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ABSTRACT
Methionine metabolism is dysregulated in multiple sclerosis (MS). The methyl donor betaine is
depleted in the MS brain where it is linked to changes in levels of histone H3 trimethylated on
lysine 4 (H3K4me3) and mitochondrial impairment. We investigated the effects of replacing this
depleted betaine in the cuprizone mouse model of MS. Supplementation with betaine restored
epigenetic control and alleviated neurological disability in cuprizone mice. Betaine increased the
methylation potential (SAM/SAH ratio), levels of H3K4me3, enhanced neuronal respiration, and
prevented axonal damage. We show that the methyl donor betaine and the betaine homocys-
teine methyltransferase (BHMT) enzyme can act in the nucleus to repair epigenetic control and
activate neuroprotective transcriptional programmes. ChIP-seq data suggest that BHMT acts on
chromatin to increase the SAM/SAH ratio and histone methyltransferase activity locally to increase
H3K4me3 and activate gene expression that supports neuronal energetics. These data suggest
that the methyl donor betaine may provide neuroprotection in MS where mitochondrial impair-
ment damages axons and causes disability.
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Introduction

It is clear that changes in epigenetic control are com-
mon to neurodegenerative disease. A re-emergence of
silenced genes has been reported in Alzheimer’s dis-
ease (AD) indicating that methylation dependent
transcriptional silencing is disrupted [1]. In multiple
sclerosis (MS), a dysregulation ofmethioninemetabo-
lism has been linked to epigenetic changes and mito-
chondrial defects [2,3]. Decreased concentrations of
the methyl donor betaine have been shown to be
correlatedwith reduced levels ofH3K4me3 inneurons
as well as mitochondrial deficits in MS cortical tissue.
Additional studies have linked changes in methionine
metabolism to MS [4–6] as well as other neurodegen-
erative diseases that exhibit mitochondrial impair-
ment including AD and Parkinson’s disease [7–9].

A dysregulation of methionine metabolism can
alter chromatin by changing levels of methionine
metabolites including the methyl donor
S-adenosylmethionine (SAM). Chromatin

modifying enzymes require small molecule meta-
bolites including SAM, acetyl groups, and NAD+
to supply substrates for the enzymes that modify
DNA and histones to alter chromatin structure in
response to appropriate signals. It has previously
been shown that metabolic enzymes in
cluding methionine adenosyltransferase (MAT),
fumarase, pyruvate dehydrogenase complex,
and nicotinamide mononucleotide adenylyl-
transferase-1 (NMAT-1) are expressed in the
nucleus where they synthesize the metabolites
required by histone modifying enzymes [10]. The
methyl donor SAM is synthesized in the methio-
nine cycle. SAM is the methyl donor for most
methylation reactions in cells including histone
and DNA methylation. Historically, it has been
thought that methionine cycle enzymes and reac-
tions were restricted to the cytoplasm and that
SAM diffuses in to the nucleus where it supplies
methyl groups for histone methyltransferases
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(HMTs) to methylate histones and for DNA
methyltransferases (DNMTs) to methylate DNA.
However, it has become increasingly clear that
nuclear localization of biosynthetic enzymes is
necessary to synthesize nuclear pools of metabo-
lites required for epigenetic regulation
of chromatin [10]. Methionine metabolism
enzymes including MAT and SAH hydrolase
(AHCY) have been found in the nucleus [11–15],
suggesting the existence of a nuclear methionine
cycle.

Themethioninemetabolism enzyme betaine homo-
cysteine methyltransferase (BHMT) is ex
pressed in the liver and kidney as well as in both rodent
and human brain in the cortex, hippocampus, and
cerebellum [16]. BHMTalso been found to be localized
to the cytoplasm and nucleus [15]. Betaine, also known
as trimethylglycine, provides the methyl group that is
transferred to homocysteine in the BHMT catalysed
reaction. BHMT catalysed remethylation of homocys-
teine to methionine contributes to the synthesis of
SAM. The role of the BHMT-betaine methylation
pathway has been studied extensively in the liver [17],
but very little is known about the role of BHMT in the
brain. Previous studies, however, have shown that
BHMT is important for neuronal cell survival and
metabolism as Bhmt−/- mice exhibit neurological
changes including decreased brain volume and defects
in learning and memory [16].

In MS, inflammation and mitochondrial impair-
ment contribute to disease [18,19]. The cuprizone
mouse model of MS mimics the demyelination,
activation of microglia, and mitochondrial pathol-
ogy observed in MS [20,21]. In the cuprizone mouse
model, evidence suggests that there is a direct link
between cuprizone treatment and changes in axonal
mitochondria that results in cell death and demye-
lination [22,23]. In the present study we have inves-
tigated the effects of enhancing the BHMT-betaine
methylation pathway by administering betaine in
drinking water to assess potential neuroprotective
effects in the cuprizone mouse model of MS.

Results

The nuclear BHMT-betaine methylation pathway

We investigated the role of the BHMT-betaine path-
way in histone methylation and neuroprotection. The

BHMT-betaine methylation pathway is important for
neurodegenerative disease because it can maintain
methioninemetabolism and themethylation potential
(SAM/SAH ratio) under oxidative conditions
(Figure 1). Our data show that betaine can regulate
histone methylation in the nucleus and also supports
mitochondrial health and viability. In the present
study we have confirmed this in different experimen-
tal paradigms including the cuprizone mouse model
of MS, human SH-SY5Y neuroblastoma cells, and in
rat primary neurons (Figure S1).

BHMT is expressed in the brain, in the cortex,
hippocampus, and cerebellum where it is localized
to both the cytoplasm and the nucleus in neurons
(Figure 2(a)). To better understand the role of
BHMT in the nucleus, we performed chromatin
fractionation of nuclei from human SH-SY-5Y
neuroblastoma cells followed by Western blotting
for BHMT and other markers (histone H3,
H3K4me3, GAPDH) (Figure 2(b)). In these
experiments, nuclear extracts were fractionated
with increasingly higher NaCl concentrations (0.-
15–1.8 M NaCl). Proteins bound more tightly to
chromatin elute in the higher NaCl fractions
(1.2 M, 1.8 M NaCl). We found that BHMT is
present in several chromatin fractions including
tight chromatin fractions (1.2–1.8 M NaCl frac-
tions) which overlaps with the presence of
H3K4me3 (Figure 2(b)). As expected, histone H3
is also present in chromatin fractions and GAPDH
was present in the cytoplasmic fraction and in the
nuclear unbound fraction (NU) that isn’t bound to
chromatin. We then performed in situ fluores-
cence studies and found that Bhmt interacts with
the WD repeat domain 5 (Wdr5) subunit [24] of
the Set/MLL HMT that methylates H3K4me3 [25]
in mouse brain sections (Figure 2(c)). To deter-
mine if the BHMT-betaine pathway could regulate
HMT activity we treated primary neuronal cul-
tures with betaine and measured HMT activity.
We found that treating primary neurons with
1 mM betaine overnight as previously described
[2] increases HMT activity over control cells by 1.8
fold (Figure 2(d)). We then treated cells with the
nitric oxide (NO) donor sodium nitroprusside
(SNP) to increase reactive nitrogen species (RNS)
in order to mimic the inflammatory environment
that exists in the MS brain [2]. In MS, microglia,
which are the resident innate immune cells of the
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CNS, are activated. These cells synthesize NO
which increases RNS in the MS brain. We found
that HMT activity decreased by 40% under condi-
tions of excess RNS after treatment with SNP and
betaine restored HMT activity back to control
levels in SNP treated cells (Figure 2(d)). We then
knocked down Bhmt expression in rat primary
neurons with an siRNA. These data show that
betaine mediated regulation of HMT activity is
dependent on Bhmt (Figure 2(e)).

To determinewhereBHMTwas bound to chromatin,
we then performed ChIP-seq with chromatin isolated
from human SH-SY5Y neuroblastoma cells and an anti-
body to BHMT. We found that BHMT was enriched
predominately within 4 kb the transcription start sites
(TSS) of genes (Figure S2) and bound to the sequence
motif GCTGGGA (Figure S3). Kyoto Encyclopaedia of
Genes andGenomes (KEGG)pathwayanalysis identified

categories of genes enriched for BHMT (Table 1). The
top categories identified were (1) metabolic genes, (2)
oxidative phosphorylation genes, (3) Alzheimer’s disease
genes, (4) Parkinson’s disease genes, (5) Huntington’s
disease genes. All of these groups contain nuclear
encoded mitochondrial genes. Several transcription fac-
tors that regulate mitochondrial genes including the
mitochondrial biogenesis factor peroxisome proliferator-
activated receptor-γ coactivator 1α (PGC-1α also called
PPARGC1a) [26] and over 70mitochondrial genes were
enriched for BHMT over 1.5 fold (p < 0.01) (Table S1).
These data are consistent with our previous study show-
ing that mitochondrial genes were enriched for
H3K4me3 with betaine treatment [2]. Visualization
with NGS Strand software version 3.3 shows that
BHMT is enriched near TSS and in genic and intronic
regions of transcription factors that regulate mitochon-
drial gene transcription (PGC-1α, mitochondrial

Figure 1. Schematic depicts methionine metabolism and the BHMT-betaine methylation pathway.
Under oxidative conditions methionine synthase is inhibited. When methionine synthase is blocked, S-adenosylhomocysteine (SAH)
and homocysteine build-up which inhibits HMTs and DNMTs. Methionine synthase remethylates homocysteine to methionine with
the methyl group donated from 5-methyltetrahydrofolate (5-MTHF). The BHMT-betaine pathway can bypass the B12 dependent
methionine synthase reaction and remethylate homocysteine to methionine with betaine donating a methyl group in cells that
express BHMT. Betaine can be obtained in the diet or by oxidation of choline in mitochondria. Betaine treatment has been shown to
increase H3K4me3 and transcription of mitochondrial genes [2]. THF; tetrahydrofolate, MTHFR; methylenetetrahydrofolate reductase,
CBS; cystathionine-β-synthase, GSH; glutathione
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transcription factor A [TFAM], and nuclear respiratory
factor 1 [NRF-1]) and in nuclear encodedmitochondrial
electron transport chain subunit genes (NADH: ubiqui-
none oxidoreductase subunit S4 [NDUFS4], cytochrome
c oxidase subunit 5B [COX5B], cytochrome c oxidase
assembly factor haem A:farnesyltransferase [COX10],
and cytochrome c oxidase assembly factor [COX16])
(Figure 3).

Betaine restores methionine metabolism and
epigenetic control in an MS mouse model

We have previously shown that betaine concen-
trations are decreased in the MS cortex and are
linked to mitochondrial impairment [2]. To deter-
mine whether similar alterations in methionine
metabolism are modelled in the cuprizone mouse
model of MS, we analysed methionine metabolite
concentrations in the brains of control mice and
cuprizone fed mice by LC-MS/MS. Cuprizone
induces oligodendrocyte cell death, demyelina-
tion, activation of microglia, and neuronal mito-
chondrial defects, all of which occur in MS. To
establish the efficacy of the cuprizone treatment,
we performed immunohistochemistry with anti-
bodies to the microglial marker Iba1 and to nitro-
tyrosine. Microglial cell activation can be detected
by changes in morphology. Iba1+ microglia in
cuprizone brains were more ameboid, confirming
that microglia were in an activated state (Figure 4
(a,b)). An increase in nitrotyrosine was also

Figure 2. BHMT is expressed in neurons where it interacts with chromatin and regulates HMT activity.
(a) Confocal image shows BHMT+ (green fluorescence) and NeuN+ neurons (red fluorescence) in the mouse hippocampus. (b)
Chromatin fractionation of chromatin isolated from cultured neurons shows that BHMT is in the nucleus and is present in tight
chromatin fractions (1.2 M, 1.8 M NaCl fractions). Histone H3 and H3K4me3 are also present in chromatin fractions. GAPDH is
observed in the cytoplasmic fraction and slightly in the nuclear unbound fraction. 0.15–1.8 M NaCl represents nuclear fractions
bound to chromatin, C -cytoplasmic fraction, NU nuclear unbound fraction. (c) In situ fluorescence (red) shows that BHMT interacts
with the Wdr5 subunit of the Set/MLL HMT that methylates H3K4 to H3K4me3 in nuclei marked with DAPI (blue) in mouse brain
sections. BHMT also interacts with H3K4me3, but shows no interaction with H3K36me3. (d) SNP treatment inhibits HMT activity in
primary neuronal cultures and betaine treatment blocks the decrease in HMT activity in SNP treated cells (n = 3). (e) Repressing
BHMT expression with siRNA blocks betaine mediated regulation of HMT activity in primary neurons (n = 8). Error bars represent
SEM. Asterisks note significance relative to controls (two-tailed Student’s T-test). * p < 0.05. Hashtags note significance to SNP
treated cells. # p < 0.05.

Table 1. BHMT is enriched at regulatory regions of mitochon-
drial genes.

KEGG pathway
Number of genes enriched

for BHMT p value

1. Metabolism (hsa01100) 175/1243 9.71e-
19

2. Parkinson’s disease
(hsa05012)

51/142 4.08e-
18

3. Oxidative phosphorylation
(hsa00190)

48/133 2.95e-
13

4. Alzheimer’s disease
(hsa05010)

46/168 7.13e-
13

5. Huntington’s disease
(hsa05016)

46/193 3.93e-
11
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observed in cuprizone brains indicating increased
RNS and protein nitration (Figure 4(c,d)). Black
and gold staining was performed to determine the
extent of demyelination in our cuprizone mice.
These mice exhibited marked demyelination of
corpus calossum and cortex as shown in Figure 4
(e,f). We found that the activity of the methionine
synthase enzyme is reduced in the brains of cupri-
zone mice (Figure 4(g)) indicating that the
increased RNS in the cuprizone mouse model is
sufficient to inhibit methionine synthase [27–29].

We then measured the concentration of methio-
nine cycle metabolites including methionine, SAM,
S-adenosylhomocysteine (SAH), cystathionine, cho-
line, and betaine by LC-MS/MS in the brains of
control and cuprizone fed mice. Methionine

metabolites were measured in cortex, striatum, hip-
pocampus, and cerebellum in mice fed a regular
diet and in mice on the 0.3% cuprizone diet with
and without betaine (1% in drinking water). Similar
to what we previously reported in MS [2], we found
a 20–40% increase in levels of SAH in brain regions
of cuprizone mice (Figure 4(h)). The concentration
of cystathionine was also significantly increased in
cuprizone treated mice consistent with changes
reported in MS previously [2] (Figure S4).
Increased cystathionine also points to a build-up
of SAH and homocysteine since these metabolites
can be diverted to cystathionine. While methionine
and SAM levels were maintained (Figure S4) the
increase in SAH was substantial and resulted in
a 25–50% decrease in the SAM/SAH ratio, also

Figure 3. ChIP-seq shows that BHMT is enriched at transcriptional regulators of mitochondrial genes and at mitochondrial genes.
Pileup figures show enrichment for BHMT at TSS, genic, and intronic sequences of mitochondrial genes. Enrichment for BHMT
sequence reads is shown for BHMT immunoprecipitated DNA compared to input DNA.
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Figure 4. The cuprizone mouse model mimics the activation of microglia, increased RNS, and methionine metabolism changes
exhibited in MS.
Immunohistochemistry for Iba1 in control (a) and in cuprizone fed mice (b) shows that microglia are more ameboid indicating that
they are activated in the cuprizone mouse model. Detection of RNS with an anti-nitrotyrosine antibody in Control (c) and in
cuprizone (d) mouse brain sections shows increased RNS in the cuprizone brain. Black and gold histology shows marked
demyelination in brains of cuprizone mice. Staining shows myelin in control mice on the regular diet (RD) (e) in corpus callosum
compared to mice on the cuprizone diet (f). (g) Methionine synthase activity is decreased in cuprizone mouse brain (n = 3). (h, i)
Mass spectrometry to measure concentrations of methionine metabolites shows that betaine restores the methylation potential
in vivo. Concentrations of SAH are increased (h) in the cuprizone brains which reduces the SAM/SAH ratio (i). Betaine levels are
reduced (j) in cuprizone mouse brain regions and betaine administration restores these levels (n = 8). Error bars denote SEM.
Significance was determined with a two-tailed Student’s T-test. Asterisks denote significance relative to controls, * p < 0.05,
**p < 0.01, ***p < 0.001. Hashtags denote significance relative to cuprizone treated mice. # p < 0.05, ##p < 0.01, ###p < 0.001.
Cortex (Ctx), Striatum (Str), Hippocampus (Hipp), Cerebellum (Cer).
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known as the methylation potential, in brain
regions (cortex, hippocampus, cerebellum) of cupri-
zone fed mice compared to controls (Figure 4(i)).
When methionine synthase is inhibited, SAH builds
up and inhibits histone and DNA methylating
enzymes. Inhibition of methionine synthase can be
overcome by activation of the BHMT-betaine path-
way to remethylate homocysteine to methionine in
cells that express BHMT. However, similar to what
we previously reported in post-mortem MS brain
tissue, levels of betaine were also decreased in
cuprizone fed mice (Figure 4(j)). This could reflect
a depletion of betaine in an attempt to maintain the
methylation potential under oxidative conditions
(Figure 1). Levels of choline were also decreased
in brains of cuprizone fed mice (Figure S4) consis-
tent with reductions in betaine, since betaine can be
obtained by oxidation of choline. To determine
whether supplementation with betaine can over-
come the block of methionine synthase and reduc-
tion in the SAM/SAH ratio in the presence of
increased RNS, we administered betaine in drinking
water and measured methionine metabolite concen-
trations in control and cuprizone fed mice. We
found that betaine was able to bring levels of
methionine metabolites including betaine, SAH,
and the SAM/SAH ratio back to control levels in
cuprizone fed mice (Figure 4(h–j)).

Betaine promotes transcriptional programmes
that support mitochondria under oxidative
conditions

Betaine administration has been shown to sup-
port neuronal respiration under conditions of
increased RNS in cell culture by increasing levels
of H3K4me3 and expression of mitochondrial
genes [2,30]. To determine whether betaine
could support levels of H3K4me3 in vivo we
performed immunohistochemistry with antibo-
dies to NeuN to mark neurons, and H3K4me3.
We quantitated levels of H3K4me3 in neurons in
brains of mice on regular diet, cuprizone,
betaine supplemented, and in cuprizone +
betaine supplemented mice and found that
H3K4me3 is reduced in cuprizone mice. Levels
of H3K4me3 were brought back near control
levels in cuprizone + betaine treated mice
(Figure 5(a)).

Levels of the neuronal mitochondrial metabolite
N-acetylaspartate (NAA) are linked to mitochon-
drial health and viability in neurons/axons [31,32].
To determine whether betaine can support neuro-
nal mitochondria and protect axons in vivo, we
also measured the effects of betaine on NAA levels
in cuprizone fed mice. We found that similar to
what has been previously reported in MS [2,31],
NAA levels were decreased on average by 40% in
the brains of cuprizone mice (Figure 5(b)). Betaine
administration rescued levels of NAA in cuprizone
mice back to control levels (Figure 5(b)). To con-
firm that betaine can restore appropriate transcrip-
tional control to support mitochondria under
oxidative conditions in neurons, we modelled the
oxidative environment that exists in the cuprizone
mouse model by treating rat primary neurons with
SNP to increase NO and RNS [2]. We then sup-
plemented the cell culture media with betaine
(1 mM) and measured the expression of mito-
chondrial genes by qRT-PCR. We found that
betaine treatment increased the expression of
mitochondrial complex I, IV, and V genes under
oxidative conditions (Figure 5(c)).

Seahorse respirometry revealed that while betaine
didn’t significantly change mitochondrial respiration
in control mice (Figure 5(d)), basal and maximal
respiratory capacity were increased in cuprizone
mice who were given betaine in drinking water for
the last 4 weeks of cuprizone feeding (Figure 5(e,f)).
Betaine administration also improved sensorimotor
performance in cuprizone mice (Figure 6). Cuprizone
fed mice took significantly longer to traverse the chal-
lenging beam, but betaine alleviated this disability in
these mice. The effects of betaine didn’t change the
weight loss exhibited by cuprizone mice indicating
that the protective effects of betaine weren’t linked
to any change in weight.

Discussion

Previous studies have shown that treatment with
the methyl donor betaine can activate neuropro-
tective transcriptional programmes [2,29,33]. We
have extended these findings and now show that
betaine mediated neuroprotection involves a novel
mechanism that involves BHMT interactions with
chromatin. The regulation of chromatin structure
involves modifications to DNA and histones.
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Figure 5. Betaine treatment rescues epigenetic control and supports mitochondria.
(a) Quantitation for H3K4me3 intensity in NeuN+ neurons in cuprizone mouse brains (n = 3) shows that betaine administration
restores H3K4me3 levels. (b) The neuronal mitochondrial metabolite NAA is decreased in cuprizone mouse brains and is brought
back to control levels with betaine (n = 3). (c) Expression of mitochondrial electron transport subunit genes in primary neurons are
reduced under oxidative conditions, and betaine brings expression levels back to control values (n = 3). (d) Seahorse respirometry of
isolated mitochondria shows that betaine doesn’t significantly change maximal respiratory capacity in cortex of control mice on
a regular diet (n = 4). (e) Oxygen consumption rate (OCR) is decreased in mitochondria isolated from the cortex of cuprizone fed
mice (n = 4). Betaine supports OCR in cuprizone mice. F. Betaine administration enhances maximal respiratory capacity (after
addition of FCCP) in cuprizone mice (n = 4). Error bars denote SEM. Asterisks denote significance by a Student’s T-test relative to
controls. * p < 0.05, **p < 0.01, ***p < 0.001. Hashtags denote significance relative to the treated group (Cup or SNP). # p < 0.05, ##
p < 0.01, ###p < 0.001.

Figure 6. Betaine alleviates sensorimotor disability in cuprizone mice.
C57Bl/6 mice received either water and standard chow (n = 4), Betaine and standard chow (n = 4), water and cuprizone chow
(n = 6), or Betaine and cuprizone chow (n = 6). Body weights and sensorimotor function (Challenging Beam and Spontaneous
Activity) were measured prior to treatment (Pre-Test) and again after treatment (Post-Test). *, ** p < 0.05, 0.01 compared to Control
Post-Test. Δ, ΔΔ p < 0.05, 0.01 compared to Pre-Test.
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These modifications require metabolites such as
SAM, acetyl groups, and NAD+ to supply sub-
strates for the enzymes that modify DNA and
histones to alter chromatin structure. It has pre-
viously been shown that metabolic enzymes
including MAT, fumarase, pyruvate dehydrogen-
ase complex, and NMAT are expressed in the
nucleus where they synthesize metabolites
required by histone modifying enzymes [10]. Our
data add to the list of metabolic enzymes pre-
viously believed to be restricted to the cytoplasm
that have now been found to be present in the
nucleus as well. We have found that BHMT is
expressed in the nucleus and interacts with Wdr5
[24], a component of the Set/MLL HMT that
methylates H3K4 [25]. These data suggest the
existence of a nuclear methionine cycle that reg-
ulates the activity of HMTs at specific genomic
regions to regulate gene expression.

Nuclear BHMT may be important for removing
the toxic build-up of methionine metabolites homo-
cysteine and SAH (Figure 7). Increased levels of
these metabolites inhibit the activity of methyltrans-
ferase enzymes [34,35]. Nuclear BHMT can remove
excess homocysteine and SAH locally to prevent Set/
MLL inhibition and N-homocysteinylation of his-
tone H3 which blocks H3K4 methylation [36]. Our
data suggest that chromatin bound BHMT may
facilitate the removal of excess nuclear homocysteine
and SAH at specific genomic regulatory regions
thereby increasing the SAM/SAH ratio and HMT
activity. While cytoplasmic BHMT could also act to

remove excess homocysteine and SAH, having
BHMTbound to specific regulatory regions on chro-
matin would allow for local control of the Set/MLL
methyltransferase activity, levels of H3K4me3, and
gene expression. BHMT activity may be important
in cells like neurons that have limited metabolism
through the transulfuration pathway, which limits
the toxic build-up of SAH and homocysteine by
first converting homocysteine to cystathionine.

In addition to removing toxic levels of homo-
cysteine and SAH in the nucleus, BHMT bound to
chromatin would also contribute to producing
a nuclear pool of SAM to methylate histones at
specific sites by HMTs. This would require MAT,
the enzyme that converts methionine to SAM, to
also be expressed in the nucleus. In fact, nuclear
MAT has been found and its expression is corre-
lated with levels of histone methylation [13,14].
The MAT enzyme converts methionine to SAM
for methylation reactions and like BHMT it has
been shown to be localized to both the cytoplasm
and nucleus [13,14]. The interaction of MAT alone
on chromatin can synthesize SAM locally, but
wouldn’t allow cells to eliminate SAH and homo-
cysteine build-up in the nucleus.

Cuprizone is known to be a copper chelator and
was believed to cause MS like pathology in mice by
damaging oligodendrocytes by impairing activity
of copper dependent enzymes including cyto-
chrome oxidase. However, recently it has been
shown that cuprizone alters brain metabolism
independently of its ability to chelate copper

Figure 7. Model for BHMT-betaine mediated regulation of mitochondrial gene expression.
Having BHMT localized to chromatin can divert excess homocysteine (Hcy) and SAH to methionine under oxidative conditions when
methionine synthase is inhibited. Since SAH is inhibitory to HMT activity, BHMT will divert excess SAH to methionine which will
increase the methylation potential (SAM/SAH ratio) and thereby activate HMTs. ChIP-seq shows that BHMT interacts at regulatory
regions of mitochondrial genes to increase H3K4me3 and activate gene expression that supports neuronal energetics.
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[37]. Consistent with our data, Taraboletti et al.
[37] demonstrated that cuprizone treatment also
resulted in a dysregulation of one carbon and
methionine metabolism and in levels of metabo-
lites necessary for energy in the corpus callosum
and in the hippocampus. Our data confirm this
finding and show that cuprizone treatment models
the methionine metabolism changes previously
reported in MS [2,3,38]. These findings suggest
that a dysregulation of methionine metabolism
and epigenetic regulation of chromatin may be
central to MS pathology and that the cuprizone
model mimics these pathological changes. Similar
to MS, where the availability of methyl donors is
reduced, in the brains of cuprizone mice the
methyl donor betaine is depleted considerably
and the SAM/SAH ratio, a measure of methylation
potential, is reduced. Changes in methionine
metabolism and the SAM/SAH ratio can lead to
changes in methylation of downstream substrates
including histones and result in aberrant gene
expression [39,40]. We found that downstream
methylation reactions and mitochondrial metabo-
lism were also altered in the brains of cuprizone
treated mice. Dietary supplementation with
betaine in drinking water restored methionine
metabolism and brought the SAM/SAH ratio,
levels of H3K4me3, and mitochondrial gene
expression back to what was observed in control
mice on the regular diet.

Deficiencies in or supplementation with dietary
factors including the methyl donor betaine and
other methionine metabolites can alter epigenetic
signatures and gene expression programmes [41],
however it is unclear how the specificity of
changes in methylation of DNA or histones due
to these metabolites is conferred. Supplementation
with metabolites that feed in to the methionine
cycle do not appear to increase methylation glob-
ally throughout the genome but, instead increase
methylation at specific genomic regions [38,42,43].
Very little is known concerning how dietary sup-
plementation and changes in the SAM/SAH ratio
can regulate specific subsets of genes. Our data
indicate that BHMT interactions with chromatin
confer specificity for methylation of histone H3 at
regulatory regions of genes involved in mitochon-
drial respiration. Betaine administration can

activate the methylation of H3K4me3 and gene
expression through chromatin bound BHMT
activity. These data have important implications
for the development of new therapeutic strategies
for neurodegenerative diseases such as MS.

Materials and Methods

Immunohistochemistry

Mice (C57Bl/6) at 13 weeks of age were euthanized
by cervical dislocation and isolated brains were
fixed in 4% PFA and cryoprotected with 10%,
20% and 30% sucrose-PBS solution. 30 µm of
coronal sections were cut with a cryostat.
Sections were collected in PBS and used for immu-
nohistochemistry with antibodies to Bhmt (sc-
69708) (Santa Cruz Biotechnology, Dallas, TX),
H3K4me3 (ab8580), and NeuN (ab177487)
(Abcam, Cambridge, MA). We also performed
immunostaining with anti-nitrotyrosine (06–284)
(Millipore, Burlington, MA) and Iba1 (019-19741)
(Wako, Richmond, VA) to examine increased RNS
and the degree of microglia activation, respec-
tively. Sections were blocked in blocking buffer
(5% normal donkey serum in PBS containing
0.1% Triton-X-100 for 1 hour at room temperature
and incubated overnight at 4°C with primary anti-
body to Bhmt (1:250), H3K4me3 (1:250), NeuN
(1:500), anti-nitrotyrosine (1:500), or Iba1 (1:100)
made in blocking buffer. After washing, sections
were incubated in secondary antibody donkey
anti-rabbit Alexa-488 (1:400) ([ab150073]Abcam,
Cambridge, MA) or donkey anti-chicken Alexa-
555 (1:400) ([ab150170]Abcam, Cambridge, MA)
for 3 hours at 4°C. Sections were washed three
times with PBS and mounted with Vectashield
mounting medium containing DAPI to label
nuclei. Images were acquired with an Olympus
Fv1000 confocal microscope equipped with five
laser lines (HeCd 442 nm, Ar 488 and 514 nm,
HeNe 543 nm and HeNe 633 nm). Image stacks
were z-projected with ImageJ (National Institutes
of Health, Bethesda, MD) and channels merged to
show colocalized signals.

Relative H3K4me3 was compared between con-
trol, cuprizone, betaine, and betaine-cuprizone
treated mice. We measured the mean intensity of
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H3K4me3 from at least 50 cells from the cortical
area right above the corpus callosum. Image stacks
were captured sequentially for each channel to
prevent bleed through and spanned the sections.
An image mask was created using the NeuN chan-
nel as a guide to include the entire nucleus. The
thresholded image mask was then used to clip the
H3K4me3 and the pixels within the unclipped
region were summed. This technique measures
the amount of H3K4me3 fluorescence from within
individual NeuN+ nuclei.

Cell culture

Primary neurons were isolated from the brain cortices
of Sprague Dawley rat E18 embryos as per guidelines
of IACUC. Enriched neuronal cell culture was main-
tained using neurobasal medium ([21103049] Gibco,
Waltham, MA) supplemented with B-27, glutamine
([35050-061] Gibco, Waltham, MA), 50 µg/ml peni-
cillin, 50 µg/ml streptomycin ([30-002-C1] Corning,
Tewksbury, MA) at 37° C in a humidified 5% CO2

incubator. Cells were harvested between days 9–10 of
culture. Human SH-SY5Y neuroblastoma cells were
cultured in a 1:1mixture of DMEMand F-12medium
([D8437] Sigma-Aldrich, St. Louis, MO) with 10%
FBS ([89510-188] VWR, Radnor, PA), 50 µg/ml peni-
cillin, 50 µg/ml streptomycin (Corning, Tewksbury,
MA) at 37° C in a humidified 5%CO2 incubator. Cells
were grown in 10 cm petri dishes in confluence up
to 90%.

In situ fluorescence

To show the interaction between Wdr5, Bhmt, and
H3K4me3, we performed in situ fluorescence by
using the Duolink In Situ Fluorescence kit
([DUO92101] Sigma-Aldrich, St. Louis, MO). In
brief, mouse brain sections were incubated with
primary antibodies to Wdr5 and Bhmt ([sc-
393080; sc-69708] Santa Cruz Biotechnology,
Dallas, TX) or H3K4me3 ([ab8580] Abcam,
Cambridge, MA) diluted at 1:250. Sections were
then incubated with secondary antibodies conju-
gated with oligonucleotides (PLA probe MINUS
and PLUS) ([DUO92002; DUO92004] Sigma-
Aldrich, St. Louis, MO). The oligonucleotide will

hybridize to the PLA probes and make a closed
circle if proteins are in closed proximity (40 nm).
Amplification solution was then added which con-
tains polymerase, nucleotides, and fluorescent
nucleotides. The oligonucleotide arm of one of
the PLA probes acts as a primer for a rolling circle
amplification reaction using the ligated circle as
a template, generating a concatemeric product,
which was detected by fluorescence microscopy.

Histone methyltransferase activity

Histone methyltransferase activity was measured spe-
cifically for histone H3K4 methylation in sodium
nitroprusside (SNP) and betaine treated primary neu-
rons. The HMT assays were performed by using
EpiQuick histone methyltransferase assay kit
([P-3002-2] Epigentek, Farmingdale, NY). The effects
of betaine on restoring Set/MLL HMT activity under
conditions of increased RNS was measured. To
increase RNS, cells were treated with the NO donor
SNP as previously described [2]. In brief, nuclear
extracts were prepared from control cells or cells
treated with 400 μM SNP, 1 mM betaine, or SNP +
betaine overnight and 4 ug of protein was added to
substrate and assay buffer and incubated for 1 and a
half hours at 37C in a 96 well plate. After washing,
capture antibody was added followed by the detection
antibody and developing solution. The absorbance
was measured at 450 nm within 10 min and HMT
activity was measured in O.D./h/mg protein. An
siRNA oligo to Bhmt or a non-targeting control
siRNA was transfected in to rat primary neurons to
show that betaine related increases in HMT activity
are Bhmt dependent (siRNA targeting Bhmt sequence
UUAGAACGCUUAAAUGCUG) (Dharmacon, Lafa
yette, CO). The non-targeting control siRNA
sequence was AUGCGACUAAACACAUCAA. The
siRNAknockdown efficiency was approximately 60%.

Salt gradient extraction and tight chromatin
fractionation

Neuronal cultures were homogenized with cytoso-
lic buffer (10 mM HEPES,10 mM KCl, 1.5 mM
MgCl2, 0.34 M sucrose, 0.2% NP-40, 1 mM PMSF,
phosphatase and protease inhibitors) and
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centrifuged at 5000 g for 10 min at 4 ° C. After
centrifugation, the pellet containing the nuclei was
suspended in soluble nuclear buffer (3 mM EDTA,
0.2 mM EGTA, 1 mM PMSF, phosphatase and
protease inhibitors) [44] and centrifuged again at
5000 g. The pellet was taken for sequential salt
gradient extraction with NaCl (0.3, 0.45, 0.6, 1.2
and 1.8 M) in 1.5 M Tris-HCl. Protein fractions
were analysed by Western blotting with antibodies
to BHMT ([sc-69708] Santa Cruz Biotechnology,
Dallas, TX), histone H3 or H3K4me3 ([ab1791;
ab8580] Abcam, Cambridge, MA), and GAPDH
([mab374] Millipore, Burlington, MA).

ChIP-seq

To identify genes regulated by BHMT, ChIP-seq was
performed with chromatin isolated from human SH-
SY5Y neuroblastoma cells and an antibody to
BHMT ([sc-69708] Santa Cruz Biotechnology,
Dallas, TX). ChIP-seq was performed in duplicate
and BHMT immunoprecipitated sequencing reads
were compared to input DNA. For ChIP, cells were
fixed with 37% formaldehyde solution for 10 min.
After washing with PBS, fixation was stopped by
adding 1x glycine stop-fix solution for 5 min.
Neuroblastoma cells were lysed to release the nuclei
and centrifuged at 2400 x g at 4°C for 10min to pellet
the nuclei. Chromatin was resuspended in RIPA
buffer containing protease inhibitors ([R0278]
Sigma-Aldrich, St. Louis, MO) and was sheared by
sonication with a focused ultrasonicator (Covaris)
for 8 min to obtain chromatin fragments 300–400
bp in length. Fragment size was confirmed on an
Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA) and 10 µl of sheared sample
(input DNA) was stored at 20°C to be used as
a control.

ChIP was performed with the ChIP-IT Express
kit provided by Active Motif. ChIP reactions were
set up by sequential addition of 25 µl protein
G magnetic beads, 20 µl of ChIP buffer, 50 µg of
sheared chromatin, 2 µl of protease inhibitor mix-
ture, distilled water to makeup the final volume
200 µl, and 4 µg of BHMT antibody followed by
incubation on an end-to-end rotor at 4°C over-
night. Beads were separated on a magnetic stand,
washed, and then resuspended in 50 µl of elution
buffer. Chromatin was cleaned up by treatment

with proteinase K followed by phenol-chloroform
extraction and EtOH precipitation. Library pre-
paration and sequencing was performed at
Novogene Genome Sequencing Company.
Libraries were constructed with the NEBNext®
Ultra™ II DNA kit. Qualified libraries were
sequenced on an Illumina HiSeq Platform using
a single-end 50 run (1 × 50 bases) and 40 million
reads/sample were generated. Data trimming
removed reads with low quality (low quality
bases > 50%), reads with unsure bases (N ratio
more than 15%), and discarded sequences less
than 18 nucleotides after trimming adaptor
sequences. Sequences were mapped to the human
reference genome build HG 38 with BWA and
mapping quality was calculated with MAPQ [45].
Peak calling was done with MACS2 software and
data were visualized with IGV 2.5.2 software and
Strand NGS version 3.3 software (Agilent
Technologies, Santa Clara, CA). Single gene ana-
lysis provided gene information, including dis-
tance to TSS, coding region, location in the
genome, and overlap type (intron or exon). The
enrichment factor for each gene was determined
through MACS analysis. If a gene had multiple
sites of enrichment, an average fold enrichment
was calculated. Statistical significance of BHMT
enrichment for genes assigned to KEGG pathways
[46] was performed with a hypergeometric Fisher’s
exact test. False discovery rate (FDR) correction
was done with the Benjamini and Hochberg test.

Cuprizone treatment

We obtained male C57Bl/6 mice (6 weeks of age)
from The Jackson Laboratory. Cuprizone (bis-
cyclohexanone-oxaldihydrazone) 0.3% (w/w) was
introduced into pellet food (Teklad, Madison, WI).
After the first week of acclimatization, control
mice were fed a regular diet and another set of
mice were fed a diet containing 0.3% cuprizone for
6 weeks. The food was changed daily, and mice
were weighed weekly to monitor for weight loss.
Demyelination was assessed by histochemistry
with black and gold staining as described [47].
Brain sections were washed with saline followed
by incubation in 0.3% black-gold solution for
10–12 minutes at 60 ° C. After washing with saline,
sections were fixed in 1% sodium thiosulphate for

882 N. K. SINGHAL ET AL.



3 minutes. Sections were washed with saline three
times, and mounted on glass slide using glycerol.
Images were taken using bright field microscopy.
Methionine synthase activity was assessed in the
brains of control and cuprizone mice with
a cobalamin-dependent method [48]. For betaine
treated mice, betaine was administered in drinking
water (1% betaine) for the last 4 weeks during the
6 week cuprizone feeding.

Analysis of methionine metabolites by LC-MS/MS

Stable-isotope dilution liquid chromatography-
electrospray ionization (ESI) tandem mass spec-
trometry (LC-ESI-MS/MS) was performed to
determine the concentrations of SAM, SAH,
methionine, cystathionine, choline and betaine in
brain regions including cortex, striatum, hippo-
campus, and cerebellum from eight mice from
each group including control mice on regular
diet, regular diet + betaine treated mice, cuprizone
fed, and cuprizone + betaine treated mice as pre-
viously described [49]. Calibrators and internal
standards (2H3-SAM, 2H4-SAH, 2H3-methionine, 2

H4-cystathionine,
2H3-choline,

2H3-betaine, were
included in each analytical run for calibration.
Samples were prepared by the addition of 140 µL
mobile phase A containing 5–25 µmol/L labelled-
isotope internal standards to 20 µl of plasma.
Samples were filtered through microcentrifugal
filter units (Microcon YM-10, 10 kDa NMWL
(Millipore, Burlington, MA) by centrifugation for
20 min at 14,800 x g at 4ºC. Chromatographic
separation was achieved on a EZ-faast
250 × 2.0 mm 4µ AAA-MS analytical column
(Phenomenex, Torrance, CA) maintained at 40°C
at a flow of 200 μL/min with a binary gradient
with a total run time of 10 minutes. Solvents for
HPLC were: (A) 4 mM ammonium acetate, 0.1%
formic acid, 0.1% heptafluorobutyric acid (pH
2.5); (B) 100% methanol and 0.1% formic acid.
The initial gradient condition was 75% A: 25%
B and was increased in a linear fashion to 100%B
in 7 min. The compounds were detected by multi-
ple reaction monitoring (MRM) using positive-
ESI. Sample separation and injection was per-
formed by a Nexera LC System (Shimadzu,
Columbia, MD) interfaced with a 5500QTRAP®
LC-MS/MS (Sciex, Framing ham, MA). All data

was collected using Analyst software version 1.6.2.
Statistical significance of changes in average
methionine metabolite concentrations between
groups was determined with a two-tailed T-test
with p ≤ 0.05 considered significant.

Measuring NAA concentration by HPLC

The neuronal mitochondrial metabolite NAA was
quantitated in brains of mice by high performance
liquid chromatography (HPLC) as previously
described [32]. Cortices were dissected from brains
of three mice from each group including control,
betaine treated, cuprizone treated, and cuprizone +
betaine treated mice. Brain tissue was homoge-
nized in ice-cold 90% methanol using pellet pestle,
and centrifuged twice at 14,000 rpm for 10 min at
4°C. The supernatant was dried by speed-vac and
the powder was then dissolved in 0.5 ml deionized
H2O. The solution was then added to an AG50 W
x 8 poly-pre column ([7316214] Bio-Rad,
Hercules, CA). The column was washed with
1 ml of deionized H2O, and all the eluate was
collected, lyophilized, and stored at 4°C. For
HPLC analysis, each sample was resuspended in
300 μl deionized H2O. A Whatman partisil 10 SAX
anion-exchange column (4.6 mm x 250 mm) was
used in an Agilent 1100 Series HPLC Value System
(Agilent Technologies, Santa Clara, CA). The
mobile phase was 0.1 M KH2PO4 and 0.025 M
KCl at pH 4.5. After washing the column with
50% acetonitrile and 50% deionized H2O, the col-
umn was conditioned with at least 20–30 column
volumes of new mobile phase. Retention data were
collected at a flow rate of 1.5 ml/min. The flow was
monitored with an Agilent 1100 series UV detec-
tor at 214 nm. Retention time was 5.10 minutes
and was determined with an NAA standard
([00920-SG] Sigma-Aldrich, St. Louis, MO). Peak
areas were acquired with Agilent Chemstation
software. NAA concentrations were determined
in triplicate and statistical significance (p < 0.05)
was determined with a Student’s T-test.

Respirometry

A Seahorse Bioscience XF-24 Respirometer
(Agilent Technologies, Santa Clara, CA) was used
to measure mitochondrial respiration.
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Mitochondria were isolated from the brains of
mice by homogenizing cortices in 70 mM sucrose,
210 mM mannitol, 5 mM HEPES, 1 mM EGTA,
and 0.5% BSA with a glass homogenizer at 4°C.
The cell suspension was then centrifuged at 1000
X g for 10 min at 4°C. The supernatant was cen-
trifuged again at 8000 X g for 10 min at 4°C, the
pellet was resuspended and total protein concen-
tration was determined using Bradford Assay
reagent ([500-0113-0115] Bio-Rad, Hercules, CA).
For the assay, mitochondria were diluted 10 times
in cold 70 mM sucrose, 220 mM mannitol, 2 mM
HEPES, 10 mM KH2PO4, 5 mM MgCl2, 1 mM
EGTA, and 0.2% BSA and were then plated on the
XF assay plate in equal concentration (5 ug). 50ul
of mitochondrial suspension was delivered to each
well (except for background correction wells). The
XF cell culture microplate was centrifuged at 2000
X g for 20 min at 4°C to adhere the mitochondria.
The plate was then transferred to the XF analyser,
and the experiment was initiated. Basal oxygen
consumption rates (OCR) were monitored initi-
ally. To measure maximal respiration, oligomycin
(2.5 μg/ml) was injected to inhibit ATP synthase,
followed by the uncoupler carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP) (4 μM).
This eliminates the proton gradient across the
inner mitochondrial membrane and respiratory
control exerted by the proton gradient so that
electron transport is stimulated and oxygen is con-
sumed at the maximal rate. OCR was monitored
over time and was calculated in pmol/min.
Average changes in basal and maximal respiration
were determined after subtracting nonmitochon-
drial oxygen consumption, measured after addi-
tion of rotenone (4 μM) and antimycin A (2 μM)
to inhibit Complex I and III respectively.
Measurements were from four mice from each
group. Statistical significance was determined by
a two-tailed Student’s t test, with p < 0.05 consid-
ered significant.

Behavioural tests

Mice were fed regular diet or cuprizone diet for
4 weeks. Some mice were given betaine (1%) in
drinking water that was changed every other day.
There were 4–6 mice per group. Mice were

supplemented with betaine after 2 weeks of the
feeding regimen and continued on betaine for the
duration (2 more weeks). After 4 weeks, the chal-
lenging beam traversal was performed to test
motor performance and coordination. The beam
is constructed out of Plexiglas and consists of four
sections (25 cm each, 1 m total length). The beam
begins at a width of 3.5 cm and is gradually nar-
rowed to 0.5 cm by 1 cm increments. Animals
were trained to traverse the length of the beam
starting at the widest section and ending at the
narrowest, most difficult, section. The narrow end
of the beam leads directly into the animal’s home
cage. Mice were then videotaped while traversing
the grid-surfaced beam for a total of five trials
[50,51]. Videotapes were viewed and rated in
slow motion for number of steps made by each
animal, and time to traverse across five trials by an
investigator blinded to the mouse genotype. Time
to traverse and number of steps were calculated for
wildtype and mutant mice across all five trials and
averaged. Spontaneous activity was measured by
placing animals in a small transparent cylinder
(height, 15.5 cm, diameter, 12.7 cm) and videotap-
ing activity for three minutes [50,51]. The number
of rears, forelimb and hindlimb steps, and time
spent grooming were measured by the investigator
blinded to genotype. Statistical significance was
determined with a 4 × 2 mixed design ANOVA,
Tukey’s HSD post hoc (Body Weight and
Challenging Beam) and Mann-Whitney U and
Wilcoxin Sign Rank (Spontaneous activity).
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