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Abstract

Background Hyperhomocysteinemia appears to be an independent risk factor for coronary
disease. Elevated levels of plasma total homocysteine (tHCY) can result from genetic or nutrient-
related disturbances in the transsulfuration or remethylation pathways for homocysteine
metabolism. The enzyme 5,10-methylenetetrahydrofolate reductase (MTHFR) catalyzes the
reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the predominant
circulatory form of folate, which serves as a methyl donor for remethylation of homocysteine to
methionine. A common mutation in MTHFR recently has been identified.

Methods and Results We assessed the polymorphism in MTHFR, plasma tHCY, and folate using
baseline blood levels among 293 Physicians' Health Study participants who developed
myocardial infarction (MI) during up to 8 years of follow-up and 290 control subjects. The



frequency of the three genotypes was (—/—) (homozygous normal), 47%; (+/—) (heterozygous),
41%; and (+/+) (homozygous mutant), 12%, with a similar distribution among both MI case
patients and control subjects. Compared with those with genotype (—/—), the relative risk (RR) of
MI among those with (+/—) was 1.1 (95% CI, 0.8 to 1.5), and it was 0.8 (0.5 to 1.4) for the (+/+)
genotype; none of these RRs were statistically significant. However, those with genotype (+/+)
had an increased mean tHCY level (mean+SEM, 12.6+0.5 nmol/mL), compared with those with
genotype (—/—) (10.6+0.3) (P<.01). This difference was most marked among men with low folate
levels (the lowest quartile distribution of the control subjects): those with genotype (+/+) had
tHCY levels of 16.0+1.1 nmol/mL, compared with 12.3+0.6 nmol/mL (P<.001) for genotype

(~1-).

Conclusions In this population, MTHFR polymorphism was associated with higher
homocysteine levels but not with risk of MI. A gene-environment interaction might increase the
risk by elevating tHCY, especially when folate intake is low.
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Numerous studies have shown that moderately elevated blood levels of tHCY increase the risk of
cardiovascular disease,” ==~ ="~ "~ but the causes of high tHCY are only partly understood.™*
Elevated levels of plasma tHCY can result from genetic defects or nutrient deficiencies.’? 12 14 12
16 1718 Severe but rare enzymatic defects at various points in the homocysteine transsulfuration
and remethylation pathways can cause dramatic elevations and lead to life-threatening vascular
disease at a young age.'® The more common moderate elevation of tHCY may result from dietary
deficiencies (especially folate),'2 1 1 less severe genetic alterations in enzymes important for the
metabolism of methionine/homocysteine," ' or perhaps a combination of the two. MTHFR
catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydro-folate, the
predominant circulatory form of folate and methyl donor for the remethylation of homocysteine
to methionine. Kang et al'® 22 2 identified a thermolabile form of MTHFR that is associated with
elevated tHCY levels and increased risk and severity of coronary heart disease. Recently, we
i1solated the cDNA for MTHFR and identified a common missense mutation, an alanine-to-valine
substitution.?? Individuals heterozygous or homozygous for this mutation have reduced enzyme
activity and increased thermolability.” Individuals who are homozygous for the mutation have

elevated plasma tHCY .2

Moderate elevations of tHCY levels caused by suboptimal intake of folate can be corrected by
folic acid supplements in individuals with premature vascular disease and thermolabile
MTHFR."” #* % % It has been hypothesized that the region in MTHFR relating to the common
mutation is involved in folate binding and that the enzyme may be stabilized in the presence of
folate.® Therefore, the combination of the genetic defect and inadequate folate intake may cause
elevated tHCY and increase the risk of coronary disease.



Most clinical and epidemiological studies have focused on either the genetic variants or the
nutritional factors in determining plasma tHCY levels. No studies have specifically investigated
the association of the newly identified MTHFR gene polymorphism with the risk of MI and the
combined influences of the gene mutation and plasma folate status. We have previously shown,
in a prospective analysis, that plasma tHCY was an independent risk factor for MI among
participants in the Physicians' Health Study? in the first 5 years but was weaker and not
significantly predictive of risk for cases that occurred later.” We reported that a low plasma
folate level was associated with a moderate increase in risk of M1, although this association was
not statistically significant.'® We now present results from this ongoing prospective study testing
two hypotheses: first, that the mutation in MTHFR might increase the risk of MI by elevating
blood levels of tHCY and second, that high folate intake might compensate for this genetic
defect by lowering plasma tHCY levels in individuals with the mutation.
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Methods

Population and Specimen Collection

The Physicians' Health Study was a randomized, double-blind, placebo-controlled trial of aspirin
and B-carotene among 22 071 US male physicians 40 to 84 years old.2” Men were excluded if
they had a history of MI, stroke, or transient ischemic attack; cancer (except nonmelanoma skin
cancer); current renal or liver disease; peptic ulcer or gout; or current use of a vitamin A or -
carotene supplement.

Before randomization, participants were sent kits for blood sampling and were instructed to have
their blood drawn into EDTA vacuum tubes, to centrifuge them, and to return the plasma (as well
as the whole blood) in polypropylene cryopreservation vials by prepaid overnight courier. The
kit included a cold pack to keep the specimens cool (but not frozen) until receipt at Channing
Laboratory the following morning, when they were promptly divided into aliquots and stored at
—80°C. During storage, no specimen thawed or warmed substantially. Specimens were received
from 14916 (68%) of the randomized physicians, >70% of these between September and
November of 1982.

At the time of the blood sampling, participating physicians also reported their baseline
cardiovascular risk factors: these included age, smoking status (past, present, or never), height,
weight, systolic and diastolic blood pressures, history of angina, hypertension, and diabetes,
multivitamin use (past, present, or never), parental history of MI before 60 years of age, and
frequency of alcohol intake.

Ascertainment and Confirmation of End Points

Cases of nonfatal MI were reported on questionnaires mailed to participants every 6 months.
Persistent nonresponders were telephoned. Deaths were usually reported by the families or postal
authorities. We included case patients diagnosed up to 8 years after the blood sampling. Follow-
up for nonfatal events was 99.7% complete and for fatal outcomes, 100% complete. Medical



records were reviewed by the End Points Committee, who were blinded to treatment assignment.
All cases of MI included in this analysis met the World Health Organization criteria,”® which
require symptoms plus either enzyme elevations or diagnostic ECG changes. For fatal cases,
diagnoses were based on either autopsy or confirmation via records that death was due to
coronary heart disease (International Classification of Diseases, codes 411 through 414). Silent
infarcts discovered on routine examination were not included because they could not be assigned
an accurate date. Sudden deaths in individuals with no history of coronary disease were not
included because coronary disease could not be confirmed as the cause of death.

Selection of Case Patients and Control Subjects

Each case patient was matched to one control subject who was free of MI at the time of diagnosis
of MI in the case patient. Control subjects were randomly selected from participants who met the
matching criteria of age (+1 year), smoking habit (current, past, or never smoker), and time from
randomization in 6-month intervals. Aliquots from case patients and control subjects were
paired, with the positions varied at random within the pairs. The pairs were handled together and
identically throughout processing and analysis.

Laboratory Analyses

DNA was extracted by a commercially available process based on the adsorption of DNA to a
silica membrane after lysis with a proprietary agent (Diagen) and proteinase K in the presence of
a high salt concentration and 33% isopropanol. The extracted DNA samples were shipped on dry
ice to the Montreal Children's Hospital Research Institute for MTHFR genotype analysis in Dr
Rozen's laboratory, where the investigators and laboratory personnel were blinded to each
subject's status as a case patient or control subject. The presence of the mutation was determined
by polymerase chain reaction of genomic DNA, followed by Hinfl restriction digestion, as
previously described.?

Plasma tHCY level was assayed by Dr M. Rene Malinow's laboratory by high-performance
liquid chromatography and electrochemical detection based on the method of Smolin and
Schneider,” modified as described.” ' Plasma levels of folate were measured microbiologically
with a 96-well plate and manganese supplementation, as described by Tamura et al,* in the
laboratory of Dr Jacob Selhub. This method measures all biologically active forms of folate.
Levels of total and HDL cholesterol were measured in the laboratory of Dr Frank Sacks.*?

Blind paired quality-control samples (16 pairs for folate and 29 pairs for tHCY) were
interspersed at random among the specimens. The quality-control samples were aliquots of a
large, well-mixed plasma pool from healthy volunteers and were treated identically to the
samples collected from the participants. The mean within-pair coefficients of variation in these
paired quality-control specimens were 10% for folate and 3.9% for tHCY.

It is unlikely that the storage period significantly altered the concentrations of tHCY and folate.

Israelsson et al** found that tHCY concentration in stored plasma kept at —20°C remained stable
for up to 10 years and was strongly correlated with that in fresh plasma. The levels of folate and
tHCY we found were generally similar to those from fresh plasma. More importantly, the



samples from case patients and control subjects were stored for the same duration and were
handled together and identically throughout processing. Because of the prospective design, it is
unlikely that any deterioration would systematically differ by case status. Any random changes
would tend to blur the differences, leading to an underestimate of the real effect.

Statistical Analysis

The MTHFR genotype was ascertained among 293 case patients and 290 control subjects who
provided an adequate sample of whole blood at baseline and also had plasma folate and tHCY
measured. We identified the MTHFR genotype in 245 case patients and 224 control subjects in
the first 6 years of follow-up. To examine the interaction between the gene mutation and folate
levels, 48 case patients and 66 control subjects from the later follow-up were oversampled from
the lowest and highest quartiles of the overall control distribution of plasma folate levels. This
equal oversampling from the extremes of the folate distribution was done before identification of
the genotype and therefore does not introduce a bias. However, it does add to the efficiency of
the analysis by providing greater statistical power to detect differences contrasting the extremes
of folate status.

As in our previous report from this study population,® tHCY concentrations >15.8 nmol/mL were
defined as abnormally high values and those below as normal. To estimate RRs, the odds ratios
for case patients relative to control subjects were calculated with the homozygous normal
genotype (—/—) of MTHFR used as the reference group. To estimate the joint effect of gene
mutation and plasma folate status on the risk of MI, folate levels above the 75th percentile of the
overall control distribution were defined as high values, and those below the 25th percentile were
defined as low. Six groups based on the cross-classification by the two folate groups and the
three MTHFR genotypes were formed. The odds ratios were then calculated with each group
compared with the reference group of men with homozygous normal gene (—/—) and high folate
level. Unconditional logistic regression analyses were used to adjust simultaneously for both the
matching factors and other known coronary risk factors.

To examine the effects of genetic and nongenetic factors on folate and tHCY levels, an
ANCOVA was used to calculate age-adjusted means of folate and tHCY according to genotype
(—=/—, +/—, and +/+), cigarette smoking, and multivitamin use (both as never, past, or current
users). The adjusted means of tHCY were also calculated according to folate level (quartile
distribution of control subjects). The change in tHCY levels associated with the genetic and
nongenetic factors was estimated by linear regression modeling. Stratified analyses were done
according to folate status (quartiles) and age (<60 years and >60 years). Because matched
analyses yielded results virtually identical to unmatched, only the latter are presented. To
improve the normality of the variables, the analyses using natural log-transformed folate and
tHCY in the ANCOVA and regression analyses were repeated, and similar results were found for
tHCY. The mean levels of tHCY from the ANCOVA analysis are presented, as are the
untransformed results for the regression analysis. All probability values are two-tailed, and
statisticagssigniﬁcance is taken at the P=.05 level. Statistical analysis was done with the SAS
package.™
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Results

MI case patients had higher Quetelet's index, total cholesterol, and ratio of total to HDL
cholesterol and a higher prevalence of diabetes, angina, hypertension, and family history of MI
before age 60 years.? Case patients had higher mean tHCY (11.3+4.3 nmol/mL) than control
subjects (10.6+4.1 nmol/mL, P=.06). The prevalence of moderate hyperhomocysteinemia (values
>15.8) was 12% in case patients and 6% in control subjects (P=.004). Geometric mean folate

levels in case patients (3.3 ng/mL) were not significantly lower than those of control subjects
(3.7 ng/mL), P=.19.

The overall frequencies of the three MTHFR genotypes were similar among case patients and
control subjects (Table 1U). However, high frequencies of the type (+/+) were observed among
men with diabetes (21%), angina (24%), hypertension (17%), and family history of MI (16%)
compared with men without these conditions (11% to 12%). Higher frequencies were also seen
among men with low folate (15% versus 9%, high folate versus low) or high tHCY (21% versus
12%, high versus normal) levels.

View this table:

e In this window
e In anew window

Table 1.
Frequency of the MTHFR Genotypes and RR of Future MI Among US Physicians
MTHFR Genotype, Folate, and tHCY Levels

Multivitamin use and cigarette smoking were significant determinants of blood folate level
(Table 2). In addition to these nongenetic influences, the homozygous mutation in MTHFR was
also associated with a lower level of plasma folate (Table 2U). Among those with folate levels in
the lowest quartile, those with genotype (+/+) had a geometric mean folate level of 0.66 ng/mL
(P<.05), significantly lower than those with (+/—), 1.10 ng/mL, and those with (—/—), 1.29
ng/mL. In contrast, within the second to fourth quartiles of folate levels, folate levels did not

vary by genotype.

View this table:

e In this window
e In anew window

Table 2.

Age-Adjusted Geometric Mean Folate Level and Mean (+SEM) Plasma tHCY Level According
to MTHFR Genotype, Smoking Status, and Multivitamin Use



Consistent with the above observations, the age-adjusted tHCY levels in (+/4) genotype
individuals were significantly higher than in (—/—) individuals (Table 21). Similar results were
observed among case patients and control subjects. tHCY levels also varied by smoking status
and folate levels. In addition, current multivitamin users had lower tHCY levels, reflecting a
higher intake of folate and possibly of vitamin Be.

We further examined the effect of folate on the relation between genotype and tHCY level. Table
34 shows the mean tHCY level according to the genotype and plasma folate level (based on the
quartile distribution of control subjects). A significantly elevated mean tHCY level among (+/+)
individuals was observed only in the low-folate group; in the high-folate group, tHCY levels
were similar regardless of MTHFR genotype. We observed similar results when we
dichotomized the population by multivitamin supplement use. Among nonusers, men with the
(+/+) genotype had significantly elevated tHCY compared with (—/—), but no material differences
by genotype were found among multivitamin users. Conversely, the prevalence of the (+/+)
genotype within different levels of tHCY also varied by plasma folate level (Figurel). Among
the 28 men with low plasma folate who were homozygous for the mutant gene (+/+), 9 were in
the higher-tHCY groups (=14 nmol/mL). In contrast, among men with high plasma folate, all 16
individuals with (+/4) genotype had tHCY levels <12 nmol/mL.
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Figure 1.

Frequency distribution of the MTHFR genotypes (case patients and control subjects combined)
by plasma tHCY level, stratified by plasma folate in three separate panels.
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Table 3.



Age-Adjusted Mean (=SEM) Plasma tHCY Level (nmol/mL) According to MTHFR Genotype
and Folate Levels (Quartiles 1, 2+3, and 4)

Multiple linear regression was used to estimate the independent effects of the gene
polymorphism and several other nongenetic factors on tHCY level (Table 41). Model 1 shows
that the MTHFR gene mutation was independently associated with tHCY level regardless of
case/control status, age, and cigarette smoking status. Plasma folate level is influenced by diet as
well as the gene mutation, and high tHCY levels can often be treated with folate supplements.
Therefore, we included multivitamin use and folate level in model 2 to determine whether
plasma folate, as an intermediary in the biological pathway, is fully responsible for the above
effects on tHCY. As shown in model 2, the associations of tHCY level with MTHFR genotype
mutation and smoking were weakened but still significant. This result suggests that plasma folate
may reflect both genetic and nongenetic influences on tHCY. Furthermore, it remained the
strongest determinant of blood tHCY level in the model.

View this table:

¢ In this window
e In anew window

Table 4.
B-Coefficients of Plasma tHCY (nmol/mL) From Multiple Linear Regression Analysis

The associations of tHCY levels with MTHFR gene mutation, age, smoking, multivitamin use,
and plasma folate were then examined according to two age groups, those <60 and those >60
years old (Table 41). Among younger men, the homozygous mutation in the MTHFR gene
appears to be the major determinant of tHCY level, whereas for older men, age, current smoking,
current multivitamin use, and plasma folate status were the major determinants, and the mutation
was no longer significantly associated with tHCY level.

MTHFR Genotype and Risk of Ml

We found no increased risk of MI according to the MTHFR genotype alone; the age- and
smoking-adjusted RR and 95% CI for type (+/—) were 1.07 (0.75 to 1.51) and for type (+/+), 0.84
(0.50 to 1.42). Since somewhat higher frequencies of (+/+) were observed among men with
diabetes, angina, hypertension and family history of MI, we further adjusted for these and other
coronary risk factors, with or without tHCY levels, but the results did not change materially
(Table 11). The addition of the MTHFR genotype to the model did not alter the magnitude of the
positive association between abnormally high tHCY and future risk of MI.

We further examined the interaction between MTHFR mutation and plasma folate status by
calculating RRs of MI according to genotype among individuals with low and high folate levels.
Defining men with high folate and genotype (—/—) as the reference group (RR=1.0), the age- and
smoking-adjusted RRs in the high-folate group were 1.2 (95% CI, 0.6 to 2.3) for genotype (+/—-)
and 1.6 (0.6 to 4.8) for genotype (+/+). In the low-folate group, they were 1.3 (0.7 to 2.4) for



genotype (—/—), 1.9 (1.0 to 3.6) for genotype (+/-), and 1.1 (0.4 to 2.5) for genotype (+/+).
Because of the limited sample size in each subgroup, we combined genotypes (+/—) and (+/+) in
an alternative analysis. Using men with high folate and homozygous normal (—/—) as the
reference group (RR=1.0), the RRs were as follows: for those with high folate and genotype
(+/-) or (+/+), RR=1.3 (0.7 to 2.4); for those with low folate and genotype (—/—), RR=1.3 (0.7 to
2.4); and for those with low folate and genotype (+/—) or (+/+), RR=1.6 (0.9 to 2.9). None of
these interactions were significant.

Because the genotype was the major determinant of plasma tHCY in the younger men (<60 years
old) (Table 411), we further stratified these analyses by age. The findings were null among older
men. Among younger men, with high folate and genotype (—/—) as the reference, the age- and
smoking-adjusted RRs in the high-folate groups were 1.6 (0.6 to 4.6) for genotype (+/—) and 1.4
(0.2 to 8.3) for genotype (+/+). In the low-folate group, they were 1.6 (0.6 to 4.3) for (—/-), 3.7
(1.3 to 10.4) for (+/-), and 0.7 (0.2 to 3.1) for (+/+). When the (+/—) and (+/+) genotypes were
combined, for high folate the RR was 1.6 (0.6 to 4.3) for genotypes (+/—) and (+/+). For low
folate, the RR was 1.7 (0.7 to 4.5) for genotype (—/—) and 2.4 (0.9 to 6.4) for the combined
genotype (+/—) and (+/+).
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Discussion

Among these middle-aged US male physicians, the heterozygous and homozygous MTHFR gene
mutation is common. The frequency of the three genotypes of MTHFR among control subjects
was homozygous normal (—/—), 47%; mutation in the heterozygous state (+/—), 40%; and
homozygous mutant (+/+), 13%. The allele frequency of the substitution was 33%, consistent
with the previous report of 114 unselected French Canadian chromosomes.* Several studies
suggest that this polymorphism may be the only mutation that accounts for thermolabile
MTHFR.?® ** % In addition to the original report,” two studies of vascular disease®® *’ and one
study of neural tube defects®® have shown distinct thermolability for the homozygous mutant
genotype. The mean value for thermolabile MTHFR activity in heterozygotes has been
intermediate between the homozygous mutant group and the homozygous normal group® 237 ;
all the individuals without this mutation had residual enzyme activity >30% after samples were
heated.*® 3238 In the original description of thermolabile MTHFR, Kang et al? reported a
prevalence of 17% in patients with coronary artery disease and 5% in control subjects. However,
since both heterozygotes and homozygotes for the mutation have the thermolabile enzyme, it is
possible that individuals with the thermolabile enzyme in the above report included both of these

genotypes.

Van der Put et al*® recently reported decreased plasma folate concentrations in individuals
homozygous for the mutation. We have similar findings, but the differences in folate levels
among the genotypes were significant only in the lowest folate quartile group, in which the (+/+)
genotype was associated with approximately half the plasma folate level of the (—/—) genotype.
Since the product of MTHFR, 5-methyltetrahydrofolate, is the major circulating form of folate,
when folate intake is low, the mutation, which leads to decreased MTHFR activity, might reduce
total folate pools in plasma.



We observed a positive association between the homozygous (+/+) mutation and elevated plasma
tHCY level, mainly among men with low plasma folate levels (Table 31 and Figure). Similar
findings were observed in the NHLBI Family Heart Study.> This association suggests that the
MTHFR gene mutation may increase plasma tHCY levels when folate intake is low. These
findings further support the hypothesis that folate may stabilize the MTHFR enzyme® and are
consistent with the observation that oral supplementation of folic acid normalizes
hyperhomocysteinemia due to thermolabile MTHFR.*2 ** Our results also indicate that when
folate consumption is high, this common genetic variant has little effect on tHCY levels.

After the nongenetic factors (such as smoking, multivitamin use, and folate status) were adjusted
for, we found that genotype (+/+) individuals had a tHCY level 1.9 nmol/mL higher than those
with the (—/—) genotype. Similar elevations were observed for current smokers compared with
nonsmokers. Plasma folate remained a strong predictor in the model: the tHCY level was 3.31
nmol/mL higher among men with a folate level in the lowest quartile. As expected, the genetic
influence on tHCY was more predominant among younger men, whereas among older men,
nongenetic influences (such as cigarette smoking and folate intake) were stronger.

Overall, we found no direct association between the MTHFR genotype and risk of MI. However,
among those with low levels of folate, we found a nonsignificantly increased risk among those
with the mutation. The absence of a significant risk among those with low folate and genotype
(+/+) was unexpected; however, the size of this group was small and the CI was wide. A
significantly higher prevalence (17%) of the thermolabile MTHFR was reported among 212
patients with coronary artery disease, compared with 5% of the 202 control subjects.*
Thermolabile MTHFR has also been associated with the severity of coronary artery stenosis
independently of other risk factors.2> Although a strong correlation has been found between the
gene mutation in MTHFR and the thermolability of the enzyme,? 3¢ 3* 3 ethnic differences,
folate status in the population, and different study designs may contribute to the inconsistencies
in these studies. Kluijtmans et al*® found a threefold-increased risk of premature cardiovascular
disease among those with (+/+) genotype in 60 Dutch patients and 111 control subjects. The age
of onset of disease among their case patients is much younger than our case patients. They
excluded patients with known cardiovascular disease risk factors, such as hyperlipoproteinemia,
hypertension, and diabetes. Furthermore, the prevalence of the homozygous mutation in the
MTHFR gene among their control subjects (n=6 of 111, 5.4%) is much lower than ours (13%).

Despite the clear effect of the genetic polymorphism on increasing tHCY levels, especially
among those with lower folate intake, we found no association between MTHFR genotype and
the risk of MI among these US physicians. However, this genetic defect is likely to affect the risk
of MI indirectly through its independent influence on the tHCY level, especially among younger
men or men with low folate levels. Another possibility is that overall, among these well-
nourished physicians, the genetic defect might largely be compensated by folate intake. It will be
of great interest to determine the impact of this polymorphism in a general population sample
with lower intake of folate and among young individuals.

Our findings demonstrate genetic, nutritional, and other influences on plasma tHCY levels,
which should be taken into account in the design of randomized trials of tHCY lowering. These
results raise the possibility but do not confirm that individuals with homozygous mutation in the



MTHFR gene may be able to compensate for the genetic disturbance in tHCY metabolism
through increasing intake of folate.
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Selected Abbreviations and Acronyms

MI = myocardial infarction
MTHEFR = 5,10-methylenetetrahydrofolate reductase
RR = relative risk

tHCY = total homocysteine
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