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The effect of folate supplementation and genotype on
cardiovascular and epigenetic measures in schizophrenia

subjects

Vicki L Ellingrod™3, Tyler B Grove®, Kyle J Burghardt*, Stephan F Taylor* and Gregory Dalack?

BACKGROUND: Metabolic syndrome may be related to folate’s pharmacogenetically regulated metabolism and atypical

antipsychotic (AAP) exposure.

AIMS: We examined folate supplementation on metabolic measures, endothelial functioning (Reactive Hyperemia Index (RHI)), and
global methylation in AAP-treated schizophrenia subjects meeting NCEP-ATP-lll-a metabolic syndrome criteria.

METHODS: Subjects were given 5 mg/day open label folate for 3 months. Baseline and end point measurements included RHI,
body mass index, fasting metabolic laboratory measures, C-reactive protein, homocysteine, IL-6, and leptin. Subjects were
genotyped for methylenetetrahydrofolate reductase (MTHFR) 677C/T and catechol-O-methyltransferase (COMT) 158 Val/Met, as
well as global DNA methylation using the LUminometric Methylation Assay (LUMA).

RESULTS: Thirty-five subjects (mean age 50+ 9 years and 70% Caucasian) were included. At end point, RHI improved by 20%
(P=0.02), homocysteine decreased 14% (P = 0.006), and IL-6 decreased 13% (P=0.09). At baseline, 61% met endothelial dysfunction
criteria (RHI < 1.67), which decreased to 27% (P=0.0006) at end point. The MTHFR 677C/C+COMT 158Met/Met group also showed
significant reduction in those meeting endothelial dysfunction (83% baseline and 16% end point (P=0.001)). Global methylation
levels increased after supplementation (4.3%, P < 0.0001), with subjects receiving olanzapine or clozapine experiencing greater
methylation changes after folate supplementation. Folate may reduce AAP-associated metabolic risks.

CONCLUSIONS: We report significant reductions in the number of subjects meeting endothelial dysfunction. Given that all subjects met
metabolic syndrome criteria, this may prove as a useful avenue to reducing cardiovascular disease risk. MTHFR and COMT genotypes may
affect response and underlying changes in DNA methylation may help to explain the mechanistic underpinnings of these findings.
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INTRODUCTION

Within the general population the incidence of cardiovascular
disease is on the rise." However, for patients diagnosed with a
serious mental illness, such as schizophrenia, the incidence of
metabolic syndrome is more than double that is seen in the
general population.? Similar between both of these populations is
the fact that the occurrence of metabolic syndrome is associated
with significant cardiovascular disease (CVD) above the contribu-
tion of each individual component.® Recent work has shown that
up to 30 years of life are potentially lost for those diagnosed with a
serious mental illness compared with the general population,*
with the majority of this loss due to cardiovascular disease. Thus,
finding a way to prevent or mitigate this risk is critical as we work
to improve outcomes associated with schizophrenia.

The role of folic acid, which is a water soluble B-vitamin
involved in the synthesis, repair, and methylation of DNA, is
garnering much attention within the mental health field.> For
individuals diagnosed with schizophrenia and treated with an
antipsychotic, work previously done by our group and others
suggest a relationship between the methylenetetrahydrofolate
reductase (MTHFR) 677C/T variant as well as the catechol-O-methyl
transferase (COMT) 158 Val/Met variant and metabolic syndrome

risk.%” Furthermore, our group has found associations between
folate, one carbon metabolism, DNA methylation and atypical
antipsychotic (AAP) metabolic side-effect risk.2° As part of these
investigations we found a significant relationship between a
surrogate maker of global methylation (Long Interspersed
Nucleotide Element 1 methylation), and an interaction between
MTHFR and gender, after controlling for serum folate (P=0.008).
Overall, females with the MTHFR 677TT genotype had the lowest
methylation (56%) compared with the other male and female
genotype groups (75%). In addition, our group reported gene-
specific methylation differences related to COMT that suggest that
COMT promoter region methylation is largely influenced by COMT
genotype and that physical activity has a significant role in
epigenetic modulation of COMT in the schizophrenia population.
Therefore these two analyses are the basis for gaining a better
understanding of the role of folate in the attenuation of metabolic
complications seen with AAP use.

As illustrated in Figure 1, MTHFR is involved in facilitating
formation of the active form of folic acid (5-methyl folate) through
one carbon metabolism, of which homocysteine is a byproduct.
Although one carbon metabolism cycle is centered on folate and
is also responsible for formation of the methyl group needed for
epigenetic regulation and protein synthesis.'® Individuals with the
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Figure 1. Schematic representation of intersection of one carbon
metabolism and methionine metabolism on CVD risk and DNA
methylation and protein synthesis. COMT, catechol-O-methyltrans-
ferase; CVD, cardiovascular disease; MTHFR, methylene tetrahydro-
folate reductase; SAH, S-adenosyl homocysteine; SAM, S-adenosyl
methionine; THF, tetrahydrofolate.

MTHFR T allele have a 30% reduction in folate metabolism for each
allele, and as such this variant has been associated with
hyperhomocystenemia. Within the general population, homozyg-
osity for the 677T allele occurs in ~ 12% of the general population;
however, evidence suggests that the percentage is higher among
patients with schizophrenia."’

Similar to the one carbon metabolism system, COMT is an
enzyme that is primarily responsible for catecholamine metabo-
lism that may also affect CVD risk, but through a different
mechanism. As a methyltransferase, COMT introduces a methyl
group to catcholamines, which is donated by S-adenosyl
methionine (SAM). This methyl donation results in the formation
of S-adenosyl homocysteine (SAH), which also has been attributed
to cardiovascular risk and epigenetic dysregulation.'*'* For COMT,
presence of the 158 Met allele results in a thermolabile protein
affecting activity compared with the 158Val variant. Those with
the Val/Val genotype have 30-50% greater activity than those
with the Met/Met genotype,'* and this genotype also appears to
potentially augment folic acid and one carbon metabolism,
resulting in hyperhomocysteinemia. Therefore, given their differ-
ing mechanisms of action and complementary effects on
homocysteine production, both the MTHFR 677T and COMT Val
alleles may potentially increase the risk for CVD, which makes both
pertinent to schizophrenia and AAP-associated metabolic risks.

Thus, given our previous work showing a greater metabolic
syndrome risk for those carrying a MTHFR T or COMT Val allele, we
sought to determine if folate supplementation (5 mg of folic acid
given for 3 months) could attenuate some of the metabolic
consequences seen with antipsychotic use in patients diagnosed
with schizophrenia. In terms of one carbon metabolism, we
hypothesized that driving that cycle with increased folate could
increase methyl donation needed for DNA methylation. To test
this hypothesis, we examined global methylation within this
cohort of patients for predicted increases. Previous work on neural
tube defects, associated with the MTHFR 677T allele has shown
that higher dose folic acid supplementation may help to
overcome the pharmacogenetic reduction in the formation of
the active form of folic acid (5 methyl folate) that is necessary as
part of one carbon metabolism.”> Thus, we hypothesized that
folate administration would result in a slight reduction in
metabolic measures with either the MTHFR 677T allele or COMT
158 Val allele would show the greatest improvements, given that
they would have stronger responses to the pharmacologically
induced drive. Lastly, we predicted an improvement in endothelial
functioning (used as a surrogate marker for overall CVD).
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MATERIALS AND METHODS

Subject population

Subjects included in this study were recruited from our cross-sectional
phase | study that initially screened for metabolic syndrome.'® As part of
this folate supplementation trial subjects had to meet metabolic syndrome
criteria'” defined by any three of the following: (1) abdominal obesity
characterized by waist circumference of > 40 inches for men or > 35 inches
for women, (2) triglycerides > 150 mg/dl, (3) HDL cholesterol < 40 mg/dI
for men and < 50 mg/d| for women, (4) blood pressure > 130/85 mm Hg
or treatment for hypertension, or (5) fasting glucose >100mg/dl or
treatment of diabetes.'® In addition, the subject’s vitamin B12 levels
needed to be within normal laboratory limits. The exclusion criteria
included (1) unable to give informed consent (assessed using a short
questionnaire asking key questions about the study), (2) active substance
abuse disorder and (3) medication changes in the past 3 months. All
subjects gave written, informed consent to participate in the protocol,
which was approved by the University of Michigan Medical School
Institutional Review Board (IRBMED) and is also registered with clinicaltrials.
gov (NCT00815854).

Assessments

Subjects meeting study inclusion/exclusion criteria underwent informed
consent followed by a clinical interview including, an assessment of
current and past medication history, smoking status (including current and
past use), and ethanol intake. Subjects also underwent an interview to
assess psychiatric symptoms using the Brief Psychiatric Rating Scale
(BPRS),"? Scale for the Assessment of Negative Symptoms (SANS),?® Beck
Depression Inventory (BDI),%" and Psychological Stress Index (PSI).?? These
assessments were completed at each visit for 3 months with the same
raters being used for all subjects (Grove and Taylor) in an effort to reduce
inter-rater variability.

Before their baseline and endpoint study visit, subjects fasted for at least
8 h. The visits were also timed to take place between 0800 hours and noon,
so that they occurred within 2 h of the subject’s usually waking time based
on appointment availability. Vital signs, as well as height, weight, and hip
and waist circumference was measured for each subject and Body Mass
Index (BMI, kg/mz) and hip/waist ratio was calculated. Blood was also
drawn at the baseline and endpoint visit for pharmacogenetic and
epigenetic analysis in addition to the following fasting laboratory
assessments, which were conducted by the Michigan Diabetes Research
and Treatment Center (MDRTC) core laboratory: folate, vitamin B12,
homocysteine, glucose, insulin, hemoglobin A1c, lipids, leptin, TNF-a, IL-6,
and adiponectin. Each subject's average physical activity level was
calculated by using the Total Activity Measure 2 (TAM2), which measures
total or moderate intensity physical activity by asking participants for the
total time spent in activity at different activity levels per week.? The
amount of physical activity is calculated by conversion to Metabolic Task
Equivalents per minute (MET/min). Side effects from folate administration
was measured using the Udvalg for Kliniske Undersggelser (UKU) Side
Effect scale administered monthly.*

Endothelial function assessment

Arteriole endothelial-dependent vasodilatation (aka endothelial function-
ing) was assessed using the EndoPAT 2000 device (Itamar Medical,
Caesarea, Israel), which has been validated and described in previous
studies as a non-invasive method using peripheral arterial tonometry
(Reactive Hyperemia Index, RHI) signals.>>~>" This commercially available
FDA approved device provides a clinically useful metric of endothelial-
dependent vasodilatation.*?® Our previous reports describe this assess-
ment in greater detail, but briefly, two specifically designed finger probes
are placed on the subject’s index finger of each hand. They are then
inflated through the use of pneumatic tubes connected to an inflating
device controlled by a computer algorithm. Subjects remain motionless for
5 min during the baseline measurement. A blood pressure cuff located on
the subject’s non-dominant arm is inflated to occlude the brachial artery
and subjects remain motionless during this time while occlusion is
confirmed by a reduction of the RHI tracing to zero. After 5 min, the blood
pressure cuff is rapidly deflated and the subject is instructed to stay
motionless for another 5 min for the final assessment.

This assessment results in an RHI value that is automatically generated
by the computer algorithm and calculated as the ratio of the PAT signal
after blood pressure cuff release compared with the baseline evaluation.
The final RHI output is normalized for baseline signal and indexed to the
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Demographic variable N =35 subjects

Mean age +s.d (years)
Race (%)

50.5 +8.94 years
70% Caucasian, 26% African
American and 3% Other
Male/female (%) 66%/33%
Receiving an AAP (%) 76%
BMI («5.d.) kg/mm? 37.9+9.48
Blood pressure +s.d (mm Hg) 136/76 +20/11
% Cigarette smoker 58%
No. of metabolic syndrome 42+1.5 (95% Cl: 3.6-4.7)
criteria met +s.d.
Baseline RHI +s.d
MTHFR genotype groups (N and %)

1.8+0.56
T allele (n=15, 43%)
C/C genotype (n=20, 57%)
Val allele (n=23, 66%)
Met/Met genotype (n =12, 34%)

COMT genotype groups (N and %)

Abbreviations: COMT, catechol-O-methyltransferase; MTHFR, methylenete-
trahydrofolate reductase; RHI, Reactive Hyperemia Index.

contralateral arm. Subjects with an RHI index of < 1.67 meet criteria for
endothelial dysfunction as this value yields 80% sensitivity and 85%
specificity to identify endothelial dysfunction.?®2°

Folate supplementation

Subjects received a prescription for 5 mg of folic acid daily, which was filled
and given to the subject by the research coordinator. Due to the
prescription availability of folate, subjects took a single dose of five 1 mg
folic acid tablets. Adherence was measured through pill counts done at
each visit.

MTHFR and COMT genotyping

A whole blood sample was obtained at each subject’s baseline and
endpoint visit from which genomic DNA was isolated using salt
precipitation. Genotyping was done with Pyrosequencing Technology for
the MTHFR 677C/T (rs1801133) and COMT Val158Met (rs4680) variants.
Assay conditions are available upon request. Genotype calls were made
blinded to participant assessments. Ambiguous calls were repeated with a
consensus assessment of genotypes. Call rates were 99% for these assays.

Epigenetic analysis

An aliquot of DNA sample was also used for an assessment of global
methylation using the LUminometric Methylation Assay (LUMA)*? on
samples obtained at baseline and endpoint allowing us to calculate
percent change in methylation. Conditions for this assay are also available
upon request.

Statistical analysis

Differences in primary outcomes and socio-demographic variables were
determined with one-way analysis of variance (ANOVA) for normally
distributed variables. Antipsychotic classification was based on weight gain
liability with subjects receiving olanzapine, clozapine, quetiapine, risper-
idone, or paliperidone, being classified as receiving a weight gain
associated AAP. Subjects receiving ziprasidone and aripiprazole were
classified as receiving a lower weight gain-associated AAP due to their
lower metabolic risk.**** Hardy-Weinberg equilibrium for genotypes was
examined using Haploview.>® Due to the small sample size, subjects were
categorized by allele status resulting in four groups consisting of the
MTHFR CC genotype and T-allele carriers and COMT Met/Met genotypes
and Val allele carriers. Differences between baseline and endpoint were
determined for measured variables using a matched pairs model in JMP 9
statistical software where the subject’s baseline visit serves as the control.
In addition, we calculated percent change in all continuous variables
(laboratory and rating scales) to determine the relationship between these
variables and demographic differences (i.e., race, gender, sex, smoking,
AAP use) and genotype (MTHFR 677 C/T and COMT 158 Val/Met) using a
logistic regression model. Changes in methylation were analyzed using
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Table 2. Side effects reported using the UKU side effect scale

ADR % (total number)/visit 1 month 2 month 3 month
number

Reduced salivation 3% (n=1) 3% ((=1) 0% (n=0)
(dryness of mouth)

Nausea/vomiting 3% (n=1) 6% (n=2) 3% (h=1)
Diarrhea 3% (n=1) 6% (n=2) 6% (n=2)
Constipation 14% (n=5) 6% (n=2) 14% (n=5)
Polyuria/polydipsia 8.5% (n=3) 85% (n=3) 6% (n=2)
Abbreviation: ADR, adverse drug reaction.

repeated measures ANOVA and multivariate analysis of variance (MANOVA)
based on the LUMA results measured from DNA obtained at baseline and
study endpoint. A P value < 0.05 was considered statistically significant.

RESULTS

A total of 35 patients were included in this analysis. Of these
subjects, 23 were male (66%) and 24 classified themselves as
Caucasian (70%), followed by 9 African American (23%) and 2
Other (3%). The mean age of subjects was 50.5 + 8.9 years and the
mean BMI at baseline was 37.9 +9.48 kg/m? (95% Cl: 33.7- 42.1).
Seventy-six percent of subjects (n=27) were receiving AAPs and
subject met an average of 4.2+ 1.5 of the metabolic syndrome
criteria (95% Cl: 3.6-4.7). In addition, the mean RHI at baseline was
1.76+0.56 and 67% of subjects meet criteria for endothelial
dysfunction (RHI < 1.67). All subjects were psychiatrically stable at
baseline with a mean BPRS of 30 + 5, mean SANS of 5.5 + 3.2, mean
BDI of 12.3+£8.9, and mean PSI of 2.24 +0.53. Of the 35 subjects, a
total of 2 withdrew from the study. One subject withdrew due to
the need to start metformin (as medication changes were an
exclusion) and the other subject was withdrawn due to medica-
tion non-compliance with the folate. Table 1 is a description of
additional subject demographics for all 35 subjects. In addition, all
genotypes were in Hardy-Weinberg distribution (P> 0.05).

Overall folate administration was very uneventful with 27 of the
35 subjects reporting no adverse events using the Udvalg for
Kliniske Undersggelser (UKU) Side Effect scale, which was
administered monthly. This standardized scale rates adverse
events on a scale of 0-3 in several domains. Of the eight subjects
who did have side effects, none of them ranked any side effects
>2 and the most common side effects were gastrointestinal in
nature. Unfortunately, the incidence of these adverse drug
reactions is only noted in the package insert as common with
no exact percentage given. Table 2 lists the prevalence of adverse
drug reactions by study visit. As previously mentioned, one
subject was withdrawn due to medication non-compliance. In
looking at the remaining subjects, medication compliance was
estimated to be at 90% based on the amount of unused
medication returned to the study team.

After 3 months of folate administration, the mean RHI increased
by 14+30% (t=2.05, P=0.04) indicating better functioning. At
baseline, 67% of subjects met endothelial dysfunction criteria
(RHI < 1.67), which decreased to 27% ()(2=—3.84, P=0.0006) at
endpoint. As outlined in Figure 2, mean homocysteine levels
decreased by 14% (P=0.006) and IL-6 decreased 13% (P=0.09).
We also found that subjects exercised less during the study, with
the TAM2 scores decreasing 15% (P=0.05). We did not see any
significance differences in total cholesterol, triglycerides, blood
pressure, blood glucose, insulin resistance, waist circumference or
BMI after folate administration (P value >0.1 for all).

Overall, the percent change in RHI was not related to age
(P=0.21), race (P=0.15), sex (P=0.78), cigarette smoking (P =0.83),
or AAP use (P=0.12). In looking at the effect of the two genotypes
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Figure 2. Percent change in main metabolic and lifestyle measures

after folate administration for 3 months.

separately, no significant relationships were found; however,
clinically significant differences in mean RHI improvement were
found for both that represent a Cohen'’s effect size of 0.4. Overall
subjects with the MTHFR 677T allele had a mean RHI improvement
of 19.4+33.1% compared with the MTHFR CC genotype group
with 6.7 £7% (P=0.29). Similarly for the COMT Val allele carriers,
the mean RHI improvement was 23.2+42.3 vs. 9.8+21.7 for the
Met/Met genotype group (P=30). For the combined effects of
these genotypes, the MTHFR 677C/C+COMT 158Met/Met genotype
subjects had a 44% RHI improvement compared with a 10%
improvement for MTHFR 677T/COMT Val allele carriers; however,
this just showed a statistical trend (F(3,26) =3.22,P=0.06). Those
with the MTHFR 677C/C+COMT 158Met/Met genotypes had a
significant reduction in percent of subjects meeting endothelial
dysfunction criteria (83% at baseline and 16% at endpoint),
compared with the MTHFR T/COMT Val allele carriers (54% at
baseline and 31% at endpoint; t=-3.57, df=27, P=0.001) as
shown in Figure 3.

In looking at the psychiatric effects of folate, we saw significant
improvement in psychological stress measured using the PSI
(t=—3.06, P=0.02), as well as depressive symptoms measured
using the BDI (t=—2.75, P=0.04), however, due to the open label
design of this study, these results need to be very cautiously
interpreted. No significant change in primary psychiatric sympto-
matology was noted using the BPRS (P=0.14) or SANS (P=0.37).

Epigenetic analysis

Overall, the percent global methylation as measured by LUMA
increased after folate supplementation (74.0% before vs. 78.3%
after, t=4.50, P < 0.0001). This percent change in global methyla-
tion did not correlate with percent change in folate levels (P=0.9).
A MANOVA was conducted using percent change in global
methylation as the response variable and gender, antipsychotic
type, baseline BMI, and baseline folate levels as explanatory
variables. The explanatory variables were chosen due to their
previously shown effects on global methylation levels.23537 This
model was significant primarily due to the effect of antipsychotic
type (P=0.0066) on global methylation (F(5,21)=3.16,P=0.035).
The effect of gender, baseline BMI, and baseline folate on change
in global methylation were not significant (P=0.2, 0.9, and 0.5,
respectively). As outlined in Table 3, subjects treated with
olanzapine and clozapine had significantly higher increases in
global methylation (+5.43%) as compared with subjects treated
with any other antipsychotic type (+2.22%) (F(35,1)=4.78,
P=0.04). Finally, we investigated the effect of our genotype
groups on global methylation after folate supplementation.
Neither the MTHFR 677C/T, COMT 158Val/Met or the combined
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Figure 3. Differences in percent of patients meeting endothelial

dysfunction criteria before and after folate supplementation
stratified by MTHFR/COMT genotype.

effects of the genotypes significantly influenced changes in global
methylation (both P>0.3).

DISCUSSION

Overall as part of this pilot investigation, we report that high-dose
folate supplementation may be effective in attenuating some of
the cardiovascular effects seen in those using atypical antipsycho-
tics, while having little impact on core schizophrenia symptoms,
and a modest positive effect on depressive symptoms and
psychological stress. In addition, administration of the folate
supplementation was well tolerated by our study subjects. Most
importantly folate supplementation may help reduce the number
of subjects meeting endothelial dysfunction criteria, which is
remarkable given that all subjects included in this study met
metabolic syndrome criteria. This change in endothelial function-
ing resulted in amelioration of a medical complication for subjects,
which may lead to reduced CVD risk. We purposely chose to
examine the effects of folate on the non-invasive measurement of
endothelial functioning as a biomarker, as this non-invasive
measurement allows for an overall CVD risk estimation compared
with focusing on solely weight loss and/or glucose regulation. The
endothelium is paramount to vascular biology and is responsible
for the production of nitrous oxide, which has anti-inflammatory
effects and therefore helps inhibit atherosclerosis. Dysfunction of
this vital organ contributes to CVD development. The hyperho-
mocysteinemia resulting from poor folate metabolism related to
MTHFR/COMT or poor folate intake directly damages endothelial
cells and impairs nitrous oxide release, reducing endothelial
functioning.3®3° Thus, supplementing the folic acid cycle with
5mg of folate for 3 months may work to overcome endothelial
damage and may help to improve overall endothelial functioning,
potentially through an anti-inflammatory process given our
reduction in measured cytokines, and relative lack of change in
metabolic measures.

In addition, we also found that 3 months of folate supplemen-
tation has a significant effect on global methylation levels in
schizophrenia subjects taking antipsychotics and having meta-
bolic syndrome. On the basis of involvement of the folate cycle in
antipsychotic metabolic side effects and the production of methyl
donors, our main findings confirm current epigenetic hypotheses
by showing an overall increase in global methylation after folate
supplementation that was significantly influenced by antipsycho-
tic type. Subjects taking the most metabolically adverse anti-
psychotics, olanzapine and clozapine, had the lowest methylation
levels at baseline along with the largest increases in methylation
levels after folate supplementation (P=0.04, Table 3). Further-
more, when looking at medication differences by the changes in
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Table 3.

Changes in global methylation based on antipsychotic group

Antipsychotic group for entire pilot sample

Baseline % global methylation

Endpoint % global methylation Change in % global methylation

Olanzapine and clozapine 74.0 79.5 5.44

All other antipsychotics 75.2 77.5 2.23
Antipsychotic group based on gender Males Females Males Females Males Females
Olanzapine and clozapine 73.6 75.8 784 835 4.80 7.65
All other antipsychotics 76.0 74.2 77.8 77.0 1.85 2.74

The changes in global methylation were larger in females.

This table shows the changes in % global methylation based on antipsychotic type. Antipsychotic groups were arranged according to known propensities for
causing metabolic side effect. Olanzapine and clozapine are the most metabolically adverse and were compared with all other atypical antipsychotics in the
study. The olanzapine and clozapine group had the lowest % global methylation values at baseline and they had the largest increase after supplementation.

global methylation were larger in females (Table 3). This result is in
line with results we have previously reported related to gender
differences in global methylation levels® and other studies
showing antipsychotic effect on methylation levels.*® Together,
these findings may indicate that subjects treated with olanzapine
and clozapine are in a global hypomethylated state and are
uniquely suited for folate supplementation in order to bring the
global methylation values back to a “normal” state and that the
effect of folate supplementation on DNA methylation may be
more pronounced in females.

Currently very little work has been done in regards to
epigenetic changes related to folate administration within the
schizophrenia population. Therefore, our results may aid in the
understanding of how folate supplementation influences
antipsychotic-associated metabolic side effects, as well as the
potential for global methylation levels serving as a potential
biomarker for folate supplementation in schizophrenia. Further
work is needed to correlate global methylation changes to
metabolic outcomes of interest including insulin resistance,
dyslipidemia and endothelial dysfunction. Furthermore, targeted
epigenetic approaches need to be taken in order to investigate
gene-specific methylation changes and their association with
antipsychotic-metabolic side effects, if any.

In comparing our significant results in overall endothelial
functioning improvement, it is somewhat hard to make direct
comparisons as AAP metabolic interventions have been limited to
metformin and topiramate, focusing on weight loss and glucose
regulation, with no overall global CVD assessment. While
metformin is FDA approved for glucose control, topiramate is an
anticonvulsive. Both carry adverse risks and costs; and their
efficacy when used for this purpose has been questioned,*’ ™
although both are being used routinely in clinical care. In looking
at the adverse events seen with folate administration, very few
issues were determined through our routine monitoring, with the
most common side effect being constipation that occurred in 14%
of subjects.

As part of this investigation we also routinely monitored for
psychiatric symptomatology and found very little effect of our
folate intervention. Overall subjects remained psychiatrically
stable, while experiencing some non-significant improvements
in depressive symptoms as well as psychological stress (data not
shown). In looking at the literature, only one other investigation
has examined the role of supplemental folate on negative
symptom presentation in patients with schizophrenia.'" The study
included 32 patients who were randomized to either receive
2 mg/day of folate or placebo. The primary study assessment was
the SANS in Schizophrenia and the primary aim was to determine
the effect of 12 weeks of folate supplementation on this measure.
Overall, this investigation showed that 2mg/day of folate
supplementation was more likely to improve negative symptoms
for patients with at least one copy of the T allele (P=0.01)."
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While the results of this trial are interesting there are a few
limitations that need to be acknowledged. First, this was an open
label trial of folate supplementation that included a small number
of subjects. Current work being done by our group is now
examining the metabolic effects of folate using a randomized
placebo-controlled design. In addition, the inflammatory measures
used for this investigation, consisted of two measures, therefore
our ongoing study is accessing inflammation using a standard
inflammatory panel. Lastly, our epigenetic measurement only
accessed global methylation in peripheral blood given our small
sample size, and therefore future investigations will include gene-
specific and tissue-specific methylation differences to determine
the mechanistic underpinning of folate’s effects.

CONCLUSION

Overall folate supplementation may reduce AAP-associated
metabolic risks and we report significant reductions in the
number of subjects meeting endothelial dysfunction. This is
remarkable given that ALL subjects met metabolic syndrome
criteria. This may prove as a useful avenue to reducing CVD risk.
Those with the MTHFR T or COMT Val alleles may not benefit from
folate, but this needs further follow-up. Finally, further work is
needed to correlate global methylation changes to metabolic
outcomes of interest including insulin resistance, dyslipidemia,
and endothelial dysfunction. Targeted epigenetic approaches
need to be pursued in order to investigate gene-specific
methylation changes and their association with antipsychotic-
metabolic side effects, if any.

ACKNOWLEDGMENTS

We thank the staff of the Michigan Clinical Research Unit, Washtenaw County Health
Organization (WCHO), Ann Arbor Veterans Affairs Medical Center, and Detroit-Wayne
County Community Mental Health Agency (DWCCMHA) for their assistance in subject
recruitment. This study was supported by grants from The National Institute for
Mental Health under Award Number RO1MH082784, the National Center for
Advancing Translational Sciences of the National Institutes of Health under Award
Number 2UL1TR000433-06, and the Chemistry Core of the Michigan Diabetes
Research and Training Center funded by DK020572 from the National Institute of
Diabetes and Digestive and Kidney Diseases. The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National
Institutes of Health.

COMPETING INTERESTS

SFT has a research contract with St Jude Medical and has received research support
from Neuronetics. He also received research support from the National Institutes
Health (NIH). VLE has received compensation as a consultant to Progenity and Lexi
Comp and has received research support from Sunovion, the NIH and the Food and
Drug Administration (FDA). The other authors declare no conflict of interest.

npj Schizophrenia (2015) 15046



np)

Folate epigenomics in schizophrenia
VL Ellingrod et al

6

REFERENCES

1

N

w

N

w

(o))

~N

<]

O

20

2

22

2

w

2

S

De Schutter A, Lavie CJ, Milani RV. The impact of obesity on risk factors and
prevalence and prognosis of coronary heart disease-the obesity paradox. Prog
Cardiovasc Dis 2014; 56: 401-408.

McEvoy JP, Meyer JM, Goff DC, Nasrallah HA, Davis SM, Sullivan L et al. Prevalence
of the metabolic syndrome in patients with schizophrenia: baseline results from
the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) schizo-
phrenia trial and comparison with national estimates from NHANES Ill. Schizophr
Res 2005; 80: 19-32.

Rabin KR, Kamari Y, Avni |, Grossman E, Sharabi Y. Adiponectin: linking the
metabolic syndrome to its cardiovascular consequences. Expert Rev Cardiovasc
Ther 2005; 3: 465-471.

Colton C, Manderscheid R. Congruencies in increased mortality rates, years of
potential life lost, and causes of death among public mental health clients in
eight states. Prev Chronic Dis 2006; 3: A42-A42.

Friso S, Choi SW. Gene-nutrient interactions in one-carbon metabolism. Curr Drug
Metab 2005; 6: 37-46.

Ellingrod V, Taylor S, Brook R, Evans S, Zoellner S, Grove T et al. Dietary, lifestyle
and pharmacogenetic factors associated with arteriole endothelial-dependent
vasodilatation in schizophrenia patients treated with atypical antipsychotics
(AAPs). Schizophr Res 2011; 130: 20-26.

Ellingrod VL, Miller DD, Taylor SF, Moline J, Holman T, Kerr J. Metabolic syndrome
and insulin resistance in schizophrenia patients receiving antipsychotics geno-
typed for the methylenetetrahydrofolate reductase (MTHFR) 677C/T and 1298A/C
variants. Schizophr Res 2008; 98: 47-54.

Burghardt KJ, Pilsner JR, Bly MJ, Ellingrod VL. DNA methylation in schizophrenia
subjects: gender and MTHFR 677C/T genotype differences. Epigenomics 2012; 4:
261-268.

Lott SA, Burghardt PR, Burghardt KJ, Bly MJ, Grove TB, Ellingrod VL. The influence
of metabolic syndrome, physical activity, and genotype on catechol-O-methyl
transferase promoter-region methylation in schizophrenia. Pharmacogenomics J
2013; 13: 264-271.

Fuso A. The 'golden age' of DNA methylation in neurodegenerative diseases. Clin
Chem Lab Med 2013; 51: 523-534.

Hill M, Shannahan K, Jasinski S, Macklin EA, Raeke L, Roffman JL et al. Folate
supplementation in schizophrenia: a possible role for MTHFR genotype. Schizophr
Res 2011; 127: 41-45.

Ulrey CL, Liu L, Andrews LG, Tollefsbol TO. The impact of metabolism on DNA
methylation. Hum Mol Genet 2005; 14: R139-R147.

Yi P, Melnyk S, Pogribna M, Pogribny IP, Hine RJ, James SJ. Increase in plasma
homocysteine associated with parallel increases in plasma S-adenosylhomocys-
teine and lymphocyte DNA hypomethylation. J Biol Chem 2000; 275:
29318-29323.

Chen J, Lipska BK, Halim N, Ma QD, Matsumoto M, Melhem S et al. Functional
analysis of genetic variation in catechol-O-methyltransferase (COMT): effects on
mRNA, protein, and enzyme activity in postmortem human brain. Am J Hum Genet
2004; 75: 807-821.

Dean SV, Lassi ZS, Imam AM, Bhutta ZA. Preconception care: nutritional risks and
interventions. Reprod Health 2014; 11(Suppl 3): S3 Epub 2014 Sep 26.

Ellingrod VL, Taylor SF, Dalack G, Grove TB, Bly MJ, Brook RD et al. Risk factors
associated with metabolic syndrome in bipolar and schizophrenia subjects trea-
ted with antipsychotics: the role of folate pharmacogenetics. J Clin Psycho-
pharmacol 2012; 32: 261-265.

Davidson MH. A symposium: National Cholesterol Education Program Adult
Treatment Panel Ill: impact and implementation of the new guidelines. Intro-
duction. Am J Cardiol 2002; 89: 1C-2C.

Grundy S, Cleeman J, Daniels S, Donato K, Eckel R, Franklin B et al. Diagnosis and
management of the metabolic syndrome: an American Heart Association/
National Heart, Lung, and Blood Institute scientific statement: Executive Sum-
mary. Crit Pathw Cardiol 2005; 4: 198-203.

Rhoades HM, Overall JE. The semistructured BPRS interview and rating guide.
Psychopharmacol Bull 1988; 24: 101-104.

Andreasen NC. The Scale for the Assessment of Negative Symptoms (SANS):
conceptual and theoretical foundations. Br J Psychiatry Suppl 1989; 7: 49-58.
Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring
depression. Arch Gen Psychiatry 1961; 4: 561-571.

Tso IF, Grove TB, Taylor SF. Self-assessment of psychological stress in schizo-
phrenia: preliminary evidence of reliability and validity. Psychiatry Res 2012; 195:
39-4.

Orrell A, Doherty P, Miles J, Lewin R. Development and validation of a very brief
questionnaire measure of physical activity in adults with coronary heart disease.
Eur J Cardiovasc Prev Rehabil 2007; 14: 615-623.

Lingjaerde O, Ahlfors UG, Bech P, Dencker SJ, Elgen K. The UKU side effect
rating scale. A new comprehensive rating scale for psychotropic drugs and a

npj Schizophrenia (2015) 15046

25

26

27

28

29

30

3

=

32

33

34

3

[0

36

3

~N

38

39

40

4

=

42

4

w

a4

cross-sectional study of side effects in neuroleptic-treated patients. Acta Psychiatr
Scand Suppl 1987; 334: 1-100.

Rubinshtein R, Kuvin JT, Soffler M, Lennon RJ, Lavi S, Nelson RE et al. Assessment
of endothelial function by non-invasive peripheral arterial tonometry predicts late
cardiovascular adverse events. Eur Heart J 2010; 31: 1142-1148.

Bonetti PO, Pumper GM, Higano ST, Holmes DR Jr, Kuvin JT, Lerman A. Non-
invasive identification of patients with early coronary atherosclerosis by assess-
ment of digital reactive hyperemia. J Am Coll Cardiol 2004; 44: 2137-2141.
Tziomalos K, Athyros VG, Karagiannis A, Mikhailidis DP. Endothelial dysfunction in
metabolic syndrome: prevalence, pathogenesis and management. Nutr Metab
Cardiovasc Dis 2010; 20: 140-146.

Goor DA, Sheffy J, Schnall RP, Arditti A, Caspi A, Bragdon EE et al. Peripheral
arterial tonometry: a diagnostic method for detection of myocardial
ischemia induced during mental stress tests: a pilot study. Clin Cardiol 2004; 27:
137-141.

Bonetti PO, Lerman LO, Lerman A. Endothelial dysfunction: a marker of
atherosclerotic risk. Arterioscler Thromb Vasc Biol 2003; 23: 168-175.

Lavie P, Shlitner A, Sheffy J, Schnall RP. Peripheral arterial tonometry: a novel and
sensitive non-invasive monitor of brief arousals during sleep. Isr Med Assoc J 2000;
2: 246-247.

Halligan SC, Murtagh B, Lennon RJ, Pumper GM, Mathew V, Higano ST et al. Effect
of long-term hormone replacement therapy on coronary endothelial function in
postmenopausal women. Mayo Clin Proc 2004; 79: 1514-1520.

Karimi M, Johansson S, Ekstrom TJ. Using LUMA: a Luminometric-based assay for
global DNA-methylation. Epigenetics 2006; 1: 45-48.

Rummel-Kluge C, Komossa K, Schwarz S, Hunger H, Schmid F, Lobos CA et al.
Head-to-head comparisons of metabolic side effects of second generation anti-
psychotics in the treatment of schizophrenia: a systematic review and meta-a-
nalysis. Schizophr Res 2010; 123: 225-233.

Komossa K, Rummel-Kluge C, Hunger H, Schwarz S, Bhoopathi PS, Kissling W et al.
Ziprasidone versus other atypical antipsychotics for schizophrenia. Cochrane
Database Syst Rev 2009; (4): CD006627.

Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and
haplotype maps. Bioinformatics 2005; 21: 263-265.

Bermingham EN, Bassett SA, Young W, Roy NC, McNabb WC, Cooney JM et al.
Post-weaning selenium and folate supplementation affects gene and protein
expression and global DNA methylation in mice fed high-fat diets. BMC Med
Genomics 2013; 6: 7.

el Bouazzaoui F, Henneman P, Thijssen P, Visser A, Koning F, Lips MA et al. Adi-
pocyte telomere length associates negatively with adipocyte size, whereas adi-
pose tissue telomere length associates negatively with the extent of fibrosis in
severely obese women. Int J Obes (Lond) 2014; 38: 746-749.

Wall RT, Harlan JM, Harker LA, Striker GE. Homocysteine-induced endothelial cell
injury in vitro: a model for the study of vascular injury. Thromb Res 1980; 18:
113-121.

Tawakol A, Omland T, Gerhard M, Wu JT, Creager MA. Hyperhomocyst(e)inemia is
associated with impaired endothelium-dependent vasodilation in humans.
Circulation 1997; 95: 1119-1121.

Melas PA, Rogdaki M, Osby U, Schalling M, Lavebratt C, Ekstrom TJ. Epigenetic
aberrations in leukocytes of patients with schizophrenia: association of global
DNA methylation with antipsychotic drug treatment and disease onset. FASEB J
2012; 26: 2712-2718.

Hahn MK, Remington G, Bois D, Cohn T. Topiramate augmentation in clozapine-
treated patients with schizophrenia: clinical and metabolic effects. J Clin Psy-
chopharmacol 2010; 30: 706-710.

Hoffmann VP, Case M, Jacobson JG. Assessment of treatment algorithms
including amantadine, metformin, and zonisamide for the prevention of weight
gain with olanzapine: a randomized controlled open-label study. J Clin Psychiatry
2012; 73: 216-223.

Hasnain M, Fredrickson SK, Vieweg WVR. Metformin for obesity and glucose
dysregulation in patients with schizophrenia receiving antipsychotic drugs.
J Psychopharmacol 2011; 25: 715-721.

Praharaj SK, Jana AK, Goyal N, Sinha VK. Metformin for olanzapine-induced weight
gain: a systematic review and meta-analysis. Br J Clin Pharmacol 2011; 71:
377-382.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© 2015 Schizophrenia International Research Society/Nature Publishing Group


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The effect of folate supplementation and genotype on cardiovascular and epigenetic measures in schizophrenia subjects
	INTRODUCTION
	MATERIALS AND METHODS
	Subject population
	Assessments
	Endothelial function assessment

	Figure 1 Schematic representation of intersection of one carbon metabolism and methionine metabolism on CVD risk and DNA methylation and protein synthesis.
	Folate supplementation
	MTHFR and COMT genotyping
	Epigenetic analysis
	Statistical analysis

	RESULTS
	Table 1 Subject baseline demographics
	Table 2 Side effects reported using the UKU side effect scale
	Epigenetic analysis

	DISCUSSION
	Figure 2 Percent change in main metabolic and lifestyle measures after folate administration for 3�months.
	Figure 3 Differences in percent of patients meeting endothelial dysfunction criteria before and after folate supplementation stratified by MTHFR/COMT genotype.
	CONCLUSION
	A6
	ACKNOWLEDGEMENTS
	A7
	Table 3 Changes in global methylation based on antipsychotic group
	REFERENCES



 
    
       
          application/pdf
          
             
                The effect of folate supplementation and genotype on cardiovascular and epigenetic measures in schizophrenia subjects
            
         
          
             
                npj Schizophrenia ,  (2015). doi:10.1038/npjschz.2015.46
            
         
          
             
                Vicki L Ellingrod
                Tyler B Grove
                Kyle J Burghardt
                Stephan F Taylor
                Gregory Dalack
            
         
          doi:10.1038/npjschz.2015.46
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 
          10.1038/npjschz.2015.46
          2334-265X
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/npjschz.2015.46
            
         
      
       
          
          
          
             
                doi:10.1038/npjschz.2015.46
            
         
          
             
                npjschz ,  (2015). doi:10.1038/npjschz.2015.46
            
         
          
          
      
       
       
          True
      
   




