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Folates are critical for central nervous system function. Folate
transport is mediated by 3 major pathways, reduced folate carrier
(RFC), proton-coupled folate transporter (PCFT), and folate
receptor alpha (FRα/Folr1), known to be regulated by ligand-
activated nuclear receptors. Cerebral folate delivery primarily occurs at
the choroid plexus through FRα and PCFT; inactivation of these trans-
port systems can result in very low folate levels in the cerebrospinal
fluid causing childhood neurodegenerative disorders. These disorders
have devastating effects in young children, and current therapeutic
approaches are not sufficiently effective. Our group has previously
reported in vitro that functional expression of RFC at the blood–brain
barrier (BBB) and its upregulation by the vitamin D nuclear receptor
(VDR) could provide an alternative route for brain folate uptake. In
this study, we further demonstrated in vivo, using Folr1 knockout (KO)
mice, that loss of FRα led to a substantial decrease of folate delivery to
the brain and that pretreatment of Folr1 KO mice with the VDR acti-
vating ligand, calcitriol (1,25-dihydroxyvitamin D3), resulted in over a
6-fold increase in [13C5]-5-formyltetrahydrofolate ([13C5]-5-formylTHF)
concentration in brain tissues, with levels comparable to wild-
type animals. Brain-to-plasma concentration ratio of [13C5]-5-
formylTHF was also significantly higher in calcitriol-treated Folr1
KO mice (15-fold), indicating a remarkable enhancement in brain
folate delivery. These findings demonstrate that augmenting RFC
functional expression at the BBB could effectively compensate for
the loss of Folr1-mediated folate uptake at the choroid plexus,
providing a therapeutic approach for neurometabolic disorders
caused by defective brain folate transport.

brain folate transport | blood–brain barrier | vitamin D receptor

Folates are required for key biosynthetic processes in mam-
malian cells (1). Mammals must obtain folates from their diet

since they lack the enzymatic capacity for folate biosynthesis;
maintaining sufficient levels of folates requires effective gastro-
intestinal absorption and tissue distribution. Folate transport is
mediated by 3 major pathways: folate receptor alpha (FRα;
FOLR1), proton-coupled folate transporter (PCFT; SLC46A1),
and reduced folate carrier (RFC; SLC19A1). FRα is a cell sur-
face glycoprotein that binds folate with high affinity (Michaelis
constant [Km] = 1 to 10 nM) and facilitates transport through
receptor-mediated endocytosis (2, 3). PCFT, which exhibits a
lower affinity for folates (Km = 1 μM) compared with FRα, is a
proton cotransporter with optimal activity at pH 5.5, and is re-
sponsible for the majority of intestinal folate absorption (4, 5).
RFC has a comparable affinity as PCFT (Km = 2 to 7 μM) for
reduced folate uptake at physiological pH, and is an antiporter
that exchanges folates with intracellular organic phosphates (6).
Folates are critical for the development and function of the

central nervous system (CNS). Brain folate transport is primarily
mediated by concerted actions of FRα and PCFT at the choroid

plexus. Folate uptake is initiated by FRα-mediated transcytosis
across the choroid plexus epithelium, followed by the export of fo-
lates from FRα-containing exosomes directly into the cerebrospinal
fluid (CSF) presumably via PCFT (7, 8). PCFT-mediated folate ex-
port from acidified endosomes may also occur within the cytoplasm
of epithelial cells in order to maintain the function of the choroid
plexus (7). Inactivation of FRα causing cerebral folate deficiency (9,
10) or inactivation of PCFT causing hereditary folate malabsorption
(4, 8) through loss-of-function mutations or the presence of FRα
autoantibodies (11) can severely impair brain folate uptake, thereby
resulting in very low CSF folate levels and causing early childhood
neurodegenerative disorders. While rare, these disorders have dev-
astating effects in young children. Hereditary folate malabsorption
presents within a few months after parturition, and is characterized
by anemia and failure to thrive, followed by developmental delays,
abnormal brain myelination, psychomotor regression, ataxia, and
recurrent seizures (4, 8). Loss of FRα shares similar neurological
defects as with loss of PCFT, but signs of this disorder only present
several years after birth. This delay in onset may be due to normal
intestinal absorption and blood folate levels that continuously pro-
vide folates to the developing brain, albeit at reduced levels (9, 10).

Significance

Folates are critical for brain development and function. Ab-
normalities in brain folate transport have been implicated in a
number of childhood neurodevelopmental disorders, including
cerebral folate deficiency syndrome, hereditary folate malab-
sorption, and autism spectrum disorders. These disorders have
devastating effects in young children, and current therapeutic
approaches are not sufficiently effective. In this study, we
demonstrate that functional expression of the folate trans-
porter, reduced folate carrier, at the blood–brain barrier and its
upregulation by the vitamin D nuclear receptor can remarkably
increase folate transport to the brain. These findings provide a
strategy for enhancing brain folate delivery for the treatment
of neurometabolic disorders caused by folate transport defects.
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The 3 major folate transport pathways are modulated, in part,
by nuclear receptors. These receptors are DNA-binding tran-
scription factors that regulate the functional expression of target
genes in the presence of specific ligand activators (12). The vi-
tamin D receptor (VDR), in particular, has been reported to
regulate PCFT functional expression in the intestine. Eloranta
et al. (13) demonstrated that treatment of intestinal Caco-2
cells and isolated rat duodenum with the VDR-activating li-
gand, 1,25-dihydroxyvitamin D3 [1,25(OH)2D3 or calcitriol]
induced SLC46A1/Slc46a1 (PCFT) messenger RNA (mRNA)
expression, which subsequently increased folic acid uptake. Re-
cently, our laboratory has also examined the role of VDR in the
regulation of RFC at the blood–brain barrier (BBB) (14). We
provided evidence that activation of VDR through calcitriol ex-
posure upregulates RFC mRNA and protein expression, as well as
function, in immortalized cultures of human brain microvessel
endothelial cells (hCMEC/D3) and isolated mouse brain capil-
laries that are representative of the BBB. Our study also showed
that RFC expression was down-regulated by VDR-targeting small
interfering RNA, further suggesting a role for VDR in the regu-
lation of this folate transporter.
To date, brain folate transport has been primarily character-

ized at the choroid plexus. However, in cases where FRα or
PCFT function is compromised, functional expression of RFC at
the BBB may constitute an alternative pathway for folate delivery
into the CNS. Furthermore, induction of RFC via interactions
with specific nuclear receptors, such as VDR, may enhance
transport of folate into the brain. Several groups, including ours,
have confirmed the presence of RFC in human (14, 15) and ro-
dent (16) BBB, and demonstrated active transport of folates in
various BBB model systems, including isolated human brain
capillaries (17), immortalized human cell lines (hCMEC/D3), and
rat (RBE4) cerebral microvessel endothelium (14, 15). The ob-
jective of the current study was to investigate the role of VDR in
the regulation of RFC in vivo, using a FRα/Folr1 knockout (KO)
mouse model. Modulating folate uptake at the BBB through RFC
could potentially represent a novel strategy for the treatment of
neurometabolic disorders resulting from failure of folate transport
across the choroid plexus.

Materials and Methods
Materials. All cell culture reagents were obtained from Invitrogen, unless
indicated otherwise. Real-time qPCR reagents, such as reverse transcription
complementary DNA (cDNA) kits and qPCR primers, were purchased from
Applied Biosystems and Life Technologies, respectively. Primary rabbit
polyclonal AE390 anti-RFC antibody was kindly provided by one of the au-
thors (I.D.G.). Primary rabbit polyclonal anti-HCP1 (ab25134) and anti-FBP
(ab67422) antibodies were obtained from Abcam. Mouse monoclonal anti-
Na+/K+-adenosinetriphosphatase α (ATPase α; sc-58628) antibody was pur-
chased from Santa Cruz Biotechnology. Anti-rabbit Alexa Fluor 594– and anti-
mouse Alexa Fluor 488–conjugated secondary antibodies were supplied by
Invitrogen. Calcitriol [1,25(OH)2D3] was obtained from Cayman Chemical
Company. Isotopically labeled (glutamyl-13C5) 5-formyltetrahydrofolate ([13C5]-
5-formylTHF), 5-methyltetrahydrofolate ([13C5]-5-methylTHF), folic acid ([13C5]-
folic acid), and corresponding unlabeled folates were synthesized by Merck
Eprova AG and generously provided to us by one of the authors (D.L.O.). All
liquid chromatography-tandem mass spectrometry (LC-MS/MS) reagents and
standard laboratory chemicals were purchased from Sigma–Aldrich.

Cell Culture. Primary cultures of mouse brain microvascular endothelial cells
(C57BL/6 strain) were kindly provided by I. Aubert, Sunnybrook Health Sci-
ences Centre, Toronto, ON, Canada. Cells (passages 2 to 4) were cultured in
mouse endothelial cell basal medium supplemented with vascular endo-
thelial growth factor, endothelial cell growth supplement, heparin, epider-
mal growth factor, hydrocortisone, L-glutamine, fetal bovine serum, and
antibiotic-antimycotic solution (Cell Biologics). Cells were grown in flasks
coated with gelatin-based solution, maintained in a humidified incubator at
37 °C (5% CO2, 95% air atmosphere), and subcultured with 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) upon reaching 80% confluence.
Culture medium was replaced every 2 to 3 d.

Mouse Brain Capillary Isolation. Brain capillaries were isolated from adult male
or female LM/Bc mice (8 to 12 wk old) as described previously (14, 18). Mice
were anesthetized through isoflurane inhalation and decapitated once a
deep anesthetic surgical plane was achieved. Brains were immediately re-
moved, and cortical gray matter was homogenized in ice-cold isolation
buffer (i.e., phosphate-buffered saline [PBS] containing calcium and mag-
nesium and supplemented with 5 mM glucose and 1 mM sodium pyruvate).
Ficoll solution (30% final concentration) was added to the brain homoge-
nates, and the mixture was centrifuged at 5,800 × g for 20 min at 4 °C. The
resulting pellet of capillaries was resuspended in ice-cold isolation buffer
supplemented with 1% bovine serum albumin (BSA) and filtered through a
300-μm nylon mesh. The filtrate was passed through a 30-μm pluriStrainer
and washed with 50 mL of isolation buffer containing 1% BSA. Capillaries
were harvested with 50 mL of isolation buffer and centrifuged at 1,600 × g
for 5 min. The resulting pellet containing the capillaries was snap-frozen in
liquid nitrogen until further analysis.

Immunocytochemical Analysis. Subcellular localization of RFC, PCFT, and FRα
proteins was investigated by laser confocal microscopy in primary cultures of
mouse brain microvascular endothelial cells representative of the BBB. Cells
were grown as a monolayer on gelatin-coated glass coverslips and fixed with
4% paraformaldehyde for 20 min at room temperature (RT). Cells were then
washed 4 times with PBS and permeabilized with 0.1% Triton X-100 for
5 min at RT as described previously (19). Nonspecific sites were blocked
with 0.1% (mass/volume [m/v]) BSA and 0.1% (m/v) skim milk solution for 1 h
before incubation with primary antibodies for 1.5 h at 37 °C, followed by
overnight incubation at 4 °C in a humidified condition. Primary rabbit
polyclonal AE390 anti-RFC (1:50), anti-HCP1 (1:50), and anti-FBP (1:50) were
used to detect RFC, PCFT, and FRα proteins, respectively. Mouse monoclonal
anti-Na+/K+-ATPase α (1:50) was used to visualize the plasma membrane.
Following primary antibody incubation, cells were washed with PBS 4 times
by gentle agitation and incubated with anti-rabbit Alexa Fluor 594– or anti-
mouse Alexa Fluor 488–conjugated secondary antibodies (1:500) for 1.5 h at
37 °C. Cell staining without primary antibodies was used as a negative
control. Following secondary antibody incubation, cells were washed again
4 times with PBS and mounted on a 76 × 26 microscope slide (VWR) using
SlowFade Gold Antifade Mountant with DAPI (S36938; Invitrogen). Cells
were visualized using an LSM 700 laser-scanning confocal microscope (Carl
Zeiss AG) operated with ZEN software. Three-dimensional colocalization
of folate transporters/receptor to the plasma membrane marker, Na+/K+-
ATPase α, was quantified using Imaris Bitplane software (Oxford
Instruments).

Animal Model. Folr1 KO and wild-type (WT) mice of the LM/Bc background
strain were developed and kindly provided by one of the authors (R.H.F.) (20).
Functional inactivation of Folr1 produces mouse embryos with severe
growth retardation and developmental abnormalities causing in utero
death by gestational day 10 (21). To prevent embryonic lethality, hetero-
zygous females were supplemented with 40 mg/kg of dietary folic acid
starting from 2 wk before mating and continued throughout the gestational
period (Research Diets). Following birth, this supplementation was no longer
required and mice were maintained on an AIN-93G casein-based semi-
purified diet designed to meet all nutritional requirements for the growing
mouse, including 2 mg/kg of folic acid and 0.0375 mg/kg of vitamin D.
Genotypes of adult mice (2 to 3 wk of age) were determined by PCR analysis
of genomic DNA extracted from ear punch samples as described previously
(20). All mice were housed in clear polycarbonate microisolator cages,
allowed free access to food and water, and maintained on a 14:10 light/dark
cycle. All experiments, procedures, and animal care were conducted in ac-
cordance with the Canadian Council on Animal Care guidelines and ap-
proved by the University of Toronto Animal Care Committee.

Calcitriol [1,25(OH)2D3] Treatment in Mice. Calcitriol in powdered form was
initially dissolved in anhydrous ethanol, and the concentration was measured
spectrophotometrically at 265 nm (UV-1700; Schimadzu Scientific Instru-
ments) before diluting in sterile corn oil for injections. Male or femaleWT and
Folr1 KO mice (8 to 12 wk old) were injected intraperitoneally (i.p.) every
other day for 8 d with corn oil (vehicle) or the VDR ligand, calcitriol, at a dose
of 2.5 μg/kg. This dosing regimen was demonstrated to effectively elicit the
desired VDR activation in vivo, while alleviating the hypercalcemic effects of
calcitriol (22). At 24 h following the last injection, mice were anesthetized
through isoflurane inhalation, whole blood (1 mL) was collected via cardiac
puncture, and animals were decapitated prior to collection of various tissues
(brain, liver, kidney, and intestine). Blood was mixed with 5 μL of EDTA (0.5 M)
as an anticoagulant, and plasma was isolated following centrifugation at
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1,500 × g for 15 min at 4 °C. All samples were stored at −80 °C until
further analyzed.

Quantification of Calcium, Phosphorus, and Calcitriol in Mouse Plasma. Plasma
calcium and phosphorus concentrations were measured by inductively cou-
pled plasma atomic emission spectroscopy (Optima 7300 DV; PerkinElmer).
Plasma samples were diluted 800-fold with MilliQ deionized water and fil-
tered through a 0.22-μm filter before measurement. The emission spectra of
each element were analyzed at 2 different wavelengths (calcium: 317.9 and
315.9 nm; phosphorus: 213.6 and 214.9 nm) to ensure accuracy in the
measurements. Calcitriol levels in mouse plasma were measured using an
enzyme immunoassay kit (catalog no. AC-62F1) manufactured by Immuno-
diagnostics Systems and purchased from Inter Medico.

Gene Expression Analysis. mRNA expression of specific genes of interest was
quantified using qPCR. Total RNA was isolated from mouse tissues (brain
capillaries, liver, kidney, and intestine) using TRIzol reagent (Invitrogen) and
treated with DNase I to remove contaminating genomic DNA. RNA concen-
tration (absorbance at 260 nm) and purity (absorbance ratio 260/280) were
assessed using a Beckman Coulter DU Series 700 Scanning UV/VIS Spectro-
photometer. The RNA (2 μg) was then reverse-transcribed to cDNA using a
high-capacity reverse transcription cDNA kit according to the manufacturer’s
instructions. Specific mouse primer pairs for Slc19a1 (RFC; Mm00446220_m1),
Slc46a1 (PCFT; Mm00546630_m1), Folr1 (FRα; Mm00433355_m1), Abcb1a
(P-glycoprotein [P-gp]; Mm00440761_m1), Abcc1 (Mrp1; Mm00456156_m1),
Abcc2 (Mrp2; Mm00496899_m1), Abcc3 (Mrp3; Mm00551550_m1), Abcc4
(Mrp4; Mm01226381_m1), Slc22a6 (Oat1; Mm00456258_m1), Slc22a7 (Oat2;
Mm00460672_m1), and Slc22a8 (Oat3; Mm00459534_m1) were designed and
validated by Life Technologies for use with TaqMan qPCR chemistry. All assays
were performed in triplicate with the housekeeping gene for mouse cyclophilin
B (Mm00478295_m1) as an internal control. For each gene of interest, the
critical threshold cycle (CT) was normalized to cyclophilin B using the compar-
ative CT method. The difference in CT values (ΔCT) between the target gene
and cyclophilin B was then normalized to the corresponding ΔCT of the vehicle
control (ΔΔCT) and expressed as fold expression (2−ΔΔCT) to assess the relative
difference in mRNA expression for each gene.

Preparation of Intravenous [13C5]-5-FormylTHF and Standard LC-MS/MS
Solutions. Solutions for labeled and unlabeled folate calibration curves and
for [13C5]-5-formylTHF injections were prepared by serial dilution of stock
solutions according to methods described by Pfeiffer et al. (23). Spectro-
photometrically validated 100 μg/mL stock solutions of the crystalline-form
folates (i.e., unlabeled or [13C5]-labeled 5-formylTHF, 5-methylTHF, and folic
acid) dissolved in phosphate buffer (pH 7.2) containing 1 g/L cysteine were
aliquoted and stored at −80 °C and shielded from light until use. For in-
travenous (i.v.) injection, stock solutions were further diluted in sterile saline
to obtain 60 μg/mL test solution.

Fourteen mixed calibrator solutions containing unlabeled and [13C5]-
labeled 5-formylTHF and 5-methylTHF were prepared in 1% ammonium
formate buffer containing 0.1% ascorbic acid. [13C5]-folic acid was used as an
internal standard. All solutions were stored at −80 °C until LC-MS/MS analysis.

Distribution of [13C5]-5-FormylTHF in Mouse Plasma and Brain Tissue. [13C5]-5-
formylTHF in sterile saline was administered to male or female WT and Folr1
KO mice (8 to 12 wk old) through i.v. injection (0.25 mg/kg of body weight)
via the tail vein. Distribution of injected [13C5]-5-formylTHF and its metab-
olite [13C5]-5-methylTHF, as well as unlabeled 5-formylTHF and 5-methylTHF,
was quantified in the collected plasma and brain tissue samples. At specific
times following [13C5]-5-formylTHF administration, mice were anesthetized
with isoflurane and whole blood (1 mL) was collected by cardiac puncture.
Blood was mixed with 5 μL of EDTA (0.5 M), and plasma was isolated fol-
lowing centrifugation at 1,500 × g for 15 min at 4 °C. Plasma samples were
aliquoted into tubes containing sodium ascorbate (0.5% weight/volume) to
prevent folate oxidation and stored at −80 °C until LC-MS/MS analysis. Fol-
lowing exsanguination, brain tissues were collected, washed, and weighed
before tissue processing.

Tissue Preparation for LC-MS/MS. Isolated mouse brain tissues were homog-
enized in Wilson–Horne buffer (2% sodium ascorbate in 50 mM Hepes, 50 mM
N-cyclohexyl-2-aminoethanesulfonic acid, and 0.2 M 2-mercaptoethanol
[pH 7.85]) and divided into 0.5-mL aliquots. Samples were then subjected to
a trienzyme extraction procedure for hydrolysis of the folate polyglutamate
chain (24). Briefly, a mixture of 0.5 mL of tissue extract, 0.25 mL of protease,
and 1 mL of phosphate buffer (1% sodium ascorbate [pH 4.1]) was incubated
at 37 °C for 2 h with gentle shaking and shielded from light. The added

protease was inactivated by heating for 10 min at 100 °C and cooled on ice.
Subsequently, 0.5 mL of α-amylase, 0.25 mL of rat serum conjugase, and 1 mL
of phosphate buffer (1% sodium ascorbate [pH 6.8]) were added to the
original mixture, and further incubated at 37 °C. After centrifugation at
5,000 × g for 10 min, the supernatant was collected and stored at −80 °C
until further analysis.

Quantification of Plasma and Tissue [13C5]-5-FormylTHF or [13C5]-5-MethylTHF
Concentrations by LC-MS/MS. Plasma and brain tissue enrichment of in-
jected [13C5]-5-formylTHF or its metabolite [13C5]-5-methylTHF was de-
termined by LC-MS/MS at the Analytical Facility for Bioactive Molecules (The
Hospital for Sick Children), following the protocol of Pfeiffer et al. (23), with
minor modifications. Before LC-MS/MS analysis, folates were extracted by
solid phase extraction (SPE) from plasma samples, enzyme-digested tissues,
and calibration standards. Plasma and tissue samples were first mixed with
1% ammonium formate buffer and internal standard solution (770 μL of SPE
sample buffer, 275 μL of sample, and 55 μL of internal standard); calibration
standards were similarly prepared (495 μL of SPE sample buffer, 275 μL of
calibration solution, 55 μL of internal standard, and 275 μL of water) to give
a final volume of 1.1 mL, and solutions were allowed to equilibrate at RT.
SPE cartridges were conditioned with 2 mL each of acetonitrile, methanol,
and 1% ammonium formate buffer (pH 3.2). One milliliter of prepared
sample or calibration standards was loaded onto the cartridges and equili-
brated for 1 min. The samples were then washed with 3 mL of 0.05% am-
monium formate buffer containing 0.1% ascorbic acid at pH 3.4, and folates
were eluted with 250 μL of elution solution (1% acetic acid, 49% water, 40%
methanol, 10% acetonitrile, 0.5% ascorbic acid). Eluted samples and stan-
dards were stored in −80 °C and shielded from light until LC-MS/MS analysis.

Sample extracts (10 μL) were loaded onto a Luna C-8 analytic column for
chromatographic separation using an isocratic mobile phase, as described
previously (25). Mass-to-charge ratios of the transition of interest [(M + 5)]
were monitored in positive ion mode via turbo ion electrospray on an AB
Sciex 5500 triple-quadrupole MS system (Applied Biosystems). The concen-
tration of each analyte in plasma or tissue samples was calculated by in-
terpolation of the absorbed analyte/internal standard peak area ratio into
the linear regression line for the calibration curve, which was obtained by
plotting peak area ratios versus analyte concentrations. Brain tissue concen-
trations of [13C5]-5-formylTHF, [13C5]-5-methylTHF, or unlabeled 5-formylTHF
and 5-methylTHF (ng/mL), as determined by LC-MS/MS, were normalized to
the tissue mass and presented as nanograms per gram of tissue.

Two types of certified reference materials were employed to confirm the
accuracy of the LC-MS/MS analyses. Analysis of mouse plasma was evaluated
using standard reference material SRM 1955 level II (homocysteine and folate
in frozen human plasma) from the National Institute of Standards and
Technology (NIST). In our studies, we determined 4.30 ng/mL 5-methylTHF in
the NIST 1955 plasma standard, which represents >95% of the expected
value of 4.47 ± 0.11 ng/mL. We also used certified reference material BCR-
487 (pig liver) from the European Commission Institute for Reference Ma-
terials and Measurements to test the accuracy of our analysis of digested
mouse brain tissues and obtained an average of 104% ± 7.7 of the certified
value for 5-methylTHF (n = 3 independent experiments).

Pharmacokinetic Analysis. Compartmental analyses of [13C5]-5-formylTHF
plasma concentration-time profiles from WT mice were performed using
PKsolver software for Microsoft Excel (26). Pharmacokinetic parameters were
estimated after fitting the concentration data to 1- and 2-compartment
models. The final model was selected based on goodness of fit through
visual inspection; residual plot analysis; and statistical parameters, including
weighted sum of squares, Akaike information criterion, and Schwarz criterion.
Various weighting schemes (actual, estimated, 1/concentration, and 1/con-
centration2) were used, and the 1/concentration2 weighting yielded the
highest model selection criterion. The area under the concentration-time curve
(AUC) for plasma [13C5]-5-formylTHF was extrapolated to infinity (AUC0→∞)
and estimated using the linear trapezoidal method. The plasma terminal
elimination half-life (t1/2β) was determined by linear regression of the natural
log-transformed concentration-time plot. Clearance (CL) and volume of dis-
tribution (V) were calculated from the equations dose/AUC0→∞ and total
amount of drug in body dose (mg/kg)/Cplasma, respectively.

Data Analysis. All experiments were repeated at least 3 times using cells from
different passages or different mouse brain capillary preparations. For in vivo
experiments, samples were collected from 4 to 9 animals per treatment group
or time point. Results are presented as mean ± SEM. All statistical analyses
were performed using Prism 6 software (GraphPad Software, Inc.). Statistical
significance between 2 groups was assessed by a 2-tailed Student’s t test for
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unpaired experimental values. Multiple group comparisons were performed
using either 1-way or 2-way ANOVA with Bonferroni’s post hoc test. A P
value of <0.05 was considered statistically significant.

Results
Localization of Folate Receptor/Transporters in Mouse BBB. Our
laboratory has previously reported robust expression of RFC,
PCFT, and/FRα in several in vitro models of human and rodent
BBB (14). In this study, we further investigated the cellular lo-
calization of the 3 major folate transport pathways in primary
cultures of mouse brain microvascular endothelial cells by con-
focal microscopy (Fig. 1). RFC, PCFT, and FRα appeared to be
primarily localized to the cell plasma membrane, as shown
by their similar localization to the plasma membrane marker,
Na+/K+-ATPase α. The Pearson’s coefficient values between RFC/
PCFT/FRα and Na+/K+-ATPase α were 0.89, 0.85, and 0.68,
respectively, indicating robust colocalization between the folate
transporters/receptor and the cell membrane marker.

Expression of Folate Receptor/Transporters in WT and Folr1 KO Mice.
Relative mRNA expression of major folate transport pathways
was determined in WT and Folr1 KO mouse tissues by qPCR
(Fig. 2). We confirmed that Folr1 (FRα) mRNA was not present
in various tissues (isolated brain capillaries, liver, and kidney) of
Folr1 KO mice compared with WT controls. We also did not
observe significant differences in the level of Slc19a1 (RFC) and
Slc46a1 (PCFT) expression between Folr1 KO and WT animals,
suggesting a lack of compensation from these transporters in
response to the loss of FRα.

Effect of Calcitriol on RFC Expression in WT and Folr1 KO Mice. To
examine the effect of VDR activation in the regulation of RFC
in vivo, mice were treated i.p. with the VDR ligand, calcitriol
[1,25(OH)2D3; 2.5 μg/kg] every other day for 8 d. Significant
increases in Slc19a1 (RFC) mRNA were observed in isolated
brain capillaries (1.5-fold), liver (2-fold), kidney (1.3-fold), and
duodenum (6-fold) of WT or Folr1 KO animals compared with
vehicle (Figs. 3A and 4A). We additionally used P-gp as a posi-
tive control since the functional expression of this membrane
transporter has been extensively demonstrated to be regulated by
VDR (27, 28). As shown in Figs. 3B and 4B, Abcb1a (P-gp)
mRNA levels were significantly elevated in various tissues of
WT and Folr1 KO mice following calcitriol treatment. A modest
but significant increase in Slc46a1 (PCFT) mRNA expression
was also observed in isolated brain capillaries (1.5-fold) and liver
(1.4-fold) of calcitriol-treated WT mice; however the contribu-
tion of this transporter in mediating folate delivery at the BBB
may be less relevant due to the low pH required for optimal
PCFT activity (SI Appendix, Fig. S1). Furthermore, mRNA ex-
pression of several members of the organic anion transporter
(OAT) and multidrug resistance-associated protein (MRP) fami-
lies were determined following calcitriol treatment (SI Appendix,
Fig. S2). A number of these membrane-associated transporters
exhibit relatively modest affinities for folates (OAT1–3, Km =
10 to 700 μM; MRP1–4, Km = 0.2 to 2 mM) and could potentially
contribute to the observed effect of calcitriol on brain folate levels.
Significant induction in Slc22a8 (Oat3) and Abcc3 (Mrp3) mRNA
was observed in kidney tissues of calcitriol-treated WT and Folr1
KO mice compared with vehicle (SI Appendix, Fig. S2A). Abcc2

Fig. 1. Cellular localization of major folate transport pathways in primary mouse brain microvascular endothelial cells representative of the BBB. Cells were
immunostained with the following: (1) DAPI nuclear marker; (2) AE390 anti-RFC (1:50), anti-HCP1/PCFT (1:50), or anti-FBP/FRα (1:50); and (3) anti-Na+/K+-
ATPase α plasma membrane marker (1:50). Cells were visualized using confocal microscopy (LSM 700; Carl Zeiss) operated with ZEN software using a 40× or
63× objective lens. (Scale bar, 50 μm.) Three-dimensional colocalization of folate transporters/receptor and the plasma membrane marker, Na+/K+-ATPase α, was
quantified using Imaris Bitplane software. The Pearson’s coefficient values between RFC/PCFT/FRα and Na+/K+-ATPase α were 0.89, 0.85, and 0.68, respectively.
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Fig. 2. Relative expression of major folate transport pathways in various tissues of WT and Folr1 KO mice. mRNA expression of mouse Folr1 (A, FRα), Slc19a1
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(Mrp2) mRNA was also increased in the liver of WT and Folr1 KO
mice following calcitriol administration (SI Appendix, Fig. S2B). No
significant changes in Oat or Mrp mRNA expression was observed
in mouse brain capillaries isolated from vehicle and calcitriol-
treated WT and Folr1 KO animals (SI Appendix, Fig. S2C).

Systemic Effects of Calcitriol Treatment. The body weight of WT
and Folr1 KOmice was also monitored prior to and during calcitriol
treatments. Changes in body weight relative to day 0 (time before
vehicle/calcitriol injections; initial weight set to 1) was plotted over

a course of 6 d (Fig. 5A). WT and Folr1 KO mice treated with
calcitriol showed a statistically significant decrease in body weight
(∼10%) starting at day 4 compared with vehicle control. However,
this observed weight loss plateaued after prolonged calcitriol ad-
ministration (i.e., 16 d) (SI Appendix, Fig. S3). Since vitamin D is
involved in numerous physiological processes, particularly calcium
uptake and bone metabolism, we also determined plasma levels of
calcium and phosphorus in response to calcitriol administration.
As shown in Fig. 5 B andC, the 8-d treatment regimen significantly
increased calcitriol (5.5-fold) and calcium (1.5-fold) concentrations
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Fig. 3. Effect of calcitriol treatment on RFC and P-gp expression in WT mice. Significant increases in Slc19a1 (A, RFC) and Abcb1a (B, P-gp) mRNA were
observed in isolated brain capillaries, liver, kidney, and/or duodenum of mice treated with calcitriol (2.5 μg/kg) compared with vehicle (corn oil). Results are
presented as mean ± SEM for n = 3 independent experiments (total of 8 to 9 animals per group). Asterisks represent data points significantly different from
vehicle (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig. 4. Effect of calcitriol treatment on RFC and P-gp expression in Folr1 KO mice. Significant increases in Slc19a1 (A, RFC) and Abcb1a (B, P-gp) mRNA were
observed in isolated brain capillaries, liver, duodenum, and/or kidney of mice treated with calcitriol (2.5 μg/kg) compared with vehicle (corn oil). Results are
presented as mean ± SEM for n = 3 independent experiments (total of 8 to 9 animals per group). Asterisks represent data points significantly different from
vehicle (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Alam et al. PNAS | August 27, 2019 | vol. 116 | no. 35 | 17535

PH
A
RM

A
CO

LO
G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907077116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907077116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907077116/-/DCSupplemental


www.manaraa.com

in mouse plasma. Phosphorus levels, on the other hand, remained
unchanged following calcitriol treatment (Fig. 5D).

Assessment of Folate Levels (5-FormylTHF and 5-MethylTHF) in WT and
Folr1 KO Mice. Basal levels of reduced folates, 5-formylTHF and
5-methylTHF, were initially determined in plasma and brain
tissues of WT and Folr1 KO mice by LC-MS/MS, respectively
(Fig. 6). We confirmed that the concentrations of 5-formylTHF
and 5-methylTHF in the plasma (Cplasma) and brain (Cbrain) of
Folr1 KO mice were much lower than in WT animals, suggesting
that loss of Folr1 adversely affects folate uptake to the brain as
well as folate conservation in the body, which primarily occurs
via Folr1-mediated reabsorption in the kidneys.

Plasma and Tissue Distribution of [13C5]-5-FormylTHF in WT Mice. In
vivo transport activity of RFC was examined using [13C5]-5-
formylTHF, which is a heavy isotope tracer that can be used
to evaluate folate distribution in WT and/or Folr1 KO mice.

5-formylTHF (leucovorin or folinic acid) is a known RFC sub-
strate (Km = 2 to 7 μM) and a stable form of folate primarily used
in the treatment of neurodevelopmental disorders, such as hered-
itary folate malabsorption and cerebral folate deficiency syndrome.
Plasma or serum distribution of injected [13C5]-5-formylTHF was
previously characterized in human subjects (25, 29), but its distri-
bution to biological tissues has yet to be examined. To determine
whether [13C5]-5-formylTHF can successfully penetrate across the
BBB, a single bolus dose of [13C5]-5-formylTHF (0.25 mg/kg) was
initially administered to WT mice through i.v. injection via the tail
vein. As shown in Fig. 7A, the amount of [13C5]-5-formylTHF in
WT plasma rose to a maximum concentration of 403 ± 150 ng/mL
after i.v. injection, followed by a rapid decline to baseline at 30 to
120 min postinjection. Fitting of plasma [13C5]-5-formylTHF
concentration data to a 2-compartment i.v. bolus model also
yielded the following pharmacokinetic parameter estimates: t1/2β =
25.01 min, V = 396.34 mL/kg, AUC0→∞ = 2,849 ng·min·mL−1, and
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CL = 87.76 mL·min−1·kg−1 (SI Appendix, Table S1). Furthermore,
plasma levels of [13C5]-5-methylTHF, a metabolite of [13C5]-5-
formylTHF and the major circulating form of folates, was mea-
sured to assess the conversion between different folate forms. As
shown in Fig. 7A, a steady increase in plasma [13C5]-5-methylTHF
was observed following [13C5]-5-formylTHF administration, which
then declined toward baseline at 60 min postinjection. Most impor-
tantly, the presence of both folate forms was also detected in brain

tissues isolated from treated animals, with [13C5]-5-methylTHF
being present at higher concentrations over the 120-min study
period compared with [13C5]-5-formylTHF (Fig. 7B).

Effect of Calcitriol Treatment on Plasma and Tissue Distribution of
[13C5]-5-FormylTHF in Folr1 KO Mice. To determine whether in vivo
activation of VDR through calcitriol treatment will result in an
increase in RFC functional activity, Folr1 KO mice were pre-
treated with calcitriol (2.5 μg/kg) or vehicle (corn oil) every other
day for 8 d. At 24 h following the last calcitriol dose, each mouse
received a single bolus dose of [13C5]-5-formylTHF (0.25 mg/kg)
by tail vein injection and was subsequently euthanized 5 min
postinjection. As shown in Fig. 8A, plasma levels of injected
[13C5]-5-formylTHF (Cplasma) did not differ between the 4 treat-
ment groups: (1) untreatedWTmice, (2) untreated Folr1 KOmice,
(3) vehicle-treated Folr1 KO mice, and (4) calcitriol-treated
Folr1 KO mice. We also found that brain concentrations of
[13C5]-5-formylTHF (Cbrain) were lower in Folr1 KO animals (un-
treated and vehicle-treated) compared with WT controls, sug-
gesting inefficient folate uptake to the brain with the loss of
Folr1 (Fig. 8B). However, pretreatment with calcitriol resulted in
over a 6-fold increase in [13C5]-5-formylTHF accumulation in brain
tissues of Folr1 KO mice compared with vehicle. In fact, the levels
of [13C5]-5-formylTHF found in brain tissues of calcitriol-treated
Folr1 KO mice were remarkably comparable to those of WT mice
(Fig. 8B). We also determined brain-to-plasma concentration ra-
tios (Cbrain/Cplasma) of injected [13C5]-5-formylTHF to evaluate
brain penetration of this compound (Fig. 8C). As expected, much
lower Cbrain/Cplasma ratios were observed in Folr1 KO mice (un-
treated and vehicle-treated) compared with WT controls, and
pretreatment with calcitriol significantly increased the Cbrain/Cplasma
ratio of injected [13C5]-5-formylTHF by ∼15-fold. Taken together,
these results demonstrate a significant and robust enhancement of
RFC-mediated brain folate uptake in Folr1 KO mice following
VDR activation with calcitriol.

Discussion
Folates are essential for proper cognitive function, especially
during rapid periods of growth and brain development in infancy
and childhood. Folate deficiency has been implicated in a number
of neurodevelopmental disorders. Low maternal folate status is an
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Fig. 6. Basal folate levels in WT versus Folr1 KO mice. Plasma and brain
concentrations of unlabeled 5-formylTHF (A and B) and 5-methylTHF (C and
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important contributor to the prevalence of congenital malforma-
tions like neural tube defects (30). Abnormalities in folate transport
have also been associated with hereditary folate malabsorption (8),
cerebral folate deficiency syndrome (10), and autism spectrum
disorders (31). Several lines of evidence indicate that folate
supplementation can somewhat reduce the occurrence of these
neurological disorders; however, current therapeutic approaches
are not sufficiently effective (8, 32, 33).
There are 2 potential routes for folate delivery into the brain:

(1) the blood–CSF barrier at the choroid plexus and (2) the ce-
rebral vasculature endothelium or BBB. As previously indicated,
brain folate transport primarily occurs at the choroid plexus via
FRα and PCFT (7, 8). Loss of FRα or PCFT function can severely
impair folate uptake into the CSF, causing neural folate deficiency
that manifests into childhood neurodegenerative disorders, such
as cerebral folate deficiency (9, 10) and hereditary folate mal-
absorption (4, 8), respectively. These 2 disorders share similar
neurological symptoms, but with distinct clinical presentations.
Hereditary folate malabsorption occurs within a few months of
birth and is characterized by defective intestinal folate ab-
sorption causing systemic folate deficiency, as well as impaired
brain folate transport resulting in low CSF folate (4, 8). On the
other hand, patients with cerebral folate deficiency exhibit
normal blood folate levels and only present with neurological
deficits after 2 to 3 y of age (9, 10).
The vascular BBB represents an arterial route for brain folate

transport, although the exact mechanisms of folate uptake at this
site remain unknown (15–17). There is some clinical evidence
pertaining to the role of the BBB in folate delivery. In particular,
some patients with hereditary folate malabsorption can present
with mild neurological deficits despite suboptimal CSF folate
levels, suggesting that in the absence of choroid plexus function,
brain folate uptake can still occur via the BBB; however, the
efficiency of transport varies among patients. Furthermore, the
earlier onset of hereditary folate malabsorption compared with
cerebral folate deficiency could be due to the presence of severe
systemic folate deficiency, which may limit the protective effect
of BBB folate transport (8). In contrast, despite normal systemic
folate levels in individuals with cerebral folate deficiency and
presumed normal folate uptake at the BBB, the loss of FRα
function still results in low CSF folate levels ultimately causing
cognitive deficits. These clinical observations suggest that folate
transport across the BBB may not adequately supply neural cells

with sufficient folates to sustain normal development (34, 35).
Thus, modulating folate transport at the level of the BBB could
significantly contribute to folate uptake into the CNS.
Finding new approaches for enhancing brain folate delivery

may have a significant impact on the treatment of childhood
neurometabolic disorders caused by folate deficiency. Our group
has reported that the vascular BBB could present an alternative
route for brain folate transport, especially when inactivation of
FRα or PCFT impairs the major route of folate uptake at the
choroid plexus (14). We further demonstrated in vitro that
functional expression of another folate transporter, RFC, and its
upregulation by the VDR nuclear receptor could potentially
increase folate transport across the BBB (14). In the present
study, we go on to demonstrate in vivo that loss of Folr1 ex-
pression results in a substantial decrease in the delivery of 13C5-
folates to the brain and that delivery is restored by administra-
tion of the VDR-activating ligand, calcitriol. The data indicate
that this is due to the salutary impact of calcitriol on the ex-
pression of RFC at the BBB. Since Folr1 is almost exclusively
expressed in the choroid plexus, these findings (1) represent a
demonstration of the substantial impact of the loss of choroid
plexus function on the delivery of folates to the brain, as ob-
served in hereditary folate malabsorption and cerebral folate
deficiency syndrome, and (2) suggest a novel adjunct therapy to
the treatment of these neurological disorders with calcitriol.
Using immunocytochemical staining and confocal microscopy,

we characterized the localization of RFC, PCFT, and FRα in
primary mouse microvessel endothelial cells representative of an
in vitro BBB system (Fig. 1). We confirmed that all 3 folate transport
pathways were primarily localized to the plasma membrane, as
evident by their similar localization to the plasma membrane
marker Na+/K+-ATPase α. Detection of robust expression of fo-
late transporters at the mouse BBB corroborates previous reports
(14, 16, 36) and provides evidence of a potential role for the BBB
in brain folate delivery.
To assess the contribution of folate transporters (i.e., RFC) in

facilitating folate uptake across the BBB, we implemented the
use of an in vivo mouse model lacking Folr1 (Folr1 KO). Sys-
temic deletion of this receptor was confirmed through qPCR
analysis, which showed a lack of Folr1 (FRα) mRNA expression
in various tissues (liver, kidney, and isolated brain capillaries
representative of the BBB) of Folr1 KO mice compared with WT
controls (Fig. 2). We also did not observe significant differences
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in the level of Slc19a1 (RFC) and Slc46a1 (PCFT) expression
between Folr1 KO and WT animals, indicating a lack of com-
pensation from these transporters in response to the loss of
Folr1. Given these findings, it is important to note that although
PCFT was detected in isolated mouse brain capillaries, this
transporter may not be functionally relevant at this site due to
the neutral pH of the BBB interface and the low pH required for
optimal PCFT uptake. Thus, our subsequent studies focused on
characterizing the role of RFC at the level of the BBB.
In vivo regulation of RFC by VDR was examined through i.p.

administration of the VDR ligand, calcitriol, to WT and Folr1
KO mice using the dosing regimen specified by Chow et al. (22).
We demonstrated that calcitriol treatment significantly increased
Slc19a1 (RFC) mRNA expression in isolated brain capillaries
(1.5-fold) of WT and Folr1 KO mice (Figs. 3A and 4A). These
results are in agreement with our laboratory’s previous findings
that in vitro exposure of hCMEC/D3 cells and mouse brain
capillaries to calcitriol resulted in over 50% upregulation of RFC
mRNA and protein (14). In the present study, Slc19a1 (RFC)
mRNA was also induced in other tissues known to express this
transporter, such as the liver (2-fold), kidney (1.3-fold), or du-
odenum (6-fold) (Figs. 3A and 4A). Only a modest increase in
Slc46a1 (PCFT) mRNA was observed in isolated brain capil-
laries (1.5-fold) and liver (1.4-fold) of calcitriol-treated WT
mice, but the contribution of this transporter in BBB folate de-
livery may be less relevant due to the low pH required for op-
timal PCFT activity (SI Appendix, Fig. S1). Furthermore, Abcb1a
(P-gp) mRNA was elevated in various tissues of WT and Folr1
KO mice following calcitriol treatment (Figs. 3B and 4B). This
was not surprising since VDR is a key regulator of a number of
membrane transporters, including the drug efflux pump, P-gp
(28, 37). However, induction of this transporter at the BBB
may have functional consequences since P-gp has also been
identified to be a low-affinity efflux transporter of folates (Km =
0.2 to 2 mM) and could potentially oppose folate uptake by RFC
(38). We further examined the expression of several OAT and
MRP transporters that are known to transport folates (OAT1–3,
Km = 10 to 700 μM; MRP1–4, Km = 0.2 to 2 mM) and potentially
contribute to the observed effect of calcitriol on brain folate
levels. As shown in SI Appendix, Fig. S2, substantial increases in
Slc22a8 (Oat3), Abcc2 (Mrp2), or Abcc3 (Mrp3) mRNA were
observed in kidney or liver tissues of calcitriol-treated mice, but
not in isolated mouse brain capillaries. These results suggest that
there may be minimal contribution from these transporters in
folate uptake at the BBB, further supporting our hypothesis that
folate transport at the BBB could be largely mediated by RFC.
Systemic effects of calcitriol administration were also in-

vestigated to evaluate the safety of our treatment protocol. As
expected, exogenous administration of calcitriol significantly in-
creased calcitriol levels in plasma of treated mice (5.5-fold) as
seen in earlier reports by other groups (39) (Fig. 5B). The
alternate-day dosing regimen recommended by Chow et al. (22)
was also shown previously to alleviate the hypercalcemic and
weight loss effects of calcitriol, but we observed significant in-
creases in plasma calcium concentrations (1.5-fold) of WT and
Folr1 KO mice after the 8-d treatment period in our studies (Fig.
5C). Phosphorus levels, on the other hand, were unchanged
following calcitriol treatment (Fig. 5D). WT and Folr1 KO mice
also exhibited a statistically significant decrease in body weight
starting at day 4 of calcitriol injections (Fig. 5A), but this weight
loss plateaued after prolonged calcitriol administration (SI Ap-
pendix, Fig. S3). Hypercalcemia may have been induced by VDR-
mediated transactivation of calcium ion channels in the kidney
and intestine (i.e., TRPV5, TRPV6), resulting in volume de-
pletion due to frequent urination (39). Although the observed
hypercalcemia and weight loss did not seem to affect the animals’
overall health, exogenous administration of calcitriol still re-
quires strict monitoring to avoid toxicities associated with VDR

activation in vivo. Supplementation with other vitamin D forms,
such as ergocalciferol and cholecalciferol, may also be helpful in
reducing toxicities since these compounds require initial con-
version into the active calcitriol form by CYP27B1, an enzyme
tightly regulated by serum calcium levels (40).
Folate distribution in WT and Folr1 KO mice was subsequently

examined to further understand the effect of VDR activation on
RFC functional activity, particularly at the BBB. We initially de-
termined that basal concentrations of reduced folates, 5-formylTHF
and 5-methylTHF, in the plasma (Cplasma) and brain (Cbrain) of
Folr1 KOmice were much lower compared with WTmice (Fig. 6).
These results suggest that despite supplementing with high doses
of folic acid (40 mg/kg) during gestation, loss of Folr1 function
continues to affect brain folate uptake as well as folate reab-
sorption in the kidneys of adult Folr1 KO animals (41). We also
used [13C5]-labeled 5-formylTHF to evaluate folate disposition in
vivo. In our hands, i.v. administration of [13C5]-5-formylTHF in
WT mice yielded pharmacokinetic parameters that are compara-
ble to those in an earlier report by Wu and Pardridge (17) (Fig. 7A
and SI Appendix, Table S1). Significant levels of injected [13C5]-5-
formylTHF and its metabolite, [13C5]-5-methylTHF, were also
detected in brain tissues of WT mice, consistent with transport of
[13C5]-labeled folates across the BBB (Fig. 7B). Finally, to verify
whether VDR activation will also induce RFC function in vivo,
Folr1 KO mice were subjected to an 8-d pretreatment with
calcitriol or vehicle before receiving a single i.v. injection of [13C5]-5-
formylTHF. Within the Folr1 KO brain tissues, we observed a
significant and remarkable increase of [13C5]-5-formylTHF con-
centrations (6-fold) and corresponding Cbrain/Cplasma ratio (15-
fold) in calcitriol-treated mice compared with the vehicle-treated
group (Fig. 8). These findings are most exciting as they demon-
strate that in vivo induction of RFC functional expression through
activation of VDR by calcitriol can significantly increase brain
folate delivery in Folr1 KOmice. In fact, pretreatment with calcitriol
resulted in brain [13C5]-5-formylTHF levels that were comparable
to those of WT animals, suggesting that upregulation of RFC
could potentially compensate for the loss of Folr1-mediated
brain folate uptake.
Beyond abnormalities in folate delivery to the brain due to

loss-of-function mutations in FRα and PCFT, low CSF folate level
was previously identified in at least 2 types of autism spectrum
disorders, such as Rett syndrome and infantile low-functioning
autism (42, 43). Reduced brain folate transport was linked to the
presence of FRα autoantibodies, which inhibit FRα function either
by blocking folate binding to the receptor or by binding to an
epitope distant from the folate-binding site and disrupting receptor
function. A high prevalence of FRα autoantibodies (75%) was also
reported in a cohort of children with idiopathic autism spectrum
disorders and was found to correlate with low folate concentrations
in the CSF (31). The intervention with 5-formylTHF (leucovorin
or folinic acid) has shown favorable responses in autism spectrum
disorders, especially among patients who are positive for FRα
autoantibodies. Ramaekers et al. (42) reported partial recovery of
neurological and social impairments in patients with infantile low-
functioning autism after oral supplementation with 5-formylTHF.
Frye et al. (31) also observed marked improvements in attention,
language, and behavior in over 60% of patients treated with high
oral doses of 5-formylTHF compared with nontreated controls. In
a randomized, double-blind, placebo-controlled trial conducted by
the same group, 12-wk high-dose oral 5-formylTHF supplemen-
tation significantly improved verbal communication in patients
expressing FRα autoantibodies (44). Despite the promising effects
of 5-formylTHF intervention in autism spectrum disorders, there is
still a need to establish more effective therapies. Frye et al. (31)
have reported that prolonged intake of 5-formylTHF at such
high doses could result in adverse events, including insomnia,
gastroesophageal reflux, and worsening aggression. Since autism
is a lifelong disorder, finding an optimal therapeutic approach
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with limited adverse effects is important. Our present findings
could potentially represent a new strategy for enhancing folate
delivery to the brain via RFC at the BBB.
In summary, we have shown in vivo that loss of Folr1 sub-

stantially decreases folate delivery to the brain, demonstrating
the major contribution of the choroid plexus to brain folate
transport. We further provide evidence that in vivo activation of
VDR by its natural activating ligand, calcitriol, can induce RFC
expression in mice lacking Folr1. These findings suggest that
augmenting RFC functional expression enhances folate delivery
at the BBB and could potentially compensate for the loss of
FRα-mediated folate uptake at the choroid plexus. The current
therapeutic approach for neurological disorders resulting from
folate transport defects is to achieve high 5-formylTHF blood
levels in order to deliver sufficient folate to the brain to sustain
normal neural development. However, despite achievement of
high blood folate levels, CSF folate levels are still below the

normal range and neurological signs, particularly seizures, may be
difficult to control (8, 32, 45, 46). Therefore, modulating folate
transport at the BBB through RFC offers a therapeutic approach
to improving brain folate delivery for the treatment of neuro-
metabolic disorders caused by loss of FRα or PCFT function.
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