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polymorphism is associated with elevated homocysteine levels
in patients with multiple sclerosis screened for vascular risk
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Abstract The previously reported link between homocyste-
ine and obesity, both identified as established risk factors for
multiple sclerosis (MS), has not previously been studied in
relation to the fat mass and obesity-associated (FTO) gene.
Aim: To investigate the mechanism underlying homocysteine
accumulation in MS patients. A total of 114 patients and 195

population-matched controls were analysed for the FTO
rs9939609 polymorphism. Homocysteine levels were mea-
sured in a subgroup of 60 patients and 87 controls screened
for multiple vascular risk factors. After adjustment for poten-
tial confounders, the risk-associated FTO rs9939609 A-allele
was associated with raised homocysteine levels (p=0.003) in
patients diagnosed with MS, but not in controls.
Homocysteine levels correlated positively with body mass
index (BMI) (p=0.045) and total cholesterol levels (p=
0.048). Both homocysteine (p=0.011) and BMI (p=0.017)
were significantly reduced with higher intake of folate in the
diet. Higher BMI also correlated with increased intake of
saturated/trans fat (p<0.01) and low physical activity
(p<0.006). Daily intake of at least five fruits and vegetables
had a favourable lowering effect on the Expanded Disability
Status Scale (EDSS) (p=0.035), while smoking increased MS
disability (p<0.001). This study has shown for the first time
that having a diagnosis of MSmoderates the effect of the FTO
rs9939609 polymorphism on homocysteine levels. This is
consistent with the role of FTO in demethylation and epige-
netic changes. Identification of FTO rs9939609 reinforces the
importance of adequate fruit, vegetable and folate and restric-
tion of saturated/trans fat intake in the diet.
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Introduction

Multiple sclerosis is an inflammatory disease of the central
nervous system, but there is no consensus about the cause of
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the immune activation. No consistent specific aetiological
factor has been identified, even after more than 50 years of
searching for it (Rodriquez 2009). A source of general inflam-
mation may be vascular comorbidity, which adversely affects
health outcomes in MS, demonstrating greater ambulatory
disability as the number of vascular comorbidities increases
at all stages of the disease course, including symptom onset,
diagnosis and progression (Marrie et al. 2010).

In addition to hypercholesterolaemia, hypertension, diabe-
tes and peripheral vascular disease being identified as risk
factors for MS, elevated homocysteine levels may also play
an important role as recently confirmed in a meta-analysis by
Zhu et al. (2011). Homocysteine is rapidly auto-oxidised in
plasma and induces inflammatory transcriptional signal path-
ways (Meng et al. 2013). Elevated levels were found to be
neurotoxic, impair vascular endothelial function, (He et al.
2010) and are correlated with total cholesterol levels due to
stimulation of cholesterol secretion in hepatic cells (Nygård
et al. 1995; O K Lynn et al. 1998).

An association between chronic low-grade inflammation,
elevated homocysteine and obesity has previously been re-
ported (Das et al. 2010; Vaya et al. 2012). Obesity has also
been identified as a significant risk factor for early-onset MS
(Langer-Gould et al. 2013). Body mass index (BMI) above
27 kg/m2 at age 20 years carries a two-fold risk for developing
MS (Hedström et al. 2012). However, the link between BMI
and homocysteine has not previously been studied in MS in
relation to genetic risk factors. The fat mass and obesity-
associated (FTO) gene is of particular interest due to its
biological function in upregulation of food intake and
methylation/demethylation (Fredriksson et al. 2008; Gerken
et al 2007). The association between FTO and risk of obesity,
shown to increase approximately 1.3 fold with each additional
risk allele, has been confirmed across ethnic groups (Frayling
et al. 2007; Adeyemo et al. 2010; Liu et al. 2010). Whilst the
mechanisms behind these associations have not been fully
elucidated, FTO has been linked to DNA methylation and
RNA demethylation. A significant differential DNA methyl-
ation level in carriers of the FTO rs9939609 risk-associated A-
allele was demonstrated for at least six genes (Almen et al.
2012). In addition, 20 differentially methylated sites associat-
ed with obesity were identified, suggesting that the effect of
the FTO polymorphism ismediated through epigenetic chang-
es. FTO is the first RNA demethylase identified, specifically
demethylating the nucleoside N6-methyladenosine in RNA
(Jia et al. 2011). A recent study investigating the effect of
the FTO rs9939609 A-allele on weight gain and type 2 dia-
betes, showed that these effects may be modulated by adhe-
rence to the Mediterranean diet, while increased folate intake
had significant interaction effects on fasting plasma glucose
levels in control subjects (Ortega-Azorin et al. 2012).

Methylation and demethylation reactions are ubiquitous in
the body, involving DNA, RNA, proteins and lipids, and are

of great significance for MS (van Rensburg et al. 2006). Apart
from the role of methylation in the synthesis of nucleic acids,
methylation is indispensable for myelin synthesis and main-
tenance, since myelin basic protein needs to be methylated
(Kim et al 1997), and phosphatidylcholine, a constituent of
myelin, is synthesised from phosphatidylethanolamine via 3
methylation reactions (Voet and Voet 2004). In addition, the
synthesis of sphingomyelin, an important myelin lipid, in-
volves the transfer of phosphocholine to ceramide (Voet and
Voet 2004).

Elevated homocysteine is a marker of dysfunctional meth-
ylation that can be caused by various factors. These include
the availability of folate (vitamin B9), pyridoxine (vitamin B6)
and cobalamin (vitamin B12) as essential co-factors for proper
functioning of several enzymes underlying the folate - vitamin
B12 methylation pathway (Selhub 1999). Generally, plasma
homocysteine levels increase with age and are higher in males
than in females (Gonzalez-Gross et al. 2012). High plasma
creatinine, impaired renal function, alcoholism, smoking, and
certain drugs, including folate antagonists, nitrous oxide, and
L-DOPA, are also associated with raised homocysteine levels
(Selhub 1999).

Elevated homocysteine levels have been implicated in
dysfunction of the central nervous system (CNS), neurode-
generative and cerebrovascular diseases, and may be associ-
ated with cognitive impairment in MS (Russo et al. 2008).
Homocysteine levels were found to be higher in clinically
stable MS patients than in controls (Zoccolella et al. 2012).
The contribution of genetic variation in the methylenetetrahy-
drofolate reductase (MTHFR), methionine synthase (MTR)
and MTR reductase (MTRR) genes as determinants of total
plasma homocysteine concentrations in the general population
has been established, but conflicting results have been report-
ed in MS (Szvetko et al. 2007; Klotz et al. 2010; Alatab et al.
2011; Fekih Mrissa et al. 2013). This raises the possibility that
the elevated homocysteine levels observed in MS (Zhu et al.
2011) are mediated via an alternative pathway.

The aim of this study was to investigate the mechanism
underlying homocysteine dysregulation inMS as one of many
vascular risk factors implicated in the disease process. The
minor allele frequency of FTO rs9939609 (intron 1 T>A) was
compared between MS patients and controls. Genotype-
phenotype association studies were subsequently performed
in relation to BMI, homocysteine levels and Expanded
Disability Status Scale (EDSS) outcome (Kurtzke 1983). We
genotyped 114 Caucasian MS patients and 195 controls, mea-
sured the homocysteine levels in 60 patients and 87 controls
screened for multiple vascular risk factors, and determined the
influence of diet on homocysteine levels and BMI. This
study is based on the hypothesis that early detection of
predictive genetic risk factors and modifiable environmen-
tal risk factors associated with homocysteine accumulation,
may improve risk stratification and individualised
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treatment for improved health outcomes and quality of life
in MS patients.

Subjects and methods

Ethical approval for the study protocol was obtained from the
Human Research Ethics Committee (HREC) of the University
of Stellenbosch under project number N07/09/203. Written
informed consent for participation in the study was obtained
from all study participants.

Study participants

The study population consisted of 114 unrelated Caucasian
MS patients, 98 females and 16 males, which is consistent
with the fact that more females than males are diagnosed with
MS in South Africa (Modi et al. 2008). DNA samples of 48
patients were available from a previous study performed by
Kotze et al. (2001), for whom age of onset of MS symptoms/
diagnosis was documented at the time but none of the other
variables. EDSS scores were available for 51 patients at entry
into the research program from 2002, and during follow-up
visits, as previously described (van Rensburg et al. 2006). For
the purpose of this study, only baseline EDSS values were
used. A total of 195 unrelated Caucasian control individuals
without neurological diseases (128 females and 67 males)
were selected for this study from a secure online genetic
database (www.gknowmix.org).

Biochemical Analysis

Blood was drawn for biochemistry testing in the morning
between 9 h00 and 10 h30 to standardise for diurnal variation.
Plasma homocysteine levels were measured using a Siemens
Centaur XP auto-analyser in 60 patients and 87 controls.
Serum total cholesterol, folate and vitamin B12 levels were
determined using a Siemens Advia 1800 auto-analyser.
Several studies have shown that overnight fasting prior to
measurement of lipid (Sidhu and Naugler 2012) and homo-
cysteine (Fokkema et al. 2003) levels are unnecessary; there-
fore patients were not required to fast overnight before blood
was collected for biochemical determinations.

Determination of diet scores and lifestyle factors

A questionnaire developed by a registered dietician and ap-
proved by the HREC of Stellenbosch University, was com-
pleted by subjects at entry into the study (Gknowmix Medical
History and Lifestyle Questionnaire, available at www.
gknowmix.com). The questionnaire recorded the number of
days per week of eating certain foods retrospectively over the
previous 3 months. A diary was not used, to exclude the

possibility that the patients’ diet might be influenced when
they record their food intake. Dietary scores were calculated
for folate and saturated/trans fat intake while intake of 5 or
more fruits and vegetables per day was also recorded.
Information on family history, own medical history, clinical
symptoms and medication use was documented. Of the 114
patients included in this study only one reported cortisone
treatment while 11 indicated that they were on disease mod-
ifying treatments (DMTs). The vascular risk factors BMI,
cholesterol, homocysteine, fat intake (Fat score), smoking
status, alcohol consumption and physical activity were also
investigated. The physical activity was self-reported and
categorised into high (exercise 4 or more times a week),
moderate (exercise 2-3 times a week) or low (exercise occa-
sionally or complete lack of exercise).

DNA analysis

DNA was extracted from whole blood using the QIAGEN
QIAamp® DNA Blood Midi Kit (Spin Protocol). Single nu-
cleotide polymorphisms (SNPs) in the FTO (rs9939609, in-
tron 1 T>A), MTR (rs1805087, 2756 A>G), MTRR
(rs1801394, 66 A>G) and MTHFR (rs1801133, 677 C>T
and rs1801131, 1298 A>C) genes were genotyped using high
throughput real-time polymerase chain reaction (RT-PCR).
This was done using the Applied Biosystems™ (ABI)
TaqMan® SNP Genotyping Assays on the Corbett Rotor-
Gene™ 6000. Analytical validation of high throughput
genotyping was verified against direct sequencing as the gold
standard.

Statistical analysis

The genotype distribution and allele frequencies of the select-
ed SNPs were estimated from allele counts. Hardy-Weinberg
equilibrium was assessed using the exact test. Prior to inclu-
sion of the genotyping results in the statistical model used for
genotype-phenotype association studies, potential con-
founders (age and gender) were identified in the data set and
adjusted for. The statistical adjustments made to the analyses
had the effect that males were compared with males and
females with females to adjust for the unequal distribution of
gender. For descriptive purposes, cross tabulation and fre-
quency tables were used to denote occurrences of various
qualitative attributes (such as gender, diagnostic groups, etc.)
whereas the median and interquartile range were used to
describe quantitative phenotypes (homocysteine, cholesterol,
etc.). Logistic regression models were used to compare pairs
of groups, while linear regression models were used to com-
pare quantitative characteristics between diagnostic and geno-
typic groups and scores. Log transformations were used when
the distributions of quantitative traits were not symmetric. All
p-values and effect sizes were derived from these models. All

Metab Brain Dis (2014) 29:409–419 411

http://www.gknowmix.org
http://www.gknowmix.com
http://www.gknowmix.com


statistical analyses were done using functions from R software
and R packages genetic stats, freely available from http://
www.r-project.org.

Results

Baseline comparisons

Clinical characteristics are summarised in Table 1. Due to the
known high female to male ratio in MS patients, also evident
in this study, the data are presented separately according to
gender in the 114 patients and 195 control individuals. MS
patients were on average 4 years younger than controls (p=
0.006), while no age differences were observed between
males and females either in the control or patient subgroups.
More patients compared with controls had a family history of
MS (p=0.045).

Biochemistry results are shown in Table 1 as median and
interquartile range (IQR). Since age and gender increase the
measured homocysteine values, this had to be taken into
account and adjusted for statistically. After adjustment, homo-
cysteine values were higer in patients compared to controls,
but not significantly (Table 1). Employing a linear model to
compare homocysteine levels in these subjects, it was found
that homocysteine was 29 % higher in males compared with
females (p<0.001) in both the MS patients and controls, after
adjusting for age. Homocysteine increased with age by 0.56%
per year. Lifestyle factors are presented in Table 1 as number
of subjects and percentages. Variables including EDSS scores
are given for female and maleMS patients separately. Alcohol
consumption was significantly higher in control individuals
(p<0.001), while more MS patients were found to be current
smokers (p<0.001). As may be expected, physical activity
levels were significantly lower in MS patients than controls
(<0.001). No significant effects of these three variables were
observed on homocysteine levels in the study cohort, therefore

Table 1 Description of clinical
characteristics in the Caucasian
control and MS patient groups
stratified by disease and gender

For the 48 patients from a previ-
ous study (Kotze et al. 2001) the
biochemical parameters and life-
style factors were not documented
at the time of sample collection

IQR interquartile range
aMS patients were on average 4
years younger than controls (p=
0.006)
b Homocysteine was 29 % higher
in males compared with females
(p<0.001) in both theMS patients
and controls
cMore MS patients than controls
were current smokers (p<0.001)
d Alcohol consumption was sig-
nificantly higher in control indi-
viduals (p<0.001) compared to
MS patients

Controls (n=195) MS patients (n=114)

Female Male Female Male
128 67 98 16

Median (IQR)

Age, years a 51 (39–57) 49 (38–56) 45 (37–53) 42 (40–48)

Age of symptoms, years 32 (24–40) 36 (30–44)

Age of diagnosis, years 37 (27–45) 38 (33–44)

Body mass index (kg/m2) 26 (23–31) 27 (24–30) 25 (22–28) 24 (22–25)

Cholesterol, total (mmol/L) 5.4 (4.8–6.6) 5.3 (4.3–5.9) 5.4 (5.0–6.0) 5.1 (4.7–6.5)

Homocysteine (μmol/L)b 7.9 (6.7–10.8) 9.9 (8.5–11.4) 8.6 (7.1–10.0) 11.4 (11.3–14.8)

Serum folate (μg/L) 16 (13–18) 14 (7–22) 19 (14–24) 15 (9–17)

Vitamin B12 (ng/L) 360 (315–439) 494 (439–510) 620 (446–850) 489 (417–755)

Fat score 14.0 (9.0–20.0) 16.0 (10.5–21.0) 15.0 (10.0–19.8) 11.0 (9.0–13.0)

Folate score 8.0 (5.0–10.5) 8.0 (4.0–11.0) 6.0 (4.0–9.0) 6.0 (2.0–6.0)

≥5 fruits/vegetables daily 6.0 (4.0–7.0) 4.0 (3.0–6.0) 5.0 (3.0–7.0) 7.0 (4.0–7.0)

EDSS 3.5 (2.0–6.0) 4.8 (3.5–6.0)

Count (%)

Family history of MS 1 (1) 1 (2) 3 (8) 0 (0)

Current smokingc 8 (6) 4 (6) 10 (18) 4 (57)

Current alcohol intaked

Abstain 22 (9) 9 (4) 22 (9) 3 (1)

Occasionally 54 (23) 18 (8) 14 (6) 0 (0)

1–13 units per week 38 (16) 29 (12) 11 (5) 2 (1)

14–21 units per week 8 (3) 4 (2) 0 (0) 1 (0)

≥22 units per week 1 (0) 1 (0) 0 (0) 0 (0)

Physical activity score

High 35 (28) 21 (33) 5 (10) 0 (0)

Moderate 50 (40) 21 (33) 15 (29) 4 (57)

Low 40 (32) 21 (33) 31 (61) 3 (43)
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adjustments were made for age and gender only in the
genotype-phenotype association studies related to homocys-
teine levels.

Genotyping results

All five SNPs analysed in this study were in Hardy-Weinberg
equilibrium. Genotype distribution for the FTO polymor-
phism in MS patients was 35 % wild type (AA), 49 % het-
erozygous (AG), and 16 % homozygous (GG). Among the
control samples, 38 % were wild type (AA), 43 % heterozy-
gous (AG) and 19 % homozygous (GG). The genotype dis-
tribution and minor allele frequencies were similar between
MS patients and controls. In addition, no difference was
observed in allelic distribution between the study groups after
constructing a genotype risk score in the MTHFR, MTR and
MTRR genes by counting the number of risk-associated al-
leles for each of these SNPs (results not shown).

Genotype effect on homocysteine levels

Possible genotype association with homocysteine was
assessed in a subset of 60 MS patients and 87 controls.
Homocysteine levels were associated with FTO rs9939609
in an additive allelic model in the MS study population, but
not in controls, after adjustment for age and gender (p=0.003).
The risk-associated A-allele was associated with increased
homocysteine in both the gender adjusted (Fig. 1) and female
MS patients only (p=0.006). In the presence of each A allele,
homocysteine increased with 15 % in MS patients but not in
controls. This translated into a 30 % increase in homocysteine
in MS patients homozygous for the FTO rs9939609 AA
genotype. When males were excluded from this analysis the
presence of each A-allele increased the homocysteine levels
by 14 % in the female MS patients. None of the other SNPs

tested or the combined genotype risk score (counting the
number of minor alleles in each individual) showed a similar
association with homocysteine levels (results not shown).

Correlation between homocysteine and other vascular risk
factors

A significant correlation was observed between BMI and
homocysteine in relation to various vascular risk factors and
lifestyle factors analysed (Table 2). These findings were sim-
ilar in MS patients and controls as no differences in associa-
tion were detected between these study groups, after adjust-
ment for age and gender, and in females adjusted for age only.
BMI correlated significantly with higher homocysteine
(p<0.05) in females, after adjusting for age, with no difference
in correlation noted between MS patients and controls
(Fig. 2a). For every one unit increase in BMI a 1.3 % increase
in homocysteine levels was found.

Homocysteine also correlated significantly with total cho-
lesterol levels (p<0.05) after adjustment for diagnosis of MS,
age and gender, with no difference noted betweenMS patients
and controls (Fig. 2b). Every one unit increase in cholesterol
correlated with a 5% increase in homocysteine, irrespective of
age, gender and MS diagnosis. Patients on DMTs had signif-
icantly lower cholesterol levels than patients not on these
treatments (p <0.05), confirming previous reports (Morra
et al. 2004); however, there was no difference between cho-
lesterol levels in patients compared to controls in the present
study (Table 1).

Correlation between vascular risk factors and lifestyle-related
scores

A high physical activity score was associated with a 9.9 %
decrease in BMI (95 % CI: 4.0 to 15.4 %) compared to

Fig. 1 Graph depicting the
estimated effect with 95 %
confidence interval of the FTO
rs9939609 (intron 1 T>A) risk-
associated A-allele on
homocysteine levels in MS
patients (left) and controls (right)
after adjustment for age and
gender (p=0.003)
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Fig. 2 Graphs depicting the
significant correlation between
aBMI and homocysteine levels
(p=0.046) in females after
adjusting for age and MS
diagnosis and b cholesterol and
homocysteine levels (p<0.05)
after adjusting for age, gender and
MS diagnosis. Solid lines show a
modelled effect. cHomocysteine
levels in females decreasing as the
dietary Folate Score increases
(p<0.02). The solid line shows a
modelled effect for a female of
average age and the broken lines
are 95 % confidence levels for
estimates

Table 2 P-values for testing associations between clinical characteristics and homocysteine levels or BMI respectively in 60MS patients and 87 controls
combined, adjusted for MS diagnosis, and age and gender where relevant, for males and females combined and for females separately

Clinical and lifestyle characteristics Males and females Females only Males and females Females only

HCY MS patients
vs. controls

HCY MS patients
vs. controls

BMI MS patients
vs. controls

BMI MS patients
vs. controls

Homocysteine – – – – 0.074 0.456 0.045 0.665

Body mass index (BMI) 0.055 0.912 0.045 0.798 – – – –

Cholesterol, total 0.048 0.409 0.081 0.547 0.095 0.342 0.314 0.319

Serum folate 0.689 0.051 0.460 0.252 0.631 0.203 0.826 0.934

Vitamin B12 0.057 0.051 0.212 0.602 0.652 0.264 0.364 0.768

Smoking 0.076 0.946 0.236 0.947 0.571 0.162 0.086 0.806

Alcohol intake 0.512 0.069 0.950 0.133 0.232 0.981 0.442 0.928

Physical activity 0.387 0.362 0.123 0.500 0.006 0.227 0.062 0.402

Fat score 0.920 0.078 0.112 0.325 0.006 0.168 0.001 0.085

Folate score 0.063 0.071 0.011 0.217 0.017 0.788 0.078 0.747

Fruit/veg/fibre Score 0.717 0.496 0.885 0.393 0.095 0.802 0.741 0.424

≥ 5 fruits/ vegetables daily 0.401 0.367 0.179 0.372 0.109 0.202 0.462 0.678

P–values for testing the difference between cases and controls of associations between clinical characteristics and homocysteine/BMI are shown under
MS patients versus controls for males and females combined, and for females separately. Bold numbers refer to significant P‐values

Homocysteine and BMI were log-transformed for modelling

HCY homocysteine
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individuals with a low physical activity score, after adjusting
for age, gender and MS diagnosis, in the combined group
(p<0.006). Although moderate physical activity also resulted
in a reduction in BMI, this effect was not statistically
significant.

For every 1 unit increase in the fat score the BMI increased
with 0.13 kg/m2 (p<0.01), while BMI decreased with 0.20 kg/
m2 with every 1 unit increase in the folate score (p<0.02)
(Table 2). Intake of folate in the diet also had a statistically
significant effect on homocysteine in females (p<0.02). For
every 1 unit increase in the folate score, homocysteine de-
creased with 1.5 %. These differences were similar in MS
patients and controls (Fig. 2c).

Genotype and lifestyle factors in relation to BMI in Controls

An interactive effect of FTO rs9939609 on BMI was
observed in the control group, but not in the MS pa-
tients. Age, physical activity score, folate score, fat
score and FTO genotype could explain 20 % of the
variation in BMI. The risk for high BMI increases with
advancing age and higher fat score, and decreases with
higher physical activity and higher folate score in rela-
tion to FTO genotype (p=0.031). The effect of dietary
folate intake on BMI in the control group is shown in
Fig. 3a. Homozygotes for the risk-associated FTO rs9939609
A-allele had a lower BMIwhen they had a high folate score. The
interaction effect of FTO rs9939609 with increased intake of
saturated/trans fat on BMI is shown in Fig. 3b. Several FTO
rs9939609 AA homozygotes reported a high physical activity
level consistent with their normal BMI, despite this genetic
predisposition for obesity. The interaction effect of FTO with
different physical activity levels on BMI is shown in Fig. 4.

EDSS in MS patients

Smoking was associated with a worse clinical outcome as
assessed by the EDSS in MS patients (p<0.001) (Fig. 5a).
Among the non-smokers, 32 (86 %) scored lower than 5
(favourable), while only 2 (15 %) smokers did.

Intake of at least five fruits and/or vegetables per day
resulted in a favourable lower EDSS (p=0.035). A reduction
of 28 % in the EDSS was noted for each extra day in which at
least 5 portions of fruits/vegetables were consumed (Fig. 5b).

Discussion

This study has shown for the first time that having a diagnosis
of MS influences the effect of the FTO rs9939609 polymor-
phism on homocysteine levels. Raised homocysteine was
associated with the risk-associated A-allele in MS patients
(p=0.003), while a similar effect was not observed in the
control group. Failure to show a similar effect for functional
polymorphisms in theMTHFR,MTR andMTRR genes raises
the possibility that FTO is involved in a novel mechanism
underlying the association between MS and raised homocys-
teine, due to a cumulative effect exacerbated by the disease
process and/or dietary factors. The significance of increased
levels of homocysteine may be explained by increased neuro-
inflammation (Obeid and Hermann 2006), interference with
the response of natural killer cells, adhesion molecules, and
both B and T lymphocytes (Kim et al. 1997; Koga et al. 2002),
and reduced S-adelosyl methionine (SAM), the important
methyl donor in various methylation reactions (Mattson
and Shea 2003).

The biochemical function of FTO has not been fully eluci-
dated, but it is known to be part of a complex process
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Fig. 3 Effect of the interaction
between FTO rs9939609 and
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predicted mean BMI with
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BMI with increased intake of
saturated/trans fat
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involving methylation and demethylation of nucleic acids. Its
sites of action include regions of the brain stem and hypothala-
mus related to feeding behaviour and satiety (Fredriksson et al.
2008). FTOwas the first RNAdemethylase discovered, butmore
of these factors have been found since (Sibbritt et al. 2013; Zheng
et al. 2013). FTO forms part of the AlkB family of enzymes that
depend on alpha-ketoglutarate, oxygen and divalent iron (Fe2+)
as cofactors (Niu et al. 2013). The linkwith ironmetabolism is of
particular relevance to the present study, as we have previously
found an association between an iron-transporter gene and dis-
ease susceptibility in the homogeneous Afrikaner population of
European descent (Kotze et al. 2001) as well as age at diagnosis
of MS (van Rensburg et al. 2006). Notably, homocysteine accu-
mulation in MS patients was also associated with cognitive
impairment in the study performed by Russo et al. (2008), which
supports measurement of homocysteine as a marker of oxidative
stress and inflammation across clinical domains.

On a behaviour level, a recent study showed that homozy-
gotes with two copies of the risk-associated FTO rs9939609
A-allele had dysregulated circulating levels of acyl-ghrelin,
which led to attenuated postprandial appetite reduction.

Peripheral blood cells from these subjects exhibited reduced
ghrelin mRNA N6-methyladenosine methylation (Karra et al.
2013). Acyl-ghrelin impacts brain regions that regulate appe-
tite, reward processing, and incentive motivation. Data from
the second National Health and Nutrition Examination Study
(NHANES II) showed that serum homocysteine concentration
was positively related to the intake of energy-dense foods such
as visible fats, nutritive sweeteners and sweetened beverages,
desserts and snacks (Kant 2000).

In the present study, homocysteine correlated significantly
with cholesterol and BMI, confirming the results of previous
studies (Nygård et al. 1995; O K Lynn et al. 1998). BMI also
correlated positively with increased intake of saturated/trans fat,
while homocysteine levels decreased as the folate score in-
creased in both the patient and control groups. Similar results
were found in a previous study demonstrating reduced homo-
cysteine levels as a result of folate intake, irrespective of wheth-
er the intake was from a folate-enriched diet, or from supple-
mentation with 5-MTHF or folic acid (Zappacosta et al. 2013).

An interactive effect of FTO rs9939609 on BMI was ob-
served in the control group, but not in the MS patients, possibly

Fig. 4 Effect of the interaction
between FTO rs9939609 and
level of physical activity on body
mass index. The stars show the
modeled effects

Fig. 5 aThe significant deleterious effect (p<0.001) of smoking on MS
disability as assessed by the EDSS. b The significant association (p=
0.035) between the EDSS and number of days per week of eating at least
five fruits and/or vegetables per day (n=35). The numbers and

percentages of patients in each group were the following: 0 days: 2
(6 %); 1 day 3 (9 %); 2 days: 2 (6 %) 3 days: 2 (6 %); 4 days 4 (11 %);
5 days: 6 (17 %); 6 days: 2 (6 %) and 7 days: 14 (40 %)
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due to changes in diet after a diagnosis of MS. Age, physical
activity score, folate score, fat score and FTO genotype could
explain 20 % of the variation in BMI. The gene-diet interaction
in relation to BMI was most notable between the mutant AA-
genotype and heterozygous TA-genotype. Similar results were
reported by da Silva et al. (2013), who investigated the associa-
tion between variants in the FTO gene and anthropometric
phenotypes related to obesity in Brazilian children. Failure to
detect a statistically significant difference in BMI between indi-
viduals with the FTO rs9939609 TT genotype compared with
AA homozygotes was ascribed to the moderate sample size
evaluated or some gene-gene or environmental interaction not
addressed with their study approach. These factors are also
recognized as limitations in our study.

Lifestyle and diet significantly impacted MS disability scores
(EDSS). Smoking was associated with higher disability
(p<0.001). This result confirms the findings of the United
Kingdomcohort study,which reported that smoking is associated
with a more severe disease and faster disability progression, and
that smoking cessation was associated with a slower progression
of disability (Manouchehrinia et al. 2013). The survival of oli-
godendrocytes, the cells that synthesise myelin, and maturation
of oligodendrocyte precursor cells (adult stem cells resident in the
brain that have the capacity to remyelinate axons) are especially
vulnerable to cigarette smoke – even passive smoking – due to an
oxidative effect, as reviewed by Van Rensburg et al. (2010).
When the effect of intake of at least five fruits and/or vegetables
per day was assessed, a favourable lower EDSS (p=0.035) was
noted. For every extra day that MS patients consumed at least 5
portions of fruits/vegetables, the EDSS was reduced by 28 %. A
recent study similarly found that people consuming a diet high in
green leafy vegetables, tomato, yellow vegetables, fruit juices,
onion and other vegetables had a significantly lower risk of
developing MS (Jahromi et al. 2012). These findings support
our results and could in future be incorporated into an MS
management programme.

A recent large retrospective study, quantifying improve-
ments in disability in MS patients who were not taking im-
munomodulatory drugs, found that up to 30 % of patients
experienced an improvement in EDSS over 1 to 2 years; the
study could however not identify the reasons for the improve-
ments (Shirani et al. 2012). The results of the present study
suggest that dietary and lifestyle factors may play a role in
improvement of disease outcome.

The nutrition and lifestyle assessment scores used in this
study provided a valuable clinical tool for identification of
individuals at increased risk of vascular disease. Evaluation of
biochemical measurements and BMI relevant to genetic risk
factors analysed, such as the FTO rs9939609, provides a
means to assess phenotypic expression of the variant form of
the gene and to monitor response to treatment, aimed at
prevention of cumulative risk. FTO rs9939609 as a single
effect, or as part of an extended genotype risk score, had no

significant effect on BMI after adjustment for potential con-
founding factors including homocysteine and the folate score.
Our findings that adequate intake of folate in the diet may
diminish the effect of FTO rs9939609 on BMI are therefore in
agreement with those of Ortega-Azorín et al. (2012), who
reported lower blood glucose concentrations in their control
subjects homozygous for the risk-associated FTO rs9939609
A-allele when folate intake was high due to adherence to the
Mediterranean diet.

The aetiological factor(s) for inappropriate activation of the
immune system and consequent CNS inflammation, relapses and
neurological disability progression (increased EDSS values) in
MS has not yet been elucidated. The results presented here
indicate that interventions improving vascular function translate
into improved clinical outcome (lower EDSS values), suggesting
that improved vascular function may lead to attenuation of the
excessive immune activation in MS. This is good news for
people with an MS diagnosis, because it would allow them to
take control of the disease by controlling environmental factors,
such as actively avoiding inhalation of cigarette smoke and
selecting food that contains phytochemicals that attenuate the
inflammatory response (Koz et al. 2012; Leiherer et al. 2013),
rather than passively accepting that disability progression is
inevitable after an MS diagnosis.

The limitations of the study were the following: Detailed
information on clinical, biochemical and environmental fac-
tors relevant to the development of MS were not available for
all study participants investigated in this study. This resulted
in a significantly reduced total study population for statistical
analysis and as a result may explain some common correla-
tions not found. Not all genetic variations possibly implicated
in homocysteine dysregulation and the genetic susceptibility
of MS were analysed.

We conclude that the effects of homocysteine and obesity
implicated as vascular risk factors in MS can be moderated by
lifestyle factors, including diet and physical activity, in a way
that counteracts the effects of these factors on MS progression.
The established association between FTO rs9939609 andweight
gain in the general population, and on homocysteine levels
shown for the first time in MS patients in this study, may be
ameliorated by adequate intake of folate in the diet. A prospec-
tive implementation study is warranted to determine whether
dietary intervention, as part of a lifestyle modification program,
will result in an improved disease outcome in MS patients.

Acknowledgments We gratefully acknowledge the financial support
given by the National Health Laboratory Service, the Medical Research
Council (MRC) of South Africa and the University of Stellenbosch. The
MRC Biostatistics Unit is acknowledged for statistics support. Study
participants are acknowledged for their willingness and cooperation to
participate in this study.

Disclosure of Potential Conflict of Interest Professors SJ van
Rensburg and MJ Kotze are listed as inventors on patent number

Metab Brain Dis (2014) 29:409–419 417



2010/00058. Prof Kotze is also a director and shareholder of Gknowmix
(Pty) Ltd. that has developed a database tool for research translation under
the auspices of the Innovation Centre of the South African Medical
Research Council. Prof SJ van Rensburg applied the Gknowmix database
tool and open innovation genetic testing service delivery model for
development of the Demyelinating Diseases GeneScreen™. Together
with Dr Frans Cronje, a treatment regimen was developed for application
with this genomic solution (patent pending). Registered dietician Mrs
Lindiwe Whati developed the nutrition questionnaire used in this study.
The remaining authors declared no conflict of interest. No writing assis-
tance was utilised in the preparation of this manuscript.

References

Adeyemo A, Chen G, Zhou J, Shriner D, Doumatey A, Huang H, Rotimi
C (2010) FTO genetic variation and association with obesity inWest
Africans and African Americans. Diabetes 59:1549–54

Alatab S, Hossein-nezhad A, Mirzaei K, Mokhtari F, Shariati G,
Najmafshar A (2011) Inflammatory profile, age of onset, and the
MTHFR polymorphism in patients with multiple sclerosis. J Mol
Neurosci 44:6–11

Almen MS, Jacobsson JA, Moschonis G, Benedict C, Chrousos GP,
Fredriksson R, Schiöth HB (2012) Genome wide analysis reveals
association of a FTO gene variant with epigenetic changes.
Genomics 99:132–7

da Silva CF, Zandoná MR, Vitolo MR, Campagnolo PD, Rotta LN,
Almeida S, Mattevi VS (2013) Association between a frequent
variant of the FTO gene and anthropometric phenotypes in
Brazilian children. BMC Med Gen 14(1):34

Das M, Ghose M, Borah NC, Choudhury N (2010) A community based
study of the relationship between homocysteine and some of the life
style factors. IJCB 25(3):295–301. doi:10.1007/s12291-010-0044-8

Fekih Mrissa N, Mrad M, Klai S, Zaouali J, Sayeh A, Mazigh C, Nsiri B,
Machgoul S, Gritili N, Mrissa R (2013) Association of methylene-
tetrahydrofolate reductase A1298C polymorphism but not of C677T
with multiple sclerosis in Tunisian patients. Clin Neurol Neurosurg
115(9):1657–1660. doi:10.1016/j.clineuro.2013.02.025

Fokkema MR, Gilissen MF, Van Doormaal JJ, Volmer M, Kema IP,
Muskiet FAJ (2003) Fasting vs nonfasting plasma homocysteine
concentrations for diagnosis of hyperhomocysteinemia. Clin Chem
49:818–21

Frayling TM, Timpson NJ, Weedon MN et al (2007) A common variant
in the FTO gene is associated with body mass index and predisposes
to childhood and adult obesity. Science 316:889–94

Fredriksson R, Hagglund M, Olszewski PK, Stephansson O, Jacobsson
JA, Olszewska AM, Levine AS, Lindblom J, Schiöth HB (2008)
The obesity gene, FTO, is of ancient origin, up-regulated during
food deprivation and expressed in neurons of feeding-related nuclei
of the brain. Endocrinology 149:2062–71

Gerken T, Girard CA, Tung YC et al (2007) The obesity associated FTO
gene encodes a 2-oxyglutarate-dependent nucleic acid demethylase.
Science 18(8):1469–1472

Gonzalez-Gross M, Benser J, Breidenassel C et al (2012) Gender and age
influence blood folate, vitamin B12, vitamin B6, and homocysteine
levels in European adolescents: the Helena Study. Nutr Res 32:817–
26

He l, Zeng H, Li F et al (2010) Homocysteine impairs coronary artery
endothelial function by inhibiting tetrahydrobiopterin in patients
with hyperhomocysteinemia. Am J Physiol Endocrinol Metab
299(6):E1061–E1065. doi:10.1152/ajpendo.00367.2010

Hedström AK, Olsson T, Alfredsson L (2012) High body mass index
before age 20 is associated with increased risk for multiple sclerosis
in both men and women. Mult Scler 18:1334–6

Jahromi SR, Toghae M, Jahromi MJR, Aloosh M (2012) Dietary pattern
and risk of multiple sclerosis. Iran J Neurol 11(2):47–53

Jia G, FuY, Zhao X et al (2011) N6-methyladenosine in nuclear RNA is a
major substrate of the obesity-associated FTO. Nat Chem Biol 7:
885–7

Kant AK (2000) Consumption of energy-dense, nutrient-poor foods by
adult Americans: nutritional and health implications. The third
National Health and Nutrition Examination Survey, 1988-1994.
Am J Clin Nutr 72:929–36

Karra E, O’Daly OG, Choudhury AI et al (2013) A link between FTO,
ghrelin, and impaired brain food-cue responsivity. J Clin Invest 123:
3539–51

Kim S, Lim IK, Park GH, Paik WK (1997) Biological methylation of
myelin basic protein: enzymology and biological significance. Int J
Biochem Cell Biol 29:743–51

Klotz L, Farkas M, Bain N et al (2010) The variant methylene-
tetrahydrofolate reductase c.1298A>C (p.E429A) is associat-
ed with multiple sclerosis in a German case-control study.
Neurosci Lett 468:183–5

Koga T, Claycombe K, Meydani M (2002) Homocysteine increases
monocyte and T-cell adhesion to human aortic endothelial cells.
Atherosclerosis 161:365–374

Kotze MJ, de Villiers JNP, Rooney RN, Grobbelaar JJ, Mansvelt
EPG, Bouwens CSH, Carr J, Stander I, du Plessis L (2001)
Analysis of the NRAMP1 gene implicated in iron transport:
association with multiple sclerosis and age effects. Blood
Cells Mol Dis 27:44–53

Koz ST, Etem EO, Baydas G, Yuce H, Ozercan HI, Kuloğlu T, Koz S,
Etem A, Demir N (2012) Effects of resveratrol on blood homocys-
teine level, on homocysteine induced oxidative stress, apoptosis and
cognitive dysfunctions in rats. Brain Res 1484:29–38

Kurtzke JF (1983) Rating neurologic impairment in multiple sclerosis:
An expanded disability status scale (EDSS). Neurology 33:1444–
1452

Langer-Gould A, Brara SM, Beaber BE, Koebnick C (2013) Childhood
obesity and risk of pediatric multiple sclerosis and clinically isolated
syndrome. Neurology 80:548–52

Leiherer A, Mündlein A, Drexel H (2013) Phytochemicals and their
impact on adipose tissue inflammation and diabetes. Vascul
Pharmacol 58(1–2):3–20

Liu Y, Liu Z, Song Y et al (2010) Meta-analysis added power to identify
variants in FTO associated with type 2 diabetes and obesity in the
Asian population. Obesity 18:1619–24

Manouchehrinia A, Tench CR, Maxted J, Bibani RH, Britton J,
Constantinescu CS (2013) Tobacco smoking and disability progres-
sion in multiple sclerosis: United Kingdom cohort study. Brain 136:
2298–304

Marrie RA, Rudick R, Horwitz R, Cutter G, Tyry T, Campagnolo D,
Vollmer T (2010) Vascular comorbidity is associated with more
rapid disability progression in multiple sclerosis. Neurology 74:
1041–7

Mattson MP, Shea TB (2003) Folate and homocysteine metabolism in
neural plasticity and neurodegenerative disorders. Trends Neurosci
26:137–146

Meng S, Ciment S, Jan M, Tran T, Pham H, Cueto R, Yang XF, Wang H
(2013) Homocysteine induces inflammatory transcriptional signal-
ing in monocytes. Front Biosci 18:685–95

Modi G, Mochan A, du Toit M, Stander I (2008) Multiple sclerosis in
South Africa. S Afr Med J 98:391–3

Morra VB, Coppola G, Orefice G, De Michele G, Vacca G, Filla
A, Bonavita V (2004) Interferon-beta treatment decreases
cholesterol plasma levels in multiple sclerosis patients.
Neurology 62:829–30

Niu Y, Zhao X, Wu YS, Li MM, Wang XJ, Yang YG (2013) N6-methyl-
adenosine (m6A) in RNA: an old modification with a novel epige-
netic function. Genomics Proteomics Bioinformatics 11:8–17

418 Metab Brain Dis (2014) 29:409–419

http://dx.doi.org/10.1007/s12291-010-0044-8
http://dx.doi.org/10.1016/j.clineuro.2013.02.025
http://dx.doi.org/10.1152/ajpendo.00367.2010


Nygård O, Vollset SE, Refsum H (1995) Total plasma homocysteine and
cardiovascular risk profile. The Hordaland Homocysteine Study.
JAMA 274(19):1526–1533

O K Lynn EG, Chung YH, Siow YL, Man RY, Choy PC (1998)
Homocysteine stimulates the production and secretion of cholesterol
in hepatic cells. Biochim Biophys Acta 1393:317–24

Obeid R, HermannW (2006)Mechanisms of homocysteine neurotoxicity
in neurodegenerative diseases with special reference to dementia.
FEBS Lett 580:2994–3005

Ortega-Azorin C, Sorli JV, Asensio EM et al (2012) Associations of the
FTO rs9939609 and the MC4R rs17782313 polymorphisms
with type 2 diabetes are modulated by diet, being higher when
adherence to the Mediterranean diet pattern is low. Cardiovasc
Diabetol 11:137

Russo C, Morabito F, Luise F et al (2008) Hyperhomocysteinemia is
associated with cognitive impairment in multiple sclerosis. J Neurol
255:64–9

Rodriquez M (2009) Have we finally identified an autoimmune demye-
linating disease? Ann Neurol 66:572–573

Selhub J (1999) Homocysteine metabolism. Annu Rev Nutr 19:217–46
Shirani A, Zhao Y, Karim ME, Evans C, Kingwell E, van der Kop ML,

Tremlett H (2012) Association between use of interferon beta and
progression of disability in patients with relapsing-remitting multi-
ple sclerosis. JAMA 308(3):247–256

Sibbritt T, Patel HR, Preiss T (2013) Mapping and significance of
the mRNA methylome. Wiley Interdiscip Rev RNA 4(4):
397–422

Sidhu D, Naugler C (2012) Fasting time and lipid levels in a community-
based population: a cross-sectional study. Arch Intern Med 172:
1707–10

Szvetko AL, Fowdar J, Nelson J et al (2007) No association between
MTHFR A1298C and MTRR A66G polymorphisms, and MS in an
Australian cohort. J Neurol Sci 252:49–52

van Rensburg SJ, Kotze MJ, Hon D et al (2006) Iron and the folate-
vitamin B12-methylation pathway in multiple sclerosis. Metab
Brain Dis 21:121–37

van Rensburg SJ, van Toorn R (2010) The controversy of CCSVI and
iron in multiple sclerosis Is ferritin the key? Neurology 75(18):
1581–1582

Vaya A, Rivera L, Hernandez-Mijares A, de la Fuente M, Solá E,
Romagnoli M, Alis R, Laiz B (2012) Homocysteine levels
in morbidly obese patients: its association with waist circum-
ference and insulin resistance. Clin Hemorheol Microcirc 52:
49–56

Voet D, Voet JG (2004) Biochemistry, 3rd edn. Hoboken, Wiley & Sons,
New York, p 974

Zappacosta B, Mastroiacovo P, Persichilli S et al (2013) Homocysteine
lowering by folate-rich diet or pharmacological supplementations in
subjects with moderate hyperhomocysteinemia. Nutrients 5:1531–
43

Zheng G, Dahl JA, Niu Y, Fu Y, Klungland A, Yang YG, He C (2013)
Sprouts of RNA epigenetics: The discovery of mammalian RNA
demethylases. RNA Biol 10(6):915–8

Zhu Y, He ZY, Liu HN (2011) Meta-analysis of the relationship between
homocysteine, vitamin B(1)(2), folate, and multiple sclerosis. J Clin
Neurosci 18:933–8

Zoccolella S, Tortorella C, Iaffaldano P, Direnzo V, D’Onghia M,
Paolicelli D, Livrea P, TrojanoM (2012) Elevated plasma homocys-
teine levels in patients with multiple sclerosis are associated with
male gender. J Neurol 259:2105–10

Metab Brain Dis (2014) 29:409–419 419


	The...
	Abstract
	Introduction
	Subjects and methods
	Study participants
	Biochemical Analysis
	Determination of diet scores and lifestyle factors
	DNA analysis
	Statistical analysis

	Results
	Baseline comparisons
	Genotyping results
	Genotype effect on homocysteine levels
	Correlation between homocysteine and other vascular risk factors
	Correlation between vascular risk factors and lifestyle-related scores
	Genotype and lifestyle factors in relation to BMI in Controls
	EDSS in MS patients

	Discussion
	References


