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ABSTRACT

Background: Formate is an important metabolite that serves as a
donor of one-carbon groups to the intracellular tetrahydrofolate pool.
However, little is known of its circulating concentrations or of their
determinants.

Objective: This study aimed to define formate concentrations and
their determinants in a healthy young population.

Design: Serum formate was measured in 1701 participants from
the Trinity Student Study. The participants were men and women,
aged 18 to 28 y, enrolled at Trinity College, Dublin. Formate con-
centrations were compared with other one-carbon metabolites, vita-
min status, potential formate precursors, genetic polymorphisms, and
lifestyle factors.

Results: Serum formate concentrations ranged from 8.7 to 96.5 uM,
with a mean of 25.9 pM. Formate concentrations were significantly
higher in women than in men; oral contraceptive use did not further
affect them. There was no effect of smoking or of alcohol inges-
tion, but the TT genotype of the methylenetetrahydrofolate reductase
(MTHFR) 677C—T (rs1801133) polymorphism was associated with
a significantly decreased formate concentration. Formate was posi-
tively associated with potential metabolic precursors (serine, methio-
nine, tryptophan, choline) but not with glycine. Formate concentra-
tions were positively related to serum folate and negatively related to
serum vitamin B-12.

Conclusions: Formate concentrations were sensitive to the concen-
trations of metabolic precursors. In view of the increased suscepti-
bility of women with the TT genotype of MTHFR to give birth to
infants with neural tube defects as well as the effectiveness of for-
mate supplementation in decreasing the incidence of folate-resistant
neural tube defects in susceptible mice, it will be important to under-
stand how this genotype decreases the serum formate concentration.
This trial was registered at www.clinicaltrials.gov as NCT03305900.
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INTRODUCTION

Formate, the smallest carboxylic acid, plays a critical role
in one-carbon metabolism, primarily as a source of one-carbon
groups for the synthesis of 10-formyl-tetrahydrofolate (THF).
Thus, formate plays a role in the provision of one-carbon groups
for purine synthesis, thymidylate synthesis, and methylation re-
actions. Formate metabolism may also serve as a source of
cytoplasmic NAD(P)H (1). Formate is synthesized by a variety
of pathways, but principally via the mitochondrial metabolism
of serine, glycine, and 2 metabolites of choline catabolism
(dimethylglycine and sarcosine), which results in the produc-
tion of mitochondrial 5,10-methylene-THF (Figure 1). This
5,10-methylene-THF is then oxidized to 10-formyl-THF by
the combined action of 5,10-methylene-THF dehydrogenase
and 5,10-methenyl-THF cyclohydrolase (2). There are 2 mito-
chondrial enzymes that act on 10-formyl-THF. 10-Formyl-THF
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dehydrogenase [mitochondrial NAD(P)-dependent 10-formyl-
THF dehydrogenase (ALDH1L2)] oxidizes 10-formyl-THF to
carbon dioxide, with the accompanying reduction of NAD(P)*
to NAD(P)H (3). 10-Formyl-THF is converted to formate plus
THF by mitochondrial monofunctional 10-formyl-THF syn-
thetase (MTHFDI1L); this conversion may be accompanied by
the synthesis of ATP from ADP and inorganic phosphate. For-
mate then leaves the mitochondria by an unknown mechanism,
whereupon it may be converted in the cytoplasm to 10-formyl-
THEF, which has 3 principal fates: it may be directly used to pro-
vide one-carbon groups for the synthesis of purine nucleotides, it
may be reduced to 5,10-methylene-THF to be used for thymidy-
late synthesis, or it may be further reduced by methylenetetrahy-
drofolate reductase (MTHFR) to 5-methyl-THF, which provides
methyl groups for the remethylation of homocysteine to methio-
nine (2). Formate may also enter the nucleus, where it can serve
as a one-carbon source for nuclear thymidylate synthesis (4). Ad-
ditional sources of formate include the catabolism of tryptophan
and histidine, cytochrome P450-dependent demethylation reac-
tions, a-oxidation of branched-chain fatty acids such as phytanic
acid, and methanol metabolism, which involves the oxidation of
methanol to formaldehyde and then to formate (5). Methanol may
also be produced by the gut microbiota during the metabolism of
pectin, and this may be a source of formate (6). Despite these
many sources of formate, it should be noted that, in humans,
serine is the dominant source of methyl groups for the methy-
lation of homocysteine to methionine (7) and much of this serine
metabolism occurs in mitochondria (8), producing formate.
Cytoplasmic formate may also exit cells (mechanism un-
known) and is found in serum from humans (9), sheep (10), and
rats (11) at concentrations of 25-50 uM. In fetal sheep, plasma
and amniotic fluid concentrations are much higher (200 and

300 uM, respectively) (10). Little is known with regard to the
determinants of circulating formate. Lamarre et al. (12) reported
that plasma formate increased markedly in rats that were made
either folate- or vitamin B-12—deficient, but was not affected by
vitamin B-6 deficiency even when accompanied by a methio-
nine load that caused profound hyperhomocysteinemia. They
concluded that formate accumulation in these experiments was a
result of impaired remethylation (12). Dow and Green (13) found
that trichloroethylene, a common commercial degreaser, and
some of its metabolites caused increased formic acid excretion in
rats; methylmalonate was also increased in both plasma and urine,
indicating a functional vitamin B-12 deficiency. Recently, Katre
et al. (14) examined markers of one-carbon metabolism in a
clinically healthy group of young women from Pune (India)
compared with a similar group from Cleveland, Ohio. The group
from Pune was predominantly vegetarian and had significantly
lower concentrations of folate, vitamin B-6, and vitamin B-12, as
well as higher homocysteine concentrations than did the Cleve-
land group; they also had appreciably elevated plasma formate
concentrations (180 uM in the Pune group, 40 pM in the Cleve-
land group), possibly as a result of impaired remethylation (14).

Circulating formate concentrations can, therefore, provide per-
tinent information concerning one-carbon metabolism. As far as
we are aware, there has been no study of the metabolic or ge-
netic determinants of the circulating formate concentration in hu-
mans. The aim of this study was to examine the factors that in-
fluence serum concentrations of formate in a cohort of healthy
young adults (n = 1701; median age: 22 y) in order to estab-
lish the baseline range and to explore the influence of other
metabolic, genetic, and lifestyle characteristics, such as oral con-
traceptive use, alcohol intake, and smoking on formate concen-
tration.
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METHODS

Participants

The Trinity Student Study (TSS) is a cross-sectional design
study that aims to examine genotype-phenotype associations of
blood metabolites in healthy young adults of an ethnically homo-
geneous background. The study enrolled students attending the
University of Dublin, Trinity College, between February 2003
and 2004. Eligibility criteria included being between ages 18 and
28 y, having no current serious medical condition, and having
Irish ethnicity based on origins of grandparents. In total, 2524
individuals were eligible to participate. Ethical approval was
obtained from the Dublin Federated Hospitals Research Ethics
Committee, which is affiliated with Trinity College Dublin, and
participants gave written informed consent. The study was re-
viewed by the Office of Human Subjects Research at the NIH, and
the formate analysis was approved by the Health Research Ethics
Board of the Province of Newfoundland and Labrador. Further
details relating to the TSS have been published elsewhere (15—
18). Fifteen participants with no questionnaire data and one dupli-
cate sample were excluded, which left 2508 eligible participants
whose samples were assigned to analysis. Participants were not
required to fast. Each participant provided 30 mL blood for prepa-
ration of plasma in EDTA-coated tubes, or serum. All of the sam-
ples were processed within 3 h of collection, and aliquots were
stored at —80°C. Blood samples and questionnaire data were
coded and made anonymous before analysis. Questionnaire data
included details on lifestyle choices, including smoking status,
reported alcohol beverage intake converted to grams of ethanol
per day, and contraceptive use among women.

This trial was registered at clinicaltrials.gov as NCT03305900.

Biochemical analyses

For formate analysis, serum stored in liquid nitrogen was
used. Serum formate was analyzed in duplicate by the gas
chromatography—mass spectrometry isotope-dilution method of
Lamarre et al. (9). We divided the samples into 5 groups, each
covering 20% of the samples, and analyzed 10 samples from each
group per day. In this way, we staggered the analyses such that
any excess variability would not be concentrated in a particular
group of samples. In addition, as a daily measure of quality con-
trol, we froze a single plasma sample in aliquots and analyzed
an aliquot on each analysis day. Day-to-day variation in the for-
mate concentration of this sample was 7.4% (n = 38). Because
of apparent contamination with formic acid of sealing O-rings in
one brand of cryopreservation tubes, we had to exclude samples
from 807 participants. The formate data set for the current study
therefore includes 1701 participants.

Analyses of serum choline, betaine, and dimethylglycine were
carried out by Bevital, Norway (www.bevital.no), by using a
liquid chromatography—tandem mass spectrometry method (19).
The interassay CV was <10% for all 3 metabolites. Serum
methylmalonic acid, methionine, cysteine, cystathionine, serine,
glycine, sarcosine, cotinine, tryptophan, and plasma total homo-
cysteine were also assayed by Bevital with the use of an auto-
mated isotope-dilution gas chromatography—mass spectrometry
method (20). The between-day CVs were <8.1% for all analytes.

Serum folate, red blood cell folate, and serum vitamin B-12
were measured by microbiological assays, as previously
described (21, 22). The between-assay CVs were <11.0%.
Holotranscobalamin was measured by using an Abbott AXSYM
analyzer (23). The between-assay CV was <11.1%. Serum-based
liver and kidney function tests were carried out commercially by
Claymon Laboratories (Dublin, Ireland) by using an automated
Abbott architect autoanalyzer platform with standard kits (Ab-
bott Ireland Diagnostics Division). Inter- and intra-assay CVs
were <4.8%. Hemoglobin was measured by using a Sysmex
F-800 cell counter calibrated with CBC-ST Plus hematology
controls (low, normal, and high) (R&D Systems, Inc.).

Genotyping

Genotyping, quality control, and data preparation have been
described by Molloy et al. (18). Briefly, DNA for each sample
was extracted from peripheral blood. Genomewide single nu-
cleotide polymorphism (SNP) genotyping was carried out by
using Illumina 1M HumanOmnil-Quad v1-0 B chips at the
Center for Inherited Disease Research (Baltimore, Maryland).
Genotypes were generated for 2438 TSS samples, 14 blind dupli-
cates, and HapMap controls. Blind duplicates had a concordance
rate of 99.997%, and the HapMap samples had a 99.71% concor-
dance rate. After quality-control filters were applied, ~758,443
genotyped SNPs were available for each participant.

Statistical analysis

We performed all of the metabolite statistical analyses with
the use of SAS software (version 9.4; SAS Institute). Independent
Student’s ¢ tests were used to determine significant differences be-
tween groups, shown in Tables 1 and 2. One-factor ANOVA was
used to determine differences in metabolite concentrations by
MTHEFR 677C—T genotype. Formate concentrations had non-
normal distributions, and so inverse normal rank transformations
were applied to the formate to satisfy the normality assump-
tion before examination of associations with metabolite vari-
ables through linear regression analysis. The inverse normal rank-
transformed formate data were regressed on each of methionine,
serine, glycine, tryptophan, serum folate, homocysteine, serum
total vitamin B-12, choline, cysteine, cystathionine, red blood cell
folate, holotranscobalamin, and methylmalonic acid for associa-
tion analysis. Multiple linear regression analysis was performed
to examine the associations of formate with the metabolite vari-
ables adjusted for sex, smoking, alcohol intake, and oral contra-
ceptive use. Correlation analysis was performed with the use of
Spearman correlation coefficients. To explore nonlinear relations
between metabolites, generalized additive models (GAMs) were
constructed by using R statistical software (version 3.1.1). Sig-
nificance was set at P < 0.05.

SNPs were tested for association with logjo-transformed for-
mate concentrations by using the simple linear regression model
executed in PLINK (10.1086/519795) version 1.07 under the
assumption of an additive genetic model. The genomewide sig-
nificance level was set at P < 5 x 1078, We also tested for
associations between variants in preselected candidate genes.
Bonferroni corrections for these tests were based on the number
of SNPs tested for all candidate genes.
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TABLE 1
Characteristics of the study population'
Total (n =1701)  Men (n =638)  Women (n = 1063) P

Age,y 222 + 1.8 223 +£ 19 22.1 + 1.8 0.022
BMI, kg/m? 229 + 3.1 23.2 + 3.0 22.7 £ 3.2 0.002
Alcohol, g/d 23.1 + 20.5 31.7 + 248 18.0 £ 15.2 <0.0001
Creatinine, pmol/L 65.2 + 133 74.8 + 12.0 59.5 + 10.3 <0.0001
CRP, mg/L 1.6 £ 32 1.5 £ 4.0 1.7 £ 26 0.30
Cystatin C, mg/L 0.76 = 0.14 0.82 + 0.14 0.73 + 0.13 <0.0001
Hemoglobin, g/dL 142 £ 1.8 154 £ 1.5 134 £ 1.5 <0.0001
AST, units/L 21.3 £ 104 24.6 £ 149 194 £ 5.6 <0.0001
ALT, units/L 16.4 £ 9.936 19.8 £ 12.0 145 £ 7.8 <0.0001
GGT, units/L 18.0 +£ 10.0 21.6 £ 11.5 15.8 + 8.2 <0.0001
Bilirubin, pmol/L 9.6 £ 5.7 12.1 £ 6.5 82 £ 4.6 <0.0001
Urea mmol/L 44 £ 1.1 49 + 1.1 4.0 £ 0.9 <0.0001
Uric acid umol/L 265 £ 79 331 £ 67 226 + 56 <0.0001
Current smokers, n (%) 522 (31) 197 (31) 325 (31)
Oral contraceptive use, 1 (%) — — 268 (25.2)
MTHFR 677C—T, n (%)

CC 742 (44.8) 260 (42.3) 482 (46.3)

CT 716 (43.2) 277 (45.0) 439 (42.2)

TT 198 (12.0) 78 (12.7) 120 (11.8)
Total valid genotypes 1656 615 1041

!'Values are means + SDs unless otherwise indicated. Student’s ¢ test was used to determine signif-
icant differences between male and female participants. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CRP, C-reactive protein; GGT, y-glutamyltransferase; MTHFR, methylenetetrahydro-

folate reductase.

RESULTS

Characteristics of the selected population

Table 1 shows the general demographic and clinical charac-
teristics of the selected population. The clinical variables were
within normal ranges and the differences between men and
women were expected and have been reported previously for the
full TSS cohort (15-18). Alcohol intake was higher among men,

and 31% of participants reported that they were current smok-
ers. One-quarter of the women used oral contraceptives. The fre-
quency of the genotypes for the MTHFR 677C—T polymor-
phism was in accord with the Hardy-Weinberg equilibrium, with
an allele frequency of 0.664 C and 0.336 T.

Table 2 shows the relevant B-vitamin and one-carbon metabo-
lites in the study population. Red blood cell folate was not af-
fected by sex. Otherwise, serum vitamin B-12, homocysteine,

TABLE 2
Metabolites and biomarkers in the study population’

Total (n = 1701) Men (n = 638)  Women (n = 1063) P
Serum folate, nmol/L 33.3 + 18.0 31.8 &+ 16.3 34.2 + 18.9 0.007
Red blood cell folate, nmol/L 1046 + 427 1064 + 400 1035 + 442 0.16
Serum vitamin B-12, pmol/L 339 + 150 365 + 147 324 + 150 <0.0001
Homocysteine, pmol/L 8.7 £ 3.1 9.6 £ 3.6 82 £ 27 <0.0001
Holotranscobalamin, pmol/L 59.3 + 31.8 64.3 + 304 56.2 + 32.3 <0.0001
Methylmalonic acid, pmol/L 0.19 + 0.09 0.19 4+ 0.08 0.19 + 0.09 0.27
Methionine, pmol/L 292 + 8.2 32.1 + 8.5 274 + 74 <0.0001
Serine, pmol/L 148 + 24 144 + 23 150 + 25 <0.0001
Glycine, umol/L 296 + 64 305 + 52 290 + 70 <0.0001
Sarcosine, pmol/L 1.3 £ 0.6 1.7 £ 0.7 1.1 £0.5 <0.0001
Tryptophan, pmol/L 70.5 £ 129 74.6 £ 12.8 68.1 = 12.4 <0.0001
Cystathionine, pmol/L 0.14 £ 0.07 0.16 £ 0.07 0.14 £ 0.07 <0.0001
Cysteine, pmol/L 242 + 238 248 + 234 238 + 23.2 <0.0001
Choline, pmol/L 7.6 £ 1.8 8.0 £ 1.8 74 + 1.8 <0.0001
Betaine, pmol/L 374 + 142 450 + 124 32.8 £ 13.3 <0.0001
Dimethylglycine, pumol/L 42 + 1.2 4.6 £ 1.1 4.0 £ 1.1 <0.0001
Formate, umol/L 259 +£ 7.7 250 £ 7.8 26.5 £ 7.7 <0.0001

!'Values are means + SDs. Student’s 7 test was used to determine significant differences between male
and female participants. There are some missing values for several metabolites; therefore, the n values for
metabolites range from 628 to 638 in men and from 1057 to 1063 in women.
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FIGURE 2 Distribution of serum formate concentrations in the Trinity Student Study cohort, n = 1701.

methionine, glycine, choline, betaine, dimethylglycine, sarco-
sine, and tryptophan were higher in men, whereas serum folate,
serine, and formate were higher in women. There was no differ-
ence in formate concentrations (P = 0.51) between women who
used (mean =+ SD: 26.8 &= 7.0 pumol/L; n = 267) and did not use
(26.4 £ 7.9 pmol/L; n = 794) oral contraceptives.

Distribution and associations of formate in the TSS cohort

Figure 2 shows that the distribution of formate concentrations
in the 1701 participants in the current study ranged from 8.74 to
96.5 uM, with a mean + SD of 25.94 + 7.7 uM. There were
no significant associations between formate concentrations and
BMI, alcohol ingestion (grams of alcohol per day), and serum
cotinine, a marker for smoking (data not shown). Spearman corre-
lation coefficients and log-rank—transformed regression P values
showed that formate concentrations were positively correlated
with methionine, serine, tryptophan, serum folate, and choline
and negatively correlated with glycine, homocysteine, and serum
total vitamin B-12. There were no significant correlations with
cysteine, cystathionine, red blood cell folate, holotranscobal-
amin, or methylmalonic acid (Table 3). The relations between
formate and the potential formate precursors are shown graphi-
cally as GAM plots in Figure 3, and the relations with other vari-
ables (vitamins and metabolites of the trans-sulfuration pathway)
are shown in Figure 4.

Effect of genetic polymorphisms on formate concentrations

We carried out a genomewide association study analysis
of logjo-transformed formate concentrations and tested for an
association between functional polymorphisms in a number
of genes that are involved in one-carbon metabolism. One
SNP reached the established genomewide significance level of
P <5x 1078 (rs10819587; P = 3.03 x 10~%). This and the next
most-associated SNP (rs2297603; P = 1.53 x 107~7) are located

in collagen type XV «1 chain (COL15A1), a gene without an ob-
vious role in formate metabolism. Due to the limited availability
of additional samples, this finding has not been replicated.

After this analysis, we performed a more focused associa-
tion analysis of serum formate with specific candidate genes.
These genes were cytoplasmic NAD(P)-dependent 10-formyl-
THF dehydrogenase (ALDHILI), ALDHIL2, cytoplasmic
trifunctional 10-formyl-THF synthase (MTHFDI), MTHFDIL,
mitochondrial bifunctional NAD-dependent methylene-THF
dehydrogenase/methenyl-THF  cyclohydrolase =~ (MTHFD?2),
NAD-dependent methylenetetrahydrofolate dehydrogenase 2-
like (MTHFD2L), MTHFR, and serine hydroxymethyltransferase
2 (SHMT?2). No significant relation between formate concen-
trations and the genetic variants tested was observed for these
genes.

TABLE 3

Spearman correlation coefficients and regression P values for
log-rank—transformed formate data on blood metabolites in the study
population

Metabolite Formate, Spearman’s r P!
Methionine 0.088 1.20 x 1074
Serine 0.130 1.5 x 1077
Glycine —0.082 0.016
Tryptophan 0.122 5.82 x 1077
Serum folate 0.124 1.67 x 1073
Homocysteine —0.081 6.03 x 1077
Serum total vitamin B-12 —0.081 7.61 x 1074
Choline 0.091 1.07 x 107
Cysteine —0.037 0.150
Cystathionine 0.035 0.105
Red blood cell folate 0.000 0.921
Holotranscobalamin —0.031 0.674
Methylmalonic acid 0.006 0.268

P values are based on the following models: y = ag + «ojx + &, where
y = inverse normal rank transformation of formate and x is one of the metabo-
lites. The P value is for the null Hy: oy = 0.
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GAM, generalized additive model.

We also examined the relation between formate concentrations
and the MTHFR 677C—T genotype, determined separately as an
independent variable. This analysis showed a significant effect of
the MTHFR 677C—T polymorphism. Participants with the CC
genotype had higher formate concentrations (by 10%) than did
those with the TT genotype. CT participants had intermediate
concentrations (Table 4). As expected, both serum folate and red
blood cell folate were higher in CC participants than in TT par-
ticipants, with CT participants exhibiting intermediate concentra-
tions. Homocysteine was higher (by 13%) in TT participants than
in CC participants, with CT participants exhibiting intermediate
concentrations.

Multiple regression analysis

A multiple regression analysis (Table 5) identified the most
important determinants of serum formate. By using a stepwise
selection, sex, glycine, serum vitamin B-12, serine, serum fo-
late, tryptophan, and choline were found to be significantly as-

sociated with the formate concentration (P < 0.05). Smoking,
alcohol intake, red blood cell folate, plasma total homocysteine,
oral contraceptive use, methionine, cysteine, cystathionine, holo-
transcobalamin, and methylmalonic acid were not significantly
associated with formate and are not included in the final model.

DISCUSSION

As far as we are aware, this is the first study that examines
the determinants of formate concentrations in a human popu-
lation. The principal results are as follows: /) the strong, pos-
itive relations between formate concentration and most of its
metabolic precursors; 2) the effect of sex; and 3) the relation with
the MTHFR 677C—T genotype.

Table 3 shows a strong positive relation between formate con-
centration and concentrations of methionine, serine, tryptophan,
and choline. Tryptophan catabolism produces formate when N-
formylkynurenine is converted to kynurenine and formate by the
cytosolic enzyme formamidase. The metabolism of methionine,
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generalized additive model.

serine, and glycine may all produce 5,10-methylene-THF within
mitochondria, which may be converted to formate (Figure 1)
by the combined actions of 5,10-methylene-THF reductase,
5,10-methenyl-THF-cyclohydrolase, and MTHFDIL; the first 2
of these activities occur as a bifunctional enzyme, MTHFD?2.
Choline catabolism produces both sarcosine and dimethyl-
glycine, which are metabolized within mitochondria by sarco-
sine dehydrogenase and dimethylglycine dehydrogenase, respec-
tively, to give rise to 5,10-methylene-THF. Methionine may be
converted to S-adenosylmethionine (SAM) by SAM synthase.

MAT III, one of the hepatic isoforms of SAM synthase, ex-
hibits the unusual property of positive feedback (24). Thus,
when in abundance in the liver, SAM activates MAT III, thereby
further increasing SAM concentrations. SAM, via glycine:N-
methyltransferase, may then methylate glycine to produce sar-
cosine, a precursor for mitochondrial formate production, as
outlined above (5). Serine is generally thought to be the ma-
jor precursor for the production of one-carbon groups (7); the
mitochondrial isoform of SHMT?2 initiates mitochondrial serine
metabolism, which produces formate (2).
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TABLE 4
Effect of the MTHFR 677C—T polymorphism'
Genotype
CC (n=742) CT (n=1716) TT (n = 198) p?

Serum folate, nmol/L 34.7 + 18.0 333 + 17.2 28.6 + 19.7 <0.0001
Red blood cell folate, nmol/L 1085 + 427 1046 £ 416 898 + 437 <0.0001
Total homocysteine, pmol/L 83 £ 2.1 8.6 £29 10.6 £ 5.8 <0.0001
Formate, pmol/L 26.6 + 7.3 258 £ 7.7 24.1 £ 9.0 <0.0001

'Values are means 4 SDs. MTHFR, methylenetetrahydrofolate reductase.
2One-factor ANOVA was used to determine differences in metabolite concentrations by MTHFR

677C— G genotype.

The GAM plot of formate against glycine was U-shaped
(Figure 3). Increasing the glycine concentration to ~370 uM was
associated with decreasing formate, whereas further increases in
glycine (from 370 to 700 uM) were associated with increasing
formate concentrations. A careful study of diurnal variations in
plasma amino acid concentrations in young, healthy men as a
function of protein intake showed an inverse relation between
glycine concentration and protein intake (i.e., glycine concen-
trations were lowest at high protein intakes) (25). This was true
throughout the day in both the postabsorptive and postprandial
phases. Notably, serine, methionine, and tryptophan behaved dif-
ferently in that their plasma concentrations were directly associ-
ated with protein intake. Therefore, it is possible that the positive
associations between formate and a number of dietary formate
precursors (serine, tryptophan, methionine) may not be inconsis-
tent with the negative association between formate and glycine
concentrations. The mechanism whereby glycine concentrations
decrease as a function of protein intake is not fully understood,
but studies in rats have shown a marked activation of the glycine
cleavage system on feeding either a high-protein diet or a sin-
gle high-protein meal (26). This has been attributed to the ac-
tion of glucagon (27). Regardless of the mechanism, the inverse
relation between glycine and formate concentrations may be at-
tributed to decreased glycine concentrations in individuals who
ingested a protein-rich meal and who would also have had ele-
vated concentrations of serine, methionine, and tryptophan. The
positive association between glycine and formate, at high formate

TABLE 5

concentrations, may simply reflect a response of the glycine
cleavage system to higher substrate concentrations.

The glycine cleavage system appears to be critical for the pro-
vision of one-carbon units during neural tube formation in the
mouse embryo, because knock-out of one of its subunits (Gldc)
results in a marked incidence of neural tube defects, which can
be eliminated by the provision of sodium formate in the maternal
drinking water (28).

Figure 4 shows that formate concentrations respond differ-
ently to changes in folate or vitamin B-12 concentrations. In-
creased serum vitamin B-12 was associated with decreased for-
mate, whereas increased serum folate (particularly at low folate
concentrations) was associated with increased formate. Because
these 2 vitamins work in tandem to effect remethylation, it is more
usual for their deficiencies to display common outcomes. Be-
cause there is no relation between transcobalamin and formate,
the effect of serum vitamin B-12 may then be due to haptocor-
rin, which carries ~80% of the total vitamin B-12 in serum. The
fate of vitamin B-12 associated with haptocorrin is unclear; it is
transported into the liver but not into other tissues (29). It is pos-
sible that this vitamin B-12 may influence formate metabolism. It
should be borne in mind that folate is involved in both the produc-
tion of one-carbon groups (via mitochondrial formate synthesis)
and the cytoplasmic utilization of these groups, whereas vitamin
B-12is only involved in the cytoplasmic utilization of one-carbon
groups. Figure 4 also shows an inverse relation between homo-
cysteine and formate. The explanation for this is not immediately

Multiple linear regression analysis of inverse normal transformed formate concentration against
metabolites adjusted for sex. The 7-values are r-distributed statistic values to test the regression
coefficients to be 0 and the (Pr > Itl) are the related P-values'

Variable Estimate SE t Value Pr> It

Intercept —0.9433087411 0.23224020 —4.06 <0.0001
Sex —0.1693615946 0.05434786 -3.12 0.0019
Glycine —0.0016462631 0.00044307 —-3.72 0.0002
Serum vitamin B-12 —0.0006902293 0.00016918 —4.08 <0.0001
Serine 0.0062076509 0.00123529 5.03 <0.0001
Serum folate 0.0071649768 0.00167058 4.29 <0.0001
Tryptophan 0.0085507021 0.00198087 4.32 <0.0001
Choline 0.0342071342 0.01331375 2.57 0.0103

I'The formate concentration is transformed by inverse normal rank transformation to satisfy normality.
Smoking, alcohol intake, red blood cell folate, total homocysteine, and oral contraceptive use were found
not to be significantly associated with the inverse normal transformed formate concentrations; hence, they

are not included in the final models.
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apparent. Our studies with folate and vitamin B-12 in rats found
that deficiencies of either of these vitamins resulted in increases
in both formate and homocysteine. It is, however, possible that the
observed relation may reflect the effect of the TT or CT MTHFR
genotype on both decreasing formate concentrations (possibly as
a consequence of decreasing folate concentrations) and increas-
ing homocysteine concentrations as a consequence of impaired
remethylation.

There was a significant effect of sex. Formate concentrations
were ~10% higher in women than in men. There was no ef-
fect of oral contraceptive use on formate concentrations. The
reasons for the sexual dimorphism are not immediately appar-
ent, although there may be an effect of estrogen. Certainly, uter-
ine transcript levels for MTHFD?2 are increased after treatment
of mice with ethinyl estradiol (30). However, if the difference in
formate concentrations between women and men is due to the
action of estrogen in women, this effect must be saturated be-
cause no further effect was evident in the oral contraceptive users.
There is little information with regard to the effects of estrogen
on other genes that govern one-carbon metabolism other than
phosphatidylethanolamine methyltransferase, the gene that codes
for the hepatic enzyme that synthesizes phosphatidylcholine (31).
The relative resistance of premenopausal women to choline defi-
ciency has been attributed to the induction of this gene by estro-
gen (32).

There was a clear but modest effect of MTHFR 677C—T geno-
type on formate concentrations; formate was 10% lower in par-
ticipants with the TT genotype than in those with the CC geno-
type. We suggest that this may be a function of the reduced
MTHEFR activity in TT participants. There is evidence that de-
creased MTHFR activity may result in decreased formate con-
centrations. Krebs and Hems (33) and Waydhas et al. (34) found
that the addition of methionine to either isolated rat hepatocytes
or to isolated perfused rat liver resulted in a marked increase in
formate oxidation to carbon dioxide. They interpreted this to be a
result of the allosteric inhibition of MTHFR by an increased SAM
concentration. The subsequent accumulation of 10-formyl-THF
increases its rate of oxidation to carbon dioxide by the dehydro-
genase domain of MTHFD1. Krebs and Hems (33) and Waydhas
et al. (34) assumed that ALDH1L1 was responsible for the oxi-
dation of 10-formyl-THF to carbon dioxide. More recently, how-
ever, the mitochondrial isoform of ALDHI1L1 (ALDHI1L2) has
been discovered (3), which must also be considered to play a role
in the oxidation of the formyl group of 10-formyl-THF to carbon
dioxide.

The MTHFR 677C—T genotype has been identified as a risk
factor for neural tube defects (35, 36). The catalytic activity of
MTHEFR is greatly reduced, to ~30%, in participants with the
TT genotype, because of increased loss of its flavin prosthetic
group, particularly in a low-folate environment (37, 38). In
addition, many flavoproteins, including MTHFR, that have lost
their flavin prosthetic group are catabolized more rapidly than
are the holo-enzymes (39). We therefore suggest that decreased
MTHEFR activity in individuals homozygous for the 677 C—T
MTHFR genotype may similarly increase the oxidation of the
formyl group to carbon dioxide and decrease serum formate con-
centrations. In support of this suggestion, we used a computer
simulation of folate metabolism (40) to assess the effect of re-
ducing the MTHEFR activity by 66%; the simulation predicted an
increased flux through 10-formyl-THF dehydrogenase of 9% and

a reduction in formate concentrations of 10%. Because maternal
formate supplementation reduces the incidence of neural tube
defects in a number of susceptible mouse models (24, 41, 42),
it will be of interest to consider whether decreased formate con-
centrations may play a role in the etiology of neural tube defects
in women homozygous for the MTHFR 677 C—T genotype.

Formate has been described as the neglected member of one-
carbon metabolism. It occurs in serum at considerable concen-
trations and has been suggested to play a role in distributing
one-carbon groups to different organs (5). The present study de-
scribes for the first time, to our knowledge, some of the determi-
nants of serum formate concentration in a healthy human popu-
lation and provides the foundation for future studies on formate
metabolism in humans.
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