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Fluids and Barriers of the CNS

Regulation of folate transport at the mouse 
arachnoid barrier
Vishal Sangha1, Sara Aboulhassane1 and Reina Bendayan1* 

Abstract 

Background  Folates are a family of B9 vitamins essential for normal growth and development in the central nervous 
system (CNS). Transport of folates is mediated by three major transport proteins: folate receptor alpha (FRα), proton-
coupled folate transporter (PCFT), and reduced folate carrier (RFC). Brain folate uptake occurs at the choroid plexus 
(CP) epithelium through coordinated actions of FRα and PCFT, or directly into brain parenchyma at the vascular 
blood–brain barrier (BBB), mediated by RFC. Impaired folate transport can occur due to loss of function mutations 
in FRα or PCFT, resulting in suboptimal CSF folate levels. Our previous reports have demonstrated RFC upregulation 
by nuclear respiratory factor-1 (NRF-1) once activated by the natural compound pyrroloquinoline quinone (PQQ). 
More recently, we have identified folate transporter localization at the arachnoid barrier (AB). The purpose of the pre-
sent study was to further characterize folate transporters localization and function in AB cells, as well as their regula-
tion by NRF-1/PGC-1α signaling and folate deficiency.

Methods  In immortalized mouse AB cells, polarized localization of RFC and PCFT was assessed by immunocyto-
chemical analysis, with RFC and PCFT functionality examined with transport assays. The effects of PQQ treatment 
on changes in RFC functional expression were also investigated. Mouse AB cells grown in folate-deficient conditions 
were assessed for changes in gene expression of the folate transporters, and other key transporters and tight junction 
proteins.

Results  Immunocytochemical analysis revealed apical localization of RFC at the mouse AB epithelium, with PCFT 
localized on the basolateral side and within intracellular compartments. PQQ led to significant increases in RFC func-
tional expression, mediated by activation of the NRF-1/PGC-1α signalling cascade. Folate deficiency led to significant 
increases in expression of RFC, MRP3, P-gp, GLUT1 and the tight junction protein claudin-5.

Conclusion  These results uncover the polarized expression of RFC and PCFT at the AB, with induction of RFC func-
tional expression by activation of the NRF-1/PGC-1α signalling pathway and folate deficiency. These results suggest 
that the AB may contribute to the flow of folates into the CSF, representing an additional pathway when folate trans-
port at the CP is impaired.

Keywords  Folates, Arachnoid barrier, Reduced folate carrier, Proton-coupled folate transporter, Folate receptor, 
Pyrroloquinoline quinone, Blood-cerebrospinal fluid barrier

Introduction
Folates are a family of B9 vitamins that are essential for 
normal growth and development in the central nerv-
ous system (CNS), with folate deficiency serving as a 
risk factor for neural tube defects (NTDs), cardiovascu-
lar disorders and cancer [1, 2]. In mammals, folates are 
transported by three processes: (i) the high affinity folate 
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receptors (gene: FOLR1-2/Folr1-2), functioning through 
receptor-mediated endocytosis [3], (ii) the reduced folate 
carrier (RFC) (gene: SLC19A1/Slc19a1), an organic phos-
phate antiporter which optimally operates at pH 7.4. [4, 
5], and (iii) the proton-coupled folate transporter (gene: 
SLC46A1/Slc46a1), a proton co-transporter displaying 
optimal activity at pH 4.5–5.5 [6, 7].

The major routes of CNS folate uptake include the cho-
roid plexus (CP) epithelium of the blood-cerebrospinal 
fluid barrier (BCSFB) and the vascular blood–brain bar-
rier (BBB) [8–11]. FRα represents a major transcytosis 
pathway for folates at the BCSFB, with PCFT assisting in 
this transport [8, 12]. Impairments in FRα function can 
result in FOLR1-related cerebral folate transport defi-
ciency (FOLR1-CFTD) [13–15]. The presence of folate 
receptor autoantibodies (FRΑAs) impairing FRα function 
can also result in brain folate deficiency, and has been 
recognized in neurological disorders including autism 
spectrum disorder (ASD) [16]. Impaired PCFT function 
is the basis for hereditary folate malabsorption (HFM) 
resulting in both cerebral and systemic folate deficiency 
[6, 17].

Our previous reports have demonstrated the impor-
tance of the BBB in cerebral folate delivery, as functional 
upregulation of RFC at this barrier results in enhanced 
brain folate uptake in the context of FRα impairment at 
the CP [9–11]. In mice lacking FRα, induction of RFC 

function by the vitamin D receptor (VDR) effectively 
restored brain folate levels, representing a potential novel 
therapeutic strategy for FOLR1-CFTD [10]. Additionally, 
nuclear respiratory factor 1 (NRF-1), a transcription fac-
tor involved in regulating mitochondrial function was 
shown to induce RFC expression and function in mod-
els of the BBB and brain parenchyma [11, 18]. NRF-1 can 
be indirectly activated by the naturally derived enzyme 
cofactor pyrroloquinoline quinone (PQQ) through per-
oxisome proliferator-activated receptor-γ coactivator-1α 
(PGC-1α) [19, 20]. We have also shown that PQQ can 
exert anti-inflammatory, antioxidant, and mitochondrial 
biogenesis effects in brain folate deficiency. PQQ may 
assist in enhancing folate transport, while in parallel alle-
viating the physiological impairments of brain folate defi-
ciency. [18]

The arachnoid barrier (AB) represents an additional 
interface between the CSF and peripheral circulation that 
may be involved in regulating CSF homeostasis [21, 22, 
27]. This barrier is at the interface of the dura and pia 
mater and regulates the exchange between the dural vas-
culature and CSF [21–24, 27]. The subarachnoid space 
contains about 80% of the total CSF volume in the brain 
compared to the ventricles [25]. Several members of the 
ATP-binding cassette (ABC) and solute carrier (SLC) 
superfamilies are highly expressed at the AB and may 
play a significant role in CSF regulation (Fig. 1) [21, 26]. 

Fig. 1  Proposed mechanism of folate transport at the arachnoid barrier (AB). A Folates are transported from the dural vasculature into AB epithelial 
cells by RFC, which is localized on the apical membrane. Folates are further shuttled into the subarachnoid space containing CSF through MRP3, 
which is localized on the basolateral membrane. PCFT is localized on the basolateral membrane and within intracellular compartments of the AB, 
but likely does not contribute to this transport due to its optimal activity conditions at acidic pH. B Folate deficiency results in AB dysregulation, 
with increased expression of RFC, MRP3, P-gp, and GLUT1. Dysregulation of the tight junction proteins are also observed through upregulation 
of claudin-5. In both folate-sufficient and FD conditions, PQQ results in RFC upregulation (figure adapted from [21])



Page 3 of 12Sangha et al. Fluids and Barriers of the CNS           (2024) 21:67 	

We have reported localization and expression of RFC and 
PCFT at the AB, while FRα is absent [27]. The goal of the 
present study was to further characterize the localization 
and functional expression of folate transporters in AB 
cells, as well as their regulation by NRF-1/PGC-1α and 
folate deficiency. This work provides novel insight on the 
role of the AB cells in cellular folate uptake, particularly 
under conditions in which FRα-mediated transport at the 
CP is impaired.

Materials and methods
Materials
All cell culture reagents used for in  vitro experiments 
were purchased from Invitrogen (Carlsbad, CA, USA) 
unless indicated otherwise. PQQ was purchased from 
Cayman Chemicals (Ann Arbor, MI, USA). For immu-
nocytochemistry analysis, primary rabbit polyclonal 
anti-RFC antibody (MBS9134642) was purchased from 
MyBioSource (San Diego, CA, USA). Rabbit polyclonal 
anti-PCFT antibody (ab25134) was purchased from 
Abcam Biotechnology (Cambridge, MA, USA). Primary 
mouse monoclonal anti-Na+/K+-ATPase α antibody (sc-
58628) was obtained from Santa Cruz Biotechnology 
(Dallas, TX, USA). For transport assays, tritium labelled 
[3H]-methotrexate (MTX) and [3H]-folic acid (FA) were 
obtained from Moravek Biochemicals (Brea, CA, USA). 
Unlabelled methotrexate, folic acid and pemetrexed 
were obtained from Sigma-Aldrich (Oakville, ON, Can-
ada). Real time quantitative polymerase chain reaction 
(qPCR) reagents, including reverse transcription cDNA 
kits were purchased from Applied Biosystems (Foster 
City, CA, USA). qPCR primers were purchased from 
Life Technology and were validated for use with TaqMan 
qPCR chemistry (Carlsbad, CA, USA). For western blot 
experiments, primary rabbit polyclonal anti-SLC19A1 
(AV44167), and primary rabbit polyclonal anti-SLC46A1 
(PCFT) antibody (SAB2108339) were purchased from 
Sigma-Aldrich. Mouse monoclonal anti-β-actin antibody 
(sc-517582) was obtained from Santa Cruz Biotechnol-
ogy. Anti-rabbit Alexa Fluor 594 and anti-mouse Alexa 
Fluor 488–conjugated secondary antibodies were pur-
chased from Invitrogen.

Cell culture
Immortalized mouse AB cells were kindly provided by 
Dr. Erin Schuetz (St. Jude’s Children’s Research Hospi-
tal, Memphis, TN, USA). AB cells (passage 3–10) were 
cultured in DMEM supplemented with 9% FBS, 1% 
horse serum, 1 × penicillin/streptomycin, 1 × fungizone, 
and 1 × glutamine and grown on 75 cm2 poly-d-lysine 
(PDL) coated flasks as previously described [22, 27, 28]. 
Cells were maintained in a humidified incubator at 37°C, 
5% CO2, and 95% of air atmosphere, with fresh media 

replaced every 72  h. For studies examining the effects 
of folate deficiency, cells were grown in a custom Dul-
becco’s modified Eagle medium (DMEM) lacking folic 
acid as previously used in our laboratory. We confirmed 
folate deficiency through quantification of folate levels 
applying the microbiological assay [18]. Upon reaching 
confluence, cells were collected and further processed for 
downstream analysis.

Immunocytochemical analysis
Polarized localization of the folate transport systems 
(RFC, PCFT) was examined in immortalized mouse AB 
cells grown to confluence on 3.0-μm polyester transwell 
inserts in 12-well plates (Corning Inc, NY, USA). Cells 
were fixed with 4% PFA for 20 min, followed by permea-
bilization with 0.1% Triton X-100. Following permeabili-
zation, inserts were carefully removed from the wells for 
further processing. Further immunocytochemical analy-
sis was performed as described in Sangha et al. [27]. Pri-
mary rabbit polyclonal anti-RFC (1:100) and anti-PCFT 
(1:50) antibodies were used to detect RFC and PCFT, 
respectively. To visualize the cell membrane, cells were 
stained with mouse monoclonal anti-Na+/K+-ATPase 
α (sc-58628) (1:50), with anti-rabbit Alexa Flour or anti-
mouse Alexa Flour 488-conjugated used as secondary 
antibodies (1:500). As a negative control, cells were incu-
bated with only secondary antibody to confirm primary 
antibody specificity. Cell staining was visualized using an 
LSM 700 laser-scanning confocal microscope (Carl Zeiss 
AG) at a 63 × objective lens operated with ZEN Software. 
Z-stack images were obtained using the ZEN software 
and xz and yz images were acquired to visualize the api-
cal and basolateral membrane localization of the folate 
transporters.

Transport assays
To assess the functional activity of RFC and PCFT in 
immortalized AB cells, transport assays were conducted 
in AB cells grown until confluence in 24-well plates with 
50 nM [3H]-MTX (an RFC substrate) or 50 nM [3H]-FA 
(a PCFT substrate) following standard procedures in our 
laboratory as previously described [9, 29]. All transport 
assays were performed using transport buffer [Hank’s 
balanced salt solution supplemented with 0.01% BSA 
and 25 mM HEPES (pH 7·4) or 25 mM MES (pH 5.5)], 
with initial uptake rates assessed by examining cellular 
uptake of [3H]-MTX or [3H]-FA at several time points 
(0  s–30  min). Transport assays assessing RFC function 
were performed at extracellular pH 7.4 and assays assess-
ing PCFT function were performed at extracellular pH 
5.5 which reflect optimal activity conditions for both 
transporters [9, 29]. To examine the specificity of trans-
port activity, RFC/PCFT inhibitor pemetrexed (10  μM) 
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and excess unlabelled substrate (10  μM) were added to 
both pre-incubation and transport buffers. For all trans-
port experiments, 10  μM elacridar (GF120918) was 
added to preincubation and transport buffers to prevent 
any possible contribution of P-gp or BCRP in substrate 
uptake [30]. To correct for non-specific binding and vari-
able quench time, cellular uptake of the radiolabelled 
substrate was determined after zero time of exposure. 
Cellular uptake of radiolabelled FA or MTX was normal-
ized to total protein content per well, quantified by the 
Bio-Rad DC Protein Assay kit with BSA as a standard 
(Bio-rad Laboratories, Hercules, CA, USA).

PQQ treatments
For gene and protein expression studies, confluent mouse 
AB cells grown in 25  cm2 flasks were treated with PQQ 
(1, 5, 10  μM) or dimethyl sulfoxide (DMSO) vehicle for 
24 or 48 h at 37 °C. Following the desired time interval, 
cells were collected and processed for qPCR and western 
blot analysis. For transport studies, confluent mouse AB 
cells grown in 24-well plates were treated with 10  μM 
PQQ or DMSO vehicle for 24 h at 37 °C. Studies exam-
ining changes in gene expression in folate-deficient (FD) 
AB cells were performed with 5  μM and 10  μM PQQ 
at 24h, as these doses and time point yielded the most 
robust results in our control data. To confirm that there 
were no toxicities observed at the desired PQQ concen-
trations, an MTT assay was perform in control and FD 
cells to observe potential changes in cell viability (Addi-
tional file 1: Fig. S1).

Gene expression analysis
Changes in mRNA expression of the various genes 
of interest was assessed in mouse AB cells using 
qPCR analysis as previously described in our labora-
tory [18]. Mouse primers for the following genes were 
obtained from Life Technologies for use with Taqman 
qPCR chemistry: Slc19a1 (RFC; Mm00446220_m1), 
Slc46a1 (PCFT; Mm00546630_m1), Nrf1 (NRF-1; 
Mm01135606_m1), PPargc1a (PGC-1α; Mm01208835_
m1), Tfam (Tfam;Mm00447485_m1), Tfb1m (TFB1M; 
Mm00524825_m1), Tfb2m (TFB2M; Mm01620397_
s1), Abc1b (P-gp; Mm00440736_m1), Abcg2 (Bcrp; 
Mm00496364_m1), Abcc3 (Mrp3; Mm00551550_
m1), Cldn5 (Claudin-5; Mm00727012_s1), Cldn11 
(Claudin-11; Mm00500915_m1), Slc22a6 (OAT1; 
Mm00456258_m1), Slc22a8 (OAT2; Mm00459534_m1), 
Slc1a3 (GLUT1; Mm00600697_m1). For all gene expres-
sion assays, experiments were performed in triplicates 
using the housekeeping gene mouse cyclophilin B as an 
internal control. For each gene assessed, relative mRNA 
expression was measured by calculating the difference in 

CT values (ΔCT) between the target gene and cyclophi-
lin B.

Protein expression analysis
Western blot analysis was performed according to stand-
ard procedures in our laboratory and as described in 
Sangha et al. [27]. Protein bands of interest were exam-
ined using primary rabbit polyclonal anti-SLC19A1 
(RFC) antibody (1:250), rabbit polyclonal anti-SLC46A1 
(PCFT) antibody (1:250) or mouse monoclonal anti-β-
actin antibody (1:1000). Horseradish peroxidase-con-
jugated anti-rabbit (1:5000) or anti-mouse (1:5000) was 
used as a secondary antibody. Protein bands of inter-
est were detected using enhanced chemiluminescence 
SuperSignal West Pico System (Thermo Fisher Scientific) 
and images were taken using the ChemiDoc MP Imaging 
System (Bio-Rad). For all experiments, 50  μg of protein 
was loaded per well, with expression quantified relative 
to β-actin by densitometric analysis.

Statistical analysis
All statistical analysis was performed using Prism 10 soft-
ware (GraphPad Software Inc., San Diego, CA, United 
States). For all in vitro work, experiments were repeated 
at least three times using separate mouse AB cell prepa-
rations. Results are presented as mean ± SEM. Multi-
ple group comparisons were performed using one-way 
analysis of variance (ANOVA) with Bonferroni’s post hoc 
test. For all statistical tests performed, P < 0.05 was con-
sidered statistically significant.

Results
Polarized membrane localization of RFC and PCFT 
in mouse AB cells
The polarized membrane localization of RFC and PCFT 
was examined through immunocytochemical analysis. As 
the AB layer shows a continuous basal lamina on its inner 
surface facing the CSF, the surface of the AB cell facing 
the CSF is the basolateral side [24, 28, 31]. Conversely, the 
cell layer facing the dura (or the blood side) is the apical 
membrane [28]. Immunocytochemical analysis revealed 
robust RFC staining on the apical membrane of the 
mouse AB cells in comparison to the basolateral mem-
brane (Fig.  2A). In contrast, prominent PCFT staining 
is detected on the basolateral membrane in comparison 
to the apical membrane of mouse AB cells. Additionally, 
PCFT staining is observed in intracellular compartments 
of the mouse AB cells (Fig. 2B).

Effects of PQQ treatment on folate transporter expression 
in mouse AB cells
PGC-1α mRNA expression was increased by ~ 50% 
(P = 0.002) and ~ 80% (P < 0.0001) in AB cells following 
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exposure to 1  μM and 10  μM PQQ for 24-h, respec-
tively (Fig.  3A). No changes in NRF-1 expression 
were observed in response to PQQ [11, 18]. Tfam and 
TFB2M expression was increased by ~ 55% (P = 0.003) 
and ~ 60% (P = 0.01) following 24-h 5 μM PQQ, respec-
tively (Fig.  3B, C). TFB1M expression was increased 
by ~ 75% (P =< 0.0001) following 5  μM PQQ for 48-h 
(Additional file  1: Fig. S2D). RFC expression was 
increased by ~ 45% (P = 0.0002) and ~ 60% (P < 0.0001) 
following 5  μM and 10  μM PQQ for 24-h, respec-
tively (Fig.  4A). RFC protein expression was increased 
by ~ 50% (P = 0.003) at 65  kDa following 10  μM PQQ, 
while both 5  μM and 10  μM PQQ increased RFC 
expression by ~ 50% (P = 0.02) and ~ 80% (P = 0.0005) 
at 63 kDa, respectively (Fig. 4B). No changes in PCFT 
mRNA or protein expression were detected in AB cells 
in response to PQQ (Additional file 1: Fig. S3).

Functional activity of RFC and PCFT in mouse AB cells
To assess RFC function, [3H]-MTX (50 nM) uptake was 
measured over 30 min, with a linear uptake observed up 
to 1 min (net influx) (Fig.  5A). In the presence of pem-
etrexed (10  μM) and excess unlabelled MTX (10  μM), 
[3H]-MTX uptake was decreased by ~ 40% (P = 0.04) 
and ~ 50% (P = 0.01) at 30  s, and ~ 60% (P = 0.0002) 
and ~ 40% (P = 0.005) at 60  s, respectively (Additional 
file 1: Fig. S4). [3H]-MTX uptake was increased by ~ 40% 
following 10 uM PQQ treatment at 30  s (P = 0.04) and 
60 s (P = 0.005) (Fig. 5B). In the presence of pemetrexed 
(10  μM), the effects of PQQ were abolished, reduc-
ing [3H]-MTX uptake by ~ 30% (P = 0.0009) and ~ 35% 
(P =< 0.0001) at 30 and 60  s, respectively (Fig.  5C). To 
assess PCFT function, [3H]-FA (50  nM) uptake was 
measured over 30 min, with a linear uptake observed up 
to 1  min (net influx) (Additional file  1: Fig. S5). In the 
presence of pemetrexed (10  μM) and excess unlabelled 

Fig. 2  Polarized localization of RFC and PCFT in immortalized mouse AB cells. Cells grown until confluence on transwell permeable support were 
fixed and stained with the following: DAPI nuclear marker, anti-RFC (1:100) (A) or anti-PCFT (1:50) (B). To visualize the cell membrane, AB cells were 
stained with the membrane marker Na+/K+-ATPase α (1:50). No primary antibody was used as a negative control (C). Arrows denote polarized 
localization of RFC/PCFT. Cells were visualized using confocal microscopy (LSM 700; Carl Zeiss) operated with ZEN software using an oil-immersion 
63 × lens. xy and xz sections were further obtained with ZEN software
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MTX (10  μM), [3H]-FA uptake was decreased by ~ 70% 
(P = 0.01) and ~ 50% (P = 0.009) at 30  s, and ~ 65% 
(P = 0.04) and ~ 45% (P = 0.03) at 60 s, respectively (Addi-
tional file 1: Fig. S5).

Effects of folate deficiency and PQQ treatment on NRF‑1/
PGC‑1α signaling and folate transporters in mouse AB cells
No alterations in PGC-1α mRNA expression were 
observed in FD cells. Exposure to 10 µM PQQ increased 
PGC-1α expression by ~ 50% in control folate-suffi-
cient (P = 0.02) and FD cells (P = 0.02) (Fig.  6A). NRF-1 
expression was increased by ~ 30% in FD cells (P = 0.05) 
(Fig. 6B). In contrast, PQQ did not affect NRF-1 expres-
sion in either control or FD cells (Fig. 6B). Tfam expres-
sion was increased by ~ 30% in FD cells (P = 0.03) (Fig. 6C) 

while PQQ did not affect Tfam or TFB1M expression 
(Fig.  6C). TFB2M expression was increased by ~ 70% in 
FD cells (P = 0.007) and increased by ~ 100% (P = 0.003) 
and ~ 60% (P = 0.04) in control cells following 5 µM and 
10 µM PQQ, respectively (Fig. 6D). RFC expression was 
increased by ~ 35% (P = 0.04) in FD cells, with an increase 
of ~ 45% (P = 0.005) and ~ 50% (P = 0.001) in control cells 
following 5 µM and 10 µM PQQ, respectively (Fig. 7). In 
FD cells, 10 µM PQQ led to an ~ 25% increase (P = 0.02) 
in RFC expression (Fig. 7A). PCFT expression remained 
unchanged in FD conditions and after PQQ.

Effects of folate deficiency and PQQ treatment 
on the expression of additional key ABC/SLC transporters 
and tight junction proteins in mouse AB cells
Changes in mRNA expression of additional ABC/SLC 
transporters localized at the AB were also assessed in 
FD conditions [21, 32]. MRP3 expression was increased 
in FD cells by ~ 100% (P = 0.002) (Fig.  7B) and P-gp and 
GLUT-1 expression were increased by ~ 50% in FD 
cells (P-gp: P = 0.0004; GLUT-1: P = 0.003) (Fig.  7C). 
There were no changes in expression of BCRP, OAT1, 
and OAT3 in FD cells (Additional file 1: Fig. S6). MRP4 
expression was undetected in this AB cell culture sys-
tem. PQQ treatment did not affect the expression of the 
other ABC/SLC transporters (i.e., MRP3, BCRP, OAT1, 
OAT3, P-gp, GLUT1) in control or FD cells (Fig. 7B–D, 
Additional file 1: Fig. S6). PQQ (5 µM) led to an increase 
of ~ 35% (P = 0.02) in claudin-5 expression in control cells, 
and ~ 40% (P = 0.004) in FD cells (Fig. 8). No changes in 
claudin-11 expression were observed in FD cells and in 
response to PQQ (Additional file 1: Fig. S6).

Discussion
Folates are transported from the peripheral circulation 
into the CSF at the BCSFB and into brain parenchymal 
cells at the vascular BBB to meet the substantial meta-
bolic demands of the CNS [8–11]. Impairment in folate 
transport can result in pediatric neurological disorders 
including FOLR1-CFTD and HFM [13, 15, 17]. Our pre-
vious studies have reported upregulation of RFC at the 
BBB by the transcription factors VDR and NRF-1 and 
suggested that this may be a novel treatment strategy 
for brain folate deficiency disorders that affect the CP 
[9–11].

In the current study, immunocytochemical analysis 
demonstrated preferential apical localization of RFC in 
AB cells suggesting that RFC may shuttle folates from 
the dural vasculature into the AB epithelium. RFC plays 
a similar role at the BBB, localized on the luminal mem-
brane of the brain microvessel endothelium, facilitat-
ing folate uptake into the brain parenchyma [10, 33]. 
PCFT staining was observed on the basolateral side and 

Fig. 3  Effect of PQQ on expression of PGC-1α signaling 
genes in immortalized mouse AB cells. A PGC-1α expression 
was significantly increased in mouse AB cells following 24-h PQQ 
(1 µM, 10 µM. B Tfam expression was significantly increased in AB 
cells following 24-h (1 µM) PQQ. C TFB2M expression was significantly 
increased in AB cells following 24-h PQQ (5 µM). Results are presented 
as mean relative mRNA expression compared to the DMSO vehicle 
control ± SEM normalized to the housekeeping gene cyclophilin 
B from n = 5 mouse AB cell preparations pertaining to different 
passages. One-way ANOVA with Bonferroni’s post-hoc test. Asterisks 
represent significant differences (*P < 0.05; **P < 0.01; ****P < 0.0001)
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within intracellular compartments, which may represent 
membrane-associated PCFT in vesicles involved in tran-
sepithelial transport, even in the absence of FRα. RFC 
and PCFT were both expressed and functional in AB 
cell monolayers suggesting that one or both have a role 
in mediating folate uptake at the AB. While PCFT may 
not play a significant role in cerebral folate uptake at the 
AB, it may serve as a clinically relevant transporter in the 
context of antifolate delivery in the acidic microenviro-
ment of meningeal neoplasms [34].

We have previously reported that activation of NRF-1/
PGC-1α signaling by PQQ, with the direct involvement 
of NRF-1, induces RFC expression. This was confirmed 
by a chromatin immunoprecipitation (ChIP) assay and 
siRNA knockdown studies [11, 18]. In the present study, 
PQQ increased PGC-1α and downstream NRF-1 target 
expression, accompanied by increases in RFC expres-
sion in AB cells, as previously demonstrated in vitro and 
in  vivo [11, 18]. No changes in PCFT expression were 
observed in response to PQQ, which contrasts with our 
previous studies reporting PQQ-mediated increases 
in PCFT expression in primary cultures of mouse 
mixed glial cells and mouse brain tissue [18]. PQQ also 

enhanced RFC function at the AB. Taken together, RFC 
upregulation by NRF-1/PGC-1α at the BBB, AB, and 
brain parenchyma may work in concert to enhance brain 
folate uptake under conditions in which folate transport 
into the CSF is impaired as in HFM and FOLR1-CFTD.

Our previous reports showed that brain folate defi-
ciency results in inflammation, mitochondrial dys-
function, and oxidative stress in vitro and in vivo. This 
is reversed by PQQ which also enhances folate trans-
porter expression [18]. Folate deficiency disrupts tight 
junction proteins at the BBB [35]. BBB/BCSFB dys-
function has also been observed in inflammation and 
oxidative stress, altering expression of several trans-
porters and tight junction proteins [36, 37]. In the cur-
rent study, PQQ induced PGC-1α signaling resulting in 
increased expression of NRF-1 and TFB2M in FD cells. 
Similarly, PGC-1α, NRF-1 and Tfam were upregulated 
in folate deprived rats, possibly due to increases in 
mitochondrial biogenesis to compensate for reductions 
in mtDNA content in FD conditions [18, 38]. Similar 
to the increase in RFC expression in FD AB cells, RFC 
expression was increased in FD Caco-2 cells through 
activation of specificity protein 1 (Sp1), suggesting that 

Fig. 4  Effect of PQQ on RFC gene and protein expression in immortalized mouse AB cells. A RFC gene expression was significantly increased 
in mouse AB cells following 24-h PQQ (5 µm, 10 µm). B Significant increases in RFC protein expression were observed in mouse AB cells 
following 24-h PQQ (5 µM, 10 µM) compared to DMSO control. Multiple protein bands for RFC (63, 65 kDa) are indicative of differential glycosylation 
of the transmembrane protein. Mouse brain lysates served as positive control, while actin was used as a loading control. mRNA expression data 
is presented as mean relative mRNA expression compared to the DMSO vehicle control ± SEM normalized to the housekeeping gene cyclophilin 
B from n = 5 mouse AB cell preparations pertaining to different passages. Protein expression data is presented as mean ± SEM from n = 3 mouse 
AB cell preparations pertaining to different passages. One-way ANOVA with Bonferroni’s post-hoc test. Asterisks represent significant differences 
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)
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NRF-1 may signal through additional regulatory path-
ways to induce RFC expression [39]. In both control 
and FD conditions, PQQ significantly increased RFC 
expression in AB cells indicating that PQQ signaling is 
present in both folate-sufficient and -deficient condi-
tions. No changes in PCFT expression were observed 
in FD AB cells, which contrasts with previous data in 
mixed glial cells and reports of PCFT overexpression in 

FD conditions [39, 40] consistent with the observation 
that folate transporter expression in FD conditions may 
vary in different brain cellular compartments [18].

In the current study, MRP3, P-gp and GLUT1 expres-
sion was increased in in FD cells. MRP3 is localized on 
the basolateral membrane of these cells and may assist in 
the export of folates into the CSF; it has a similar loca-
tion and plays a similar role in the intestinal absorption 

Fig. 5  Methotrexate uptake by immortalized mouse AB cells. A Time profile of [3H]-methotrexate in immortalized mouse AB cells. The uptake 
of 50 nM [3H]-methotrexate by the mouse AB monolayer was measured over 30 min at pH 7.4 and 37 °C. The inset shows the linearity of initial 
uptake up to 1 min. B Significant increases in cellular uptake of [3H]-methotrexate was observed in mouse AB cells following 24-h PQQ (10 µM), 
at 30 and 60 s. PQQ-mediated increases in [3H]-methotrexate uptake was inhibited by pemetrexed (10 µM). Results are presented as mean ± SEM 
from n = 4 mouse AB cell preparations pertaining to different passages. One-way ANOVA with Bonferroni’s post-hoc test. Asterisks represent 
significant differences (*P < 0.05; **P < 0.01; ***P < 0.001)
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of folates [21, 41, 42]. In FD conditions, increased RFC 
and MRP3 expression may compensate to restore brain 
folate levels. Changes in P-gp and GLUT1 expression in 
response to folate deficiency have not been reported pre-
viously, however these changes may be mediated by acti-
vation of nuclear factor kappa B (NF-κB), which in turn 
may upregulate these transporters [43–45]. Interestingly, 
PQQ failed to restore the expression of these transport-
ers to baseline levels. Finally, folate deficiency increased 
expression of the tight junction protein, claudin-5, which 
may be related to the increase in RFC since increased 
RFC expression was reported to increase occludin and 
claudin-5 expression in the mouse inner blood-reti-
nal barrier [46]. PQQ also led to increases in claudin-5 
expression as also reported in intestinal porcine entero-
cyte cells (IPEC-J2) [47].

Conclusion
The present studies characterized the localization of 
folate transporters at the AB, uncovering a potential 
novel route of cerebral folate transport from blood to 
CSF. In the context of FOLR1-CFTD and HFM, RFC 
upregulation at the the AB and BBB may compensate for 
the loss of folate transport into the CSF at the CP. These 
studies also demonstrated folate deficiency-induced 
increases in expression of several clinically relevant 
transporters and tight junction proteins in AB cells and 
demonstrated the role of PQQ induced NRF-1/ PGC-1α 
signaling in folate-sufficient and -deficient conditions. 
Overall, this work extends the understanding of the regu-
lation of folate transport within the CNS to encompass 
the AB and its role under physiological conditions and 
when transport at the CP is impaired.

Fig. 6  Effect of folate deficiency and PQQ on gene expression of PGC-1α /NRF-1 signaling genes in immortalized mouse AB cells. A PGC-1α 
expression was significantly increased in control and FD cells following 24-h PQQ (10 µM). B NRF-1 expression was significantly increased in FD 
cells compared to control and remained unchanged in control and FD cells in response to 24-h PQQ. C Tfam expression was significantly increased 
in FD cells compared to control and remained unchanged in control and FD cells in response to 24-h PQQ. D TFB2M expression was significantly 
increased in FD cells compared to control and increased in control and FD cells in response to 24-h PQQ (5 µM, 10 µM). Results are presented 
as mean relative mRNA expression compared to the DMSO vehicle control ± SEM normalized to the housekeeping gene cyclophilin B from n = 5 
mouse AB cell preparations pertaining to different passages. One-way ANOVA with Bonferroni’s post-hoc test. Asterisks represent significant 
differences (*P < 0.05; **P < 0.01; ***P < 0.001)
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Fig. 7  Effect of folate deficiency and PQQ on transporters involved in folate influx/efflux in immortalized mouse AB cells. A RFC expression 
was significantly increased in FD cells compared to control, and significantly increased in control (5 µm, 10 µm) and FD cells (10 µm) following 24-h 
PQQ. B MRP3 expression was significantly increased in FD cells compared to control and remained unchanged in control and FD cells in response 
to 24-h PQQ. C P-gp expression was significantly increased in FD cells compared to control and remained unchanged in control and FD cells 
in response to 24-h PQQ. D GLUT1 expression was significantly increased in FD cells compared to control and remained unchanged in control 
and FD cells in response to 24-h PQQ. Results are presented as mean relative mRNA expression compared to the DMSO vehicle control ± SEM 
normalized to the housekeeping gene cyclophilin B from n = 5 mouse AB cell preparations pertaining to different passages. One-way ANOVA 
with Bonferroni’s post-hoc test. Asterisks represent significant differences (*P < 0.05; **P < 0.01; ***P < 0.001)

Fig. 8  Effect of folate deficiency and PQQ on gene expression of tight junction proteins in immortalized mouse AB cells. Claudin-5 expression 
was significantly increased in FD cells compared to control, and significantly increased in control cells following 24-h PQQ (5 µM). Results are 
presented as mean relative mRNA expression compared to the DMSO vehicle control ± SEM normalized to the housekeeping gene cyclophilin 
B from n = 5 mouse AB cell preparations pertaining to different passages. One-way ANOVA with Bonferroni’s post-hoc test. Asterisks represent 
significant differences (*P < 0.05; *P < 0.01)
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