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Higher cognitive performance, maintenance of mental health and psychological well-being require
adequate prefrontal cortex (PFC) function. ‘‘Inverted U-shaped’’ dopamine model indicates optimal PFC
dopamine level is important to attain its function while high or low levels have adverse effects.
Catechol-O-methyltransferase (COMT) and methylenetetrahydrofolate reductase (MTHFR) may be
involved in this complex non-linear PFC dopamine regulation. We addressed whether genetic variation
reflecting COMT and MTHFR activities can explain the inter-individual mental health differences in
healthy Japanese men (n = 188). The mental health was measured by Mental Health Inventory (MHI)-5
score. The rs4633–rs4818–rs4680 haplotypes were used to represent the multilevel COMT activities,
while for MTHFR, the functional single polymorphism, rs1801133 (C677T), was used. We examined the
effectiveness of haplotype-based association analysis of COMT on mental health together with studying
its interaction with MTHFR-C677T. As a result, the relation between activity-ranked COMT genotype
and MHI-5 score showed a tendency to fit into an ‘‘inverted U-shaped’’ quadratic curve (P = 0.054). This
curvilinear correlation was significant in the subjects with MTHFR-CC (P < 0.001), but not with MTHFR
T-allele carriers (P = 0.793). Our pilot study implies a potential influence of COMT and MTHFR genotypic
combination on normal variation of mental health.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The prefrontal cortex (PFC) is of significant importance in deter-
mining the nature of humans’ higher cognitive and intellectual
functioning such as working memory, executive function as well
as psychological well-being [1–3]. Several studies have indicated
that impaired PFC function is associated with various neuropsy-
chological phenotypes ranging from normal variation to depres-
sion and negative moods [4,5]. Dopamine effects on PFC function
follow an ‘‘inverted U-shaped’’ curve, where both deficient and
excessive dopamine activity predicting impaired PFC function
[6,7]. Moving beyond the dopamine hypothesis, a critical role of
dopamine modulation by genetic polymorphisms in PFC function
and psychiatric disorders has been vigorously investigated [8].
Among these, there has been extensive interest in the effect of
the catechol-O-methyltransferase (COMT) gene on neuropsycho-
logical functions and phenotypes for decades [9,10].

COMT is a catecholamine-catabolizing enzyme that inactivates
the catecholamine neurotransmitters (dopamine, epinephrine,
and norepinephrine) by adding a methyl group donated by S-aden-
osyl methionine (SAM). Vanillylmandelic acid is an end-stage
metabolite of catecholamine. The catecholaminergic pathway in
both the central and peripheral nervous systems plays an essential
role in response to environmental stimuli and stress [11]. The COMT
enzyme is crucial for regulating frontal dopamine transmission,
accounting for more than 60% of dopamine turnover in the PFC
[12,13]. More recently, comprehensive in vivo studies in Comt
knock-out mice suggest that COMT enzymes contribute about one
half of the total dopamine degradation in the prefrontal cortex
[14,15].
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Given the preferential role of COMT in prefrontal dopamine
degradation, a common functional single nucleotide polymor-
phism (SNP) at codon 158 in COMT (Val158Met polymorphism;
rs4680 G > A) has influence on cognition by modulating dopamine
signaling in the frontal lobes. This Met substitution displays a
three- to fourfold reduction in catecholamine-degrading enzymatic
activity compared to the original Val form. Thus Met carriers,
having higher PFC dopamine levels [16], have shown greater corti-
cal efficiency [9,17,18]. However, contradictory to this result, the
observed effect of Met allele (low enzyme activity) on cognitive
performance is relatively modest [19,20] or absent [21,22] in some
studies.

Recent studies uncovered that the functional contribution of
Val158Met is confounded by two synonymous SNPs, rs4633 and
rs4818, those are located in the central region of COMT. The
Val158Met SNP (rs4680) together with these two synonymous
SNPs forms a haploblock (rs4633–rs4818–rs4680). The difference
in this haplotype produces the difference in COMT mRNA second-
ary structure and stability [23,24]. And eventually, the difference
of COMT enzymatic activity between the low- and the high-activity
haplotypes is reported to be >18-fold [24]. Therefore, there is a
need to evaluate COMT activity using haplotype-based analysis
because most studies to date have analyzed only the single
Val158Met polymorphism as a surrogate marker of COMT activity.
Indeed, a recent large-scale cohort study of children by Barnett
et al. showed that COMT haplotype analysis is more beneficial for
prediction of normal cognitive variation in healthy children [25].

Based on haplotype study by Nackley et al., three major COMT
haplotypes (CGG, TCA, CCG) represent high, intermediate and low
activity, respectively [24]. It is noted here that the conventional
high-activity 158Val (rs4680 G) variant needs to be re-evaluated
as two distinct haplotypes: true high-activity haplotype CGG and
low-activity haplotype CCG. The frequency of three major COMT
haplotype each is considerably different between Caucasians and
Japanese. Importantly, the ratio of low-activity haplotype CCG to
the total 158Val type (conventionally assumed as high-activity)
is almost the half (about 45–56%) in the Japanese population
[26,27], but one-fifth in the Caucasian [24,27]. Therefore, haplo-
type analysis instead of Val158Met method may have a potential
advantage to properly relate genotype with COMT activity in the
Japanese population.

Furthermore, the effect of COMT on the PFC dopamine
regulation would be modified by the methylenetetrahydrofolate
reductase (MTHFR) genetic background. The thermolabile MTHFR-
677T variant (Ala to Val substitution) shows a 35% reduction in
MTHFR activity and methionine synthesis [28]. MTHFR-C677T has
been known to interact with COMT and modify its enzymatic activ-
ity by modulating the availability of SAM, a methyl donor in the
methylation reaction catalyzed by COMT [29,30]. Several studies
Table 1
General characteristics of participants (men).

Characteristics All Subjects (n = 320)

Mean ± SD

Age (years) 45.90 ± 11.61
BMI (kg/m2) 23.43 ± 3.50
Systolic blood pressure (mmHg) 134.54 ± 17.90
Diastolic Blood pressure (mmHg) 81.66 ± 12.60
Serum homocysteine level (lmol/L) 10.35 ± 4.88
Serum folic acid level (nmol/L) 6.53 ± 3.36
MHI-5 score NA
Smoking (%) 59.9
Drinking (%) 73.4

SD; standard deviation, BMI; body mass index.
NA; not available.
have found epistatic interactions between COMT Val158Met and
MTHFR-C677T in cognitive and neuropsychological functions
[25,31]. They suggest that the beneficial or detrimental effect of
COMT activity on dopamine homeostasis crucially depends on
the MTHFR genotype.

In this study, we have examined whether COMT and MTHFR
epistasis explains inter-individual mental health variation in
healthy Japanese men. We have employed haplotypes that charac-
terize COMT activities for association analysis. As a result, subjects
with intermediate-activity COMT genotype have shown better
mental health when they have MTHFR-CC genotype. Our study
implies that COMT and MTHFR genotypic combination potentially
influence mental health following the ‘‘inverted U-shaped’’
prefrontal dopamine model.

2. Materials and methods

2.1. Subjects

The present study was undertaken in an occupational cohort
organized to investigate the association of lifestyle factors with
metabolic syndrome according to different genetic factors in Japa-
nese workers. It has been proposed that poor mental health could
be one of the causes to exacerbate the metabolic syndrome. This
occupational cohort comprised 320 healthy Japanese men (Table 1)
[32]. Information about the age, current smoking, drinking, and
energy intake of all participants was obtained by a self-report
questionnaire. Medical history was acquired by interview. The
study was approved by the ethics review committee of the Medical
Research Institute, Tokyo Medical and Dental University (No.
5-2008), and written informed consent was obtained from all
participants.

2.2. Genotyping

Genomic DNA was extracted from peripheral blood samples by
the conventional methods. Genotyping for the three COMT poly-
morphisms (rs4633, rs4818, rs4680) and MTHFR-C677T
(rs1801133) were performed by the TaqMan SNP genotyping assay
(ABI) followed by allelic discrimination analysis using a sequence
detection system (ABI PRISM 7900HT, USA, SDS software package
version 2.2.1) with a successful genotype call rate of 99.9%.

2.3. Mental health assessment

For the assessment of mental health status, we adopted the
five-item Mental Health Inventory (MHI-5), a brief questionnaire
for measuring general mental health, including depression,
anxiety, behavioral–emotional control, and general positive affect,
Subjects with MHI-5
data (n = 188)

Subjects without MHI-5
data (n = 132)

Mean ± SD Mean ± SD

45.16 ± 11.57 46.97 ± 11.61
23.56 ± 3.46 23.23 ± 3.56
133.95 ± 7.08 135.39 ± 19.06
81.59 ± 12.55 81.75 ± 1 2.71
10.59 ± 5.59 10.00 ± 3.61
6.55 ± 2.93 6.40 ± 3.92
47.79 ± 10.36 NA
59.5 60.3
75.1 70.7



Fig. 1. MHI-5 scores are normally distributed. Mean MHI-5 score = 47.79 ± 10.34,
Solid line: probability density distribution curve, Dotted line: normal distribution
curve. One-sample Kolmogorov–Smirnov test: D = 0.086, P value = 0.124.
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and has been proven reliable and valid for detecting depressive
symptoms in the general population of Japan [33]. MHI-5 has been
shown to have a high correlation with ZSDS (a self-rated
depression scale) and has been commonly used to measure general
mental health status worldwide [34]. Here, we assumed that the
mental health status principally reflects PFC dopamine activity.
The MHI-5 has five questions about feelings of depression and ner-
vousness to be answered on a five-point scale ranging from ‘‘all of
the time’’ to ‘‘none.’’ The MHI-5 score ranges from 0 to 100 points,
calculated by first reversing the coding of the two positively for-
mulated questions and consequently summing the points of each
item (Transformation of raw summated score: [(Raw scale
score � Lowest possible score)/possible score range] � 100), with
a higher score reflecting better mental health [33]. Our MHI-5 data
show a Gaussian distribution (Fig. 1) and met the assumption of
normality by one-sample Kolmogorov–Smirnov test (P = 0.124).
The number of the subjects with complete MHI-5 data was 188.
They were randomly chosen and there were no statistical differ-
ences in the general characteristics among the subjects with
(n = 188) and without (n = 132) MHI-5 data, as shown in Table 1.

2.4. Single polymorphism association analysis

The allele frequency was determined by direct counting.
Deviation of the genotype distribution from Hardy–Weinberg equi-
librium was examined by chi-square test. Differences in the mean
values of age, clinical characteristics, current smoking, drinking,
Table 2
Haplotypes frequencies.

Haplotype sequence Types: Val-H/Val-L/Va

rs4633 rs4818 rs4680
(Val/Met)

1. C C G (Val-L)
2. C G G (Val-H)
3. T C A (Met)
4. C C A (Met)
5. T C G (Val-U)
6. T G A (Met)
7. T G G (Val-U)
8. C G A (Met)

Eight haplotypes formed by 3 SNPs (rs4633, rs4818, rs4680) and
and 3) are reported to be associated with variations in COMT ac
Val, valine; Met, methionine; L, low; H, High; U, unknown.
and MHI-5 between the genotype groups were compared by anal-
ysis of variance (ANOVA) or chi-square test. In the single SNP anal-
yses, the three COMT SNPs, rs4633, rs4818, and rs4680
(Val158Met) and MTHFR-C677T were independently tested for
association with MHI-5 using one-way ANOVA (Table S1).

All association analyses were carried out using IBM SPSS Statis-
tics version 19.0. P values < 0.05 were considered statistically
significant.

2.5. Haplotype configuration

COMT haplotypes were configured from pair-wise linkage dis-
equilibrium estimations by Haploview version 4.2 [35]. The haplo-
type analysis from the original genotyping results of 320 subjects
identified eight haplotypes (Table 2). Referring to the classification
by Nackley et al. three major haplotypes of COMT rs4633–rs4818–
rs4680 (low: CGG; intermediate (Met): TCA; high: CCG) were iden-
tified. In addition, all the haplotypes carrying rs4680A (Met) were
used as intermediate (Met) type [25]. Accordingly, the haplotypes
were classified into four types such as Val-H (high), Val-L (low),
Met, and Val-U (unknown). We used all those haplotypes except
for ‘‘unknown’’ type for diplotype construction, which account
for 90.7% of total (Table 2).

2.6. Diplotype reconstruction and association analysis

Table S2 shows the diplotypes reconstructed in 188 subjects
with MHI-5 data. After exclusion of unknown activity (Val-U) hap-
lotypes, a total of 161 subjects were assigned to one of the six pos-
sible diplotypes. Following the method by Barnett et al. we
combined Val-H/Val-L in the Met/Met diplotype group and investi-
gated the association of these five COMT diplotypes and MHI-5 [25].
First, MHI-5 scores were compared among the five diplotype groups
by one-way ANOVA. Then we combined the highest and lowest
COMT activity diplotypes into one group and the other three diplo-
types (with intermediate activity) into another and compared these
two groups for their association with MHI-5 by student’s t-test. A
power calculation using the G Power: 3 program [36] indicated that
in the analysis of the MTHFR-CC group (n = 52), there was 98.1%
power to detect the differences in MHI-5 scores between two COMT
activity groups with an effect size of 1.32 at an alpha of 0.05.
3. Results

3.1. General characteristics of the participants

Table 1 shows the general characteristics of the participants.
Genotyping data of total 320 subjects were used for COMT
haplotype configuration. All genotype frequencies of the four SNPs
l-U/Met COMT activity Frequency (%) n = 320

Low 36.6
High 23.4
Met (intermediate) 17.3
Met 8.7
Unknown 7.2
Met 3.4
Unknown 2
Met 1.3

their frequencies are shown. Three major haplotypes (1, 2,
tivity [24].
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(COMT: rs4633, rs4818, rs4680; MTHFR: rs1801133) followed
Hardy–Weinberg equilibrium. The association analysis with men-
tal health status was performed for the subjects with complete
Mental Health Inventory (MHI)-5 data (n = 188). There were no sig-
nificant differences in general characteristics between the subjects
with and without MHI-5 data.

3.2. Single SNP analysis revealed no association between COMT or
MTHFR polymorphisms and MHI-5 score

There was no significant association found by single SNP analysis
between the COMT polymorphisms (rs4633, rs4818, rs4680),
MTHFR-C677T (rs1801133), and MHI-5 score. The results of ANOVA
test, likelihood ratio test and Wald test are shown (Tables S1 and S3).

3.3. MHI-5 score was lower in the highest- and the lowest-activity
COMT diplotypes

In ANOVA test for the association between COMT diplotypes and
MHI-5, we detected no significant differences among five COMT
diplotype groups (P = 0.187). However, of interest, the mean
MHI-5 score was low in the extreme COMT activity diplotypes;
the highest (Val-H/Val-H) (43.00 ± 15.60) and the lowest (Val-L/
Val-L) (45.54 ± 8.56). Taking into account the role of COMT activity
in PFC dopamine modulation, this finding suggests that the MHI-5
score reflects the ‘‘inverted U-shaped’’ correlation with COMT
activity (Fig. S1).

To examine whether the association between MHI-5 score
(dependent variable) and COMT diplotypes (explanatory variable)
fit well in a curvilinear regression model, we compared the results
between linear and quadratic regression analysis. No association
was identified in linear regression analysis (b = 0.102, t = 0.143,
P = 0.886). Although it was not statistically significant, the qua-
dratic model was well fitted. (Model fit: r2 = 0.036, F = 2.978,
df = 2, 158, P = 0.054; linear term: b = 0.102, t = 0.143, P = 0.886;
quadratic term: b = �1.357, t = �2.436, P = 0.016) (Fig. S1).

3.4. Nonlinear effects of COMT diplotypes on MHI-5 score within the
context of MTHFR genotypes

We then examined whether the effect of COMT diplotypes on
MHI-5 score is influenced by the MTHFR-C677T polymorphism.
Fig. 2. Nonlinear association between MHI-5 score and activity-ranked COMT diplotyp
descending order (from left to right). Solid curve indicates the regression curve of qua
(quadratic) model of COMT activity associated with MHI-5 score (Quadratic model: r2 =
quadratic term: b = �3.531, t = �4.264, P < 0.001). (B) MTHFR-T carriers (n = 109); no s
quadratic or linear model (Quadratic model: r2 = 0.002, F = 0.116, df = 2, 106, P = 0.891;
P = 0.687).
We classified the subjects into MTHFR-CC homozygotes and T-car-
rier groups and examined the association of COMT activity and
MHI-5 score in each group. In the MTHFR-CC group (n = 52), statis-
tical significance was observed in the quadratic model: r2 = 0.27,
F = 9.10, df = 2, 49, P < 0.001; quadratic term: b = �3.53, t = �4.26,
P < 0.001), but not in linear model (b = �0.15, t = �0.12, P = 0.902)
(Fig. 2A). This result indicates that the intermediate-activity COMT
diplotypes had the best mental health status (high MHI-5 score)
and that either too high or too low COMT activity would result in
poor mental health status (low MHI-5 score). On the other hand,
we could not find the association between COMT and mental health
in the MTHFR-T carrier group (n = 109) (Quadratic model: r2 = 0.002,
F = 0.17, df = 2, 11, P = 0.891; linear term: b = 0.24, t = 0.26, P = 0.79;
quadratic term: b = �0.29, t = �0.21, P = 0.687) (Fig. 2B).

As the MHI-5 score was strongly affected by both the highest
and lowest COMT activity, we reclassified the five COMT diplotypes
into two groups. The highest COMT activity Val-H/Val-H and low-
est COMT activity Val-L/Val-L were classified into ‘‘Group-1’’ which
represented the suboptimal COMT activity, the other three inter-
mediate diplotype groups (Val-H/Met or Met/Met, Val-H/Val-L,
Val-L/Met) into ‘‘Group-2’’, representing optimal COMT activity,
and compared their association with MHI-5 score within the con-
text of the MTHFR genotype. In MTHFR-CC subjects, the mean
MHI-5 score in Group-2 (51.36 ± 7.68) was significantly higher
than that in Group-1 (38.89 ± 10.95) (P < 1.78 � 10�5). On the
contrary, there is no difference between two groups in MTHFR-T
carrier subjects (Fig. 3).
4. Discussion

To the best of our knowledge, the current study reports the first
case for an ‘‘inverted U-shaped’’ association between COMT diplo-
types and mental health in a general population. We found that
the MTHFR-CC subjects with intermediate-activity COMT diplotype
showed a better mental health status as assessed as high MHI-5
score. Dopamine hypothesis suggests that an optimal functioning
occurs within a narrow range of dopamine levels, and accordingly,
both excessive (low COMT-activity Val-L/Val-L) and insufficient
(high COMT-activity Val-H/Val-H) dopamine levels were associ-
ated with impaired mental health in our study (Figs. 2 and 3).
The similar observation was reported in case of working memory
performance of healthy children [25].
es in MTHFR-CC subjects. Diplotypes were ranked by COMT activity and sorted in
dratic model. (A) MTHFR-CC (n = 52); the best-fit model illustrated is a nonlinear
0.271, F = 9.102, df = 2, 49, P < 0.001; linear term: b = �0.148, t = �0.124, P = 0.902;
ignificant association between MHI-5 and COMT activity was found in either the
linear term: b = 0.237, t = 0.263, P = 0.793; quadratic term: b = �0.288, t = �0.206,



Fig. 3. Significant differences of the mean MHI-5 score between two COMT diplotype groups (Group-1 and Group-2) in MTHFR-CC subjects. Subjects were classified into
MTHFR-CC homozygotes (A; n = 52) and T-carrier groups (B; n = 109). Subjects were further divided according to COMT activity. Group-1: suboptimal COMT activity, which
was composed of two extremes of the least active and the most active COMT diplotype; Group-2: optimal COMT activity, which contained three intermediate-activity COMT
diplotype groups. The asterisk (⁄) indicates P value < 1.78 � 10�5.
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Multi-population comparative analysis by Mukherjee et al.
indicated that the diverse COMT haplotypic lineages exist among
different ethnics group [37]. According to the haplotype frequency
data, the haplotype-based analysis of COMT would be an effective
tool to evaluate the level of COMT activity, especially in the
Japanese population.

Previous studies have suggested that the epistatic interactions
between COMT Val158Met and MTHFR-C677T may be involved in
impaired cognitive function and psychiatric vulnerability [31,38].
MTHFR is crucially important in the pathway leading to generation
of SAM, the major methyl donor for adequate methylation reactions
[29,30]. Given the closely related biochemical pathway of MTHFR
and COMT [30], it is plausible that in MTHFR-CC homozygous indi-
viduals, a sufficient amount of SAM may augment prefrontal dopa-
mine signaling where COMT activity substantially contributes to
determine dopamine levels [31]. In contrast, in hypoactive T-allele
carriers, the range of COMT activities may be restricted due to low
level of SAM, which may be insufficient to depict an ‘‘inverted U-
shaped’’ curve (Fig. S2). Another speculation is that complex epige-
netic regulation such as DNA methylation or histone modification
would underpin the MTHFR � COMT interaction.

The present study has some limitations that the sample size for
the current analyses was relatively small with only male subjects.
Furthermore, the effect of the functional interaction between
MTHFR and COMT on impaired PFC function needs to be compared
between patients and healthy populations, since these epistatic
effects are differentially observed for patients and controls [31].
Further large-scale studies in general healthy subjects and in
patients, separately, are required to establish the contribution of
MTHFR � COMT interaction on PFC dopamine function.

In conclusion, this pilot study in a Japanese general population
suggested that the effect of variation in COMT activity on mental
health is highly dependent on its haplotypes formed by a set of
SNPs (rs4633–rs4818–rs4680), and that the effect of COMT activity
on dopamine homeostasis is further influenced by the MTHFR
genotype. As a result, the epistasis effects of COMT and MTHFR on
inter-individual differences in mental health are consistent with
the ‘‘inverted U-shaped’’ prefrontal dopamine model. A further
replication study with a larger sample size is needed to confirm
these findings.
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