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Mitochondrial changes, including decreased expression of electron transport chain subunit genes and impaired energetic, have been
reported in multiple sclerosis (MS), but the mechanisms involved in these changes are not clear. To determine whether epigenetic
mechanisms are involved, we measured the concentrations of methionine metabolites by liquid chromatography tandem mass spec-
trometry, histone H3 methylation patterns, and markers of mitochondrial respiration in gray matter from postmortem MS and control
cortical samples. We found decreases in respiratory markers as well as decreased concentrations of the methionine metabolites
S-adenosylmethionine, betaine, and cystathionine in MS gray matter. We also found expression of the enzyme betaine homocysteine
methyltransferase in cortical neurons. This enzyme catalyzes the remethylation of homocysteine to methionine, with betaine as the
methyl donor, and has previously been thought to be restricted to liver and kidney in the adult human. Decreases in the concentration of
the methyl donor betaine were correlated with decreases in histone H3 trimethylation (H3K4me3) in NeuN� neuronal nuclei in MS
cortex compared with controls. Mechanistic studies demonstrated that H3K4me3 levels and mitochondrial respiration were reduced in
SH-SY5Y cells after exposure to the nitric oxide donor sodium nitroprusside, and betaine was able to rescue H3K4me3 levels and
respiratory capacity in these cells. Chromatin immunoprecipitation experiments showed that betaine regulates metabolic genes in
human SH-SY5Y neuroblastoma cells. These data suggest that changes to methionine metabolism may be mechanistically linked to
changes in neuronal energetics in MS cortex.
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Introduction
Multiple sclerosis (MS) is an inflammatory neurodegenerative
disease of the CNS, which results in progressive neurological dis-

ability (Bjartmar et al., 2000; Noseworthy et al., 2000). Cortical
gray matter pathology, including demyelination, axonal degen-
eration, and brain atrophy, is recognized as a major factor con-
tributing to disability in MS (Inglese et al., 2004; Bö et al., 2006;
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Significance Statement

For decades, it has been observed that vitamin B12 deficiency and multiple sclerosis (MS) share certain pathological changes,
including conduction disturbances. In the present study, we have found that vitamin B12-dependent methionine metabolism is
dysregulated in the MS brain. We found that concentrations of the methyl donor betaine are decreased in MS cortex and are
correlated with reduced levels of the histone H3 methyl mark H3K4me3 in neurons. Cell culture and chromatin
immunoprecipitation-seq data suggest that these changes may lead to defects in mitochondria and impact neuronal energetics.
These data have uncovered a novel pathway linking methionine metabolism with mitochondrial respiration and have important
implications for understanding mechanisms involved in neurodegeneration in MS.
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Fisher et al., 2008). Previous studies suggest that mitochondrial
defects, including reductions in neuronal expression of nuclear
encoded mitochondrial electron transport chain genes, decreased
synthesis of the neuronal mitochondrial metabolite N-acety-
laspartate (NAA), and inhibition of mitochondrial respiration
contribute to cortical pathology in MS (Dutta et al., 2006; Pandit
et al., 2009; Broadwater et al., 2011; Campbell et al., 2011; Li et al.,
2013; Witte et al., 2013); however, the mechanisms involved in
these mitochondrial changes are not clear.

A role for epigenetic mechanisms in MS is supported by
several studies that identified changes to epigenetic modifica-
tions, including histone acetylation and DNA methylation
patterns in white matter in MS (Mastronardi et al., 2007; Pedre
et al., 2011; Huynh et al., 2014). Epigenetic modifications me-
diate changes in chromatin conformation and transcription in
response to environmental or physiological signals (Mehler,
2008; Cyr and Domann, 2011). Some of the most prevalent
epigenetic modifications involve methylation reactions. In
these reactions, DNA and histone methyltransferases catalyze
the methylation of amino acids on histone amino-terminal
tails and cytosines in DNA with the methyl donor

S-adenosylmethionine (SAM) supply-
ing the methyl group. S-Adenosylho-
mocysteine (SAH) is the byproduct of
all SAM-dependent methylation reac-
tions. SAH is rapidly converted to ho-
mocysteine, which is then remethylated
to methionine with the methyl group
derived from either 5-methyltetra-
hydrofolate or from betaine. Homocys-
teine is a branch point metabolite that
connects folate metabolism and the me-
thionine cycle to the transulfuration
pathway, which generates the redox reg-
ulator glutathione (GSH). A schematic
depicting folate, methionine cycle
metabolites, enzymes, and related co-
factors is shown in Figure 1. Changes in
levels of methionine cycle metabolites
through dietary restriction of cofactors,
such as folate and vitamin B12, in mice
has been shown to result in changes
in DNA methyltransferase activity that
can influence site-specific methylation
of promoter regions and gene activity
(Fuso et al., 2011a,b).

Historically, it has been noted that
there is considerable overlap between the
neurological manifestations observed in
MS and those of deficiency of the methio-
nine metabolism cofactor vitamin B12, in-
cluding defects in myelin and conduction
abnormalities, suggesting that this meta-
bolic pathway may be dysregulated in MS
(Miller et al., 2005). Interestingly, changes
in concentrations of methionine, homo-
cysteine, and vitamin B12 have been re-
ported in sera and plasma in subsets of MS
patients (Reynolds et al., 1992; Kocer et
al., 2009; Zhu et al., 2011; Gardner et al.,
2013), but changes in CNS tissue have not
been investigated. In the current study, we
investigated the relationship between

changes in methionine cycle metabolites, histone H3 methyl-
ation, and mitochondria in gray matter from MS and control
postmortem cortical tissue samples and in human SH-SY5Y neu-
roblastoma cells.

Materials and Methods
Postmortem tissue. Postmortem frozen brain tissue was obtained from the
Rocky Mountain MS Center and the Brain and Spinal Cord Resource
Center at University of California–Los Angeles according to institutional
review board protocol. Tissue was matched for brain region, age, and
postmortem interval (PMI) as closely as possible. Thirty cortical tissue
blocks were obtained from female donor brains and 20 from male do-
nors. Gray and white matter were separated on a cryostat and stored
at �80°C. During tissue collection, selected sections from each sample
were affixed to microscope slides and immunostained with an antibody
to myelin proteolipid protein (PLP) (Millipore) to determine lesion sta-
tus. Briefly, frozen sections were fixed in 70% ethanol and treated with
1% hydrogen peroxide to quench endogenous peroxidase activity. They
were subsequently blocked in 3% donkey serum and incubated with the
appropriate antibody diluted 1:200 in PBS containing 3% donkey serum
and 0.5% Triton X overnight at 4°C. They were then incubated with
biotinylated donkey anti-mouse secondary diluted 1:500 overnight at

Figure 1. Schematic showing methionine metabolism reactions. The metabolites methionine, SAM, SAH, homocysteine, cys-
tathionine, choline, and betaine were measured by LC-MS/MS. The neuronal mitochondrial metabolite NAA, a marker of neuronal
respiratory capacity, was also measured in this study by HPLC. In the methionine cycle, the essential amino acid methionine is
converted to SAM by MAT. Upon donating a methyl group, SAM is converted to SAH. SAH is converted to homocysteine by SAH
hydrolase (AHCY). Homocysteine is then remethylated to methionine by the B12-dependent enzyme MTR with the methyl group
transferred from folate-derived 5-methyltetrahydrofolate (5-MTHF) to B12 (cobalamin) to homocysteine. Betaine can be supplied
in the diet or through the oxidation of choline in mitochondria. BHMT catalyzes the conversion of homocysteine to methionine with
betaine as the methyl donor. Methylation of histones is catalyzed by histone methyltransferases (HMTs), which transfer a methyl
group from SAM to amino acids on histone amino-terminal tails. The methionine cycle is linked to GSH production through the
transulfuration pathway. The first step in this pathway is catalyzed by CBS with vitamin B6 as a cofactor. GSH is involved in
maintaining redox homeostasis in cells. THF, Tetrahydrofolate; GSSG, oxidized glutathione; CBS, cystathionine-�-synthase; MTR,
methionine synthase; MAT, methionine adenosyl transferase.

Singhal, Li et al. • Decreased Betaine and H3K4me3 in MS J. Neurosci., November 11, 2015 • 35(45):15170 –15186 • 15171



4°C followed by incubation in Vector Elite ABC HRP solution (Vector
Laboratories). PLP was visualized as a brown precipitate developed with
the DAB reaction. Samples were coded and liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) was performed with 50 –100 mg
cortical gray matter from MS and control cortical tissue blocks to mea-
sure concentrations of methionine cycle metabolites. LC-MS/MS exper-
iments were performed blinded as to the disease diagnosis of samples.

Measurement of NAA by high performance liquid chromatography
(HPLC). Levels of NAA were measured in postmortem brain tissue by
HPLC; 50 mg postmortem cortical gray matter adjacent to tissue ana-
lyzed for methionine metabolites by LC-MS/MS was analyzed. A What-
man Partisil 10 SAX anion-exchange column (4.6 mm � 250 mm) was

used in an Agilent 1100 Series HPLC Value System. The mobile phase
consisted of 0.1 M KH2PO4 and 0.025 M KCl at pH 4.5. Retention data
were collected at a flow rate of 1.5 ml/min, and the flow was monitored
with an Agilent 1100 series UV detector at 214 nm. The retention time
was determined with an NAA standard (Sigma). Peak areas were ac-
quired with Agilent Chemstation software. NAA concentrations for MS
and control brain tissue were determined in triplicate, and statistical
significance of differences in NAA concentration between MS and con-
trol samples was determined with a two-tailed Student’s t test, with p
values � 0.05 considered statistically significant.

Analysis of methionine metabolites by LC-MS/MS. Concentrations of
methionine, SAM, SAH, cystathionine, choline, and betaine were ana-
lyzed by stable-isotope dilution liquid chromatography-electrospray
ionization (ESI) tandem mass spectrometry (LC-ESI-MS/MS) from
brain tissue as previously described (Inoue-Choi et al., 2013). Total ho-
mocysteine in brain tissue was measured by LC-ESI-MS/MS. Brain tissue
was processed using a modified technique to extract protein bound ho-
mocysteine. Instead of precipitating the proteins with perchloric acid, the
tissue was homogenized in 4� volume of buffer containing 5 mM dithio-
threitol and 20 �M

2H4-HCY and incubated on ice for 20 min. Homog-
enized samples were centrifuged at 14,000 rpm at 4°C for 10 min.
Semiaqueous supernatant was transferred to a 10,000 MW cutoff filter
unit and centrifuged at 14,000 rpm at 4°C for 25 min. The protein free
filtrate was directly injected into the LC-MS/MS system. All metabolite
analysis was performed on a Shimadzu Nexera LC System interfaced with
a 5500QTRAP (ABSciex), and data were processed using Analyst soft-
ware version 1.5.2. Changes in metabolite concentrations between MS
and control samples were determined by a Student’s t test, and correla-
tions between metabolites were analyzed with Pearson’s correlation anal-
ysis. p values were determined with a Student’s t test, and changes were
considered significant with p � 0.05.

Cell culture. Human SH-SY5Y neuroblastoma cells were cultured in a
1:1 mixture of EMEM and F-12 medium (Sigma-Aldrich) with 10% FBS
(MidSci) until 90% confluent. RNA and protein was isolated from these
cells for RT-PCR and Western blotting experiments to confirm that they
express betaine homocysteine methyltransferase (BHMT). Cells were
then treated with either 400 �M of the nitric oxide (NO) donor sodium
nitroprusside (SNP), 1 mM betaine, or both SNP and betaine to deter-
mine the effects of increased NO on histone H3 trimethylation
(H3K4me3) levels and mitochondrial respiration and the ability of be-
taine to reverse these effects. To determine that SNP and betaine treat-
ments were not detrimental to the cells, a trypan blue cell viability assay
was performed. Briefly, 1 � 10 6 SH-SY5Y cells were seeded into 12 well
plates until 90% confluent and treated with either 400 �M SNP, 1 mM

betaine, or both SNP and betaine overnight. The cells were detached and
collected; 100 �l cell suspension was mixed 1:1 with 0.4% trypan blue
solution and incubated at room temperature for 5 min. Cell numbers
were counted under a microscope using a hemocytometer. To assess cell
morphology, some cells were grown on coverslips and fixed after either
SNP or betaine, or SNP/betaine treatments, and stained with antibodies
to neurofilament (NF) (Millipore Bioscience Research Reagents) and
BHMT (Thermosciences), and images were acquired with an Olympus
FV1000 confocal microscope.

Western blotting. For BHMT Western blots, cytoplasmic fractions were
isolated from a subset of MS and control postmortem brain samples,
from mouse liver (for a positive control), and from SH-SY5Y cells; 10 – 40
�g protein was separated by electrophoresis in NuPAGE Bis-Tris poly-
acrylamide gels (Novex, Invitrogen), transferred to nitrocellulose, and
incubated with antibodies to BHMT (monoclonal, Thermo Sciences)
and GAPDH (Millipore Bioscience Research Reagents). For Western
blots to quantitate mitochondrial electron transport chain complexes,
mitochondrial fractions were isolated from a subset of MS and control
tissue blocks containing adequate amounts of tissue for analysis. Mito-
chondrial fractions were blotted with mitochondrial antibodies to Com-
plex I NADH dehydrogenase (ubiquinone) Fe-S protein 4 (NDUSF4)
and Complex III ubiquinol-cytochrome c reductase core protein II
(UQCRC2), both purchased from Mitosciences and aralar (Transduc-
tion Laboratories). Western blotting was also performed to determine
relative levels of histone H3 lysine 9 dimethylation (H3K9me2) and

Table 1. Postmortem brain tissue

Donor brain Sample Age (yr) Sex PMI (h) Brain region(s) Lesion status

MS donor tissue
MS1 1 67 F 2.5 Motor GML
MS2 2 67 M 5.5 Parietal GML
MS3 3 59 M 3.0 Motor NAGM
MS4 4 76 M 8.0 Motor NAGM
MS5 5 36 F 3.0 Parietal GML
MS6 6 53 F 3.0 Parietal NAGM
MS7 7 64 F 6.0 Motor NAGM

8 64 F 6.0 Parietal NAGM
MS8 9 79 F 7.0 Motor NAGM

10 79 F 7.0 Parietal NAGM
MS9 11 79 F 7.5 Motor NAGM

12 79 F 7.5 Parietal NAGM
MS10 13 74 F 9.5 Motor NAGM

14 74 F 9.5 Frontal NAGM
MS11 15 48 M 3.5 Parietal NAGM
MS12 16 48 M 4.0 Parietal GML
MS13 17 69 M 9.0 Motor NAGM

18 69 M 9.0 Parietal NAGM
MS14 19 57 M 6.5 Motor NAGM

20 57 M 6.5 Parietal NAGM
MS15 21 54 F 9.5 Motor NAGM

22 54 F 9.5 Parietal NAGM
MS16 23 78 F 7.5 Motor NAGM

24 78 F 7.5 Parietal NAGM
MS17 25 61 F 9.5 Motor NAGM

26 61 F 9.5 Parietal NAGM
MS18 27 64 F 7.5 Motor NAGM

28 64 F 7.5 Parietal NAGM
MS19 29 62 F 6.5 Motor NAGM

30 62 F 6.5 Parietal NAGM
Control donor tissue

C1 31 80 M 9.5 Motor —
32 80 M 9.5 Parietal —

C2 33 91 F 10.0 Motor —
34 91 F 10.0 Parietal —

C3 35 76 F 9.0 Motor —
36 76 F 9.0 Parietal —

C4 37 58 M 9.0 Motor —
38 58 M 9.0 Frontal —
39 58 M 9.0 Parietal —

C5 40 87 M 9.5 Motor —
41 87 M 9.5 Parietal —

C6 42 35 F 9.5 Motor —
43 35 F 9.5 Parietal —

C7 44 73 M 4.0 Motor —
C8 45 49 F 5.0 Motor —
C9 46 NA M 9.0 Motor —
C10 47 57 F 5.0 Motor —
C11 48 51 M 8.0 Motor —
C12 49 74 F 4.5 Parietal —
C13 50 65 M 9.0 Parietal —

NA, Not available; GML, subpial gray matter lesion.
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H3K4me3 in MS and control gray matter and in SH-SY5Y cells treated
with either SNP, betaine, or both SNP and betaine. For these experi-
ments, nuclear protein was isolated and Western blotting with antibodies
to H3K9me2, H3K4me3, and H3 (all from Abcam) was performed. For
Western blotting with postmortem tissue, histones were isolated from a
subset of MS and control samples (5 MS and 5 controls). Secondary
antibodies conjugated to HRP were then added, and chemiluminescence
was detected after the addition of luminol reagent (Santa Cruz Biotech-
nology). Quantitation of relative protein expression was performed by
densitometry with ImageJ from at least three separate experiments. Lev-
els of mitochondrial complex subunit proteins were normalized to the
levels of the mitochondrial membrane protein aralar, and levels of
H3K9me2 and H3K4me3 were normalized to total histone H3. Statistical

significance of changes in protein levels was de-
termined by a two-tailed Student’s t test with
p � 0.05 considered significant.

qRT-PCR. Relative levels of mRNA for en-
zymes that catalyze one carbon metabolism reac-
tions, including methionine synthase (MTR),
methionine adenosyl transferase (MAT), SAH
hydrolase (AHCY), BHMT, and cystathionine-
�-synthase (CBS), were quantitated by qRT-PCR
in mRNA isolated from gray matter from motor
cortex from four control and five MS tissue
blocks. qRT-PCR was performed with SYBR
Green (Agilent Technologies) and gene-specific
primers, which spanned an intron. Relative levels
of mRNA expression in control and MS samples
were determined by the 2���Ct method after
normalization to �-actin. Results are from three
separate experiments. Statistical significance was
determined with a two-tailed Student’s t test with
p � 0.05 considered significant.

For sequencing, BHMT mRNA was ampli-
fied by RT-PCR with the BHMT primers that
spanned an intron from human postmortem
cortex and from a human SH-SY5Y neuroblas-
toma cell line. Primers were synthesized to am-
plify the human BHMT mRNA sequence
NM_001713 from 128 to 323. Primer se-
quences were as follows: BHMT, forward 5�
AGGCCAAGAAGGGGATCCTA 3�, and re-
verse 5� GTCTGCATGACGTTTGAGCC 3�.
The RT-PCR band was gene cleaned and se-
quenced to confirm that BHMT mRNA was
expressed in human postmortem cortex and in
SH-SY5Y cells.

Immunohistochemistry. Blocks of frozen
brain tissue were fixed in 4% PFA and cryopro-
tected with sucrose. Twenty to 30 �m sections
underwent immunohistochemical staining
with antibodies to BHMT (monoclonal) and
the NF-L antibody (both purchased from
Thermo Sciences). Antigen retrieval was per-
formed by placing sections in 100 mM sodium
citrate buffer in an 800 W microwave oven for
2 min. Endogenous peroxidases were blocked
in 0.3% H2O2. Sections were blocked in 5%
normal horse serum in PBS-Triton for 1 h and
incubated overnight at 4°C in an antiserum to
BHMT (1:250) in PBS � 5% horse serum �
0.3% Triton X followed by biotinylated anti-
mouse secondary antibody (1:500) in PBS �
0.3% Triton � 5% horse serum. Avidin biotin
complex (1:500; Vector Laboratories) in PBS
� 0.3% Triton X was added followed by a 10
min incubation in DAB chromogen. Sections
were thoroughly rinsed in PBS and blocked in
5% horse serum for 1 h to be prepared for se-
quential immunohistochemistry stain with a

second antibody. For the sequential stain, sections were incubated in
NF-L antibody in 5% horse serum � 0.3% Triton X at 4°C overnight. On
the second day, sections were rinsed in PBS, incubated for 1 h in second-
ary antibody (1:500) at room temperature, followed by 1 h incubation in
avidin biotin complex (1:500; Vector Laboratories). A 20 min incubation
in Alkaline Phosphate Blue (Vector Laboratories) chromogen visualized
the reaction product. Sections were washed thoroughly in PBS, mounted
on slides, cleared with ascending alcohol, and coverslipped with per-
mount mounting medium.

Fluorescent imaging. Frozen tissue blocks from postmortem MS and
control brains were fixed in 4% PFA for 24 h followed by washing in PBS
(2 � 24 h). Tissue blocks were sliced using an oscillating tissue slicer

Figure 2. Analysis of methionine cycle metabolites in postmortem tissue by LC-MS/MS. Representative images acquired at 4�
magnification show normal appearing and lesioned gray matter. Immunohistochemistry was performed with a PLP antibody and
the DAB reaction to assess lesion status of postmortem cortical tissue blocks analyzed by LC-MS/MS. A, Staining shows PLP
immunoreactivity in NAGM. B, A subpial gray matter lesion (GML) in an MS cortical section is identified by the absence of DAB
precipitate (*). Scale bar, 500 �m. C, Representative LC-MS/MS chromatogram from analysis of postmortem human brain tissue.
Arrows indicate peaks for betaine, cystathionine, choline, methionine, SAH, and SAM.
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(EMS) at 30 �m, and free-floating sections were incubated in the appro-
priate antibody. To visualize BHMT immunoreactivity, tissue sections
were incubated in rabbit anti-BHMT (1:250; polyclonal) (Thermosci-
ences) and rabbit anti-NeuN (1:200) (Millipore Bioscience Research Re-
agents). To measure H3K4me3 fluorescence, sections were incubated in
rabbit anti-H3K4me3 (1:200) (Abcam) and mouse anti-NeuN antibod-
ies. All incubations were done in PBS, 0.5% Triton X-100, and 3% don-
key serum overnight at 4°C. Tissue sections were then incubated in
donkey anti-rabbit Alexa-488 (1:400) and donkey anti-mouse Alexa-555
(1:400) for 3 h at 4°C. Both secondary antibodies were purchased from
Invitrogen. Following 3 � 10 min washes in PBS, sections were incubated
in 50 mM ammonium acetate, 10 mM cupric sulfate for 30 min to quench
lipofuscin autofluorescence. Sections were washed 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) and channels merged to show colocalized signals.
Relative H3K4me3 fluorescence was compared in MS and control tissue
blocks (C1, C2, MS5, and MS18). Image stacks were captured sequen-
tially for each channel to prevent bleed through and spanned the sections.
An image mask was created using the NeuN channel as a guide to include
the entire nucleus. The thresholded image mask was then used to clip the
H3K4me3 channel, and the pixels within the unclipped region were
summed. This technique measures the amount of H3K4me3 fluores-
cence from within individual NeuN-stained nuclei. Mean density of
H3K4me3 immunofluorescence was obtained from the average intensity
from at least 50 NeuN-positive neuronal nuclei from two control and two
MS samples.

Respirometry. To determine whether the BHMT–betaine pathway could
support respiration after treatment with SNP, an XF24 Extracellular Ana-
lyzer (Seahorse Bioscience) was used to measure the oxygen consumption
rate (OCR) and spare respiratory capacity in mitochondria isolated from
SHSY-5Y cells treated with either 400 �M SNP or 1 mM betaine, or both 400
�M SNP � 1 mM betaine. Mitochondria were isolated by homogenizing cells
in MSHE � BSA (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 � g for 10 min at 4°C. The supernatant was
centrifuged again at 8000 � g for 10 min at 4°C, the pellet was resuspended,
and total protein (mg/ml) was determined using Bradford Assay reagent
(Bio-Rad). For the assay, mitochondria were diluted 10 times in cold 1�
MAS � substrate (70 mM sucrose, 220 mM mannitol, 2 mM HEPES, 10 mM

KH2PO4, 5 mM MgCl2, 1 mM EGTA, and 0.2% BSA � 10 mM succinate and
2 �M rotenone), and then plated on the XF assay plate in equal concentration
(5 �g). This assay measures electron transport activity through Complexes
II-IV; 50 �l of mitochondrial suspension was delivered to each well (except
for background correction wells). The XF cell culture microplate was centri-
fuged at 2000 � g for 20 min at 4°C to adhere the mitochondria. The plate
was then transferred to the XF analyzer, and the experiment was initiated.
Injection of ADP (4 mM final), oligomycin (2.5 �g/ml final), FCCP (4 �M

final), and antimycin A (4 �M final) to inhibit Complex III was added se-
quentially, and the OCR was monitored over time. The OCR was calculated
in pmol/min. Basal respiration was monitored initially. Maximal respiratory
capacity was measured after addition of oligomycin to block ATP synthase
and the uncoupler FCCP, which eliminates the proton gradient (and respi-
ratory control exerted by the proton gradient) across the mitochondrial
inner membrane and stimulates maximal oxygen consumption. Spare respi-
ratory capacity was calculated by subtracting basal respiration, including
nonmitochondrial oxygen consumption measured after addition of antimy-
cin A, from the maximal respiration. Average changes in basal, maximal, and
spare respiratory capacity were determined in triplicate. Statistical signifi-
cance was determined by a two-tailed Student’s t test, with p � 0.05 consid-
ered significant.

Chromatin immunoprecipitation (ChIP)-seq. To identify genes regulated
by betaine in SH-SY5Y neuroblastoma cells, chromatin immunoprecipita-
tion followed by Illumina-based sequencing (ChIP-seq) was performed with
an antibody to H3K4me3 and chromatin isolated from control SH-SY5Y
cells and cells treated with 1 mM betaine overnight. For ChIP, cells were fixed
with 37% formaldehyde solution for 10 min followed by washing with PBS.
The fixation was stopped by adding 1� glycine stop-fix solution for 5 min.
The cells were lysed to release the nuclei and centrifuged at 2400 � g at 4°C
for 10 min to pellet the nuclei. Chromatin was resuspended in RIPA buffer
containing protease inhibitors (Sigma) 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); 10 �l 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 �l protein G magnetic beads, 20 �l of ChIP buffer,
50 �g of sheared chromatin, 2 �l of protease inhibitor mixture, distilled
water to makeup the final volume 200 �l, and 4 �g of H3K4Me3 antibody
(Abcam) followed by incubation on an end-to-end rotor at 4°C overnight.
Beads were separated on a magnetic stand, washed, and then resuspended in
50 �l of elution buffer. Chromatin was cleaned up by treatment with protei-
nase K followed by phenol-chloroform extraction and EtOH precipitation.

DNA sequences enriched in ChIP DNA from betaine-treated cells
compared with input DNA and control ChIP DNA were identified by
high throughput sequencing. Input DNA and ChIP DNA from control
and betaine-treated cells were quantified using the Qubit dsDNA HS
Assay Kit (Invitrogen). Sequencing libraries were prepared from 10 ng of
DNA using the TruSeq ChIP Sample Preparation Kit (Illumina) follow-
ing the manufacturer’s recommendation. Libraries were purified and size
selected using a 2% low-melting agarose gel (Invitrogen) by cutting a
band of 250 –300 bp on a 2% agarose gel, resulting in a 150 –200 bp insert
size. The libraries were enriched using an 18 cycle PCR program. En-
riched libraries were quantified by qPCR using the KAPA Library Quan-
tification Kits (KAPA Biosystems). The Agilent Bioanalyzer 2100 DNA
High Sensitivity kit was used to assess the library quality and size distri-
bution. The libraries were sequenced on a HiSeq2500 (Illumina) in the
Cleveland Clinic Lerner Research Institute Genomics Core using a 50 bp

Table 2. Methionine metabolite concentrations in MS and control cortical gray matter tissue

Homocysteine (nmol/g) SAM (nmol/g) SAH (nmol/g) Methionine (nmol/g) Cystathionine (nmol/g) Betaine (nmol/g) Choline (nmol/g)

MS (n � 30) 12.3 (	6.1) 12.5* (	3.7) 15.6 (	4.9) 88.7 (	44.8) 525* (	469) 47.8* (	30.8) 232 (	115)
Control (n � 20) 13.2 (	7.0) 15.5 (	6.4) p � 0.04 17.0 (	4.0) 99.9 (	59.3) 1389 (	1054) p � 0.0002 85.5 (	48.0) p � 0.001 247 (	159)

The asterisks denote significance between MS and control concentrations (p � 0.05).

Table 3. Methionine metabolite concentrations in motor and parietal cortex

Homocysteine (nmol/g) SAM (nmol/g) SAH (nmol/g) Methionine (nmol/g) Cystathionine (nmol/g) Betaine (nmol/g) Choline (nmol/g)

Motor cortex
MS (n � 10) 14.1 (	5.5) 11.9 (	3.6) 14.8 (	6.1) 86.6 (	34.0) 442* (	427) 45.9 (	28.4) 241 (	129)
Control (n � 6) 17.5 (	5.0) 13.5 (	6.5) 15.5 (	3.1) 74.3 (	33.7) 1495 (	1154) ( p � 0.02) 79.4 (	54.5) 332 (	192)

Parietal cortex
MS (n � 10) 11.0 (	2.8) 12.9 (	4.7) 14.9 (	5.5) 100.5 (	65.6) 445* (	473) 50.6* (	37.2) 215 (	139)
Control (n � 6) 17.3 (	6.0) 13.5 (	5.0) 15.5 (	2.3) 87.8 (	38.1) 1453 (	1149) ( p � 0.03) 104.0 (	51.2) p � 0.03 273 (	137)

The asterisks denote significance between MS and control concentrations (p � 0.05).
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single end reads. Fastq sequences were aligned and analyzed with Strand
NGS 2.5 software (Avadis) with default settings, including an alignment
quality against reference of 90%. Peak detection and regions of
H3K4me3 enrichment over input DNA and with increased reads as a
result of betaine treatment were detected with the Model-based Analysis
of Chip-Seq algorithm with a Q score (FDR) cutoff of 0.001 (Zhang et al.,
2008). H3K4me3-enriched peaks were mapped to human RefSeq tran-
scripts (NCBI hg19) and annotated for genes within 20 kb of transcrip-
tion start sites (TSSs) or within genes or introns. Functional categories of
genes enriched by ChIP-seq were assigned with PANTHER (http://pan-
therdb.org/). Gene expression changes for a subset of genes enriched by
ChIP-seq were confirmed by qRT-PCR with gene-specific primers and
Brilliant III Ultra-Fast SYBR Green (Agilent Technologies). qRT-PCR
was performed with RNA isolated from control SH-SY5Y cells and cells
treated with SNP, betaine, or SNP/betaine. Fold changes in gene expres-

sion were calculated with the 2 ���Ct method after normalization to
actin. Data are the average fold change from at least three experiments.
Statistical significance was determined with a two-tailed Student’s t test
with p � 0.05 considered significant.

Results
Methionine metabolite concentrations were measured in 50 mo-
tor, frontal, and parietal cortex tissue blocks from 32 MS and
control brains. Donor and tissue characteristics, including age
and sex of the donors and PMI, brain region, and lesion status of
tissue analyzed, are described in Table 1. MS and control tissue
blocks were matched for age, sex, and PMI as closely as possible.
The average age of donors did not differ significantly between MS
(63 	 12 years) and control donors (66 	 17 years). We have

Figure 3. BHMT is expressed in neurons in the CNS. A, qRT-PCR for one carbon metabolism enzymes BHMT, CBS, MTR, AHCY, and MAT2A shows that enzyme expression is not changed in MS
samples compared with controls. Average expression levels are shown for MS samples as a percentage of control levels, which were set at 100% (shown by dotted line). Error bars indicate SEM. B,
Western blotting for BHMT expression in postmortem MS, and control brain tissue shows that the BHMT protein is present in low levels in the CNS. Positive control sample is protein isolated from
mouse liver. GAPDH band for the positive control is from a longer exposure. C, Immunohistochemistry shows colocalization of NF (blue alkaline phosphatase staining) and BMHT immunoreactivity
(brown DAB precipitate) denoted by arrow on cortical tissue sections. Original magnification 60�. Scale bar, 20 �m. D, Top, Representative confocal images acquired at 60� showing immuno-
fluorescent staining for BHMT (green) and NeuN (red) in a postmortem cortical tissue section (MS6). Nuclei are stained with DAPI (blue). Area outlined in the white box was enlarged and is shown
(bottom). Green fluorescence indicating BHMT immunoreactivity can be seen colocalized in neurons also stained with NeuN.
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Figure 4. Levels of H3K4me3 are decreased in MS cortical gray matter and are correlated with levels of betaine. A, Representative Western blots for H3K9me2, H3K4me3, and histone H3 from
histones isolated from MS and control gray and white matter cortical samples. B, Densitometry performed from three separate experiments shows that H3K4me3 is decreased in MS gray matter
samples compared with controls, whereas H3K9me2 is not significantly changed. Relative H3K4me3/H3 and H3K9me2/H3 levels are expressed as a percentage of control with the highest control set
at 100%. Betaine concentrations are shown for each MS and control sample. C, Pearson’s correlation analysis was performed and shows that relative levels of H3K4me3 are correlated to betaine
concentrations measured by LC-MS/MS in the same tissue blocks. Pearson’s correlation coefficient: r � 0.55, p � 0.049. Error bars indicate SEM. *p � 0.05. **p � 0.01. ***p � 0.001.
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found that SAM degrades at room temperature after 
15 h (data
not shown), so all tissue PMIs were �10 h. The average PMI for
MS samples was 6.2 	 2.4 h and for controls was 7.7 	 2.2 h.
Representative PLP immunohistochemistry to assess lesion sta-
tus of tissue blocks analyzed is shown in Figure 2. Of the MS
samples analyzed, four contained subpial gray matter lesions of
the type shown in Figure 2B, and all others were normal appear-
ing gray matter (NAGM). Representative LC-MS/MS chromato-
grams for methylation metabolites SAM, SAH, methionine,
cystathionine, betaine, and choline obtained from postmortem
brain tissue are shown in Figure 2C. Quantitation for methyl-
ation metabolites indicates that average concentrations of cysta-

thionine, SAM, and betaine are
significantly decreased in MS samples as
shown in Table 2. The methyl donors
SAM and betaine were decreased in MS
samples by 19% (p � 0.04) and 44% (p �
0.001), respectively. Concentrations of
cystathionine, the first step for the tran-
sulfuration pathway that generates the
redox regulator GSH, were decreased by
62% ( p � 0.0002) in MS. Homocysteine
levels were not significantly changed in
MS samples overall but were negatively
correlated with SAM concentrations
(r � �0.30, p � 0.04). The average con-
centration of the methionine metabo-
lites in MS tissue blocks containing
subpial gray matter lesions was similar
to levels observed in NAGM for MS
samples (data not shown). We also
compared methionine metabolite con-
centrations between brain regions. An-
alyzing both parietal and motor cortex
tissue blocks from the same 10 MS and
6 control brains, we observed significant
changes in cystathionine and betaine
concentrations in MS as shown in Table
3. Cystathionine was decreased by 70%
( p � 0.02) in MS motor cortex. Both
cystathionine and betaine concentra-
tions were decreased in parietal cortex
in MS samples by 69% ( p � 0.03) and
51% ( p � 0.03), respectively.

We also quantitated the mRNA ex-
pression of enzymes involved in methio-
nine metabolism (Fig. 1), including
MAT2A, AHCY, MTR, CBS, and BHMT,
by qRT-PCR. These data show that
mRNA expression was not altered for any
of these enzymes in MS samples com-
pared with controls as shown in Figure
3A. However, of particular interest, we
detected BHMT mRNA in our samples,
indicating that this enzyme may be ex-
pressed in the CNS. The presence of
BHMT mRNA was confirmed by se-
quencing of the RT-PCR product (data
not shown). BHMT catalyzes the conver-
sion of homocysteine to methionine with
betaine as the methyl donor as shown in
Figure 1, and this reaction has previously
been thought to occur only during embry-

onic development and in liver and kidney in the adult in humans
(Lever and Slow, 2010). To confirm the presence of BHMT pro-
tein in brain tissue, we performed Western blotting on protein
isolated from MS and control cortex and observed BHMT immu-
noreactivity as shown in Figure 3B. Localization of BHMT ex-
pression in the CNS was confirmed by immunohistochemistry
on postmortem tissue sections. As shown in Figure 3C, cytoplas-
mic BHMT staining (brown DAB precipitate) was present in
neurons coexpressing the neuronal specific NF light chain pro-
tein (blue alkaline phosphatase reaction precipitate). BHMT ap-
pears as cytoplasmic staining around the nucleus and was not
observed along axons. We also performed confocal microscopy

Figure 5. H3K4me3 is decreased in neurons in MS cortex. A, Representative confocal images of DAPI (blue), H3K4me3 (green),
and NeuN (red) immunofluorescent staining in MS and control cortical tissue sections. B, Cells outlined in A were enlarged to show
individual neuronal nuclei. C, Bar diagram represents mean density of H3K4me3 fluorescence measured in NeuN-positive nuclei in
MS and control tissue sections. Error bars indicate SEM. ***p � 0.001 (two-tailed paired t test).
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Figure 6. Markers of mitochondrial respiration are decreased in MS samples. NAA is decreased in MS and correlated with cystathionine concentrations. A, Representative HPLC chromatograms
for quantification of NAA from an MS and control brain tissue sample. The NAA peak eluted at 5.1 min. B, Quantitation of average NAA concentrations in MS (n � 27) and control (n � 17) samples
adjacent to tissue analyzed for methionine metabolites by LC-MS/MS show that NAA is decreased by 24% in MS samples analyzed in this study. Error bars indicate SEM. *p � 0.05. C, Pearson’s
correlation analysis was performed and shows that NAA levels are positively correlated with cystathionine concentrations (r � 0.35, p � 0.02). Mitochondrial electron transport chain subunits were
also found to be decreased in MS gray matter samples. D, Representative Western blots performed with mitochondrial fractions isolated from MS and control gray matter samples probed for the
mitochondrial electron transport chain subunits, Complex I NDUSF4, Complex III UQCRC2, and the mitochondrial membrane protein aralar. E, Levels of mitochondrial electron transport chain subunit
proteins in control and MS samples were determined by densitometry. Relative levels of NDUSF4 and UQCRC2 proteins are normalized to the mitochondrial membrane protein aralar and are shown
as percentage of control. Error bars indicate SEM. *p � 0.05.
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to localize BHMT expression in postmortem human tissue sec-
tions as shown in Figure 3D. BHMT expression (green fluores-
cence) can be seen in cells expressing the neuronal marker NeuN
(red fluorescence). These experiments confirm cytoplasmic
BHMT expression in neurons.

To determine whether there are functional consequences of
decreased levels of the methyl donors SAM and/or betaine on
methylation of substrates, we examined histone H3 methylation
patterns in MS and control cortical samples. We analyzed
H3K9me2 and H3K4me3 by Western blotting and immunofluo-
rescent staining. H3K9me2 is repressive and is found in hetero-
chromatin. Decreased H3K9me2 has been shown to mediate
chromatin relaxation, resulting in aberrant gene expression and
neurodegeneration in Drosophila and mouse models of Alzhei-
mer’s disease (AD) and in postmortem AD brain tissue (Frost et
al., 2014). The H3K4me3 modification is present in active chro-
matin (Sandstrom et al., 2014) and has important implications
for transcriptional activation of genes involved in mitochondrial
respiration, which have been previously demonstrated to be al-
tered in MS cortex. Western blotting was performed with his-
tones isolated from MS and control cortex and antibodies to
H3K4me3 and H3K9me2 in a subset of MS and control samples.
Representative Western blots and quantitation for H3K4me3 and
H3K9me2 are shown in Figure 4A,B. These data show that
H3K4me3 was decreased in MS gray matter, but not in white
matter (quantitation not shown). Pearson’s correlation analysis
revealed that H3K4me3 levels measured by Western blotting
were correlated with levels of betaine (r � 0.55, p � 0.049) mea-
sured in adjacent tissue from the same tissue blocks as shown in
Figure 4C. The levels of H3K9me2 showed greater variability
between samples than H3K4me3 and were not found to be sig-

nificantly changed between MS and control samples (Fig. 4B).
Decreased levels of H3K4me3in gray but not white matter corti-
cal tissue suggest that this change is occurring in the nuclei of a
cell type enriched in gray matter. Neuronal cell bodies and nuclei
are enriched in gray matter, but many other cell types, including
oligodendrocytes, astrocytes, and microglia, are also present. To
determine whether H3K4me3 was decreased specifically in neu-
rons, the fluorescence intensity of H3K4me3 staining was mea-
sured in the nuclei of at least 50 NeuN-positive cells in a subset of
samples (C1, C2, MS5, and MS18) exhibiting varying levels
of betaine. Representative confocal images showing nuclear
H3K4me3 expression in an MS and a control sample are shown in
Figure 5A,B. Quantitation shows that H3K4me3 staining was
correlated with betaine levels measured by LC-MS/MS in adja-
cent tissue and was decreased in neuronal nuclei in MS samples
exhibiting low betaine (Fig. 5C).

The H3K4me3 histone mark has been shown to be involved in
transcriptional activation of mitochondrial electron transport
chain genes (M. Soloveychik and M. Meneghini, personal
communication). To determine whether decreased levels of
H3K4me3 could be mediating changes in electron transport
chain gene expression and neuronal respiration in MS, we mea-
sured respiratory status in the postmortem cortical samples by
quantitating levels of NAA. Levels of NAA have been shown to be
related to neuronal mitochondrial electron transport chain activ-
ity (Li et al., 2013) and provide a measurement of axonal integrity
and neuronal mitochondrial activity within tissue. Representa-
tive HPLC chromatograms for NAA obtained from an MS and
control sample are shown in Figure 6A. HPLC analysis for NAA
concentration was performed in MS and control cortical samples
with sufficient tissue (27 MS and 17 control samples). These data

Figure 7. BHMT is expressed in SH-SY5Y neuroblastoma cells. A, Representative Western blot showing that the 45 kDa BHMT protein is expressed in SH-SY5Y cells. The positive control for BHMT
expression is protein isolated from mouse liver. B, Immunofluorescent staining with antibodies to NF shown in green fluorescence and BHMT (red fluorescence) show BHMT immunoreactivity in
SH-SY5Y cells. Scale bars, 15 �m. Confocal images were acquired at 100�. C, To assess cell morphology after SNP and betaine treatments, control SH-SY5Y cells, and cells treated with 400 �M SNP
or 400 �M SNP and 1 mM betaine were immunostained for NF (green fluorescence) and BHMT (red fluorescence). Scale bars, 50 �m. Confocal images were taken at 40�. Trypan blue cell viability
assay data are shown as percentage viable cells 	 SD beneath the images.
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show that mean NAA concentrations are decreased in MS (Fig.
6B), suggesting decreased neuronal energetic capacity in MS
samples. Decreased NAA levels were found to be correlated with
the concentration of the methionine metabolite cystathionine
measured by LC-MS/MS in adjacent tissue with Pearson’s corre-
lation analysis (r � 0.35, p � 0.02) as shown in Figure 6C. We also
analyzed mitochondrial electron transport chain subunit protein
levels in a subset of samples with adequate amounts of tissue for
analysis by Western blotting. Mitochondrial fractions isolated
from MS and control cortical gray matter samples were probed
with antibodies to the electron transport chain subunits previ-
ously found to be decreased in MS including the Complex I
NDUSF4 protein and the Complex III UQCRC2 subunit. Repre-
sentative Western blots and quantitation are shown in Figure
6D,E. These data show that, in addition to decreased NAA, elec-
tron transport chain complex subunits are also decreased in MS
samples compared with controls.

We then performed Western blotting, immunohistochem-
istry, and RT-PCR followed by sequencing to determine
whether BHMT mRNA and protein are expressed in the hu-
man SH-SY5Y neuroblastoma cell line. RT-PCR followed by
sequencing confirmed that BHMT mRNA is expressed in SH-
SY5Y cells (data not shown). We found that BHMT protein
was also present in these cells (Fig. 7), which then provided a
model for us to investigate the role of betaine on H3K4me3
levels and mitochondrial respiration under the type of inflam-
matory conditions that exist in MS. We first treated hu-
man SH-SY5Y neuroblastoma cells with the NO donor SNP
(400 �M) and also with betaine (1 mM) and performed immu-

nohistochemistry with antibodies to NF and BHMT to be sure
there were no gross changes in cell morphology (Fig. 7C). We
also tested cell viability with the trypan blue assay, and the
percentage of viable cells 	 SD are also shown in Figure 7C.
These data show that neither SNP nor betaine treatment
caused a reduction in the numbers of viable SH-SY5Y cells.
The percentage of viable cells were 85.69 	 3.11% for control
cells, 87.64 	 2.31% for SNP treated cells, 89.98 	 2.18% for
betaine-treated cells (not shown in Fig. 7), and 89.94 	 1.58%
for SNP/betaine-treated cells.

We then treated SH-SY5Y cells with 100 �M- 400 �M SNP and
measured H3K4me3 levels by Western blot to determine whether
increased NO could mediate changes to H3K4me3 similar to what
we observed in the MS brain. We found that 400 �M SNP decreased
H3K4me3 in SH-SY5Y cells by 
50% compared with controls (Fig.
8A,B). We then supplemented cell culture media with betaine to test
the efficacy of betaine on reversing SNP-mediated decreases in
H3K4me3 (Fig. 8C,D). We found that neither 300 �M nor 1 mM

betaine alone significantly increased H3K4me3, but betaine did in-
crease H3K4me3 levels in SNP-treated cells even above controls. We
also tested the effect of SNP and betaine on the levels of the repressive
H3K9me2 methyl mark and found that this modification was not
significantly altered by SNP or betaine treatment (Fig. 8E). This may
reflect the fact that H3K4me3 is a dynamic methyl mark present in
transcriptionally active and accessible chromatin, whereas
H3K9me2 is localized in transcriptionally silent heterochromatin
(Börsch-Haubold et al., 2014).

To determine whether changes in betaine concentration and
H3K4me3 levels can impact mitochondrial respiration, we mea-

Figure 8. Betaine rescues H3K4me3 levels and mitochondrial respiration in SH-SY5Y cells after treatment with the NO donor SNP. A, Western blotting with nuclear protein isolated from SH-SY5Y
cells treated with 100, 200, or 400 �M SNP and an antibody to H3K4me3 shows reduced levels of H3K4me3 with 400 �M SNP treatment. B, Bar graphs represent quantitation of H3K4me3 levels
normalized to histone H3 levels in control and SNP-treated cells. C, Representative Western blots for H3K4me3 and H3K9me2 with nuclear protein isolated from SH-SY5Y cells treated with 400 �M

SNP, 300 �M betaine, 1 mM betaine, or both SNP and betaine. D, Quantitation of H3K4me3 was performed by densitometry from control SH-SY5Y cells and cells treated with SNP, betaine (Bet), and
SNP/betaine. E, H3K9me2 levels are not changed in SH-SY5Y cell nuclear extracts after SNP or betaine treatment. Concentrations of SNP and betaine are in �M. H3K4me3 and H3K9me2 levels were
normalized to H3. *p � 0.05 versus control. **p � 0.01 versus control. #p � 0.05 versus SNP-treated cells.
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sured respiration (OCR) in mitochondria isolated from SH-
SY5Y cells treated with either 400 �M SNP or 1 mM betaine, or
both 400 �M SNP and 1 mM betaine for 20 h as shown in Figure 9.
Basal respiration and maximal respiratory capacity (after addi-
tion of the uncoupler FCCP) were measured. These data show
that SNP reduced respiration by �50% compared with control
cells (Fig. 9A,B). Betaine treatment rescued basal respiration and
maximal respiratory capacity in SNP-treated cell mitochondria,
however, increasing basal respiration by 2.2-fold and maximal
respiration by 1.4-fold (Fig. 9B). Betaine also increased spare
respiratory capacity 2.9-fold in SNP/betaine-treated cells over
SNP-treated cells and by 4.2-fold in betaine-treated compared
with control SH-SY5Y cells (Fig. 9B, brackets). Spare respiratory
capacity is a measure of a cell’s ability to meet energetic demands;
and in isolated mitochondria, it is related to the number of respi-
ratory complexes per mitochondria. The increase in spare respi-
ratory capacity as a result of betaine treatment in both SNP-
treated and control cells suggests that betaine may not only act by
maintaining H3K4me3 levels under oxidative conditions, but
also by increasing the expression of respiratory complexes
through a separate mechanism.

To understand whether betaine could regulate transcription in
the absence of an inflammatory environment, we exploited the fact

that H3K4me3 marks many actively tran-
scribed genes. We performed ChIP-seq with
an antibody to H3K4me3 and chromatin
isolated from control SH-SY5Y cells and
cells treated with betaine. Although betaine
did not significantly increase H3K4me3 in
control SH-SY5Y cells (Fig. 8), it did in-
crease spare respiratory capacity (Fig. 9),
suggesting that expression of mitochondrial
oxidative phosphorylation genes was in-
creased. By performing ChIP-seq on chro-
matin from betaine-treated cells, genes
actively transcribed should contain peaks
for H3K4me3. After normalization to input
DNA, our ChIP-seq analysis identified 3675
genes enriched for H3K4me3 peaks at least
twofold in betaine ChIP DNA over control
ChIP DNA. Enriched peaks within 20 kb of
TSS or within genic regions were assigned to
functional groups with PANTHER (http://
pantherdb.org/). This analysis showed that
39% of genes enriched by ChIP-seq in cells
treated with betaine were involved in cellu-
lar metabolism and 229 were located in mi-
tochondria (Fig. 10A). Visualization of
H3K4me3 peak enrichment with Strand
NGS 2.5 software is shown in Figure 10B for
select genes. In Figure 10B, the number of
sequence reads are shown for input DNA,
control ChIP DNA, and betaine ChIP DNA.
The scale for the y-axis values denoting
number of sequence reads are variable, so
approximate numbers of reads are shown
for each condition. We found that
H3K4me3 peaks were enriched in se-
quences near the TSS or in genic/intronic
regions of mitochondrial genes, including
41 subunit genes of the electron transport
chain machinery. Table 4 shows genes with
H3K4me3 enrichment with betaine treat-

ment. The chromosomal location, p values, Q scores, gene symbols,
transcript accession numbers, regions that overlap with peaks (up-
stream, genic, or intron), and distance to the TSS for the nearest peak
are shown for electron transport chain subunit genes and for mito-
chondrial transcription factors in Table 4. Genes with H3K4me3
enrichment included 21 subunits for Complex I (NADH dehydro-
genase), two subunits for Complex III (ubiquinol cytochrome c ox-
idoreductase), 12 subunits for Complex IV (cytochrome oxidase),
and 6 subunits for Complex V (ATP synthase). H3K4me3 was also
enriched near the TSS or in genic/intronic regions of mitochondrial
transcription factors, including nuclear respiratory factor 1 (NRF1),
mitochondrial transcription factor A, and the estrogen-related re-
ceptor � (ERR�) and gamma (ERR�) genes, which are nuclear re-
ceptors involved in regulating transcription of genes involved in
energy homeostasis (Huss et al., 2015) (Table 4). To confirm gene
expression changes as a result of betaine treatment, we performed
qRT-PCR for a subset of genes in control, SNP treated, betaine-
treated, and in SNP/betaine-treated cells. These data confirm that
betaine can rescue expression levels of mitochondrial genes after
SNP treatment (Fig. 11). Of the 10 genes tested, six genes, including
components of the electron transport machinery NDUFS4, cyto-
chrome c oxidase subunit Va (COX5A), cytochrome oxidase assem-
bly homolog (COX16), ATP synthase subunit B1 (ATP5F1), and the

Figure 9. Betaine rescues SNP-mediated inhibition of mitochondrial respiration in SH-SY5Y cells. A, Respirometry traces show
OCRs from mitochondria isolated from control SH-SY5Y cells and cells treated with 400 �M SNP, 1 mM betaine, or both 400 �M

SNP/1 mM betaine. B, Quantitation of basal respiration and maximal respiratory capacity (after addition of the uncoupler FCCP)
were determined for mitochondria isolated from control SH-SY5Y cells and cells treated with 400 �M SNP, 1 mM betaine, and both
SNP and betaine. Brackets represent spare respiratory capacity for control, betaine, and SNP/betaine-treated cell mitochondria.
*p � 0.05 versus control. **p � 0.01 versus control. ##p � 0.01 SNP-treated cells.
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transcriptional regulators ERR� and NRF1 were sensitive to redox
dysregulation by SNP treatment, and expression levels were reversed
with betaine (Fig. 11). We also found that betaine increased tran-
script levels for mitochondrial genes that were not repressed by SNP.
Interestingly, these data also show that for several of the genes tested,
expression was significantly enhanced with SNP and betaine treat-
ment over betaine treatment alone (UQCRC2, COX5A, ATP5F1). As

a negative control, we also measured expression of the per-
oxisome proliferator-activated receptor gamma coactivator 1 �
(PPARGC1A) gene, which is a transcriptional coactivator and
mitochondrial biogenesis factor (Wu et al., 1999). The PPARGC1A
gene contained H3K4me3 peaks that were enriched in control
SH-SY5Y cells over input DNA (data not shown) but were not en-
riched by betaine. qRT-PCR confirmed the ChIP-seq data and

Figure 10. H3K4me3 peaks enriched by betaine treatment overlap with many mitochondrial genes. A, The 3675 genes enriched by ChIP-seq with an antibody to H3K4me3 after betaine
treatment were assigned to functional groups (http://pantherdb.org/). A total of 39% were involved in cellular metabolism. B, Visualization of H3K4me3 peaks was performed with
Strand NGS 2.5 software after peak identification with the Model-based Analysis of Chip-Seq algorithm. Chromosomal location and number of sequence reads are shown for control and
betaine-treated ChIP DNA and for input DNA. Chromosomal regions enriched for H3K4me3 due to betaine treatment are shown for NDUFS4, NRF1, ATP5I, COX16, COX10, and ERR�. The
position of the transcripts and alternatively spliced variants for each gene relative to H3K4me3 peaks are shown. The scale of the y-axis denoting number of sequence reads is variable,
so approximate sequence reads are shown next to the highest H3K4me3 peak in each panel.
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shows that PPARGC1A expression was not increased in betaine-
treated cells (Fig. 11).

Discussion
In an effort to understand epigenetic mechanisms involved in
cortical mitochondrial changes in MS, we measured concentra-
tions of methionine cycle metabolites, histone H3 methylation
patterns, and markers of oxidative phosphorylation in MS corti-
cal gray matter samples compared with controls. In contrast to
methionine metabolite changes reported in MS sera and plasma,
including decreased methionine and B12, and increased homo-
cysteine, we found significantly decreased concentrations of
cystathionine, SAM, and betaine in MS cortical samples. Cysta-
thionine is a substrate in the transulfuration pathway, which gen-
erates the redox regulator GSH. Decreased cystathionine in MS is
indicative of an imbalance in redox homeostasis and is consistent
with studies demonstrating increased oxidative damage in the
MS brain due to activated microglial derived NO and ROS

(Gilgun-Sherki et al., 2004; Gonsette, 2008; Pandit et al., 2009).
We also found reductions in levels of mitochondrial electron
transport chain complexes and decreased concentrations of the
neuronal mitochondrial metabolite NAA, which is linked to
ATP production and mitochondrial oxidative phosphorylation
(Clark, 1998; Li et al., 2013), in MS samples. NAA levels were
found to be correlated with cystathionine concentration, suggest-
ing that there is a relationship between dysregulation of redox
homeostasis and neuronal respiratory capacity in MS.

The methyl donors SAM and betaine were also reduced in MS
cortical gray matter. Decreased availability of these methyl do-
nors in MS could impact methylation of DNA and histones, chro-
matin conformation, and gene expression. Decreasing SAM
concentration in stem cell cultures has been shown to result in
changes in histone H3 methylation patterns (Shyh-Chang et al.,
2013). Betaine serves a dual role in cells as a methyl donor and in
osmoregulation and regulation of cell volume (Lang, 2007). The

Table 4. Mitochondrial genes enriched for H3K4me3 after betaine treatment

Chromosome Start End p value Q score Gene symbol Longest transcript Overlap type Distance to TSS

chr1 161181309 161181359 5.8E-06 0.002 NDUFS2 NM_004550 Intron 12229
chr1 39490993 39491043 5.8E-06 0.002 NDUFS5 NM_004552 Upstream �949
chr1 111992311 111992361 5.8E-06 0.002 ATP5F1 NM_001688 Intron 593
chr1 217299958 217300008 5.8E-06 0.002 ESRRG (ERR�) NM_001134285 Intron 11114
chr2 37463762 37463812 5.8E-06 0.002 NDUFAF7 NM_144736 Intron 5013
chr2 206996739 206996789 5.8E-06 0.002 NDUFS1 NM_001199983 Intron 27479
chr2 42592390 42592440 5.8E-06 0.002 COX7A2L NM_004718 Upstream �4059
chr3 120316387 120316437 5.8E-06 0.002 NDUFB4 NM_001168331 Intron 1284
chr3 48644850 48644900 5.8E-06 0.002 UQCRC1 NM_003365 Intron 2223
chr4 140214122 140214172 5.8E-06 0.002 NDUFC1 NM_001184988 Intron 9558
chr4 46912869 46912919 5.8E-06 0.002 COX7B2 NM_130902 Upstream �1642
chr4 666439 666489 5.8E-06 0.002 ATP5I NM_007100 Intron 1663
chr5 60254967 60255017 5.8E-06 0.002 NDUFAF2 NM_174889 Intron 14036
chr5 52875692 52875743 8E-09 1E-05 NDUFS4 NM_002495 Intron 19252
chr7 123197493 123197543 5.8E-06 0.002 NDUFA5 NM_005000 CDS-Exon, Intron 440
chr7 1015028 1015078 5.8E-06 0.002 COX19 NM_001031617 CDS-Exon, Intron 182
chr7 99023956 99024006 5.8E-06 0.002 ATP5J2 NM_001198879 Intron 39843
chr7 129261774 129261824 5.8E-06 0.002 NRF1 NM_005011 Intron 10244
chr8 96039143 96039193 5.8E-06 0.002 NDUFAF6 NM_152416 Intron 1954
chr8 100898116 100898166 5.8E-06 0.002 COX6C NM_004374 Intron 8101
chr9 32567493 32567543 5.8E-06 0.002 NDUFB6 NM_001199987 Intron 5664
chr10 101482899 101482949 5.8E-06 0.002 COX15 NM_078470 Intron 9499
chr10 60148120 60148170 5.8E-06 0.002 TFAM NM_003201 Intron 3242
chr11 77771397 77771447 5.8E-06 0.002 NDUFC2 NM_001203262 Intron 19843
chr11 47598422 47598472 5.8E-06 0.002 NDUFS3 NM_004551 Upstream �2115
chr11 67375221 67375271 5.8E-06 0.002 NDUFV1 NM_007103 Intron 923
chr12 95399283 95399355 8E-09 1E-05 NDUFA12 NM_018838 Upstream �1830
chr12 54067324 54067374 5.8E-06 0.002 ATP5G2 NM_001002031 Intron 3163
chr14 92582652 92582702 5.8E-06 0.002 NDUFB1 NM_004545 Intron 5476
chr14 70811575 70811625 5.8E-06 0.002 COX16 NM_001204090 Intron 14848
chr14 50779994 50780044 5.8E-06 0.002 ATP5S NR_033761 Intron 972
chr14 76857369 76857419 5.8E-06 0.002 ESRRB (ERR�) NM_004452 Intron 31692
chr16 21977385 21977435 5.8E-06 0.002 UQCRC2 NM_003366 Intron 12801
chr16 85838085 85838135 5.8E-06 0.002 COX4I1 NM_001861 Intron 4937
chr16 31441644 31441694 5.8E-06 0.002 COX6A2 NM_005205 Upstream �1920
chr17 14035990 14036040 5.8E-06 0.002 COX10 NM_001303 Intron 63296
chr17 13964251 13964301 5.8E-06 0.002 COX10-AS1 NR_049718 Intron 8499
chr17 53038289 53038339 5.8E-06 0.002 COX11 NR_027942 Intron 7750
chr19 8389711 8389761 5.8E-06 0.002 NDUFA7 NM_005001 Upstream �3456
chr19 14681231 14681281 5.8E-06 0.002 NDUFB7 NM_004146 Intron 1633
chr19 36644626 36644676 5.8E-06 0.002 COX7A1 NM_001864 Upstream �880
chr20 13777570 13777620 5.8E-06 0.002 NDUFAF5 NM_024120 Intron 11923
chr21 44315463 44315513 5.8E-06 0.002 NDUFV3 NM_001001503 Intron 2110
chr21 27105277 27105327 5.8E-06 0.002 ATP5J NM_001685 Intron 2663
chr22 42495549 42495599 5.8E-06 0.002 NDUFA6-AS1 NR_034118 Intron 8637
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source of betaine is almost completely
from dietary intake of betaine or choline,
which can be oxidized in mitochondria by
the enzyme choline dehydrogenase to
generate betaine in some tissues. It has
been established that betaine acts as a
methyl donor in the liver and during de-
velopment in the CNS. Dietary betaine
supplementation has been shown to in-
duce site-specific changes in DNA meth-
ylation in the liver in a mouse model of
ethanol-induced liver damage (Medici et
al., 2014). Other studies in rats have dem-
onstrated that high maternal dietary cho-
line can regulate expression of histone
methyltransferases and histone H3 meth-
ylation patterns in the liver and brain in
the developing fetus (Davison et al., 2009;
Blusztajn and Mellott, 2012). This effect
of choline on histone methylation is me-
diated by the BHMT pathway after con-
version of choline to betaine. BHMT is
expressed in the CNS during develop-
ment but in the adult BHMT expression
has been believed to be restricted pri-
marily to the liver, kidney, and lens of
the eye (Lever and Slow, 2010). Our data
showing expression of BHMT in the
adult CNS suggest that betaine may also
supply methyl groups to remethylate ho-
mocysteine to methionine in place of
5-methyltetrahydrofolate in adult brain
tissue and in neurons in some circum-
stances. This would explain our findings,
which show a correlation between betaine
and H3K4me3 in postmortem cortical
tissue and regulation of H3K4me3 levels
by betaine in neuroblastoma cells. Con-
sistent with our results, other studies in-
vestigating homocysteine metabolism
support a role for betaine as a methyl do-
nor in the CNS. In a study by Zhang et al.
(2013), BHMT expression was reported in
the brain of bats during hibernation. The
authors concluded that BHMT remethy-
lated homocysteine to methionine with
betaine as the methyl donor to prevent
toxic buildup of homocysteine during
long periods of hibernation when nutri-
ents, including vitamin B12, which are es-
sential for methionine synthase activity
are depleted. In another study, dietary be-
taine supplementation was found to
improve memory in a rat model of hyperhomocysteinemia (Chai
et al., 2013). In this rat model, betaine appeared to provide neu-
roprotection by preventing the accumulation of homocysteine,
which can be toxic to neurons by supplying methyl groups to
remethylate homocysteine to methionine.

Increased dietary betaine and choline intake has been shown
to be correlated with decreases in inflammatory markers, includ-
ing C-reactive protein, proinflammatory cytokines, and homo-
cysteine (Detopoulou et al., 2008), suggesting that decreased
betaine concentrations in MS may contribute to and exacerbate

oxidative damage already present in the MS brain. It has been
demonstrated that the activity of methionine synthase is sensitive
to changes in redox homeostasis. The transient cob(I)alamin
form of holo methionine synthase is sensitive to oxidation by NO
(Nicolaou et al., 1994, 1996; Jarrett et al., 1998; Danishpajooh et
al., 2001; Mukherjee and Brasch, 2011) and is inhibited when
oxidized. Increased NO and reactive nitrogen species (RNS) in
the MS brain may lead to oxidation and inhibition of methionine
synthase. Our data suggest that, under these conditions, the me-
thionine synthase reaction could be circumvented and homocys-

Figure 11. Betaine increases expression of mitochondrial genes. Changes in gene expression were confirmed by qRT-PCR for
select transcripts showing enrichment for H3K4me3 as a result of betaine treatment. qRT-PCR was performed with RNA isolated
from control SH-SY5Y cells and cells treated with SNP, betaine, or SNP/betaine. Relative expression levels with controls set at 1 are
shown. Error bars indicate SEM. *p � 0.05 versus control. **p � 0.01 versus control. #p � 0.05 versus betaine-treated cells.
##p � 0.01 versus betaine-treated cells.

Figure 12. Schematic represents the relationship between methionine metabolism and mitochondrial changes in MS cortex.
Inflammation in MS leads to increased ROS and RNS, which may inhibit the B12-dependent MTR reaction. Inhibition of methionine
synthase can be overcome by activation of the BHMT– betaine pathway to remethylate homocysteine (Hcy) to methionine (Met).
Depletion of the methyl donor betaine in MS cortical gray matter may lead to an inability to overcome the inhibition of methionine
synthase that would result in decreases in levels of the methyl donor SAM and decreased H3K4me3. The H3K4me3 histone methyl
mark activates transcription of oxidative phosphorylation genes, which are decreased in MS. HMT, Histone methyltransferases;
DM, demethylases; �CH3, methyl groups supplied by betaine and SAM.
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teine could be remethylated to methionine in the CNS by the
activity of BHMT with betaine supplying the methyl groups. The
cause for decreased betaine in the MS brain is not clear but could
result from either dietary deficiency or loss due to diffusion out of
demyelinated axons to counteract cell swelling and resulting
changes in osmolarity. In any case, depletion of betaine in MS
would leave cells unable to compensate for inhibition of methio-
nine synthase through the BHMT pathway under oxidative con-
ditions (Fig. 12). If this were the case, we would expect that
homocysteine would be increased. Consistent with this explana-
tion, we found that homocysteine and SAM were negatively cor-
related (r � �0.3, p � 0.04).

Studies analyzing postmortem tissue as well as in vivo mag-
netic resonance spectrometry studies have implicated mitochon-
drial impairment in MS cortical pathology. These mitochondrial
changes may be detrimental in MS by limiting the supply of ATP
necessary for neurons to regulate ion homeostasis, vesicular
transport, and other energy-dependent processes. Indeed, studies
have indicated that defects in neuronal respiration precede neu-
rodegeneration in MS (Ge et al., 2004; Cader et al., 2007). The
present study suggests that a novel mechanism involving dys-
regulation of methionine metabolism contributes to mitochon-
drial impairment in MS. This may explain the observed overlap
in pathological changes, which occur in B12 deficiency and in MS
(Miller et al., 2005). Our analysis of MS and control postmortem
cortical tissue suggests that inadequate betaine concentrations in
the MS brain may leave cells unable to compensate for the inhib-
itory effects of an inflammatory environment on methionine syn-
thase activity and may result in dysregulation of methionine
metabolism and reduced levels of H3K4me3 (Fig. 12). This
mechanism is supported by our cell culture data. These data show
that the BHMT– betaine pathway does indeed appear to provide
a mechanism to maintain methionine metabolism under the type
of oxidative and inflammatory conditions that exist in MS. We
found that exposing SH-SY5Y neuroblastoma cells to the NO
donor SNP leads to reductions in H3K4me3 levels, expression of
some mitochondrial genes, and mitochondrial respiration.
Treatment with betaine reverses these effects and results in in-
creased mitochondrial respiratory capacity. These data are con-
sistent with another recent report, which showed that betaine
increased respiration and cytochrome oxidase expression in a
liver cell line (Lee, 2015).

Our ChIP-seq data also suggest that, in addition to maintain-
ing expression of mitochondrial genes by reversing the effects of
RNS on H3K4me3 levels, betaine can also activate expression of
mitochondrial genes under normal physiological conditions.
Genes with H3K4me3 enrichment indicating that they were ac-
tively transcribed with betaine treatment included mitochondrial
transcriptional activators ERR�, ERR�, NRF1, mitochondrial
transcription factor A, and many mitochondrial oxidative phos-
phorylation genes. Our data indicate that the expression levels of
some genes with H3K4me3 enrichment as a result of betaine
treatment, including ERR�, NRF1, NDUFS4, COX5A, COX16,
and ATP5F1, were decreased by SNP potentially as a consequence
of decreased H3K4me3 levels. Although betaine rescued expres-
sion of these genes after SNP treatment, it also increased expres-
sion levels of all of the genes tested in the absence of SNP, when
H3K4me3 levels would not be altered. This suggests that the
BHMT– betaine pathway may also act through additional mech-
anisms by modifying methylation of other histone sites and/or
DNA. However, our qRT-PCR data also show that expression
was enhanced with SNP and betaine treatment over betaine treat-
ment alone. A possible explanation for this observation could be

that BHMT activity may increase with redox dysregulation. If this
were the case, we would have expected that, in our respirometry
experiments, spare respiratory capacity would be higher in SNP/
betaine-treated cells compared with betaine alone, but this was
not the case. Although spare respiratory capacity was increased in
SNP/betaine-treated cells over controls, it was not as high as in
betaine-treated cells. This could be due to other effects of NO
in cells, however, such as nitration and inhibition of respiratory
complexes (Sarti et al., 2003).

Our data demonstrate that decreased betaine in MS cortex is
correlated with altered methylation of H3K4me3 and may con-
tribute to decreased expression of oxidative phosphorylation
genes and respiratory defects in MS cortex. These data indicate
that dietary betaine supplementation may support mitochon-
drial respiration and provide neuroprotection in MS.
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