b, a discovery that has been presented in
various species such as canines, rodents, and
non-human primates, as well as in human
post-mortem tissue (Perry et al., 1993; Rogers

et al., 1988), whereas MHCII is expressed at
very low levels in the microglia of young an-
imals (Perry, 1998). A recent study found that
CDI11b and GFAP protein levels were ele-
vated in aged rat brains, notably in the hippo-
campus (Ojo et al., 2011) and in the PFC; the
number of CD11b-positive cells in the aged
mice was significantly larger than that in the
young mice (Ohshima et al., 2015).

The previous study indicated that inflam-
mation in the aged brain is defined by up-reg-
ulated astrocytes and microglial cells coupled
with increased levels of cytokines such as IL-
1B, IL-6 and TNF-a (Ali et al., 2015; Godbout
and Johnson, 2004). The elevation of NFkB
has been reported in old age (Calabrese et al.,
2011) and activation of NFxB, stimulation of
other inflammatory mediators, and glial acti-
vation lead to progression of age-related dis-
eases and other neurodegenerative diseases
(Bierhaus et al., 2005; Srikanth et al., 2011).
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Figure 4: The effect of melatonin on NR2A, NR2B, and CaMKII protein levels in the hippocampus (A,
C, E) and the PFC (B, D, F) of aged mice. Mice were divided into three groups including the young
control (2 months old), aged (22 months old) and melatonin-pretreated (10 mg/kg daily melatonin started
from 16 to 22 months old) mice. Mice were sacrificed, brains were removed, hippocampus and prefrontal
cortex were dissected and kept at -80 °C until use. The protein levels of NR2A, NR2B, and CaMKIl were
determined by Western blot analyses. Representative bands from different groups are shown. The band
densities were normalized to actin. The ratios were calculated as a percentage of the respective value
of the control group. A one-way ANOVA was performed for statistical analysis. Data represent the mean
+ S.E.M. from 4 mice. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with young adult mice, and #p <
0.05 compared with aged mice.
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Figure 5: The effect of melatonin on BDNF protein levels in the hippocampus (A) and the PFC (B) of
aged mice. Mice were divided into three groups including the young control (2 months old), aged (22
months old) and melatonin-pretreated (10 mg/kg daily melatonin started from 16 to 22 months old) mice.
Mice were sacrificed, brains were removed, hippocampus and prefrontal cortex were dissected and kept
at -80 °C until use. The protein levels of BDNF were determined by Western blot analyses. Representa-
tive bands from different groups are shown. The band densities were normalized to actin. The ratios
were calculated as a percentage of the respective value of the control group. A one-way ANOVA was
performed for statistical analysis. Data represent the mean + S.E.M. from 4 mice. *p < 0.05, **p < 0.01
compared with young adult mice, and #p < 0.05 compared with aged mice.

The anti-inflammatory mechanism of
melatonin is generally based on its antioxi-
dant properties. Our previous study showed
that the anti-neuroinflammatory effects of
melatonin inhibited the activation of NF-xB
and decreased TNF-a mRNA levels in meth-
amphetamine-induced pro-inflammatory me-
diators (Permpoonputtana and Govitrapong,
2013; Wongprayoon and Govitrapong, 2015)
and in the H20:-induced senescence state
(Nopparat et al., 2017) of human neuroblas-
toma dopamine SH-SYS5Y cell lines. Previous
studies have established the ability of melato-
nin to alleviate inflammation in aged animal
models. Melatonin has been shown to reduce
pro-inflammatory cytokines and inducible ni-
tric oxide synthase (iNOS) in the liver of aged
rats (Kireev et al., 2008). Moreover, melato-
nin can down-regulate the mRNA expression
of IL-1B, TNF-a, NFkB and iNOS and the
protein expression of IL-1 and TNF-a in the
liver of SAMP8 mice (Cuesta et al., 2011). In
addition, melatonin plays an important role in

inflammation in both pro-inflammatory and
anti-inflammatory actions. A study by Cuesta
et al. illustrated that IL-6 protein levels were
decreased whereas IL-10 protein levels were
increased in pancreatic cells of SAMP8 mice
treated with melatonin (Cuesta et al., 2011).
Melatonin levels in mammals decline consid-
erably with aging, resulting in numerous
changes, especially adaptation of the immune
system that can lead to various disorder and
diseases (Hardeland et al., 2012).

Our previous study showed that melatonin
attenuated the methamphetamine-induced
TNFa overexpression and the NF«B activa-
tion via melatonin receptors, since the attenu-
ating effect was prevented by preincubation
with luzindole (an antagonist of melatonin re-
ceptors) and MT2 knockdown by siRNA
(Wongprayoon and Govitrapong, 2015). Mel-
atonin administration was able to restore this
reduction. A previous study (Sanchez-
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Hidalgo et al., 2009) found an age-related re-
duction in MT1 and MT2 mRNA expression
levels in the spleen, liver, kidney, and heart of
aged rats. Our previous study also showed
that MT1 and MT2 receptor protein expres-
sion in the hippocampus in aged mice was sig-
nificantly decreased (Jenwitheesuk et al.,
2017). While melatonin exerts actions on neu-
rogenesis via membrane-bound receptors in
the subventricular zone (Sotthibundhu et al.,
2010) and the rat hippocampus (Tocharus et
al., 2014).

The elevation of pNFkB has been repre-
sented in a senescence model (Calabrese et
al., 2011; Nopparat et al., 2017), and NFxB
signaling has been shown to induce the pro-
duction of pro-inflammatory cytokines lead-
ing to increasing age-related diseases such as
memory impairment and AD (Ali et al., 2015;
Srikanth et al., 2011). The N-methyl-D-aspar-
tate receptor (NMDAR) subfamily of gluta-
mate receptors is expressed in the CNS and is
involved in higher brain functions such as
memory formation and cognition (Rebola et
al., 2010). A previous study indicated that
NMDAR function in neurons was regulated
by local supporting cells, specifically micro-
glia and astrocytes, which therefore provided
an additional possible mechanism for the age-
related changes in NMDAR function, such as
the binding of D-serine, which comes from
astrocytes as a main source (Schell et al.,
1995). D-serine decreased in the hippocam-
pus and cortex of aged rats (Williams et al.,
2006). The present study found that NMDAR
and CaMKII protein levels in the hippocam-
pus and PFC were decreased in aged mice
compared with young adult mice. A decrease
in the NR2A protein expression in the hippo-
campus has been previously reported (Liu et
al., 2008; Sonntag et al., 2000). The interac-
tion between glutamate and NMDAR leads to
the activation of several metabolic pathways
such as CaMK, extracellular-signal-regulated
kinases (ERK), and cAMP response element
binding protein (CREB), which are responsi-
ble for the activation of LTP. CaMKII is a
crucial protein for the induction of LTP
(Lisman et al., 2002) which can be prevented

by a CaMKIIa knock-out or blocking agent
(Malinow et al., 1989; Silva et al., 1992).

The results of this exaggerated neuroin-
flammatory response include not only impair-
ment in synaptic plasticity but also a reduc-
tion in key downstream mediators such as
BDNF (Barrientos et al., 2004). Moreover, in
our study, BDNF protein levels in the hippo-
campus and PFC were significantly decreased
in aged mice. BDNF, a member of the neuro-
trophin family, is not only involved in the dif-
ferentiation and survival of neurons in the
CNS but also an essential regulator of synap-
togenesis and synaptic plasticity mechanisms
underlying learning and memory in the adult
CNS (Cunha et al., 2010). The decrease of
BDNF was correlated with a decline in hippo-
campal volume in the late adulthood
(Erickson et al.,, 2010; Ziegenhorn et al.,
2007). Our study showed that melatonin
could increase the protein levels of NR2A,
NR2B, CaMKII, and BDNF in aged mice.
Melatonin has been found to enhance learning
and memory function in our previous study
and in studies by other investigators (Ali et
al., 2015; Mukda et al., 2016; Tongjaro-
enbuangam et al., 2013).

CONCLUSION

In conclusion, we demonstrated that aging
in mice was associated with the induction of
inflammation, while melatonin reversed the
increase in the neuroinflammatory state and
rescued the decrease in NR2A, NR2B,
CaMKII, and BDNF expression in the hippo-
campus and PFC in aged mice. These brain
areas are related with learning and memory
processes. Thus, the present study supports
the advantageous roles of melatonin in regard
to anti-aging through anti-inflammation and
potential prevention of the risk of memory
impairment.
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