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ABSTRACT

The disruption of methionine (L-MET) metabolism has been linked with neurodevelopmental disorders such as
autism and schizophrenia and neurodegenerative disorders such as Alzheimer’s disorder. We previously showed
that repeated administration to adult mice of methionine produced impairments of cognitive deficits. Consid-
ering the decreased neurogenesis and increased molecular inflammation hypotheses of cognitive deficits in
Alzheimer’s, we aimed to explore whether the methionine regimen that produced cognitive deficits is associated
with altered neuroinflammation, neurogenesis, or neurodegeneration. We found that repeated administration of
L-MET at a dose equivalent to two-fold of daily dietary intake for seven days enhanced the activation of microglia
and inflammation in the brain, and decreased neurogenesis in the hippocampus without affecting degeneration.
Furthermore, sub-chronic and chronic L-MET treatment of human neuroblastoma (SH-SY5Y) inhibited cell cycle
progression, an effect that was reversed by decreasing removing L-MET from the medium. These results support a
role for neuroinflammation and neurogenesis in mediating the mechanism through which L-MET induces
cognitive deficits. The results also uncover L-MET restriction, neuroinflammation, and neurogenesis as potential
preventive and/or therapeutic targets for mental disorders associated with cognitive disorders, including
schizophrenia and Alzheimer’s disease.

1. Introduction

L-MET is also a precursor of homocysteine, a neurotoxic sulfur amino
acid intermediate in the methylation, and a precursor of glutathione, a

L-Methionine (L-MET) is an essential amino acid that is a key
component of one-carbon (C1) metabolism. It is required for the pro-
duction of S-adenosyl methionine (SAM), the primary methyl donor in
the body used in almost all methylation reactions, in which substrates
can be ribonucleic acids, proteins, carbohydrates, phospholipids, and
neurotransmitters (Loenen, 2006; Sharma et al., 1999; Trivedi and Deth,
2012; Zhao et al., 2001). Methylation is a universal reaction that plays a
critical role in numerous biological processes and metabolic pathways
involved in cell proliferation, differentiation, survival, and other cellular
functions (Chen et al., 2013; Horvath et al., 2012; Kim et al., 2014a;
Roidl and Hacker, 2014; Wu et al., 2010).

Abbreviations: L-MET, L-methionine; SAM, S-adenosyl methionine; SAL, Saline.

tripeptide protective antioxidant agent [12].

Disruption of the finely tuned metabolism of methionine has been
associated with neurological and psychiatric disorders. For example,
altered levels of L-MET and other C1 cycle metabolites have been re-
ported in neurodevelopmental disorders such as autism and schizo-
phrenia patients (Indika et al., 2021; Main et al., 2010; Onozato et al.,
2020; Pasca et al., 2009; Puig-Alcaraz et al., 2015; Smythies et al., 1986;
Strous et al., 2009; Tisato et al., 2021; Waligora et al., 2019; Zhu et al.,
2021), as well as age-related neurodegenerative disorders such as Alz-
heimer’s disease (AD) and vascular dementia (Deng et al., 2019; Fayez
et al., 2019; Hooshmand et al., 2019; Hu et al., 2016; Koladiya et al.,
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2008; McCampbell et al., 2011; Pi et al., 2021; Ringman et al., 2012;
Tapia-Rojas et al., 2015; Velazquez et al., 2020; Villa et al., 2009; Wang
et al., 2021; Zuin et al., 2021). We previously showed that repeated
administration to adult mice of methionine equivalent to double daily
dietary intake produced various cognitive deficits that mimic those seen
in schizophrenia and Alzheimer’s disease, including impairments of
working memory, object recognition, spatial memory, and contextual
memory (Wang et al., 2015). However, the molecular mechanisms of L-
MET in inducing these cognitive deficits were not investigated. Previous
studies showed that a high-methionine diet in mice caused an increase in
AB1-40 and AP1-42 levels as well as serum homocysteine, alongside
alterations in the levels of 5-mC and AD-like cognitive deficits (Pi et al.,
2021). High methionine was also found to increase neuronal degener-
ation and vascular dysfunction and impair short-term memory (Kalani
et al., 2019; Nuru et al., 2018).

Considering the decreased neurogenesis and increased molecular
inflammation hypotheses of cognitive deficits in Alzheimer’s, it is
tempting to explore whether neurogenesis and inflammation mecha-
nisms mediate the cognitive-producing effects of methionine. Neuro-
inflammation, including microglial inflammation, may thus play an
early causative role in modifying the stem cell niches for neurogenesis.
Indeed, methionine restriction was proposed to delay aging through
suppressing inflammation mechanisms.

The association between methionine and immuno-inflammatory
activation was supported by that methionine restriction in a mouse
model of multiple sclerosis reduces the ability of T cells to cause
inflammation in the brain and spinal cord that delayed disease onset and
slowed progression (Agbas and Moskovitz, 2009; Grimble, 2006), and
that methionine affects the epigenetic reprogramming in CD4 T cells
(Roy et al., 2020). Further, methionine restriction reduced histone H3K4
methylation that affected the promoters of genes responsible for the
differentiation of T cells towards inflammatory Th17 cells. However,
most studies have determined the effect of methionine metabolism on
the functions of T cells, and less is known about its effect on innate
immune cells that include microglia in the brain.

Since DNA methylation is a critical epigenetic factor that modifies
the expression of genes involved in vital neural functions such as neu-
rogenesis and differentiation (Boku et al., 2014; Kim et al., 2014b), L-
MET levels fluctuations may affect the neurogenesis process. Indeed, our
previous work showed that neurogenesis in the hippocampus was
reduced in mice prenatally exposed to excessive L-MET (Alachkar et al.,
2018). Recent evidence indicates that high levels of methionine may
also affect neurogenesis due to DNA hypermethylation.

While the roles of high methionine diets in cognitive deficits, neu-
rogenesis, and neuroinflammation have been discretely studied, it is not
known whether the same methionine levels that produce cognitive
deficits can alter neurogenesis and neuroinflammation. Therefore, the
goal of the present study was to determine whether the repeated
administration of methionine equivalent to twofold of daily dietary
intake, which we demonstrated to produce cognitive deficits, is associ-
ated with altered neuroinflammation, neurogenesis, or
neurodegeneration.

2. Materials and methods
2.1. Animals and drug administration

Male Swiss Webster mice, ages 8-11 weeks, were used. Mice were
group-housed and maintained on a 12-h light/dark cycle (light on at
7:00 am) with food and water available ad libitum. L-methionine (L-
MET, Sigma-Aldrich) was dissolved in saline. L-MET (750 mg/kg, 15
mg/kg, i.p.) was administered twice a day (9:00 am/3:00 pm) for
consecutive seven days.

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of California, Irvine,
and were performed in compliance with national and institutional
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guidelines for the care and use of laboratory animals.
2.2. Immune/inflammatory assays in L-MET treated brain

2.2.1. Flow cytometry of brain cells

Brains collected after L-MET treatment were treated with collagen
for 1 h at 37 °C, homogenized, and myelin was removed via Percoll
density gradient (25%) as described (Posel et al., 2016). The cells
collected were then stained with viability dye 510 (BD Biosciences, San
Jose, CA) to distinguish live from dead cells. Then the cells were stained
with CD45, CD11b, and HLADR to identify microglia and acquired on
BD FACS Celesta. The flow cytometry results were analyzed using
FlowJo™ v10.8 Software (BD Life Sciences). Live cells were gated on
CD45 to identify hematopoietic cells. Subsequently, CD45 gated cells
were analyzed for the presence CD11b* cells to identify microglia
(Fig. 1A). The expression of HLADR was determined on gated CD11b™
cells.

2.2.2. Brain cytokine assay

We have established an assay to determine levels of inflammatory
mediators in the brain (Markarian et al., 2021). Freshly dissected
hemibrains (6 brains/group) were flash-frozen in liquid nitrogen. Sub-
sequently, they were pulverized on dry ice and solubilized in PBS con-
taining protease inhibitor cocktail. After centrifugation, the
supernatants were collected and assayed for cytokines using a Magnetic
Bead-Based Customized Kit (ThermoFisher Scientific). The levels of the
mediators (IL-1p, IL-17, IL-21, IL-1a, IL-6, CCL-5, TNF-a, CCL-2, IL-18)
were determined and normalized to the amount of the protein in the
lysate.

2.2.3. Brain qPCR

RNA was extracted from the brains of 6 L-MET and 6 saline treated
mice using an RNA easy kit (Zymo Research, Irvine). After conversion to
c¢DNA (ThermoFisher Scientific), qQPCR was performed using specific
primers for mouse NLRP3 and beta-actin.

2.3. Neurogenesis and neuronal survival

2.3.1. BrdU labeling

Using BrdU, a thymidine analog, which is incorporated into the cell
during DNA synthesis, we studied the effect of L-MET on the prolifera-
tion and survival of newborn cells in the dentate gyrus of the hippo-
campus. 2.5-Bromodeoxyuridine (BrdU) (75 mg/kg, i.p.) was
administered to saline- and L-MET-treated mice following two protocols.
Protocol 1 was designed to investigate the effect of L-MET on neuronal
survival. Mice received BrdU injections three times (every 4h) at day
0 (one day prior to the first injection of L-MET) and were killed 24 h after
the last injection of L-MET/SAL. In protocol 2, the effect of L-MET
treatment on neurogenesis was assessed. Mice received a single dose of
BrdU (75 mg/kg, i.p.) 2 h after the last injection of L-MET/Sal on day 7
and were sacrificed 24 h after the BrdU injection.

2.3.2. Immunohistochemistry

Eight mice (4 treated with saline and 4 treated with L-MET) were
deeply anesthetized with isoflurane and perfused intracardially with ice
cold 40 ml saline, followed by 50 ml of 4% paraformaldehyde in phos-
phate buffer (PBS). Brains were removed, post-fixed in 4% para-
formaldehyde overnight at 4 °C. Twenty pm coronal sections were cut at
the level of the Dentate Gyrus of the hippocampus. Sections were
blocked with 4% normal goat serum in PBS with 0.3% Triton X-100 for
60 min, then incubated with mouse anti-BrdU (1:500, ThermoFisher) for
24 h at room temperature. After three wash steps with PBS, sections
were incubated with goat Alexa Fluor 568 anti-mouse (1:500, Life
technologies) and DAPI for 1 h at room temperature. Sections were then
washed with PBS three times and mounted with an Anti-fade solution.
After staining, slides were analyzed using Zeiss microscope (Carl Zeiss,
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Fig. 1. L-MET affects numbers and activation of microglia in the brain. (A) Gating strategy for CD45+ immune cells in the brain. (B) Representative zebra plots of
CD11b + microglia percentage in the brains of saline and L-MET treated mice. (C) Quantification of the same. (D) Mean fluorescence intensity (MFI) of MHC-II

expression on CD11b gated microglia.

USA), and Zeiss LSM image browser software (Carl Zeiss, USA) was used
for image acquisition and analysis. The number of BrdU positive cells
was counted on three sections from each mouse.

2.4. Treatment of human neuroblastoma SH-SY5Y with L-MET

2.4.1. Cell culture

SH-SY5Y human neuroblastoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% heat-inactivated
fetal bovine serum (FBS), penicillin (50 U/ml), streptomycin (50 pg/
ml), and maintained in a humidified, 5% CO2, 37 °C incubator.

2.4.2. MTT viability assay

Cell viability was evaluated as described previously (Datki et al.,
2003), by measuring the reducing capacity of intracellular de-
hydrogenases through quantifying MTT reduction to the insoluble
formazan.SH-SY5Y cells were cultured onto a 96-well plate at 20.000
cells/well. Cells were allowed to grow in DMEM-10%FBS for 24 h. Then,
the culture medium was replaced with fresh DMEM-10%FBS, containing
L-MET 5 mg/ml, and incubated for 24, 72, 168 h. MTT assay was per-
formed as previously described (reference). The medium was removed,
and cells were incubated with 100ul DMEM-10%FBS and 10 pl 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 12 mM
for 3 h at 37 °C, and the formazan crystals were dissolved in 100 pL of
the SDS 10% in 0.01 N HCl. Absorbance was measured using a micro-
plate reader (VERSAmax, Molecular Devices) at 570 nm. The data are
expressed as a percentage of the absorbance in the control wells in which
cells were incubated with medium only.

2.4.3. Neurite outgrowth

Immunofluorescent staining was used to analyze the expression of
the neuronal marker NF-H. SH-SY5Y cells at 20.000 cells/well were
cultured onto a 24-well plate. Cells were incubated with DMEM or L-
MET (5 mg/ml) for various periods: 7 days incubation with DMEM; 4
days incubation with DMEM followed by 3 days incubation with L-MET;

group 3: 2 days incubation with DMEM followed by incubation with L-
MET for 5 days; group 4: 7 days incubation with L-MET. After 7 days,
cells were washed with PBS, and fixed for 10 min in 4% para-
formaldehyde at 4 °C. Cells were then blocked with 4% normal donkey
serum in PBS with 0.1% Triton X-100 for 60 min, then incubated with
chicken anti-NF-H (1:500, Aveslabs) for 24 h at 4 °C. After washing, cells
were incubated with Alexa488 labeled anti-chicken and DAPI for 1 h at
room temperature, followed by washing.

Cell morphology and the ratio of neurite extension to cell area were
analyzed using Zeiss microscope (Carl Zeiss, USA) and ImageJ software
(NIH, Bethesda, MD). Results are expressed as mean + SEM of the values
of 6 images from 3 cell cultures.

2.4.4. BrdU labeling in SY5Y

BrdU immunofluorescent staining was used to analyze the effect of L-
MET treatment on the proliferation rate of SY5Y cells. SH-SY5Y cells at
20.000 cells/well were cultured onto a 24-well plate. Cells were incu-
bated with DMEM or L-MET (5 mg/ml) for various periods: 7 days in-
cubation with DMEM,; 4 days incubation with DMEM followed by 3 days
incubation with L-MET; group 3: 2 days incubation with DMEM fol-
lowed by 5 days incubation with L-MET; group 4: 7 days incubation with
L-MET; group 5: 3 days incubation with L-MET followed by incubation
with DMEM for 4 days. On day 7, cells were washed with PBS, incubated
with BrdU in DMEM (10 uM) for four hours. Cells were then washed with
PBS and fixed for 10 min in 4% paraformaldehyde at 4 °C. Cells were
then blocked with 4% normal donkey serum in PBS with 0.1% Triton X-
100 for 60 min, then incubated with mouse anti-BrdU antibody (1:500,
ThermoFisher), and anti-chicken anti-NF-H antibody (1:500, Aveslabs)
for 24 h at 4 °C. After washing, cells were incubated with goat Alexa
Fluor 568 anti-mouse and Alexa488 labeled anti-chicken (1:500, Life
technologies) and DAPI for 1 h at room temperature, followed by
washing.
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2.5. Statistical analysis

GraphPad Prism (GraphPad Software, Inc.) was used for statistical
analysis. Data are presented as means + S.E.M. Results were analyzed by
t-test or ANOVA followed by the appropriate post hoc comparisons, and
P < 0.05 was considered statistically significant.

3. Results
3.1. Microglia numbers and phenotype in the brain

High methionine levels are associated with neurological diseases
such as AD (Pi et al., 2021; Tapia-Rojas et al., 2015). Still, its effect on
microglia, the major innate immune cell type that is a significant
perpetuator of AD pathogenesis, is unknown. Mice were injected for
seven days with either saline or L-MET, and flow cytometry was used to
assay the effect of L-MET treatment on the numbers and phenotype of
microglia in the brain. Briefly, live brain cells were gated on CD45+ cells
(Fig. 1A). CD45+ cells were further gated on CD11b + cells to identify
microglia (Fig. 1B). L-MET reduced the percentages of microglia in the
brain (Figs. 1B & C; p < 0.05; t-test) compared to controls. Next, we
determined the effect of L-MET on microglia activation by assessing the
expression of MHC-II on these cells. L-MET treatment led to significant
activation (p < 0.05; t-test) of microglia as compared to saline treated
mice (Fig. 1D).

3.2. The assay of inflammatory mediators in the brain

Increased activation of microglia suggests enhanced inflammation.
Therefore, we assayed various cytokines and chemokines levels in the
brain using multiplex. The levels of inflammatory cytokines, IL-1p, TNF-
a, IL-18, IL-33 were significantly increased (p < 0.05; t-test) in the brains
of L-MET treated mice compared to saline controls (Fig. 2A). In contrast
to these cytokines, the level of CCL5 was significantly reduced in the L-
MET group. The levels of other mediators, including IL-1a, CCL-2, IL-10,
IL-6 were comparable between the two groups.

Interestingly, IL-1p, IL-18, and IL-33 are all inflammasome
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activation-related cytokines. NLRP3 is the major inflammasome found
in the brain. Therefore, we determined whether L-MET has an effect on
its expression using qPCR. As is evident from Fig. 2B, L-MET does not
enhance the expression of NLRP3, indicating that the increased
inflammasome-related cytokines are a consequence of enhanced acti-
vation of the receptor. Altogether, these data indicate an increase in
inflammatory responses in the brain of L-MET treated mice.

3.3. Neurogenesis and cell survival

Neuroinflammation has been shown to affect neurogenesis. There-
fore, BrdU-positive cells BrdU" were counted in the dentate gyrus in the
brains of saline- and L-MET treated mice. In the first experiment, we
investigated the effect of L-MET on neuronal survival. We found that the
mean BrdU™" cells number in L-MET-treated mice was not significantly
different from that in the control group, 26.8 + 1.9 cells in the L-MET
treated group compared with 28.4 + 1.8 cells in the saline treated group
(P > 0.05 t-test, Fig. 3B,C). In the second experiment, we assessed the
effect of L-MET on neurogenesis. There was a significant decrease in the
BrdU™" cells in the L-MET-treated mice 9.7 + 1.2 compared with the
saline group (23.9 + 1.8) (P < 0.001, t-test, Fig. 3D,E).

3.4. L-MET alters cell proliferation, neuritogenesis, and cell morphology
in SH-SY5Y

MTT test was used to assess the effect of L-MET on cell growth in SH-
SY5Y. L-MET reduced cell growth, and this reduction increased with the
L-MET treatment time. The cell viability decreased to 80 + 4%, 71 + 6,
46 + 3 in cells treated with L-MET for periods of 1, 3, 7 days respec-
tively, P < 0.01, 0.01, 0.001, two-way ANOVA followed by Bonferroni
post-test (Fig. 4A,B). To determine whether the L-MET-induced decrease
in cell growth is caused by increased cell death or decreased prolifera-
tion, we quantified the number of BrdU-positive cells treated for
different times with L-MET. While L-MET treatment for 3, 5, and 7 days
did not cause cellular death, it inhibited the proliferation of SY5Y cells
measured by the percentage of DAPI positive cells that were BrdU pos-
itive on day 7 post-treatment (F (4, 65y = 8.972, one-way ANOVA, Fig. 4C,
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Fig. 2. L-MET enhances inflammatory cytokine production in the brain. (A) Dot plots depict the levels of cytokines and chemokines in the brains of saline and L-MET
treated mice. The levels are represented as pg/ug/of brain protein. (B) Gene expression of NLRP3 relative f-actin assayed by qPCR.



A. Alachkar et al.

Protocol 1 BrdU Sal/L-MET perfuse
x3
Day 0 1 7 8
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administration and sacrificed 8 days after BrdU injection. *
figure legend, the reader is referred to the web version of this article.)

D). The anti-proliferative effect of L-MET was reversed by its removal
after three days and replacing it with DMED for 4 more days; BrdU"/
DAPI" ratio was similar to that in the control group (P > 0.05, one-way
ANOVA followed by Tukey’s post-test).

SH-SY5Y cells morphology examined by immunofluorescence
showed that NF-H was present in control as well as L-MET-treated cells.
However, the morphology of cells treated with L-MET resembled pri-
mary neurons more than control cells in terms of neurite processing and
lengths. Also, the ratio of neurite extension to cell area was higher in L-
MET treated cells, and this ratio increased with the treatment time (the
intensity were 0.95 + 0.08, 1.2 + 0.07, 1.3 & 0.1 in cells incubated with
L-MET for 3, 5, 7 days out of 7 days respectively compared with 0.7 +
0.04 (Fig. 5A,B).

4. Discussion

In the present study, we demonstrated that chronic L-MET treatment
enhances the activation of microglia and inflammation in the brain and
decreases neurogenesis in the hippocampus without affecting cell sur-
vival. Furthermore, sub-chronic and chronic methionine treatment
inhibited cell cycle progression in human neuroblastoma (SH-SY5Y), an
effect that was reversed by decreasing removing L-MET from the
medium.

High methionine diet is associated with increased inflammation that
is characteristic of neurodegenerative diseases like AD (Heneka et al.,
2015; Pietal., 2021; Tapia-Rojas et al., 2015). Nevertheless, the effect of
L-MET on microglia has not been studied. We find that L-MET equivalent
to double daily dietary intake decreases microglial numbers. One
explanation could be activation induced cell death. Several reports

*P < 0.0001 determined by Unpaired test. (For interpretation of the references to colour in this

indicate that activated microglia undergo cell death to limit immune and in-
fiammatory responses involving them (Lee et al., 2001; Mayo et al., 2008).
Initially, microglia become activated in response to injury or insult to the brain
to protect neurons. However, prolonged activation is detrimental since acti-
vated microglia produce inflammatory cytokines and ROS that have
been shown to accelerate the cognitive decline and pathology of de-
mentia. In keeping with increased microglial activation, we also
observed an enhancement in the levels of proinflammatory cytokines in
the brain after L-MET treatment. IL-1p, IL18, and IL-33 are all products
of inflammasome activation. Inflammasomes are innate immune sensors
belonging to the family of NOD-like receptors (NLRs) present in many
cells (Heneka et al., 2018). Rather than inducing transcriptional
signaling, inflammasomes control post-translation events after cytosolic
receptor triggering. The inflammasomes are large, multi-molecular
signaling complexes that cleave caspase-1 to convert it from an inac-
tive to an active form. Activated caspase-1 converts pro-forms of
proinflammatory cytokines like IL-1p, IL-18, IL-33, etc., to secretory
forms that are then released from the cells to act on other cells. In
addition, activation of caspase-1 also leads to cell death via pyroptosis
(Yu et al., 2021). There are several different types of inflammasomes.
However, NLRP3 inflammasome is the most studied in the brain and is
located predominantly in the microglia (Heneka et al., 2018). High
methionine diet has been associated with increased NLRP3 activation in
macrophages in a mouse model of atherosclerosis (Wang et al., 2017).
Though we observed increased levels of inflammasome-associated cy-
tokines, the expression of the NLRP3 gene was comparable between L-
MET and saline groups, indicating increased activation of the inflam-
masome rather than induction of the gene. Our data suggest that L-MET
induces neuronal inflammation that is often accompanied by cell death.
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One example is the reduced numbers of microglia in our experiments.
Nucleic acids from dying cells may be acting as a trigger for the inflammasome
in L-MET mice, while this is not the case for control mice. It has been shown
that following traumatic brain injury, dying cells activate microglia (Kabba
et al., 2018; Lee et al., 2019).

NLRP3 activation in microglia is observed in several neurodegener-
ative disorders, including AD and Parkinson’s disease, and is associated
with increased inflammation and disease pathogenesis(Heneka et al.,
2018). NLRP3 and the cytokines produced due to its activation have also
been reported to have a profound effect on neurogenesis. The activation
of NLRP3 inflammasome was reported to aggravate PSCI by enhancing
activation of microglia and impairment of neurogenesis in the hippo-
campus (Li et al., 2020). The cytokines IL1p, IL-18, and IL-33 all have
important functions in the brain(Borsini et al., 2015). The cognate re-
ceptors for IL-1p and IL-18 are expressed by many brain cell types. These
receptors initiate signaling cascades that can contribute to neuronal
injury and death. For instance, activated microglia are considered the
major source of IL-18. IL-18 produced acts in an autocrine manner to
induce the production of inflammatory cytokines TNF-a and IL-1p from
microglia (Felderhoff-Mueser et al., 2005). Furthermore, IL-18 also in-
duces the expression of FAS ligand (Fas-L) on microglia, oligodendro-
cytes, and astrocytes which enhances Fas-mediated neuronal apoptosis

during inflammation (Bossaller et al., 2012). Increased IL-18 production
due to a high methionine diet may therefore be responsible for the
observed reduction in microglia numbers in the brain (Fig. 1C). Similar
to IL-18, several studies indicate that IL-1f is also a major player in the
loss of neurogenesis and the depression-like behavior caused by stress
(Koo and Duman, 2008; Koo et al., 2010). Koo et al. demonstrated that
blocking IL-1f reverses stress-induced impairment of neurogenesis and
behavioral deficits (Koo and Duman, 2009). In contrast to IL-1p and IL-
18, IL-33 has been shown to have both beneficial and detrimental effects
in brain pathologies. IL-33 is reported to protect neurons by inhibiting
cell death and inflammation in AD and other diseases (Gao et al., 2017).
However, IL-33 has also been reported to promote an influx of inflam-
matory cells in the brain in multiple sclerosis (Jafarzadeh et al., 2016).

In contrast to inflammasome-related cytokines, we observed a
decrease in the production of chemokine, CCL-5, in mice treated with L-
MET. The constitutive expression of CCL5 and its receptor has been
observed in neurons and glia (Lanfranco et al., 2017), where it has been
reported to enhance survival and development of neurons (Sorce et al.,
2010; Sorce et al., 2011; Tripathy et al., 2010). Therefore, L-MET-
induced decreased CCL-5 and increased IL-1p may be partially involved
in the observed impaired neurogenesis. Indeed, the decreased hippo-
campal neurogenesis in aging has been shown to occur via epigenetic
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modifications, particularly DNA methylation, accompanied by the
activation of microglia and astrocytes and the augmented expression of
IL-1f (Covic et al., 2010; Kuzumaki et al., 2010a; Kuzumaki et al.,
2010Db). Further, SAM, a universal methyl donor, was shown to inhibit
neurogenesis in the hippocampus (Carrasco et al., 2014). Interestingly,
L-MET treatment did not affect the number of born cells in the hippo-
campus or SY5Y, indicating no effect of L-MET on cell survival. These
findings support that L-MET is not an apoptotic agent, and therefore the
behavioral responses to its chronic administration do not simply reflect
its toxic effects on the brain. Interestingly, the growth of SY5Y returned
to the normal rate four days after removing excess L-MET. This finding is
of particular clinical relevance as it suggests that the mechanisms
through which L-MET produces removal of L-MET inhibit proliferation
are reversible. While neurites’ outgrowth has been shown to correlate
with increased neural differentiation and enhanced memory, the high
neurite extension/cell area ratio in the L-MET-treated SY5Y cells may
reflect a lower rate of cell division in L-MET-treated cells compared to
the control cells. The lower rate of cell proliferation gives cells more
space and time to grow their neurites.

Altogether, we demonstrate that chronic administration of L-MET
equivalent to double daily dietary enhances the activation of microglia
and inflammation in the brain and decreases neurogenesis. We showed
that the removal of the excessive L-MET can reverse the effects of neu-
rogenesis. Our results support a role for neuroinflammation and neu-
rogenesis in mediating the mechanism through which L-MET induces
cognitive deficits. While our results establish the causal relationship
between L-MET and neurogenesis, and between L-MET and neuro-
inflammation, they do not confirm whether reduced neurogenesis
induced by of L-MET is mediated by neuroinflammation. This question is
the focus of our ongoing research. The results also uncover L-MET re-
striction, neuroinflammation, and neurogenesis as potential preventive
or therapeutic targets for mental disorders associated with cognitive
disorders, including schizophrenia and Alzheimer’s disease.
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