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Abstract

Objective—Folates exist as a fluctuating pool of polyglutamated metabolites that may serve as a 

clinical marker of MTX activity. This study evaluates circulating folate content and folate 

polyglutamate distribution in Juvenile Idiopathic Arthritis (JIA) patients and in a cell culture 

model based on MTX exposure and folate supply.

Methods—Blood, plasma and red blood cell (RBC) measurements of MTX and folates were 

obtained from previously published data sets and additional sample analysis for JIA patients 

receiving (n=98) and not receiving (n=78) MTX therapy. Erythroblastoid cells maintained in 

culture were exposed to MTX and grown under varying levels of folic acid supplementation. 

Samples were analyzed for cellular folate and MTX content.

Results—Circulating folate levels were lower in JIA patients receiving MTX, with reduced 

levels of blood, plasma and RBC 5-methyl-tetrahydrofolate (5mTHF) (p<0.0001). Average 

polyglutamate chain-length (Gluavg) of RBC 5mTHF was elevated in JIA patients receiving MTX 

(5.63±0.15 vs. 5.54±0.11, p<0.0001) and correlated with both RBC MTX accumulation (p=0.02) 

and reduced plasma 5mTHF levels (p=0.008). MTX exposure and folate deprivation in 

erythroblastoid cells resulted in a depletion of bioactive folate species that was associated with a 

shift to higher Gluavg values for several species, most notably tetrahydrofolate (THF) and 5,10-

methylenetetrahydrofolate (CH2-THF). Increased Gluavg resulted from the depletion of short-

chain and the accumulation of long-chain glutamate species.

Conclusion—Folate content and polyglutamate distribution are responsive markers of MTX 

activity and folate supply in vivo and in vitro, and may provide novel clinical markers of 

pharmacologic activity of MTX.
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INTRODUCTION

Methotrexate (MTX) therapy continues to be a cornerstone in the treatment of Juvenile 

Idiopathic Arthritis (JIA). However, response to the drug remains variable and unpredictable 

with 30-40% of JIA patients failing to achieve an adequate therapeutic response (1, 2). In 

addition, MTX therapy is limited by a delayed onset of drug action, and potentially 

significant gastrointestinal, liver and hematologic toxicities (3, 4). Therefore, a need exists 

for the identification of clinical biomarkers to guide MTX therapy to maximize early 

therapeutic response while mitigating drug-associated toxicities.

The majority of efforts to identify clinical biomarkers for MTX therapy have focused on 

measures of drug disposition. Despite a high degree of inter-individual variability in plasma 

pharmacokinetics, plasma MTX has not been found to be consistently associated with drug 

response in inflammatory arthritis (5-7), and is of limited utility as a tool for therapeutic 

drug monitoring in these patients. The realization that MTX is metabolized intracellularly 

through addition of glutamate residues, similar to endogenous folates, forming 

pharmacologically active species has resulted in efforts to correlate clinical response with 

MTX polyglutamate concentrations in red blood cells (RBCs) (8). Although, associations of 

MTX polyglutamate levels with therapeutic response and toxicity have been observed, these 

finding haven't been consistently demonstrated (9-16), and the long accumulation half-life of 

MTX in RBCs may limit its early predictive capabilities (12, 17, 18). Recognizing the 

limitation of pharmacokinetic monitoring in MTX therapy, recent efforts have begun to 

evaluate the role of pharmacogenomic and pharmacodynamic markers in guiding therapy 

(14, 15, 19-21).

Although the pharmacologic basis of MTX activity in inflammatory arthritis remains 

incompletely understood, MTX exposure results in numerous measurable biochemical 

changes that may provide useful pharmacodynamic markers to guide drug therapy (22). In 

particular, MTX is a potent inhibitor of dihydrofolate reductase (DHFR) resulting in the 

depletion of biologically active reduced folate species and the corresponding accumulation 

of inactive oxidized folate species (23-25). Reduced serum and RBC folate levels have been 

consistently associated with MTX toxicity and more recently failure to respond to therapy in 

rheumatoid arthritis (19, 26, 27). However, these relationships haven't been examined in 

childhood arthritis and the clinical utility of these measurements is yet to be determined.

Animal studies have also shown that either dietary depletion of folates or exposure to MTX 

results not only in the depletion of reduced folates, but also a shift in the polyglutamate 

distribution profile of intracellular folates in favor of long-chain polyglutamate species (23, 

28, 29). Although the mechanism is unclear, it has been hypothesized that folate depletion 

secondary to MTX exposure results in reduced turnover of residual folates with an increased 

residence time for the remaining folate species, resulting in increased glutamation by 

folylpolyglutamate synthase (FPGS) (23). These findings suggest that folate polyglutamate 

distribution may be a responsive pharmacodynamic marker of MTX activity. However, 

these findings haven't been replicated in human subjects.
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In this study we hypothesize that circulating folate concentrations and polyglutamate 

distribution profiles represent pharmacodynamic markers of MTX activity and in the future 

may provide a means to guide drug therapy in the treatment of JIA. To evaluate this 

hypothesis this study analyzes samples from two cohorts of JIA patients and utilizes an 

erythroblastoid cell model to evaluate the relationship between MTX therapy and folate 

homeostasis.

PATIENTS AND METHODS

In vivo studies

Patient samples and data were acquired from two previous cross-sectional cohorts of JIA 

patients that have in part been reported previously (30, 31). Patient blood samples were 

separated into plasma and RBC fractions and analyzed for folate content and glutamate 

distribution. Only patients with a complete folate profile were included in this analysis. 

Studies were conducted under the approval of the Children's Mercy Kansas City Institutional 

Review Board.

The MTX treatment cohort consisted of 98 subjects (66 females) with JIA on a stable dose 

and route of administration of MTX for at least 3 months (30). The non-MTX treated cohort 

consisted of 93 subjects with juvenile arthritis, 78 of which were specifically diagnosed with 

JIA (48 females) (31). Subjects with JIA were verified by the International League of 

Associations for Rheumatology Edmonton 2001 criteria (32). Subjects receiving MTX were 

younger (median [IQR] age of 116 [65, 160] vs 144 [96,184] months, p=0.01) and more 

likely to be receiving folate supplementation (47% vs. 24% of patients, p=0.003), as 

compared to the non-MTX treated group. Folate supplementation was defined as 1 mg/day 

dosing of folic acid in MTX treated patients and a daily multivitamin that contained folic 

acid at a recommended daily allowance (400mcg) in the non-MTX treated patients. No 

additional information regarding dietary folate intake was obtained. At the time of the study, 

disease activity was similar between groups with active arthritis in at least one joint in 64% 

of patients in the non-MTX group and 54% of the MTX group (p=0.2). There was no 

statistical difference in the median number of swollen joints, tender joints, erythrocyte 

sedimentation rate, use of NSAIDs, anti-TNF-α agents, or oral steroids between cohorts 

(Table 1).

In vitro studies

Because erythrocytes were the primary cellular compartment for in vivo analysis, the 

erythroblastoid K562 cell line (Coriell Cell Repository, GM05372) was chosen for these 

studies. K562 cells actively transport and metabolize MTX to its polyglutamated metabolites 

(33-35). Cells were maintained in RPMI-1640 medium (Life Technologies, 61870-127) 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, S11150) in a 37°C and 5% 

CO2 controlled incubator at a density between 2×105 and 1×106 cells/mL. All experiments 

were conducted within 6-passages.

Cells were treated with MTX over 24-hours as previously published (35). Folic acid (Sigma, 

F7876) was added to folic acid-free RPMI-1640 (Life Technologies, 27016-021) to achieve 
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concentrations between 0 and 20 μM, and supplemented with 10% fetal bovine serum. Cells 

were maintained in 2 μM folic acid-supplemented media prior to experimentation. On the 

day of experimentation, cells were re-suspended in media containing supplemental folic acid 

concentrations of 0, 0.02, 0.2, 2 (control) and 20 μM. After 24-hours, cells were evaluated to 

ensure no significant differences in viability by trypan blue staining and cell counting. Cell 

samples were obtained for each treatment condition for analysis.

Cells were washed thrice with 4°C D-PBS and stored at −80°C until analysis. Protein 

content was determined using the micro-BCA method (Thermo Scientific, 23235). Samples 

were re-suspended in extraction buffer consisting of 40% acetonitrile, 40% methanol and 

20% 0.1M phosphate-buffered water at pH 7.4 containing 0.1% 2-mercaptoethanol and 1% 

sodium ascorbate. Samples were vortexed and centrifuged at 16,100xg for 3-minutes. 

Sample supernatant was analyzed for folate content and normalized to sample protein 

content or sample cell count.

Analytical Methodology

Whole blood, plasma and cellular concentrations of 5,10-methenyl-tetrahydrofolate 

(CH=THF), 5-methyl-tetrahydrofolate (5mTHF), and polyglutamate distribution profiles for 

5mTHF were determined using previously established methods (36). Patient total folate was 

calculated as the sum of 5mTHF and CH=THF. In addition, intracellular concentrations of 

folic acid (FA), dihydrofolate (DHF), tetrahydrofolate (THF) and 5,10-methylene-

tetrahydrofolate (CH2THF) were determined in K562 cells using the previously described 

method. Polyglutamate distribution profiles for these species were determined by 

extrapolation of the mass fragmentation pattern as previously described for 5mTHF (36). To 

minimize exposure of intracellular folate and MTX polyglutamates to extracellular 

conjugases, K562 cells were prepared in a manner similar to the published method for RBCs 

(36). Following exposure to MTX, K562 cells were separated from conjugase-containing 

media, washed and maintained at −80 °C. Samples were reconstituted under denaturing 

conditions prior to analysis. Monoglutamate forms were found to represent only a small 

fraction of the intracellular folate pool. Average polyglutamate chain length (Gluavg) was 

determined by multiplying each polyglutamate species by the number of attached glutamate 

residues and dividing their sum by total cellular folate. Cellular levels of MTX and MTX 

polyglutamates were determined in patient RBCs and K562 cells using a previously 

published procedure involving ion-pair UPLC/MS/MS (35, 37, 38).

Statistical analyses were conducted by Spearman's rank correlation analysis, simple linear 

regression (SLR) analysis, Wilcoxon's rank sum test, or Student's t test analysis, as 

appropriate using JMP 10 (SAS Institute Inc.).

RESULTS

MTX therapy and folates in JIA

Concentrations of 5mTHF and CH=THF were measured in blood, plasma and RBCs (Table 

2), and 5mTHF represented median [IQR] values of 93 [90, 96], 93 [90, 96] and 98 [94, 99] 

% of the total folate pool, respectively. Total folate and 5mTHF concentrations were 
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significantly lower in the MTX treated group. In contrast, concentrations of CH=THF were 

lower in blood and RBCs, but median plasma concentrations were observed to be 6.7-fold 

higher in the MTX treatment group. Although age and dietary folate supplementation 

differed between the two cohorts, neither variable was found to be independently associated 

with folate levels. Males tended to have increased RBC concentrations of total folate 

compared to females (927 [646,1293] vs. 790 [574, 1110] nmol/L, p=0.04).

When the groups were stratified by MTX use, differences were observed in the effect of 

folate supplementation upon folate concentrations. In the non-MTX treated group, subjects 

receiving folate supplementation through a daily multivitamin had higher total folate 

concentrations in their blood (505 [443, 542] vs 434 [279, 530] nmol/L, p=0.03), plasma (51 

[42, 75] vs 37 [26, 50] nmol/L, p=0.003) and RBCs (1239 [1133, 1387] vs 1101 [662, 1331] 

nmol/L, p=0.07), but this increase in folate concentration was not observed in the MTX 

treatment group, despite the use of much higher doses of folic acid (1 mg/day).

Using RBC MTX disposition data previously published for the MTX treatment cohort (20), 

increased accumulation of MTX in RBCs was associated with reductions in circulating 

folate levels (Table 3). Increased MTX (MTXGlutotal) concentrations in RBCs was 

associated with reduced total folate and 5mTHF in blood, as well as plasma concentrations 

of total folate, 5mTHF and CH=THF. MTX subspecies analysis revealed that accumulation 

of short-chain MTX polyglutamates (MTXGlu1-2) correlated with a reduction in total folate 

and 5mTHF concentrations in all compartments; while accumulation of long-chain MTX 

polyglutamates (MTXGlu3-5) correlated with reduced plasma concentrations of total folate, 

5mTHF and CH=THF. Additionally, increased MTX dose was associated with reduced 

5mTHF concentrations in blood (r2=0.12, p=0.0004), plasma (r2=0.05, p=0.03) and RBCs 

(r2=0.07, p=0.007).

MTX therapy and folate polyglutamates in JIA

Folate polyglutamate levels in RBCs were determined for the most abundant species, 

5mTHF. Polyglutamate distribution of 5mTHF was expressed as the average number of 

glutamate residues per molecule (Gluavg). RBC 5mTHF-Gluavg was found to be increased in 

JIA patients receiving MTX therapy (Figure 1A). This shift in 5mTHF polyglutamate 

distribution is represented by a decrease in the percent composition of the short-chain 

species (5mTHF-Glu3-5) and an increase in long-chain species (5mTHFGlu6-10) (Figure 

1B).

RBC 5mTHF-Gluavg was found to positively correlate with RBC concentrations of MTX 

(Figure 1C). This relationship was further assessed by evaluating the relationship of specific 

MTX glutamate subspecies with 5mTHF-Gluavg. Increased 5mTHF-Gluavg was associated 

with increased RBC concentrations of MTXGlu2 (r2=0.06; p=0.02), MTXGlu3 (r2=0.09; 

p=0.005) and MTXGlu4 (r2=0.05; p=0.04). No associations were observed between RBC 

5mTHF-Gluavg and dietary folate supplementation, age or gender. However, increased RBC 

5mTHF-Gluavg was associated with reduced plasma concentrations of 5mTHF (Figure 1D).
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In vitro evaluation of MTX and folates

Intracellular folates were measured in K562 cells following exposure to MTX (Figure 2). 

MTX caused a concentration-dependent accumulation of oxidized folates, DHF and FA, and 

the depletion of reduced folates: THF, CH2THF, CH=THF and 5mTHF (Figure 2A). Using 

previously published measures of MTX disposition in these samples (35), cellular 

accumulation of MTX was associated with the depletion of CH2THF, CH=THF and 

5mTHF, as well as the accumulation of FA and DHF (Supplemental Table 1). Changes in 

intracellular folate concentrations were consistently found to be most strongly associated 

with the accumulation MTXGlu1-2, rather than MTXGlu3-7.

MTX exposure resulted in a concentration-dependent shift in Gluavg for several of the 

measured folate species (Figure 2B). An increase in Gluavg was observed for DHF, THF, 

CH2THF and CH=THF; however, unlike the in vivo data, Gluavg for 5mTHF remained 

unchanged. The largest shifts in Gluavg were observed for THF and CH2THF. Folate 

polyglutamate distribution profiles were created by plotting the absolute abundance of each 

glutamate sub-species under each treatment condition (Figure 2C). Increased Gluavg for 

THF, CH2THF and CH=THF results from depletion of short-chain species, and 

accumulation of long-chain species. Shifts in Gluavg were found to positively correlate with 

the cellular accumulation of MTX (Supplemental Table 1), and were more strongly 

associated with the accumulation of MTXGlu1-2 than MTXGlu3-7.

Folate depletion through reduced concentrations of supplemental folic acid resulted in a 

depletion of the reduced folate pool, represented by reductions in THF, CH2THF, CH=THF 

and 5mTHF (Figure 3). Reductions in cellular folate content were associated with increased 

Gluavg for the folate species (Figure 3B). Cellular folate concentration and Gluavg displayed 

a concentration-dependent relationship with folic acid supplementation, similar to that 

observed following MTX exposure. Similar to MTX, the largest shift in Gluavg was 

observed for THF and CH2THF. However, unlike MTX exposure, reduced folic acid 

supplementation also increased Gluavg for CH=THF and 5mTHF. Folate polyglutamate 

distribution profiles for reduced levels of folic acid supplementation are similar to those for 

MTX and reveal that increases in folate Gluavg occurs through the cellular depletion of 

short-chain glutamates as well as an increase in cellular concentrations of the long-chain 

species (Figure 3C).

DISCUSSION

Consistent with studies of MTX therapy in rheumatoid arthritis, we found that JIA patients 

on MTX therapy have a pronounced reduction in circulating folate concentrations (26, 27, 

39-43). Reductions in folates occurred despite supplementation with folic acid in 47% of 

patients receiving MTX. This finding is in contrast to studies that have found folic acid 

supplementation to prevent reductions in RBC and plasma folates that occur secondary to 

MTX therapy (19, 42). Although the reason for this apparent discrepancy is unclear, it is 

important to point out that this study differed in a number of ways from the previous studies, 

including: its cross-sectional design, patient population (i.e. pediatric), UPLC/MS/MS based 

method for folate analysis, and variability in folic acid supplementation. There may have 

been underreporting of folic acid adherence, an increase in folate needs and utilization in a 
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developing and growing child compared to adults, or most likely differences in the ability to 

quantify folate species that may contribute to these differences. Evaluations are currently 

underway to validate these findings in an independent prospective cohort.

Observed differences in circulating folate levels were primarily driven by differences in the 

major circulating folate species, 5mTHF. A similar magnitude reduction in median 5mTHF 

concentrations were observed in both the plasma and RBC compartments (>30%), 

suggesting the pools were at equilibrium at the time of sampling; a less likely scenario is 

that the folate pools are exchangeable despite RBC folates consisting mostly of poorly 

exchangeable polyglutamates. In contrast to other studies, we were able to detect the minor 

folate species, CH=THF, and despite a 24% reduction in RBC levels in the MTX treatment 

group, plasma levels were markedly elevated compared to the control group. Animal and 

cell-based studies have found that concentrations of formylated THF, which is represented 

by CH=THF, are often preserved in relationship to other folate species and may represent 

direct inhibition of aminoimidazole carboxamide ribonucleotide transformylase (AICART) 

for which the formylated species is a co-factor (23, 25, 44, 45). Although these findings may 

support this hypothesis, it must be noted that AICART is an intracellular enzyme and one 

would expect to see these effects on intracellular folates, but not necessarily on plasma 

folates as observed here.

Based on animal studies, MTX exposure causes a shift in cellular folate polyglutamate 

distribution in favor of higher-order polyglutamates (23). The current findings represent the 

first to demonstrate these shifts occur in patients treated with MTX. Specifically, a 

significant increase in Gluavg for 5mTHF was observed in RBCs from JIA patients treated 

with MTX. However, it must be noted that this shift represents approximately one-tenth of a 

glutamate residue on average between the two groups, which may limit its clinical 

significance and utility as a biomarker, however, taken as an average, this still reveals a 

notable shift in polyglutamate distribution. Similar to findings in the animal models, patients 

receiving MTX have an increased fractional composition of long-chain glutamates and a 

decreased fractional composition of the short-chain species. Furthermore, animal studies 

have demonstrated that cellular folate polyglutamate distribution is sensitive to dietary folate 

supply, with extreme dietary folate depletion resulting in distribution profiles akin to those 

observed following exposure to MTX (28, 29, 46). Folate supplementation was not 

independently found to be associated with 5mTHF-Gluavg in RBCs. However, plasma 

5mTHF concentrations, which may be a more appropriate measure of bioavailable folate 

supply, were found to be inversely associated with 5mTHF-Gluavg. Therefore, the 

polygutamate distribution of RBC 5mTHF in JIA patients appears to be related to both MTX 

exposure and folate supply.

By concurrently measuring circulating folate levels, folate polyglutamate distribution and 

MTX disposition we were able to evaluate the potential for pharmacokinetic-

pharmacodynamic relationships. We found that both circulating plasma folate 

concentrations and RBC 5mTHF-Gluavg are significantly associated with the disposition of 

MTX in RBCs. For circulating plasma folate concentrations, the strongest correlation was 

observed with short-chain MTX polyglutamates (MTXGlu1-2), rather than the long-chain 

species (MTXGlu3-5) and may be consistent with recent studies that have observed a 

Funk et al. Page 7

Arthritis Rheumatol. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relationship between RBC MTXGlu2 and clinical response (11). However, for 5mTHF-

Gluavg the strongest association was observed for the most abundant intracellular species, 

MTXGlu3. Regardless, these pharmacodynamic effects are most closely associated with the 

RBC accumulation of short to medium chain MTX species, in contrast to a recent study in 

JIA patients that has found clinical response to be most closely associated with RBC 

concentrations of long-chain MTX polyglutamates (10).

To further establish the observed relationship between MTX exposure and changes in folate 

homeostasis in vivo, cell-based studies were undertaken. In line with previous studies and 

our in vivo findings, MTX exposure resulted in a concentration-dependent re-distribution of 

intracellular folates with the depletion of reduced folate species and the concomitant 

accumulation of oxidized folate species (25, 45). Accompanying changes in cellular folates 

was a concentration-dependent shift in Gluavg of some, but not all, of the measured folate 

species. In particular, DHF, THF and CH2THF experienced a significant increase in Gluavg 

while CH=THF and 5mTHF were not significantly impacted. These findings are consistent 

with an increase in FPGS activity targeting its primary substrate, THF (47, 48). The 

corresponding, and similar, increase in Gluavg for CH2THF suggests these two reduced 

folate pools may be exchangeable under these conditions. Meanwhile, the lack of a 

significant increase in Gluavg for CH=THF and 5mTHF suggests that these pools are poorly 

exchangeable with THF. Increased Gluavg for DHF may represent the oxidation of long-

chain reduced folates and inhibition of DHFR. In addition, DHF has been shown to be a 

good substrate for FPGS and may represent increased FPGS activity (47, 48). The lack of 

change in Gluavg for 5mTHF and FA is reflected by the maintenance of their polyglutamate 

distribution profiles despite dramatic decreases in the cellular 5mTHF pool and 

accumulation of FA. Since FA is known to be a poor substrate for FPGS, it is likely that 

accumulating FA polyglutamates represent the oxidation of folate polyglutamates, rather 

than glutamation of exogenously supplied folic acid (49).

Exogenous supply of folic acid was also found to be directly and concentration-dependently 

related to intracellular reduced folate concentrations and folate Gluavg. These similarities are 

believed to represent the pharmacologically-induced folate-depleted state caused by MTX 

through the inhibition of DHFR. However, unlike MTX, folate depletion doesn't appear to 

selectively increase Gluavg for THF and CH2THF, but also has a marked effect on 

CH=THF-Gluavg and 5mTHF-Gluavg. This finding would support inhibition of folate 

interconversion in the selective effects of MTX on THF-Gluavg and CH2THF-Gluavg (50). 

Examination of the glutamate distribution profiles shows that redistribution under both 

conditions of MTX exposure and folate depletion occurs from concurrent depletion of short-

chain species and accumulation of long-chain species. These findings support the hypothesis 

that increased folate glutamate chain-length occurs as a result of the folate depletion that 

accompanies exposure to MTX, despite differences in the affected folate isoforms. Whether 

this increase in chain length represents increased FPGS catalytic activity, or an increased 

residence time of the folate species cannot be determined by this data. However, the 

observation that MTX can act as an inhibitor of FPGS may support the latter (49).

We conclude that MTX therapy in the treatment of JIA is associated with the depletion of 

circulating folates and a corresponding shift in the glutamate distribution profile of RBC 
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5mTHF. Based on in vitro studies, we further conclude that intracellular folate levels and 

glutamate distribution profiles display a concentration-dependent sensitivity to both MTX 

exposure and folate supply. However, due to the cross-sectional design of this study and 

lack of clinical response data we were unable to evaluate the clinical utility of these 

measurements, or how they compare to other biomarkers, such as RBC MTX 

polyglutamates. Regardless, as we strive to fully comprehend the mechanisms of action of 

one of the most commonly used disease modifying agents in adults and children; we must 

begin by characterizing the effects of MTX upon its known endogenous folate pathway 

target. Future prospective clinical studies will aim to evaluate the relationship of these 

pharmacodynamic markers of MTX activity with therapeutic and toxic response in JIA, and 

can then lead the way for future studies to evaluate the utility of folate supplementation upon 

MTX efficacy and toxicity, and the identification of improved cellular biomarkers of drug 

response.
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Figure 1. 
Influence of MTX therapy and plasma folates on 5mTHF polyglutamate distribution in JIA 

patients. Comparison of (A) RBC 5mTHF-Gluavg and (B) glutamate distribution of RBC 

5mTHF between JIA patients currently receiving or not receiving MTX therapy by 

Wilcoxon's rank sum analysis (***, p<0.001). Relationship of RBC 5mTHF-Gluavg with (C) 

RBC MTX-Glutotal and (D) plasma 5mTHF concentrations in JIA patients was evaluated by 

linear regression analysis.
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Figure 2. 
Effect of MTX on intracellular folate content and polyglutamate distribution in K562 cells. 

Intracellular folate (A) content (B) Gluavg and (C) glutamate distribution profiles were 

determined in K562 cells exposed to MTX at concentrations between 0 and 1000 nM for 24-

hours. Data represents mean ± SD from three independent experimental evaluations (*, 

p<0.05; **, p<0.01; ***, p<0.001 by Student's t test).
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Figure 3. 
Effect of exogenous folic acid supplementation on intracellular folate content and 

polyglutamate distribution in K562 cells. Intracellular folate (A) content (B) Gluavg and (C) 

glutamate distribution profiles were determined in K562 cells grown for 24-hours with 

supplemental folic acid concentrations ranging from 0 to 20 μM. Data represent a single 

experimental evaluation.
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Table 1

Demographics of two cross-sectional JIA cohorts.

MTX Cohort n=98 non-MTX Cohort n=78 P value

Female 66 (67%) 48 (62%) 0.4

Age Median (IQR) months 116 (65, 160) 144 (96, 184) 0.01

Folate supplementation 46 (47%) 19 (24%) 0.003

Presence of active arthritis 53 (54%) 50 (64%) 0.2

No. swollen joints Median (IQR) 0 (0,3) 1 (0,2) 0.3

No. tender joints Median (IQR) 0 (0,1) 0 (0,1) 0.2

ESR Median (IQR) mm/hr 11(8, 21) 12.5 (8, 28) 0.3

Use of NSAIDs 42 (43%) 38 (49%) 0.5

Use of anti-TNF-α agents 31 (32%) 19 (24%) 0.3

Use of oral steroids 7 (7%) 6 (8%) 1.0

MTX dose Median (IQR) mg/kg 0.5 (0.3, 0.7) N/A N/A

Duration of MTX Median (IQR) months 17 (9, 46) N/A N/A
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Table 2

Circulating folate concentrations in JIA patients receiving or not receiving MTX therapy. Statistical 

comparisons were made by Wilcoxon's rank sum analysis.

(-) MTX (Median [IQR]) (+) MTX (Median [IQR]) P-value

Total Folate (nmol/L) Blood 450 [300, 534] 297 [218, 371] < 0.0001

Plasma 43 [27, 63] 29 [23, 41] < 0.0001

RBC 1161 [707, 1367] 728 [539, 926] < 0.0001

CH=THF (nmol/L) Blood 24 [15, 37] 21 [11, 33] 0.09

Plasma 0.3 [0.3, 0.4] 2.0 [0.6, 2.5] < 0.0001

RBC 67 [36, 102] 51 [27, 84] 0.03

5mTHF (nmol/L) Blood 404 [274, 495] 265 [187, 336] < 0.0001

Plasma 43 [26, 63] 27 [21, 40] < 0.0001

RBC 1033 [646, 1252] 643 [454, 829] < 0.0001
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Table 3

Correlation of RBC MTX with circulating folate concentrations in JIA patients.

MTX Disposition in RBCs

MTXGlUtotal (nmol/L) MTXGlu1-2 (nmol/L) MTXGlu3-5 (nmol/L)

Total Folate (nmol/L) Blood
−0.23

*
−0.33

** −0.18

Plasma
−0.36

***
−0.33

**
−0.33

**

RBC −0.19
−0.29

** −0.15

CH=THF (nmol/L) Blood +0.08 −0.08 +0.13

Plasma
−0.22

* −0.01
−0.22

*

RBC +0.09 −0.08 +0.13

5mTHF (nmol/L) Blood
−0.24

*
−0.32

*** −0.20

Plasma
−0.34

***
−0.31

**
−0.31

**

RBC −0.20
−0.29

** −0.17

Values represent Spearman's rank correlation coefficients

*
p<0.05

**
p<0.01

***
p<0.001.

Arthritis Rheumatol. Author manuscript; available in PMC 2015 December 01.


