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Abstract

Folate is a nutrient crucial for rapidly growing tissues, including developing embryos and cancer cells. Folate
participates in the biosynthesis of nucleic acids, proteins, amino acids, S-adenosylmethionine, many neuro-
transmitters, and some vitamins. The intracellular folate pool consists of different folate adducts, which carry
one-carbon units at three different oxidative states and participate in distinct biochemical reactions. Therefore,
the content and dynamics of folate adducts will affect the homeostasis of the metabolites generated in these
folate-mediated reactions. Currently, the knowledge on the level of each individual folate adduct in developing
embryos is limited. With an improved high-performance liquid chromatography protocol, we found that tet-
rahydrofolate (THF), the backbone of one-carbon carrier, gradually increased and became dominant in devel-
oping zebrafish embryos. 5-methyl-tetrahydrofolate (5-CH3-THF) was abundant in unfertilized eggs but
decreased rapidly when embryos started to proliferate and differentiate. 10-formyltetrahydrofolate at first in-
creased after fertilization, and then dropped dramatically before reaching a sustained level at later stages.
Dihydrofolate (DHF) slightly decreased initially and remained low throughout embryogenesis. Exposure to
methotrexate significantly decreased 5-CH3-THF levels and increased DHF pools, besides causing brain ventricle
anomaly. Rescuing with leucovorin partly reversed the abnormal phenotype. Unexpectedly, the level of 5-CH3-
THF remained low even when leucovorin was added for rescue. Our results show that different folate adducts
fluctuated significantly and differentially in concert with the physiological requirement specific for the corre-
sponding developmental stages. Furthermore, methotrexate lowered the level of 5-CH3-THF in developing
embryos, which could not be reversed with folate supplementation and might be more substantial to cellular
methylation potential and epigenetic control than to nucleotide synthesis.

Introduction

Folate deficiency is a malnutrition often encountered
clinically and has been related to many diseases, including

cancers, cardiovascular diseases, and neuropathies.1 Defi-
ciency of folate, or disturbance in folate-mediated one-carbon
metabolism, has also been implicated in several congenital
defects, including neural tube defects (NTD), one of the most
common birth defects occurring in approximately one in 1000
live births in the United States and worldwide. The growing
awareness on the importance of folate has increased the
public demand for folate supplementation. Ample amounts of
folic acid are ingested by general population, including
pregnant women, as a daily nutritional supplement. Despite
the well-documented beneficial effects of folate supplemen-

tation in preventing NTD,2 detrimental effects of unmetabo-
lized folic acid and supraphysiological folate also appear,
leading to a vigorous debate on mandatory folate fortification
and supplementation among researchers.3,4 It also reveals an
urgent need for further investigation on the underlying
mechanism and regulation of folate-mediated one-carbon
metabolism (OCM).

Folate (folic acid), also called vitamin B9, is an essential
nutrient participating in the biosynthesis and metabolism
of nucleic acids, proteins, amino acids, neurotransmitters,
and some vitamins. Therefore, folate is vital especially for
rapidly growing tissues and proliferating cells, such as fe-
tus and cancer. Folate also plays a crucial role in epigenetic
control since it provides the one-carbon unit required for
S-adenosylmethionine (SAM) biosynthesis. SAM is the primary
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methyl donor for most intracellular methylation reactions,
including DNA/RNA, protein and lipid methylation. There-
fore, intracellular folate content will affect gene activity, en-
dowing folate the potential to modulate gene function simply
via dietary intervention.5 In cells, folate is both reduced to
dihydrofolate (DHF) and tetrahydrofolate (THF) and poly-
glutamylated to form biologically active folylpolyglutamates.
One-carbon units of three different oxidative states are at-
tached to these folylpolyglutamates on either the N-5 and/or
N-10 positions, forming different folate adducts (Fig. 1). These
folate adducts, distributed in different cellular compartments,
provide their one-carbon units to generate the biomolecules

noted above.6 The interconversion between different folate
adducts also occurs via several redox and synthetic reactions
catalyzed by folate enzymes. The metabolic reactions in-
volving these pathways are referred to as OCM (Fig. 1).

The regulation for the dynamic distribution of different
folate adducts during embryogenesis is important because
proper folate status, including both the content and compo-
sition, at various stages of development is crucial for a normal
embryogenesis. Fluctuation in the distribution of folate ad-
ducts could affect the production of biomolecules formed in
OCM via changing the reaction equilibrium and direction,
without altering the protein level of catalytic enzyme.7,8 In

FIG. 1. Folate-mediated OCM and folate structure. (A) Reactions involving folate coenzymes and enzymes of OCM are
responsible for the biosynthesis of purines, thymidylate, and SAM. The black-boxed compounds are folate adducts measured in
the current study. MTHFD, methylenetetrahydrofolate dehydrogenase; TS, thymidylate synthase; MTHFR, methylenetetrahy-
drofolate reductase; MS, methionine synthase; GAR/AICAR Tf, glycinamide ribonucleotide transformylase and aminoimida-
zolecarboxamide ribotide transformylase; MTHFS, 5,10-methenyltetrahydrofolate synthetase; SAM, S-adenosylmethionine;
SAH, S-adenosylhomocysteine; ‘‘X’’ denotes substances subjected to methylation. (B) The basic structure of tetrahydrofolate
comprises a pteridine ring, a para-aminobenzoate and a polyglutamyl moiety. The number of glutamates attached to THF varies
from three to nine in cells. The one-carbon group attaches to N5 and/or N10 positions. OCM, one-carbon metabolism.
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general, each one-carbon adduct is important in one ma-
jor pathway, that is, 5-methyl-tetrahydrofolate (5-CH3-THF)
in methylation of DNA and RNA, 5,10-methylene-
tetrahydrofolate (5,10-CH2-THF) in dTMP synthesis, and 10-
formyl-tetrahydrofolate (10-CHO-THF) in purine synthesis.
Since nucleotides are essential for cell proliferation and epi-
genetic control is crucial for cell fate determination, the
knowledge on how the pools of folate adducts vary during
embryogenesis and how they respond to disturbance will be
important for understanding the regulation of metabolic
control for folate-mediated OCM and gene activity.

Zebrafish are emerging as a prominent model organism for
embryonic development and drug/toxin research because of
several advantages, including ease of manipulation, trans-
parent embryos, ease of growth and breeding, and economy.9

More importantly, the externally fertilized and developed
embryos can be viewed as a ‘‘closed system,’’ concerning the
folate-mediated one-carbon pool. This characteristic is espe-
cially important since it allows us to exclude the interference
from maternal supply of folate during gestation and enable
the fluctuation between different folate adducts to be ob-
served. Moreover, many zebrafish folate enzymes have been
shown to be structurally and functionally comparable to their
mammalian orthologs, adding more emphasis to the appro-
priateness of using zebrafish to model folate-mediated
OCM.10–13

The aim of this study is to characterize the dynamics of
folate 1-C pools in developing zebrafish embryos. To accom-
plish our goal, we developed a new protocol for determining
individual folate adducts. This protocol significantly shortens
the time required for analysis and allows us to simultaneously
detect different folate adducts, especially those with low sta-
bility and optical activity. In addition, we investigated the
impact to embryonic OCM and embryonic development
caused by methotrexate, an antifolate drug often used to treat
several cancers and to induce folate deficiency in model cells
or animals in laboratory. We also evaluated how the addition
of leucovorin (5-CHO-THF; folinic acid is the other name)
affects OCM in developing embryos. Leucovorin is the folate
supplement commonly used in an antifolate combinatorial
therapy to reverse the folate deficiency induced by metho-
trexate. The underlying mechanisms and potential clinical
implication are also discussed.

Materials and Methods

Materials

The high-performance liquid chromatography (HPLC)
Aquasil C18 and guard columns were purchased from Ther-
moFisher Scientific. Nickel-Sepharose (Ni-Sepharose) resin
slurry was purchased from Amersham Bioscience. All fully
reduced monoglutamyl folates, except 10-CHO-THF, were
generous gifts from Dr. Moser (Merck Eprova AG). 10-CHO-
THF was prepared by increasing the pH of 5,10-CH + -THF
solution to 8.0 as previously described.14 All other chemicals,
including folic acid, DHF and buffers were purchased from
Sigma-Aldrich Chemical Co.

Preparation of zebrafish egg and embryo extracts

Zebrafish (Danio rerio; AB strain) were bred and maintained
in a 14 h - 10 h light-dark diurnal cycle following the standard

procedure.15 Embryos were staged according to Kimmel
et al.16 For sample preparation, briefly, 50 zebrafish eggs, or
embryos at indicated stages were collected, homogenized,
and sonicated in 0.3 mL of extraction buffer flushed with ni-
trogen. The clear lysates were heated in boiling water for
5 min before centrifugation (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
zeb). The supernatants were subjected to folate conversion
and detection as stated below. The animal studies and all
procedures for handling zebrafish and embryos, including
breeding and maintenance of fish and sample collection, were
approved by Affidavit of Approval of Animal Use Protocol of
National Cheng Kung University (IACUC Approval No.
96062).

Methotrexate and 5-CHO-THF treatments
in zebrafish embryos

Embryos at 6 hour postfertilization (hpf) were moved to
water containing 1.5 mM MTX with/without 5 mM 5-CHO-
THF and incubated for another 6 h before embryos were col-
lected for folate content analysis. Embryos grown in water
containing no additional drug were used as controls. After
removing the drug and rinsing with distilled water, embryos
were manually dechorionated and subjected to folate extrac-
tion and analysis.

Folate conversion and determination

The physiologically active forms of reduced folates have a
chain of glutamate residues connected through their c car-
boxyl group. Removal of the polyglutamate portion and in-
terconversion of one-carbon derivatives were performed
following the steps depicted in Scheme 1 using several en-
zymes cloned, expressed, and purified as previously de-
scribed. The following clones were from zebrafish: c-glutamyl
hydrolase (GGH) (Eq. 1),17 the N-terminal domain of 10-
CHO-THF dehydrogenase (FDH-N) (Eq. 2), DHF reductase
(DHFR) (Eq. 3)13, and serine hydroxymethyltransferase
(SHMT) (Eq. 4).10 FDH-N is the recombinant N-terminal do-
main of zebrafish FDH, which contains 10-CHO-THF hy-
drolase activity (Eq. 2).12 A clone expressing Escherichia coli
FolD gene with 5,10-methylenetetrahydrofolate dehydroge-
nase (MTD) activity (Eq. 5)18 was a generous gift from Dr.
Verne Schirch/Virginia Commonwealth University.

folate - Glux/folateþX Glu (Eq: 1)

10 - CHO - THF/THFþ formate (Eq: 2)

DHFþNADPH/THFþNADPþ (Eq: 3)

SerineþTHF/5, 10 - CH2 - THFþGlycine (Eq: 4)

5, 10 - CH2 - THFþNADPþ

/5, 10 - CHþ - THFþNADPH
(Eq: 5)

Conversion of folyl polyglutamates to their mono-
glutamate forms was achieved by incubation of extracts with
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GGH (1 lL of recombinant zebrafish GGH [4 lg/lL] was
added to 100 to 200 lL of extract in a 1.5 mL centrifuge tube).
Tubes were flushed with nitrogen gas before capping, incu-
bated at 37�C for 5 min, boiled for 3 min to stop the enzymatic
reaction and then immediately cooled on ice. A time study
showed that the triglutamate of 5-CHO-THF and the penta-
glutamate of methotrexate were converted to their mono-
glutamate forms in 3 min under these conditions.17

After centrifugation and filtration to remove precipitated
protein, 50 lL of the clear supernatant was injected into an
Aquasil C18 column, 150 · 4.6 mm, 3 lm (Thermo Electron
Corporation) on an HPLC system (Agilent 1100) equipped
with fluorescence detector (kex = 290 nm and kem = 360 nm) for
folate analysis. Solvent A was 30 mM phosphoric acid, pH 2.3,
and Solvent B was acetonitrile. HPLC was performed as
previously described with modification.19,20 Briefly, the col-
umn was equilibrated with 6% solvent B (94% solvent A).
After sample injection, the 6% solvent B was maintained for
5 min and then over the next 20 min solvent B was linearly
increased to 25% and held at this level for an additional 2 min.
Then the solvent composition was decreased to 6% solvent B
in 1 min and the column equilibrated for an additional 20 min
before the next sample injection. The flow rate was 0.4 mL/
min. The potential folate peaks in extracts were identified by
overlapping the retention times between the prospective fo-
late peaks and folate standards.

Under the pH conditions used to homogenize tissue sam-
ples and HPLC analysis, 5,10-CH2-THF is converted none-
nzymatically to THF by dissociation of the methylene group as
formaldehyde.21 This will result in overlapping of signals cor-
responding to THF and 5,10-CH2-THF. The peak at 18.7 min was
confirmed to be THF by its disappearance upon incubating with
6 lg of SHMT, 100 mM serine, and 3lg of MTD, which converts
both THF and 5,10-CH2-THF to 5,10-CH+ -THF (Eqs. 4 and 5).

The content of THF and 5-CH3-THF were determined di-
rectly from chromatograms based on the interpolation of a
standard curve. The conversion of DHF to THF was accom-
plished by adding GGH and 3 lg DHFR to extracts (Eq. 3) and
incubating at 37�C for 5 min. Quantification for DHF was
based on the increase in the THF peak area. Analysis of 10-
CHO-THF is complicated by the reversible nonenzymatic
inter-conversion to 5,10-CH + -THF in acidic solutions.22,23

Above neutral pH, the equilibrium lies far toward 10-CHO-
THF, but below pH 5 it lies far toward 5,10-CH + -THF. To
convert these two compounds to THF, controls and extracts
were incubated at 37�C for 5 min simultaneously with GGH
and 5 lg FDH-N (Eq. 2). A complicating factor was the ob-
servation that adding FDH-N resulted in a *30% to 70%
decrease in the THF peak in standards that contained only
THF. The amount of the decrease was dependent on the level
of THF and the amount of FDH-N added. To correct for this
problem we added to our samples a constant amount of
FDH-N and pure THF to a concentration of 120 nM before
enzymatic conversion of 10-CHO-THF to THF. Under these
conditions, the response of 10-CHO-THF standards was lin-
ear with a *90% recovery rate (Fig. 2). Quantification for
10-CHO-THF was based on the increase in the THF peak area.

Characterization of tissue development

Histochemical analysis on the chemical treated larvae was
performed following the protocols described in the Zebrafish

book.24 In brief, anesthetized larvae were fixed in 4% para-
formaldehyde, soaked in 30% sucrose and embedded in OCT.
Sections of 8 to 10 nm were prepared on a Thermo Scientific
Shandon Cryostat 0620E and stained with hematoxyline &
eosinophil solutions for pathological examination. Whole-
mount in situ hybridization (WISH) was performed following
the standard protocol described by Jowett and Thisse et al.25,26

Plasmids containing cDNA specific to rhombomere (krox20),
floor plate (shh), mid-hindbrain boundary ( pax2a) and noto-
chord (ntl) (generous gifts from Dr. Jen-Ning Tsai at Chun-
Shan Medical University) were linearized with appropriate
restriction enzymes. Digoxigenin-UTP-labeled antisense
RNA probes were synthesized by in vitro transcription with
DIG-RNA Labeling kit (SP6/T7) (Roche) and used for in situ
hybridization. Embryos were placed in glycerol and observed
under a dissecting microscope and photographed.

Results

Development and validation of folate detection
method with HPLC

Folate standards. For the purposes of peak identification
and quantification, as well as to validate the newly developed
HPLC protocol for folate measurement, we analyzed each
folate standard of known concentration individually on the
same C18 reverse phase column that we would use for later
analysis. These folate standards were also combined and in-
jected to the same column simultaneously for monitoring the
resolution between different folate derivatives. Most of the
folate derivatives can be clearly distinguished from each other
in HPLC chromatogram (Fig. 2A and Table 1). However, the
sensitivity and linear range vary significantly depending on
the optical properties of folate derivatives. Highest sensitivity
was observed for THF and 5-CH3-THF, since these two folates
emit strong fluorescence. Quantification for THF and 5-CH3-
THF can be directly obtained by interpolation of the standard
curve, in which the peak areas were strongly correlated to the
expected concentrations (r2 = 0.999) (Fig. 2B).

Folate derivatives without strong fluorescence, including
DHF and 10-CHO-THF, were undetectable in most biological
samples, most likely due to their lability and low extinction
coefficient. To solve these problems, we added folate enzymes
to the extracts to convert these folates to THF, which emits
strong fluorescence. The purposes are two-fold: to enhance
the signal for detection and to confirm the identity of folate
peaks. By adding purified DHFR and NADPH to the reac-
tions, we were able to convert DHF to the highly fluorescent
THF (Eq. 3). This allows DHF to become detectable in low nM
range (2.5 nM) even in embryos homogenate (data not
shown). The content of DHF was calculated from the in-
creased THF peak area (Aafter DHFR conversion - Awithout DHFR

conversion) with THF standard curve in the presence of DHFR
(Table 2). The linear range of 0.6 to 6.0 pmole for DHF as-
sessment is sufficient to cover DHF concentrations in cells and
tissues.27

The measurement for 10-CHO-THF appeared to be more
complicated than other folate derivatives. We added FDH-N
to the cell extracts to convert 10-CHO-THF to THF (Eq. 2).
Supposedly, the difference in the THF peak area of samples
with/without incubating with FDH-N represents the amount
of the converted 10-CHO-THF. Unexpectedly, we found that
the change in the THF peak area did not directly reflect the
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amount of 10-CHO-THF added in standard tests. It appeared
that the measured 10-CHO-THF concentration varied in ac-
cordance with the concentration of pre-existing THF in the
sample even when a constant amount of FDH-N was used. To
solve this problem and accommodate the range of THF pre-
existing in various samples, we brought the final THF con-
centration of the sample to 120 nM by adding pure THF before
adding FDH-N (Supplementary Fig. S1). A standard curve
was then constructed by adding increasing amounts of 10-
CHO-THF to these samples and calculating the increased THF
peak area. This gave a standard linear curve relating the
change of THF peak area to 10-CHO-THF concentration (Fig.
2B). The reason for choosing 120 nM is because this concen-
tration would be higher than the endogenous THF concen-
trations in most biological samples and can be easily reached
by adding the required amount of pure THF to each sample.

Validation of the measurements for all examined folate
compounds was accomplished by adding known amounts of
pure folate derivatives, including DHF and 10-CHO-THF, to
zebrafish embryo homogenates before the step of enzymatic
conversion, and then comparing the measured results with
the expected values. Our results showed that the recovery
rates were *90% or higher for most of the measured folate
adducts. Also, the amount of added folate compounds could
be faithfully reflected by the change in THF peak area with
this protocol and the established standard curves since the
measured and expected values were strongly correlated (Ta-
ble 2 and Supplementary Fig. S2).

It should be noted that most of the 5,10-CH2-THF in sam-
ples would be spontaneously converted to THF in the buffer
condition used to extract folate. Therefore, THF and 5,10-CH2-
THF in embryo extracts remain undistinguishable and are

FIG. 2. Representative HPLC chromatograms and standard curves of folates. (A) Folate monoglutamates of known con-
centrations in a standard mixture were analyzed on a C18-reversed phase column on an Agellient HPLC equipped with both
absorbance and fluorescence detectors. Peak 1, THF; 2, 5,10-CH2-THF/THF (This peak was obtained when 5,10-CH2-THF
was dissolved in buffer and injected into HPLC column for analysis); 3, 5-CH3-THF, 4, 5,10-CH + -THF; 5, 10-CHO-THF; 6, 5-
CHO-THF; 7, DHF; 8, folic acid. The folate concentration represented by each peak is shown in Table 2. (B) The standard
curves show the linearity between folate concentrations and corresponding peak areas. The regression line for 10-CHO-THF
represents the correlation between the change of the THF peak area and the 10-CHO-THF concentration in samples, where
the THF concentration is maintained at 120 nM. This standard curve has been corrected for the decrease in the THF area as a
result of the addition of FDH-N as described in Materials and Methods. DHF, dihydrofolate; 5-CH3-THF, 5-methyl-tetra-
hydrofolate; 5,10-CH2-THF, 5,10-methylene-tetrahydrofolate; 10-CHO-THF, 10-formyl-tetrahydrofolate.
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reported as THF in this study. Nevertheless, combining use of
both SHMT and MTD in the extracts allows us to confirm the
peak identity for THF/5,10-CH2-THF and distinguish it from
other materials that have similar optical properties and elu-
tion time on HPLC.

Folate composition in zebrafish embryos

With the developed protocols, we assessed the folate con-
tent in the zebrafish embryos of 1 day-postfertilization (dpf).
Adding GGH to the extract, separated the potential folates
into three distinguishable peaks (Fig. 3A, B). The retention
time of peak 1 overlapped with the THF standard. Adding
SHMT and MTD to the extracts (which converts THF/5,10-
CH2-THF to 5,10-CH + -THF) resulted in disappearance of
peak 1, confirming the THF identity of peak 1 (Fig. 3C). The
THF peak was significantly increased when DHFR or FDH-N
was added to the extract, indicating the conversion of DHF
and 10-CHO-THF, respectively, to THF (Fig. 3D, E). We also
compared the extraction efficiency for folates for the sample
heating time (3–20 min) and with/without pronase digestion
as used in other protocols.28 Extending the heating time in
boiling water led to loss of folate in a time-dependent manner.
An approximate 50% decrease was observed for DHF when
the heating time was extended from 5 to 20 min. The only

exception was 5-CH3-THF, which showed no significant loss
after heating for 20 min (Supplementary Fig. S3A). Prediges-
tion with pronase did not significantly improve the extraction
efficiency but drastically increased the background noise,
hindering the detection of folates (Supplementary Fig. S3B).
Therefore, the step of pronase digestion was omitted and the
heating time for folate extraction was limited to 5 min in the
current protocol.

In developing embryos. Our data show that folate ad-
ducts fluctuate significantly and differentially during em-
bryogenesis without changing embryonic total folate content.
The total folate content of embryos, determined with a mi-
crobiological assay, showed no significant difference at vari-
ous stages (Fig. 4A). On the other hand, 5-CH3-THF was
abundant in the crude extract of unfertilized eggs and de-
creased quickly when the fertilized eggs started to cleave and
the primordial cells started to proliferate and differentiate
(Fig. 4B and Supplementary Fig. S4). 5-CH3-THF remained
low after 24 hpf till at least 120 hpf. 10-CHO-THF existed in
high amount with an estimated concentration of 300 fmole/
egg. Upon fertilization, a rapid increase followed by a sig-
nificant decrease occurred. As the embryos continued to de-
velop after 24 hpf, 10-CHO-THF gradually increased again
and remained high and constant in the later stages of devel-
opment. Both THF and DHF were also detected in unfertilized
eggs, but only as a small portion of total folate. DHF level
decreased as embryos began to grow and remained low
during embryogenesis. On the other hand, THF concentration
was increased significantly and became dominant in devel-
oping embryos at later stages. It appears that both THF and
10-CHO-THF are dominant in embryos beyond 3-dpf when
most of the tissues and organs have differentiated and the
body floor plan has been well established. It is interesting to
note that this fluctuation in folate composition had completely
reversed the ratio between THF and other folate adducts in
different stage of embryogenesis. A 20- to 40-fold change in
these ratios was observed when the fertilized eggs progressed
into developing embryos. For example, the ratios of 5-CH3-
THF/THF are 10 in unfertilized eggs and 0.25 in 3 dpf em-
bryos. This drastic change in the ratio between two folate

Table 1. The Optical and Chromatographic Properties of Folate Standards

Peak Folate
Concentrationa

(pmole)
Fluorescence

(360 nm)
UV

(290 nm)
Retention
time (min)

1 THF 7.2/12.6 + + 18.7
2 5,10-CH2-THF 11 NAb NAb NAb

3 5-CH3-HF 2.2 + + 19.8
4 5,10-CH + -THF 46c/54 - + 21.7
5 10-CHO-THF 34d - + 22.0
6 5-CHO-THF 23/84 + + 23.8
7 DHF 120 - + 24.4
8 Folic acid 50/20 - + 24.7

aThose showing two concentrations represent the two peaks present in Figure 2A panels 1 and 3 for the same folate adduct (with the same
peak number).

bNot available. This is because 5,10-CH2-THF was most likely converted to THF in the acidic conditions during chromatography.
cThis 5,10-CH + -THF was generated from 10-CHO-THF during chromatography in acidic solution.
dThis concentration was obtained by subtracting the concentration of 5,10-CH + -THF generated during chromatography (b) from the

concentration of 10-CHO-THF originally prepared (80 pmole).
DHF, dihydrofolate; 5-CH3-THF, 5-methyl-tetrahydrofolate; 5,10-CH2-THF, 5,10-methylene-tetrahydrofolate; 10-CHO-THF, 10-formyl-

tetrahydrofolate.

Table 2. Detection Limit and Linear Range of Folates

Folate
Detection limit

(pmole)a
Recovery
rate (%)b

Linear range
(pmole)b

THF/5,10-CH2-THF 0.2 99.0 – 9.9 0.2–18.6
5-CH3-THF 0.2 103 – 16.3 0.2–12.5
10-CHO-THF 0.12 88 – 12.5 0.12–10.2
DHF 0.5 100 – 15.1 0.6–6.0

aThe detection limit refers to the lowest concentration of folate in
the 50 lL sample injected for HPLC analysis.

bThe recovery rate and linear range were determined when folate
standards were added to the supernatant of embryo homogenates
before the conversion enzymes were added. The concentrations of
the standard folate added are, 2 pmole for THF, 1.5 pmole for 5-CH3-
THF, 1.6 pmole for 10-CHO-THF, and 4.5 pmole for DHF.
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derivatives may alter the activity and property of the folate
enzymes that catalyze the corresponding reactions, shift the
direction/equilibrium of intracellular one-carbon flow and
impede the generation of corresponding metabolites. Our
data also show that the combinatory use of folate enzymes
enables us to measure the content of folate species that are
difficult to detect readily in zebrafish embryonic extracts with
conventional methods.

Embryos treated with methotrexate. We found that both
embryonic morphology and folate composition were signifi-
cantly affected by methotrexate. Besides irregular heart de-
velopment and pericardial edema (data not shown), abnormal

neurulation with brain ventricle malformation was observed
in 24 hpf embryos when 1 mM methotrexate was added to
water at 6 hpf (Fig. 5A, B). Unlike the untreated control group,
no clear cranial cavity was formed in the central region of
forebrain and midbrain in methotrexate-exposed embryos,
implying a disturbed development of diencephalon and
hindbrain. Methotrexate-treated embryos were categorized
into normal, mild and severe groups based on the severity of
the anomaly in brain ventricle formation. More than 80% of
embryos exhibited ventricular defects upon exposure to
methotrexate. WISH with probes specific to neural tissues also
revealed significantly diminished signals for floor plate (shh)
and mid-hind-brain boundary and spinal cord ( pax2a) in

FIG. 3. HPLC chromatograms showing the folate content in zebrafish embryos at 1-dpf. Zebrafish embryos at 1-dpf were
homogenized and prepared for folate analysis as described in Materials and Methods section. All samples of embryonic
extracts were treated with GGH except the one shown in (A). The identity of peak 1 that was observed after GGH treatment
(B) was confirmed by the disappearance of this peak on incubating the extract with MTD and SHMT (C). Incubating with
DHFR (D) or FDH-N (E) resulted in an increased peak 1 (THF). 10-CHO-THF was determined when the THF concentration in
samples was maintained at 120 nM. Peak 1, THF/5,10-CH2-THF; 2, 5-CH3-THF; X, unknown substance. DHFR, dihydrofolate
reductase; SHMT, serine hydroxymethyltransferase; dpf, day-postfertilization; MTD, 5,10-methylenetetrahydrofolate dehy-
drogenase; GGH, c-glutamyl hydrolase.
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methotrexate-treated embryos although no appreciable dif-
ference was observed in the rhombomeres (krox20) and no-
tochord (ntl) (Fig. 5C and data not shown). Our results show
that methotrexate impedes the development of embryonic
neural tissues.

As expected, DHF was accumulated and THF was de-
creased in embryos exposed to methotrexate for 6 h (Fig. 5D).
This could be due to the methotrexate-mediated inhibition on
DHFR activity. The level of 10-CHO-THF remained largely
unchanged. On the other hand, the 5-CH3-THF level was
significantly decreased. The extent of this decrease is larger
than expected and more significant than that for THF. These
results suggest that besides the reduced THF/5,10-CH2-THF,
other mechanisms might also contribute to lowering 5-CH3-
THF in the presence of methotrexate. We were not able to
measure the total folate content of these embryos with mi-
crobiological method since the bacteria could not grow in the
presence of extracts prepared from methotrexate-treated em-
bryos. This is most likely due to residual methotrexate within
the embryos, despite that we had washed these methotrexate-
treated embryos thoroughly with fresh water before homo-
genization for folate extraction.

Embryos cotreated with methotrexate and leucovorin. To
evaluate the efficacy of folate supplementation to metho-
trexate-induced folate deficiency, 10 mM leucovorin was ad-
ded to embryos water with methotrexate simultaneously.
Leucovorin is the folate derivatives commonly used to rescue
folate metabolism when methotrexate is employed for clinical
therapy. We found that the severity of the defective pheno-
types induced by methotrexate was partly alleviated in em-
bryos exposed to both methotrexate and leucovorin
simultaneously (Fig. 5A). Both the THF level and the sum of
the four measured folate adducts were reversed. The content
of 10-CHO-THF was slightly increased. However, the accu-
mulation of DHF and the decrease of 5-CH3-THF remained
(Fig. 5D). These results indicate that the methotrexate-
induced disturbance in OCM is not completely rescued by

leucovorin supplementation although the embryonic total
folate content has been restored.

Discussion

In this study, we report the chronological dynamics of fo-
late metabolites in developing embryos. We also show that
methotrexate induces a significant decrease in 5-CH3-THF
levels, which cannot be reversed by leucovorin supplemen-
tation and is likely to bring a profound and irreversible impact
to cellular methylation potential. Epigenetic control is crucial
for both cell fate determination during embryogenesis and the
development of drug resistance, especially for the regimen
involving antifolate therapy.1,29–31 The current study provides
insight to the metabolic control of a dietary nutrient and how
it may affect embryonic development and cellular methyla-
tion potential.

OCM during embryogenesis. Generally speaking, re-
duced folate compounds are unstable and easily oxidized.
The two most stable reduced folates are 5-CHO-THF and 5-
CH3-THF.32 In unfertilized zebrafish eggs, the primary re-
duced folates are 5-CH3-THF and 10-CHO-THF (Fig. 4). The
presence of a large amount of 5-CH3-THF is understandable
because of its stability. Studies with mouse embryos suggest
that epigenetic control involving hypomethylation is involved
in NTDs.1,31 Global hypermethylation and hypomethylation
in the promoter region of critical genes were also reported for
folate deficient animal with neural tissues anomaly.33 The
abundant 5-CH3-THF present in eggs will provide the con-
venience for the epigenetic control crucial for embryogenesis.
The immediate and steep decrease of 5-CH3-THF after fertil-
ization supports the above speculation and echoes the epi-
genetic role of folate and DNA hypomethylation in embryonic
pathogenesis.

The presence of an equally high amount of 10-CHO-THF in
eggs is unexpected, since 10-CHO-THF is one of the most
labile forms of reduced folates. Nevertheless, the high content

FIG. 4. Total folate contents are constant but the folate composition varies significantly in zebrafish embryos of different
stages. Zebrafish embryos were collected at indicated stages and subjected to folate extraction and subsequent measurement
for total folate (A) with a microbiological assay and individual folate adducts (B) with HPLC. Data presented are averages of
at least three independent repeats with different batches of embryos.
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of 10-CHO-THF in eggs has the advantage of preserving the
carbon source required for subsequent massive purine syn-
thesis for cell proliferation. This is reflected in the steep drop
of 10-CHO-THF between 10 and 24 hpf when the fertilized
embryos quickly grow in cell number and embryo size. 10-
CHO-THF reaches the lowest level at 24 hpf when embryonic
body plan is well established. This fluctuation is also in har-
mony with the change in zebrafish embryonic cell cycle du-
ration at various stages. The accumulation of 10-CHO-THF at
later stages is likely to be a result of the shorter cell cycle
duration before mid-blastula (15 min/cycle; where nucleotide
synthesis is active and lots of 10-CHO-THF is required) fol-

lowed by the gradually lengthened cell cycle after 24 hpf.16

Studies in mammals show that some proteins bind labile re-
duced folates and help stabilize them.34 The binding of 10-
CHO-THF to a protein in unfertilized zebrafish eggs could
explain the high abundance of 10-CHO-THF in embryos. We
also noticed that the sum of folate adducts were all higher
than the total folate measured with microbiological assay of
the same stage. This could result from folate being lost during
the 24-h incubation time for bacterial growth in the microbi-
ological method. Previous studies showed that in plants and
spores the primary reduced folate is 5-CHO-THF, which
rapidly converted to other one-carbon adducts in OCM

FIG. 5. Methotrexate-induced morphological abnormality and altered folate composition in embryos are partly reversed by
leucovorin. Methotrexate (with or without leucovorin) was added to the wells containing embryos at 6 hpf to 1.5 mM and
collected at indicated time points for characterization. (A) Embryos were collected at 24 hpf and evaluated for gross mor-
phology under light a dissecting microscope. Embryonic phenotype is categorized into normal, mild, and severe groups
mainly based on brain ventricle formation. A total of *80 embryos were included for each group in three separate and
independent trials. (B) Embryos were subjected to cryo-sectioning and HE stain for examining the brain ventricular cavity.
Inset shows the position of cross-sections. Res, rescue (by adding methotrexate and leucovorin simultaneously); DE, dien-
cephalon; DV, diencephalic ventricle; HB, hindbrain; HV, hindbrain ventricle. (C) The development of embryonic neural
tissues was characterized at 24 hpf with in-situ hybridization using neural tissue specific probes krox20(rhombomere), shh
(floor plate), and pax2a (mid-hindbrain boundary and spinal cord); Con, control, embryos without any treatment; MTX,
methotrexate treated; Res, rescue; L, lateral view; D, dorsal view; r, rhombomere; os, optical stalk; ov, otic vesicle; spn, spinal
cord; MHB, mid-hindbrain boundary; fp, floor plate. (D) Embryos were collected at 12 hpf and subjected to folate compo-
sition analysis with HPLC. The data presented are the averages of at least three independent experiments with different
batches of embryos. ‘‘Total’’ refers to the sum of the four folate adducts examined in the study. *p < 0.05, **p < 0.005. hpf, hour
postfertilization.
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during early stages of growth.35 We do not know but cannot
exclude the possibility that a significant amount of 5-CHO-
THF is also present in zebrafish eggs and embryos due to the
limitation of this method.

Effect of methotrexate and leucovorin on embryo devel-
opment and OCM. Our data suggest that the methotrexate-
induced disturbance in OCM might be more substantial to
embryonic methylation potential (5-CH3-THF level for SAM
production) than to nucleotide synthesis (10-CHO-THF/
THF/5,10-CH2-THF for nucleotides synthesis). The crucial
role of folate in cell proliferation and differentiation has
prompted the development of antifolate drug, such as metho-
trexate, trimethoprim, pyrimethamine, and pemetrexed.
Methotrexate is a chemotherapeutic drug for treating a
number of cancers and autoimmune diseases.36,37 However,
the often emerging methotrexate-resistance has impeded its
curative potential. Methotrexate works as an antifolate agent,
which competitively inhibits the binding of folic acid to
DHFR. Therefore, it is not surprising to detect the accumula-
tion of DHF and the decrease of THF in methotrexate-treated
embryos.13 However, that 5-CH3-THF decreases with a
magnitude much greater than THF/5,10-CH2-THF decreases
is unexpected. One likely explanation for the significant de-
crease of 5-CH3-THF, besides the lowered THF/5,10-CH2-
THF level (the precursor of 5-CH3-THF), is DHF-mediated
inhibition on the activity of methylenetetrahydrofolate re-
ductase (MTHFR). MTHFR irreversibly converts 5,10-CH2-
THF to 5-CH3-THF.38 The observation that leucovorin co-
treatment did not reverse 5-CH3-THF level supports the
above speculation. In fact, further decrease in 5-CH3-THF was
even detected occasionally in the cotreated embryos (data not
shown). Leucovorin is expected to bypass DHFR and enter the
folate pool via the activity of 5,10-CH + -THF synthetase and
replenish the reduced folate pool (Fig. 1).39 This is reflected in
the increased levels of THF/5,10-CH2-THF and 10-CHO-THF.
However, leucovorin did not relieve the inhibition on DHFR,
leading to continuous accumulation of DHF and inhibi-
tion on MTHFR. Based on these results and more precisely
speaking, the impact of methotrexate on embryonic OCM is
better described as OCM ‘‘disturbance’’ or ‘‘imbalance’’ rather
than ‘‘folate deficiency.’’ Our results imply that cells under the
treatment of methotrexate-leucovorin may possess a toler-
able ability to proliferate but with higher propensity to un-
dergo transformation via epigenetic control, which might
contribute to the occurrence of congenital abnormality and
development of drug resistance. We are convinced that this
effect shall not be overlooked since high doses of leucovorin
are often administrated repeatedly in combination with
methotrexate for diseases treatment clinically. Further
studies are required to determine whether the ‘‘irreversible’’
decrease of 5-CH3-THF is responsible for the incompletely
rescued phenotypes. Investigation on the impact to the
epigenetic control of crucial genes and its correlation with
the development of methotrexate-resistance is also im-
portant, especially for the individuals carrying MTHFR
polymorphisms.40 For instance, both C677T (valine substi-
tution) and A1298C (alanine substitution) polymorphisms
on MTHFR result in a less active enzyme.41,42 Patients
carrying these polymorphisms may be more likely to expe-
rience toxicity or develop resistance against methotrexate-
leucovorin therapy.

Our findings that methotrexate-exposure causes abnor-
mal brain ventricle formation is the first report on the
methotrexate-induced neural malformation in a vertebrate
other than mammal, adding further emphasis to the crucial
role of folate in neural tissue development. Our results also
support the comparability between zebrafish and mammalian
OCM, as well as their susceptibility and response to an anti-
folate drug. In the zebrafish model, abnormal heart formation
has been reported in methotrexate-exposed embryos, but
never the defects in neural tissues development.43 The suc-
cessful, although partial, reverse of abnormal phenotypes
with folate supplementation suggests the potential use of
methotrexate-treated zebrafish embryos as an in vivo platform
for studying the etiology and therapeutic regimens for folate-
related NTDs.

Analysis of folates. We used HPLC to separate and
measure different folate adducts. However, to identify the
in vivo concentration of natural folates using HPLC is inher-
ently difficult due to the existence of multiple polyglutamyl
chain lengths, the variety and instability of reduced folate
derivatives, the interference by nonfolate compounds and the
low optical activity of some folate adducts. The use of purified
GGH in the current protocol allows us to avoid using a large
volume of serum or pancreas extract, which often result in
significant dilution of samples and high background. It also
allows us to avoid the long incubation time required for an
acceptable conversion of the polyglutamate to the mono-
glutamate forms, which results in loss of folates. The con-
version of nonfluorescent DHF and 10-CHO-THF to THF with
purified folate enzymes aids in peak identification. Although
the requirement for purifying the recombinant folate enzymes
might be inconvenient, all the enzymes can be purified with
one-step/one-column purification protocols within 6 h, since
most of these recombinant enzymes are His-tagged. In our
experience, *8 to 15 mg of pure enzymes can be obtained
from 1 L of E. coli culture, which is sufficient for more than
3000 reactions. In addition, these enzymes are stable when
stored at low temperature. Therefore, frequent purification of
enzymes is not necessary. Another advantage of using zeb-
rafish GGH to remove the polyglutamate chain is that it is
active at pH 10 unlike GGH currently used from mammalian
extracts.17

Conclusion

In this study, we developed a new protocol, which allows
us to determine the individual folate adducts in zebrafish
embryos, especially those with low optical activity. We showed
that different folate adducts in one-carbon pools fluctuated
chronologically and significantly during embryogenesis and
responded differentially to methotrexate-leucovorin treat-
ment. The disturbance caused by methotrexate in folate-
mediated OCM was more substantial to the pathways
involving in cellular methylation potential than to those for
nucleotide synthesis. In addition, the methotrexate-treated
zebrafish embryos may serve as an in vivo model for studying
NTDs caused by folate-mediated OCM impairment.
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