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One-carbon (1C) metabolism is a universal folate-dependent
pathway essential for de novo purine and thymidylate synthesis,
amino acid interconversion, universal methyl-donor produc-
tion, and regeneration of redox cofactors. Homozygous deletion
of the 1C pathway gene Mthfd1l encoding methylenetetrahy-
drofolate dehydrogenase (NADP�-dependent) 1-like, which
catalyzes mitochondrial formate production from 10-formyltet-
rahydrofolate, results in 100% penetrant embryonic neural tube
defects (NTDs), underscoring the central role of mitochondri-
ally derived formate in embryonic development and providing a
mechanistic link between folate and NTDs. However, the spe-
cific metabolic processes that are perturbed by Mthfd1l deletion
are not known. Here, we performed untargeted metabolomics
on whole Mthfd1l-null and wildtype mouse embryos in combi-
nation with isotope tracer analysis in mouse embryonic fibro-
blast (MEF) cell lines to identify Mthfd1l deletion–induced dis-
ruptions in 1C metabolism, glycolysis, and the TCA cycle. We
found that maternal formate supplementation largely corrects
these disruptions in Mthfd1l-null embryos. Serine tracer exper-
iments revealed that Mthfd1l-null MEFs have altered methio-
nine synthesis, indicating that Mthfd1l deletion impairs the
methyl cycle. Supplementation of Mthfd1l-null MEFs with for-
mate, hypoxanthine, or combined hypoxanthine and thymidine
restored their growth to wildtype levels. Thymidine addition
alone was ineffective, suggesting a purine synthesis defect in
Mthfd1l-null MEFs. Tracer experiments also revealed lower
proportions of labeled hypoxanthine and inosine monophos-
phate in Mthfd1l-null than in wildtype MEFs, suggesting that
Mthfd1l deletion results in increased reliance on the purine sal-
vage pathway. These results indicate that disruptions of mito-
chondrial 1C metabolism have wide-ranging consequences for
many metabolic processes, including those that may not directly
interact with 1C metabolism.

One-carbon metabolism is indispensable during embryonic
development, and maternal deficiency of folic acid is strongly
associated with neural tube defects (NTDs).2 Periconceptional
intake of supplemental folic acid can reduce the incidence of
NTDs by as much as 70%, and many countries now fortify their
food supply with folic acid to ensure that women of child-bear-
ing age consume adequate quantities of the vitamin. Although
folic acid fortification has decreased NTD incidence in most
populations, an estimated 30% of NTD cases do not respond to
folic acid supplementation (1). Moreover, despite the strong
clinical links between folate and NTDs, the biochemical mech-
anisms through which folic acid acts during neural tube devel-
opment remain largely undefined (2).

Folate-dependent (1C) metabolism is highly compartmen-
talized in eukaryotes with mitochondria playing a central role
(3). Mitochondrial 1C metabolism begins with the entry of 1C
donors including serine and glycine into the mitochondria (Fig.
1). These 1C donors are processed by serine hydroxymeth-
yltransferase (SHMT) or the glycine cleavage system to produce
5,10-methylenetetrahydrofolate (CH2-THF, reactions 4m and
5). Mitochondrial CH2-THF dehydrogenase and 5,10-methe-
nyl-tetrahydrofolate (CH�-THF) cyclohydrolase activities
are catalyzed by the bifunctional isozymes MTHFD2 and
MTHFD2L (reactions 3m and 2m). The final step in the mito-
chondrial 1C pathway, the formation of formate from 10-formyl-
tetrahydrofolate (10-CHO-THF), is catalyzed by the mono-
functional enzyme MTHFD1L (reaction 1m). An alternative
fate for 10-CHO-THF is oxidization to CO2 and THF in an
NADP�-dependent reaction catalyzed by the mitochondrial
10-CHO-THF dehydrogenase activity of ALDH1L2 (reaction
9). In the cytoplasm, a single trifunctional enzyme, MTHFD1, is
responsible for 10-CHO-THF synthetase, CH�-THF cyclohy-
drolase, and CH2-THF dehydrogenase activities (Fig. 1, reac-

This work was supported in part by National Institutes of Health Grants
F32HD074428 (to J. M.), GM086856 (to D. R. A.), and HD083809 (to D. R. A.
and S. T.), Welch Foundation Grant F1859 (to B. X.), and a STAR Award from
the University of Texas System (to S. T.). The authors declare that they have
no conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

This article contains Tables S1 and S2.
1 To whom correspondence should be addressed: 100 East 24th St., Stop

A5000, University of Texas at Austin, Austin TX 78712. Tel.: 512-471-5842;
E-mail: dappling@austin.utexas.edu.

2 The abbreviations used are: NTD, neural tube defect; 1C, one-carbon; CH�-
THF, 5,10-methenyltetrahydrofolate; CH2-THF, 5,10-methylenetetrahy-
drofolate; 10-CHO-THF, 10-formyltetrahydrofolate; ALDH1L2, aldehyde
dehydrogenase 1-like 2; DMEM, Dulbecco’s modified Eagle’s medium;
ECAR, extracellular acidification rate; FBS, fetal bovine serum; FCCP, car-
bonyl cyanide-4-(trifluormethoxy)phenylhydrazone; FDR, false discovery
rate; KO, knockout; MEF, mouse embryonic fibroblast; MTHFD, methylene-
tetrahydrofolate dehydrogenase; NMR, nuclear magnetic resonance; OCR,
oxygen consumption rate; PCA, principal component analysis; SHMT, ser-
ine hydroxymethyltransferase; TCA, tricarboxylic acid; MEM, modified
Eagle’s medium.

croARTICLE

J. Biol. Chem. (2018) 293(16) 5821–5833 5821
© 2018 Bryant et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

http://www.jbc.org/cgi/content/full/RA118.002180/DC1
mailto:dappling@austin.utexas.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.002180&domain=pdf&date_stamp=2018-2-26


tions 1–3). The synthetase activity of MTHFD1 attaches mito-
chondrially derived formate to THF in the cytoplasm. This
10-CHO-THF can be used for de novo purine synthesis or
reduced to CH2-THF via the cyclohydrolase and dehydroge-
nase activities of MTHFD1 for thymidylate synthesis (reaction
8). Finally, CH2-THF may be further reduced to 5-methyl-THF
for use in the methyl cycle (reaction 6).

Deletion of Mthfd1l in mice has revealed the critical role of
mitochondrial 1C metabolism in embryonic development.
Embryos lacking MTHFD1L exhibit aberrant neural tube clo-
sure, craniofacial defects, developmental delay, and embryonic
lethality by embryonic day 12.5 (E12.5) in mice (4). Homozy-
gous deletion of Mthfd1l results in NTDs with 100% pen-
etrance, without feeding a folate-deficient diet. The NTD
phenotype is variable, including defects such as wavy neural
tube, exencephaly, and craniorachischisis. Consistent with
the prediction that lack of 10-CHO-THF synthetase activity
would result in a loss of mitochondrial formate production,
supplementation of pregnant dams with formate reduces the
incidence of neural tube defects, partially rescues growth
restriction, and significantly extends survival of null em-
bryos (4).

The Mthfd1l knockout (KO) mouse provides a powerful
model that can be used to identify specific metabolic processes
that underlie folate-associated NTDs. Here we apply untar-
geted metabolomics on whole embryos in combination with
isotope tracer studies in mouse embryonic fibroblast cell lines
to identify disruptions in 1C and energy metabolism caused by
deletion of the Mthfd1l gene.

Results

Formate production in isolated mitochondria

Isolated mitochondria are capable of producing formate
from serine (5–7). Based on the known 1C pathway (Fig. 1), we
anticipated that mitochondria lacking MTHFD1L would be
unable to produce formate from serine. To obtain sufficient
mitochondria for this assay, embryos at E14.5 or later were
required. Mthfd1�/� (null) embryos do not survive past E12.5

unless the dams are supplemented with formate (4). Embryos at
E14.5–E16.5 were dissected from dams that had been supple-
mented with 2,500 mg kg�1 d�1 of calcium formate. Isolated
mitochondria from these embryos were incubated with L-[3-
14C]serine and [14C]formate production was measured. Sur-
prisingly, mitochondria from Mthfd1l�/� embryos showed sig-
nificant, albeit reduced, formate production from serine (Fig.
2A). Formate production increased linearly with the L-[3-
14C]serine concentration in mitochondria from both wildtype
and Mthfd1l�/� embryos, indicating that serine was not
saturating under these conditions. Immunoblots confirmed
that MTHFD1L was undetectable in mitochondria from
Mthfd1l�/� embryos (Fig. 2B).

Residual formate production from mitochondria isolated
from Mthfd1l�/� embryos suggests the presence of another
pathway for converting the 3-carbon of serine to formate.
ALDH1L2 (mitochondrial 10-CHO-THF dehydrogenase, Fig.
1, reaction 9) has been shown to exhibit a 10-CHO-THF hydro-
lase activity in vitro, producing formate from 10-CHO-THF (8,
9). Immunoblots confirmed that ALDH1L2 is present in
mitochondria from both wildtype and Mthfd1l�/� embryos
(Fig. 2B).

Figure 1. Compartmentalization of folate-dependent one-carbon
metabolism. Reactions are catalyzed by the following: 1, 2, and 3, MTHFD1;
1m, MTHFD1L; 2m and 3m, MTHFD2 or MTHFD2L; 4 and 4m, SHMT; 5, glycine
cleavage system; 6, MTHFR; 7, methionine synthase; 8, thymidylate synthase;
9, ALDH1L2.

Figure 2. Formate production in mitochondria isolated from wildtype or
Mthfd1l�/� embryos. A, [14C]formate produced from L-[3-14C]serine in mito-
chondria isolated from pooled E14.5 to E16.5 embryos. Due to limited
amounts of mitochondria available from the pooled embryos of each geno-
type, each data point represents a single reaction. B, representative immuno-
blot of MTHFD1L and ALDH1L2 expression in mitochondria isolated from
E16.5 embryos. Each lane was loaded with 20 �g of protein. Immunoblots
were probed with antibodies against MTHFD1L (100 kDa), ALDH1L2 (100
kDa), or the mitochondrial matrix protein Hsp60 (60 KDa) as a loading control.
Migration and size (kDa) of molecular mass markers are shown on the right of
the blots.
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Metabolomic analysis of Mthfd1l�/� embryos from
unsupplemented dams

An untargeted metabolomics analysis of Mthfd1l�/� and
Mthfd1l�/� embryos (n � 5) was conducted using both nuclear
magnetic resonance (NMR) and mass spectrometry (MS)
to identify metabolic alterations associated with loss of
MTHFD1L. A total of 98 metabolites were positively identified
from NMR and MS analyses combined. Principal component
analysis (PCA) indicates clear separation of the groups, primar-
ily along PC1 (Fig. 3A). Pathway analysis was accomplished
using MetaboAnalyst (10, 11), with 12 pathways identified as
significantly altered in Mthfd1l�/� embryos compared with
wildtype (impact � 0.2, FDR � 0.05, Table 1). Pathway pertur-
bations included 1C metabolism, energy metabolism, and
amino acid metabolism (Table 1).

Metabolite differences were analyzed by t test, and p values
were corrected for the FDR to yield q values (12). Of the 98
detected metabolites, 24 were significantly altered by loss of
MTHFD1L (select metabolites in Fig. 3, full list in supporting
Table S1). Four metabolites in the 1C metabolism pathway
were detected. Of these, serine was significantly elevated, and
glycine and formate were decreased significantly in null
embryos (Fig. 3B). These are consistent with decreased utiliza-
tion of serine for formate synthesis.

Alterations of several metabolites suggested disruptions
to energy metabolism (Fig. 3C). Lactate was reduced in
Mthfd1l�/� embryos, whereas glucose increased (q � 0.083),
suggesting decreased flux through glycolysis. To further
explore this possibility, the lactate:pyruvate ratio was used to
estimate the cytoplasmic NAD�:NADH ratio using the method
described by Krebs (13). This method assumes that the conver-
sion of pyruvate � NADH to lactate � NAD� is in chemical
equilibrium (Fig. 3E). Assuming a pH of 7.0 and Keq � 1.11 �
10�4, the calculated NAD�:NADH ratio in Mthfd1l�/�

embryos (116.2 � 12.3) was significantly higher than in
Mthfd1l�/� embryos (88.4 � 7.1, p � 0.0024), consistent with
decreased flux through glycolysis in the mutant embryos (14,
15). The tricarboxylic acid (TCA) cycle also appeared to be
affected. The entry metabolite, citrate, was elevated, whereas
downstream metabolites, such as fumarate, were decreased in
Mthfd1l�/� embryos (Fig. 3C). The adenylate energy charge
was also disrupted. In Mthfd1l�/� embryos, there was a deple-
tion of AMP and an accumulation of ADP and ATP. Leucine,
isoleucine, valine, phenylalanine, tyrosine, glycine, and arginine
also exhibited a trend toward depletion in Mthfd1l�/�

embryos, although not all reached statistical significance after
FDR correction (Fig. 3D, Table S1). Taurine was also signifi-
cantly increased in Mthfd1l�/� embryos compared with
Mthfd1l�/� embryos (Table S1).

Mthfd1l�/� MEF growth curves

To determine whether deletion of Mthfd1l causes dysfunc-
tion in the synthesis of purines and thymidylate, a series of
growth curves was determined using MEFs derived from
Mthfd1l�/� and Mthfd1l�/� embryos. The basal media (basal
MEM) contained serine as a source of one carbon units, but
lacked any nucleotides. Cell growth and viability was monitored

using Cell Titer Blue. Although null MEFs were viable in basal
minimal Eagle’s medium (MEM), WT cells exhibited signifi-
cantly more robust growth (p � 0.0001) (Fig. 4A). Addition of
thymidine alone to basal MEM did not improve the growth of
null MEFs as compared with WT (Fig. 4B; p � 0.0023). The
addition of hypoxanthine alone (Fig. 4C, p � 0.13), hypoxan-
thine and thymidine together (Fig. 4D, p � 0.64), or formate
alone (Fig. 4E, p � 0.30) to basal MEM rendered the growth of
null MEFs indistinguishable from that of WT. Neither cell line
was able to grow when methionine was replaced with homocys-
teine and vitamin B12 (data not shown). The absence of
MTHFD1L in Mthfd1l�/� MEFs was confirmed by genotyping
and immunoblotting (Fig. 4F). Immunodetection of MTHFD1L
in whole cell extracts of MEFs requires long exposures, yielding
higher backgrounds than immunoblots of isolated mitochon-
dria (cf. Figs. 2B and 4F). Nonetheless, the MTHFD1L band at
100 kDa is clearly missing from the null MEF extract (Fig. 4F).

Deuterated serine labeling in MEFs

Despite the fact that mitochondrially derived 1C units are a
major source of carbon for methionine synthesis from homo-
cysteine (7, 16), loss of MTHFD1L did not significantly alter the
concentration of methionine in Mthfd1l�/� embryos (Fig. 3B).
To further explore this result, we employed a tracer experiment
utilizing L-[2,3,3-2H3]serine (7, 17). This experiment relies on
the principle that 1C units derived from carbon-3 of serine pro-
cessed in the mitochondria before incorporation into methio-
nine will only contain one deuterium atom (D1) due to the
dehydrogenase activity of MTHFD2/2L. One-carbon units
incorporated into methionine via SHMT1 in the cytosol will
retain both deuterium atoms (D2). Because B12 is a required
cofactor for the function of methionine synthase and basal
MEM does not typically contain B12, the labeling experiment
was conducted with the addition of 1 �M cyanocobalamin. We
found the methionine pool in Mthfd1l�/� cells contained
approximately five times as much mitochondrially derived sin-
gly deuterated (D1) methionine as the Mthfd1l�/� cells (Table
2). Conversely, doubly deuterated (D2) methionine was nearly
5-fold higher in Mthfd1l�/� cells than Mthfd1l�/� cells, sug-
gesting Mthfd1l�/� cells compensate for loss of MTHFD1L by
increasing flux of serine through cytosolic SHMT1. Consistent
with previously reported values (7, 16), about 90% of labeled
methionine in Mthfd1l�/� cells was mitochondrially derived,
whereas singly deuterated methionine accounted for only 27%
of labeled methionine in Mthfd1l�/� cells (Table 2).

Deuterium incorporation into hypoxanthine and IMP was
used as an indicator of de novo purine synthesis. Deuterium
from L-[2,3,3-2H3]serine can be incorporated into purines in
one of two ways: either as 10-CHO-THF (from C3) or as glycine
(from C2) produced by SHMT. Mthfd1l�/� cells had a much
higher proportion of labeled hypoxanthine and IMP than
Mthfd1l�/� cells (Table 3), suggesting that Mthfd1l�/� cells
utilize de novo purine synthesis, whereas Mthfd1l�/� cells rely
heavily on the salvage pathway. Although it is not possible to
distinguish whether the deuterium label in the purine is derived
from 10-CHO-THF or incorporated as glycine, in either case a
singly deuterated species indicates purine derived from the de
novo synthesis pathway rather than the salvage pathway.

Mthfd1l deletion disrupts embryonic 1C and energy metabolism

J. Biol. Chem. (2018) 293(16) 5821–5833 5823

http://www.jbc.org/cgi/content/full/RA118.002180/DC1
http://www.jbc.org/cgi/content/full/RA118.002180/DC1
http://www.jbc.org/cgi/content/full/RA118.002180/DC1


Mthfd1l deletion disrupts embryonic 1C and energy metabolism

5824 J. Biol. Chem. (2018) 293(16) 5821–5833



Finally, we used deuterium labeling to measure the effect of
disruption of the mitochondrial 1C pathway on serine synthe-
sis. Serine can be synthesized from glycine and CH2-THF via
SHMT (Fig. 1, reaction 4 or 4m), generating serine with 0, 1, 2,
or 3 deuterium atoms depending on the degree of labeling of
glycine and CH2-THF. Serine can also be generated from pro-
tein turnover, or synthesized de novo from the glycolytic inter-
mediate 3-phosphoglycerate. Serine derived from either of
these latter pathways would likely be unlabeled. We observed
that 60 –70% of the serine pool was doubly or triply deuterated
in both Mthfd1l�/� and Mthfd1l�/� MEFs (Table 4). The frac-
tion of unlabeled serine in both the intracellular and extracel-
lular compartments was significantly higher in Mthfd1l�/�

MEFs, as compared with Mthfd1l�/� MEFs (p � 0.012 and
0.0087, respectively), suggesting that de novo synthesis of serine
was increased in null cells.

Energy metabolism in Mthfd1l�/� MEFs

Metabolomic analysis of Mthfd1l�/� embryos suggests these
embryos have impaired energy metabolism (Fig. 3). To further
explore mitochondrial respiration and glycolytic flux, a Seahorse
XFp Flux Analyzer was used to measure the oxygen consumption
rate (OCR) and glycolytic flux via extracellular acidification rate
(ECAR) in MEFs. Mthfd1l�/� and Mthfd1l�/� MEFs showed sim-
ilar OCRs, indicating no difference in mitochondrial respiratory
function (Fig. 5, p � 0.62). Cell lines of both genotypes exhibited
well-coupled mitochondria after addition of rotenone and their
maximal respiration rates after addition of FCCP did not differ
significantly.

Mthfd1l�/� MEFs showed lower rates of extracellular acidi-
fication, indicating a difference in glycolytic flux (Fig. 5, p �
0.010). ECAR did not increase in either cell line after the
addition of oligomycin, indicating little or no glycolytic
reserve in these cells. ECAR only differed significantly after

glucose injection and prior to 2-deoxyglucose injection,
indicating that the difference in ECAR was due to decreased
glycolytic flux, rather than acidification of the media by some
other cellular process. These results are consistent with the
perturbations to energy metabolites observed in Mthfd1l�/�

embryos (Fig. 3).

Metabolomic analysis of Mthfd1l�/� embryos from calcium
formate–supplemented dams

To determine whether formate supplementation normal-
ized the metabolome of Mthfd1l�/� embryos, extracts of
Mthfd1l�/� and Mthfd1l�/� embryos from dams supple-
mented with 2,500 mg kg�1 d�1 calcium formate were exam-
ined using NMR and MS. Of the 117 detected metabolites, only
9 were significantly different after correcting for the false dis-
covery rate. Four of these 9 matched metabolites that were
altered in unsupplemented embryos: serine, glycine, taurine,
and AMP (select metabolites in Fig. 6, full list in supporting
Table S2). Serine remained elevated, and glycine remained
depleted. As expected, formate was normalized in embryos
upon maternal supplementation (Fig. 6B). Taurine abundance
was reversed; it was elevated in unsupplemented Mthfd1l�/�

embryos, but was diminished in supplemented Mthfd1l�/�

embryos. AMP remained depleted in Mthfd1l�/� embryos
despite supplementation (Fig. 6C). Formate supplementation
also eliminated the difference in the calculated NAD�:NADH
ratio (127.8 � 21.6 and 127.8 � 4.8 in Mthfd1l�/� and
Mthfd1l�/� embryos, respectively). Notably, lactate levels in
Mthfd1l�/� embryos were normalized by formate supple-
mentation (Fig. 6C and Table S2), suggesting that glycolytic
flux is restored upon formate supplementation. PCA indi-
cated that despite elimination of several metabolic markers
of null embryos, the groups still demonstrate distinct group
separation (Fig. 6A). This suggests that whereas formate sup-

Figure 3. Metabolomic analysis of Mthfd1l�/� embryos from unsupplemented dams. A, principal component analysis of embryo metabolites.
A–D, abundance of metabolites related to (B) one-carbon metabolism, (C) energy metabolism, and (D) amino acid metabolism in Mthfd1l�/� embryos
relative to Mthfd1l�/� embryos. Data (n � 5) are shown with mean � S.D. *, indicates false discovery rate, q � 0.05. E, diagram of metabolites detected
from glycolysis and TCA cycle. Thicker arrows represent multiple enzymatic steps. Not all intermediates are shown. Small up arrows (green) and down
arrows (red) represent metabolites that are increased or decreased in Mthfd1l�/� embryos compared with wildtype embryos, although not all of these
reached statistical significance after false discovery rate correction. Boxes represent amino acids that feed into the TCA cycle through the anaplerotic
reactions.

Table 1
Pathway analysis by MetaboAnalyst
Metabolic pathways that were found to be significantly altered (based on FDR) in Mthfd1l�/� embryos from unsupplemented dams. The rightmost column shows how each
pathway has responded to formate supplementation (supplemented Mthfd1l�/� versus supplemented Mthfd1l�/�).

Pathway
Total

compounds Hits
Unsupplemented

FDR
Supplemented

FDR

Methane metabolisma 9 3 2.76E-06 5.32E-06
Citrate cycle (TCA cycle)b 20 6 0.0028 0.52
Alanine, aspartate, and glutamate metabolismc 24 8 0.0054 0.027
Arginine and proline metabolismc 44 10 0.0057 0.13
Glyoxylate and dicarboxylate metabolism 18 4 0.0057 0.39
Valine, leucine and isoleucine biosynthesisc 11 4 0.0057 0.63
Pyruvate metabolismb 23 4 0.0063 0.057
Glycine, serine, and threonine metabolisma,c 31 7 0.012 5.32E-06
Histidine metabolismc 15 2 0.018 0.020
Phenylalanine metabolismc 11 2 0.026 0.023
Phenylalanine, tyrosine, and tryptophan biosynthesisc 4 2 0.026 0.023
�-Alanine metabolism 17 4 0.028 0.13

a Pathways involved in 1C metabolism.
b Pathways for energy metabolism.
c Pathways involved in amino acids.
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plementation ameliorates the phenotypic and metabolic
consequences of Mthfd1l knockout, it is not sufficient to
completely reverse the metabolic differences between null
and wildtype embryos. Pathway analysis with Metabo-
Analyst was again performed, this time focusing on the

pathways that had been identified as altered in unsupple-
mented embryos. This analysis revealed that of the 12 path-
ways that were altered in unsupplemented embryos, 6
were normalized by maternal formate supplementation
(Table 1).

Figure 4. Mthfd1l�/� MEF growth curves. Cell growth was monitored using the cell viability assay CellTiter Blue. A–E, cells were grown in basal MEM
(described under “Experimental Procedures”) with additional 30 �M thymidine, 30 �M hypoxanthine, or 1 mM formate as indicated. p values were determined
using a mixed model two-way analysis of variance for repeated measures in GraphPad Prism. Data points represent the mean of quadruplicate determina-
tions � S.D. F, loss of MTHFD1L expression in Mthfd1l�/� MEFs confirmed by genotyping and immunoblotting. The wildtype allele gives a 444-bp genomic
fragment and the Mthfd1l�/� allele gives a 324-bp fragment. For the immunoblots (IB), each lane was loaded with 40 �g of protein from whole cell extracts.
Immunoblots were probed with antibodies against MTHFD1L (100 kDa) or the mitochondrial matrix protein Hsp60 (60 kDa) as a loading control. Migration and
size (kDa or bp) of molecular mass markers are shown on the right of the gels.

Table 2
Methionine labeling with deuterated serine
MEFs were plated in triplicate in 10-cm dishes at a density of 1 � 106 cells per dish and were grown in labeling media for 4 days as described under “Experimental
procedures.” Incorporation of the deuterium label into methionine was measured by LC-MS. Means of triplicate determinations � S.D. are shown. M � unlabeled
methionine, D1 � methionine � 1 deuteron, D2 � methionine � 2 deuterons. p values were calculated using two tailed t tests.

Fraction of total (M � D1 � D2) Fraction of labeled (D1 � D2)
D1 D2 D1 � D2 D1 D2

MTHFD1L�/� 0.18 � 0.008 0.020 � 0.01 0.20 � 0.009 0.90 � 0.05 0.10 � 0.05
MTHFD1L�/� 0.033 � 0.001 0.092 � 0.009 0.12 � 0.008 0.27 � 0.03 0.73 � 0.03
p value 6.70E-06 0.0011 5.80E-04 6.00-05 6.00E-05
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Discussion

The Mthfd1l knockout mouse model has revealed a central
role of mitochondrially derived formate in embryonic develop-
ment, providing a mechanistic link between folic acid and
NTDs. Disruption of MTHFD1L function does not cause cellu-
lar folate deficiency, rather it blocks a specific metabolic step,
the production and release of formate from mitochondria into
the cytoplasm. This very specific metabolic defect causes aber-
rant neural tube closure and growth delay in 100% of
Mthfd1l�/� embryos. Maternal formate supplementation par-
tially rescues neural tube and growth defects (4). In the current
study, we show that Mthfd1l�/� mitochondria retain a residual
capacity to produce formate in organello (Fig. 2). Nevertheless,
mitochondrial formate production in null embryos is clearly
insufficient to support proper embryonic development in vivo.
It is likely that the flux of formate from mitochondria in
Mthfd1l�/� embryos is too low to provide for all the 1C
requirements in these embryos. This hypothesis is supported by
the decrease in labeled methionine observed in Mthfd1l�/�

embryos (Table 2).
Because MTHFD1L is not expressed in Mthfd1l�/� embryos

(Fig. 2A), what is the source of formate produced by
Mthfd1l�/� mitochondria? A likely source is ALDH1L2, a
mitochondrial 10-CHO-THF dehydrogenase (Fig. 1, reaction
9) that exhibits 10-CHO-THF hydrolase activity in vitro (8, 9).
Instead of oxidizing the formyl group of 10-CHO-THF to CO2,
this hydrolase activity releases the formyl group as formate. If
ALDH1L2 exhibits this activity in vivo, it could account for the
formate produced by Mthfd1l�/� mitochondria from L-[3-
14C]serine. ALDH1L2 is abundantly expressed in mitochondria
from Mthfd1l�/� embryos (Fig. 2B), which is consistent with

involvement of this enzyme in regeneration of THF and possi-
ble production of formate.

Given the central importance of 1C metabolism, it is reason-
able to expect a large global change in metabolites upon
deletion of Mthfd1l. To understand the metabolic impact of
this gene deletion, untargeted metabolomics and metabolic
pathway analyses was performed comparing wildtype and
Mthfd1l�/� embryos. These analyses revealed disruptions in
several 1C pathway metabolites as well as pathways involved in
energy production and amino acid metabolism (Fig. 3, B–D).
Surprisingly, steady state levels of purines, thymidylate, and
methionine did not differ significantly between Mthfd1l�/�

and wildtype embryos. Maternal formate supplementation nor-
malized the concentrations of a large proportion of embryo

Table 3
Purine labeling with deuterated serine
MEFs were plated in triplicate in 10-cm dishes at a density of 1 � 106 cells per dish and were grown in labeling media for 4 days as described under “Experimental
procedures.” Incorporation of the deuterium label into IMP and hypoxanthine (Hyp) was measured by LC-MS. Means of triplicate determinations � S.D. are shown.
IMP � D � IMP � 1 deuteron, Hyp � D � Hyp � 1 deuteron. p values were calculated using two tailed t tests.

Fraction of total (IMP � IMP � D) Fraction of total (Hyp � Hyp � D)
IMP IMP � D Hyp Hyp � D

MTHFD1L�/� 0.18 � 0.02 0.82 � 0.02 0.22 � 0.01 0.78 � 0.01
MTHFD1L�/� 0.90 � 0.009 0.1 � 0.009 0.81 � 0.03 0.19 � 0.03
p value 5.87E-06 5.87E-06 0.00024 0.00024

Table 4
De novo serine synthesis in Mthfd1l�/� MEFs
MEFs were plated in triplicate in 10 cm dishes at a density of 1 � 106 cells per dish
and were grown in labeling media for four days as described under “Experimental
procedures.” Deuterium labeling of serine from cellular extracts and serine effluxed
into the media was measured by LC-MS. Means of triplicate determinations � S.D.
are shown. S � unlabeled serine, D1 � serine � 1 deuteron, D2 � serine � 2
deuterons, D3 � serine � 3 deuterons. p values were calculated using two tailed t
tests.

Fraction of total serine (S � D1 � D2 � D3)
S D1 D2 D3

Intracellular
Mthfd1l�/� 0.25 � 0.02 0.065 � 0.02 0.29 � 0.03 0.41 � 0.04
Mthfd1l�/� 0.34 � 0.03 0.055 � 0.02 0.31 � 0.02 0.31 � 0.01
p value 0.012 0.41 0.23 0.012

Media
Mthfd1l�/� 0.12 � 0.04 NDa ND 0.88 � 0.04
Mthfd1l�/� 0.34 � 0.07 ND ND 0.66 � 0.07
p value 0.0087 0.0087

a ND, not detected.

Figure 5. Energy metabolism in Mthfd1l�/� MEFs. Mitochondrial respira-
tion (top) and glycolysis (bottom) were analyzed in MEFs using the Seahorse
XFp Flux Analyzer as described under “Experimental procedures.” Data points
represent the mean of triplicate determinations � S.D. Dashed lines represent
injections of the indicated compounds. *, p � 0.01; **, p � 0.0001 as deter-
mined by Bonferroni post test. 2-DG, 2-deoxyglucose.
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metabolites perturbed by loss of MTHFD1L, including all
observed TCA cycle intermediates (Fig. 6). Calculation of the
NAD�:NADH ratio in embryos from formate-supplemented
dams reveals that this ratio was no longer significantly different,
suggesting that glycolysis operates normally in Mthfd1l�/�

embryos from dams supplemented with formate.
There are numerous ways that these sweeping changes in

metabolism may interfere with neural tube closure. Diminished

amino acid availability could have negative effects on protein
synthesis required for rapid cell growth and division. Disrup-
tion of amino acid metabolism beyond the 1C donors serine
and glycine may reflect disturbances in TCA cycle metabolites
as amino acids are used to compensate for depletion in TCA
intermediates through anaplerosis (Fig. 3E) (18). The impact of
Mthfd1l deletion also extends to energy metabolism (Fig. 3C).
Although no differences were detected in mitochondrial respi-

Figure 6. Metabolomic analysis of Mthfd1l�/� embryos from calcium formate–supplemented dams. A, principal component analysis of embryo metab-
olites. A–D, abundance of metabolites related to (B) one-carbon metabolism, (C) energy metabolism, and (D) amino acid metabolism in Mthfd1l�/� embryos
relative to Mthfd1l�/� embryos. Data (n � 5) are shown with mean � S.D. *, indicates false discovery rate, q � 0.05.
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ration in Mthfd1l�/� MEFs (Fig. 5A), significantly decreased
flux through glycolysis was observed in Mthfd1l�/� MEFs in
comparison to wildtype (Fig. 5B). This decrease in glycolytic
flux may be in part explained by the observed increase in de
novo serine synthesis (Table 4). Diversion of the glycolytic
intermediate 3-phosphoglycerate for de novo serine synthesis
would decrease the yield of the payoff phase of glycolysis. Gly-
colysis seems to be a critical pathway during the transition from
gastrulation to the neurulation stage (E6 –9 in mice). For exam-
ple, mouse embryos exhibit increased glycolysis from E8.5 to
E10.5 (19), which spans the time of neural tube closure. More-
over, inhibition of glycolysis is known to cause NTDs, at least in
cultured embryos (20). Lactate, the end product of glycolysis,
also increases from E8.5 to E10.5 in mouse embryos (19). Using
mass spectroscopy imaging, these authors observed higher lev-
els of lactate in the dorsal or posterior neural tube, somites, and
head mesenchyme compared with surrounding tissues (19).
We observed lower lactate levels in Mthfd1l�/� embryos com-
pared with wildtype embryos (Fig. 3C), and formate supple-
mentation normalized this effect (Fig. 6C). These findings sug-
gest that the altered glycolysis associated with Mthfd1l deletion
may be an important factor in the aberrant neural tube closure
observed in the null embryos.

To better understand the effect of Mthfd1l deletion on flux
through the 1C pathway, metabolite supplementation and iso-
tope labeling experiments were performed using mouse embry-
onic fibroblasts (MEFs) derived from Mthfd1l�/� and wildtype
embryos. Growth curves indicate supplementation with for-
mate, hypoxanthine, or hypoxanthine and thymidine in combi-
nation rescue growth of Mthfd1l�/� MEFs to wildtype levels
(Fig. 4). Thymidine alone did not rescue, suggesting a purine
synthesis defect in Mthfd1l�/� MEFs. Purine synthesis can
occur either through a de novo pathway, which requires two 1C
units in the form of 10-CHO-THF, or via salvage, whereby
purines derived from degradation are reutilized. Deuterium
labeling experiments reveal that Mthfd1l�/� MEFs have a
much higher proportion of labeled hypoxanthine and IMP than
Mthfd1l�/� cells (Table 3), which suggests that Mthfd1l�/�

cells utilize de novo purine synthesis, whereas Mthfd1l�/� cells
exhibit a strong reliance on the salvage pathway. The defective
mitochondrial formate production resulting from Mthfd1l
deletion (Fig. 2) will cause a deficiency of cytoplasmic 10-CHO-
THF, thereby limiting the de novo pathway (Fig. 1). Indeed,
experiments with cultured embryos have shown that formate
supplementation decreases uptake of exogenous adenine and
thymidine (21), further supporting the critical role of formate
for nucleotide synthesis during embryogenesis.

A stable isotope tracer experiment revealed altered methio-
nine synthesis in Mthfd1l�/� MEFs (Table 2), indicating that
deletion of this gene affects the integrity of the methyl cycle.
Deuterium label incorporation suggests that Mthfd1l�/� MEFs
compensate for loss of MTHFD1L by increasing flux of serine
through cytosolic SHMT1 (Fig. 1, reaction 4). Analogous results
have been observed with blockage of the mitochondrial 1C
pathway via deletion of Shmt2, Mthfd2, or Mthfd1l in HEK293
cells, which led to increased incorporation of 1C units from
serine into dTTP via the cytosolic pathway (22).

The etiology of NTDs in Mthfd1l�/� embryos is likely influ-
enced by numerous factors including metabolism and nutrient
availability. Proper function of both the methyl cycle and nucle-
otide synthesis are essential for development. Inhibition of
SAM synthesis from methionine and inhibition of DNA meth-
ylation both lead to NTDs in mice (23, 24). Inhibition of de novo
purine synthesis with lometrexol causes partially penetrant
(30%) NTDs in mice (25), and defects in purine synthesis have
been found in a mouse model of NTDs (26). Deletion of the
glycine cleavage enzymes glycine decarboxylase and aminom-
ethyltransferase cause NTDs that can be partially prevented
either by maternal supplementation of methionine (27, 28) or
by inhibition of the methionine cycle in the glycine decarbox-
ylase KO mouse via deletion of MTHFR (28). Disruption of
thymidylate synthesis by knocking out SHMT1 is also associ-
ated with NTDs (29). Finally, disruptions to both purine and
thymidylate synthesis are associated with valproate-induced
NTDs in mice (30). Here we have identified specific metabolite
disturbances caused by loss of MTHFD1L that impact multiple
metabolic pathways, including the 1C metabolic pathway, gly-
colysis, the TCA cycle, and amino acid metabolism. The ame-
lioration of this deranged metabolism by formate supplemen-
tation highlights that a simple, targeted nutritional intervention
can make a powerful impact on a disease phenotype.

Experimental procedures

Mice and formate supplementation

All protocols in this study were approved by the Institutional
Animal Care and Use Committee of The University of Texas at
Austin and conform to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Mice were main-
tained on a C57BL/6 background.

The Mthfd1l knockout mouse model has been described pre-
viously (4). Homozygous null embryos (Mthfd1lz/z) carry two
copies of the Mthfd1l locus disrupted by a LacZ cassette
inserted between exons 4 and 6. Homozygous nulls will herein
be referred to as Mthfd1l�/� or simply nulls. Where indicated,
matings of heterozygous Mthfd1lz/� mice were housed in cages
equipped with a water bottle containing calcium formate. The
concentration of calcium formate was adjusted to deliver a cal-
culated dose of 2,500 mg kg�1 d�1 based on the assumption
that a 25-g C57BL/6 mouse consumes water at a rate of 5
ml/day (31). Female mice had access to water supplemented
with formate for a minimum of 1 day prior to the observation of
a vaginal plug.

Cell lines and media

Wildtype and nullizygous Mthfd1l MEFs were derived as
described below. The MEF cell lines were not immortalized, so
all experiments were conducted at fewer than four cell pas-
sages. Cells were grown in either Dulbecco’s modified Eagle’s
medium (DMEM, Sigma) supplemented with 10% fetal bovine
serum (FBS) or MEM (MP Bio 1641454) supplemented with
15% dialyzed FBS. Cells were grown in a humidified cabinet at
37 °C under 5% CO2 on 100-mm dishes. Cells were typically
passaged at 95% confluence at no more than a 1:4 dilution.
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Mitochondrial formate synthesis assay

Embryos at E14.5–E16.5 were dissected from dams that had
been supplemented with 2,500 mg kg�1 d�1 calcium formate
and genotyped using yolk sack tissue as previously described
(4). Embryos were pooled by genotype and mitochondria
were isolated using differential centrifugation as previously
described (7). Mitochondrial protein content was quantified by
BCA assay (ThermoFisher Scientific). Expression of MTHFD1L
and ALDH1L2 proteins was determined by immunoblotting.
Mitochondrial proteins were extracted and separated by SDS-
PAGE and immunoblotted as described previously (7). Blots
were probed with antibodies against MTHFD1L (1:1000) (32),
ALDH1L2 (1:2000) (8), or Hsp60 (1:2000; Enzo Life Sciences)
and reacting bands were detected with ECL Prime (GE Health-
care Life Sciences).

Measurement of mitochondrial synthesis of formate from
serine was carried out as described previously (6). Briefly, 1 mg
of mitochondria was incubated with L-[3-14C]serine (1000
dpm/nmol, Moravek Biochemicals, Brea, CA) at the indicated
concentration in a shaking incubator for 20 min at 37 °C. Reac-
tions were stopped by removal of mitochondria by centrifuga-
tion at 10,000 � g at 4 °C for 10 min. The resulting supernatant
was incubated at 95 °C to remove 14C-labeled CO2 that may
have been formed and [14C]formate was determined by enzy-
matic assay as described (6).

Mouse embryonic fibroblast derivation

MEFs were derived according to established protocols (33).
Briefly, dams supplemented with a calculated dose of 2,500 mg
kg�1 d�1 calcium formate were euthanized at E14.5 with CO2
asphyxiation followed by cervical dislocation. Mice were thor-
oughly sprayed with 70% ethanol then moved to a laminar flow
cabinet where uteri were dissected and washed with sterile PBS.
Individual embryos were placed into ice-cold PBS, with yolk sac
tissue reserved for genotyping. Embryo heads, heart, and liver
were removed and the remaining tissue placed into trypsin/
EDTA (0.25%) and incubated overnight at 4 °C. The following
morning, excess trypsin/EDTA solution was removed, leaving
approximately double the volume of tissue. Samples were incu-
bated at 37 °C for 30 min to activate trypsin. DMEM (10% FBS,
penicillin/streptomycin) was added and tissue was homoge-
nized by pipetting, plated, and incubated at 37 °C and 5% CO2.
These cells were considered passage number 0. After isolation,
MEFs were genotyped as described previously (4) and tested for
mycoplasma infection using a PCR test kit (SouthernBiotech).
Expression of MTHFD1L protein was determined by immuno-
blotting. Proteins were extracted using Nonidet P-40 lysis
buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, pH 7.5),
separated by SDS-PAGE, and immunoblotted as described
above.

MEF growth curves

Mthfd1l�/� and Mthfd1l�/� MEFs were plated onto six
96-well plates (one for each time point) at a density of 5 � 103

cells per well with four replicate wells per genotype for each
condition tested. Basal media (referred to as basal MEM) was
made from a formulation of modified Eagle’s medium lacking
methionine, cysteine, and cystine (MP Bio 1641454) and con-

tained an additional 15% dialyzed FBS, 500 �M serine, 20 �M

methionine, and the following amino acids: 25 mg/liter of ala-
nine, 50 mg/liter of asparagine, 30 mg/liter of aspartate, 75
mg/liter of glutamate, 292 mg/liter of glutamine, 40 mg/liter of
proline, 100 mg/liter of cysteine, 31 mg/liter of cystine. Supple-
mental 30 �M hypoxanthine, 30 �M thymidine, or 1 mM sodium
formate were added to basal MEM for rescue experiments. Cell
growth was monitored using the cell viability assay Cell Titer
Blue (Promega).

Deuterated serine tracer experiment

Labeling of MEFs with L-[2,3,3-2H3]serine was performed as
previously described (7). Briefly, cells were plated onto 10-cm
dishes at a density of 1 � 106 cells/dish in triplicate. Labeled
media was identical to the basal MEM used for the growth curve
experiments except the methionine concentration was 10 �M,
and 1 �M cyanocobalamin was added. Cells were grown in
labeled media for 4 days and media was replenished after 2 days.
Cells were washed with PBS and collected by trypsinization.
Aliquots of spent media were collected and stored at �80 °C to
be used for metabolite analysis. Cell pellets were snap frozen in
liquid nitrogen and stored at �80 °C prior to extraction.

Extraction of polar metabolites

Polar metabolites were extracted from embryos (45–53
somite stage) harvested from both unsupplemented and
formate-supplemented pregnant dams. Each embryo was
processed individually. Prior to extraction, solutions were
prechilled in a �80 °C freezer for 30 min. Metabolic extraction
was performed for metabolomic analysis using both nuclear
magnetic resonance (NMR) spectroscopy and mass spectrom-
etry (MS) platforms as previously described (34 –36). Briefly,
embryos were suspended in 1 ml of 1:1 water/methanol and
homogenized by pipetting. Lysates were added to 500 �l of
chloroform, vortexed for 10 min, and centrifuged at 5250 � g
for 20 min at 4 °C. The upper aqueous phase containing the
polar metabolites was removed, aliquoted for NMR and MS
analyses, dried in a Centrivap vacuum concentrator at 4 °C
(Labconco, Kansas City, MO), and then immediately stored at
�80 °C before the metabolomics analysis.

NMR-based metabolomic analysis

Polar samples for NMR analysis were resuspended in 45 �l of
phosphate buffer (100 �M phosphate, 90% D2O, 1 mM TSP,
0.05% NaN3), vortexed, centrifuged at 4 °C for 10 min, and
finally 35 �l of the supernatants were transferred into 1.7-mm
NMR tubes (36). One-dimensional 1H NMR spectra were
acquired using a Bruker Avance III 500 MHz with a 1.7-mm
TCI MicroCryoProbe system (Bruker BioSpin Corp., Billerica,
MA) equipped with an autosampler at 300 K as previously
reported (36). The excitation sculpting pulse sequence was used
to suppress the water resonance signal (37). NMRLab (38) and
MetaboLab (39) were used to process the raw data. Metabolite
identification and quantification were done using the Chenomx
8 NMR Suite (Chenomx Inc., Edmonton, Alberta, Canada) ref-
erencing the Birmingham Metabolite Library (40), and the
Human Metabolome Database (41).
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MS-based metabolomic analysis

Chromatographic separation was performed on a Thermo
Scientific (Thermo Fisher Scientific, San Jose CA) Accela HPLC
system equipped with a quaternary pump, vacuum degasser,
and an open autosampler with a temperature controller. A
100 � 2.1 mm inner diameter, 2.6-�m particle size Kinetex
biphenyl C18 column (Phenomenex Inc., Torrance, CA) was
used for all experiments. Separation conditions were: solvent A,
water/formic acid (99.8:0.2); solvent B, MeOH; separation gra-
dient, initially 1% B, then linear to 100% B in 4 min, washing
with 100% B for 1 min and column equilibration with 1% B for
10 min; flow rate, 0.3 ml/min; injection volume, 3 �l; autosam-
pler temperature, 6 °C; column temperature, 22 °C. Mass spec-
trometry analysis was carried out on a Thermo Scientific Q
Exactive benchtop Orbitrap detector (Thermo Fisher Scien-
tific, Bremen, Germany) equipped with an electrospray ioniza-
tion source operating in positive/negative switching mode. The
detector was run in full scan MS analysis under the following
conditions: spray voltage, 4.0 kV; capillary temperature, 300 °C;
sheath gas, 55 (arbitrary units); auxiliary gas, 30 (arbitrary
units); microscans, 1; AGC target, 1e6; maximum injection
time, 100 ms; mass resolution, 70,000; m/z range, 50 –750. The
MS device was calibrated with commercial calibration solution
provided by the manufacturer to maintain mass tolerance
below 5 ppm. The LC-MS platform of analysis was controlled
by a PC operating the Xcalibur software package (version 2.2
SP1.48, Thermo Fisher Scientific, San Jose, CA).

Following LC-MS acquisition, Thermo *.raw files were pro-
cessed for untargeted analysis using two commercially available
software packages from Thermo Scientific. Thermo SIEVE
(version 2.2) was used for the tissue culture experiments and
Compound Discoverer (version 2.0) was used for the embryos,
both in conjunction with an in-house library (36), which
includes 618 compounds from the IROA 300, Mass Spectrom-
etry Metabolite Library of Standards (MSMLS; IROA Technol-
ogies, Bolton, MA). Deuterium incorporation into IMP and
hypoxanthine was scored by hand in Xcalibur. Customized set-
tings were: maximum retention time shift, 0.25 min; minimum
base peak intensity 50,000; mass tolerance, 5 ppm, peak inte-
gration, ICIS; smoothing, 3 points; adduct formation, �H.
Spectral alignment above 0.9 was considered acceptable for all
data sets. Retention times were used to reduce multiple assign-
ments of spectral features and to confirm metabolite assign-
ment. MS data were then combined to the NMR data for the
subsequent post-processing, and statistical analysis.

Mitochondrial respiration and glycolysis assays

OCR and ECAR were measured using the Seahorse XFp Flux
Analyzer (Seahorse Bioscience-Agilent Technologies, Billerica,
MA). Cells were seeded at a density of 2 � 105 cells/ml in 80 �l
of DMEM � 10% FBS � penicillin/streptomycin/glutamine) on
XFp 8-well microplates and incubated for 24 h at 37 °C, 5%
CO2.

For mitochondrial function analysis (based on OCR) cells
were washed two times with XF media (Seahorse Bioscience-
Agilent Technologies) freshly supplemented with 25 mM glu-
cose, 2 mM glutamine, 1 mM pyruvate, adjusted to pH 7.4, and

incubated in this media for 1 h at 37 °C in a CO2-free incubator.
After calibration, the device measures a baseline and levels of
OCR and ECAR after sequential addition of different com-
pounds to each well: oligomycin (final concentration 2 �M),
FCCP (final concentration 1 �M), and antimycin A/rotenone
(final concentration 1 �M each).

For the glycolysis assay (based on ECAR), cells were washed
and incubated as above except that the media lacked glucose.
Treatments were as follows: glucose (final concentration 10
mM), oligomycin (final concentration 2 �M), and 2-deoxyglu-
cose (final concentration 50 mM).

After each assay, media was removed from each well and
plates were frozen at �80 °C. Cells were lysed by addition of 10
�l of lysis buffer (10 mM Tris, pH 8, 0.1% Triton X-100) to each
well. A Bradford assay was carried out, and OCR and ECAR
data were normalized to total protein concentration. Assays
were analyzed using the Seahorse Data Analysis Software (Sea-
horse Bioscience-Agilent Technologies).

Statistical analysis

Growth curves and Seahorse experiments were analyzed in
GraphPad Prism using a mixed model two-way analysis of vari-
ance for repeated measures, and Bonferroni post-tests were
used for pairwise comparisons at individual time points.
Unpaired t tests were calculated in Microsoft Excel. False dis-
covery rates (q) for metabolite analyses were calculated using
the method described by Benjamini and Hochberg (12). PCA
was performed with Jmp Pro12 (SAS Institute). Pathway anal-
ysis was performed using MetaboAnalyst (10, 11). Data were log
transformed and mean centered prior to PCA and pathway
analysis. � was set to 0.05 for all experiments.
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