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Abstract This article evaluates the relationship between
the pharmacokinetics of methotrexate (MTX), its efficacy
in the treatment of rheumatoid arthritis (RA), and serum
folic acid (FA) levels. The pharmacokinetics of MTX was
studied in 29 patients with RA treated with low-dose MTX.
The weekly dose of MTX was given orally at 2–4mg every
12h over a period of 24–36h. Blood samples were taken 4h
after the first administration in any given week. A Bayesian
method was used to estimate individual MTX pharmacoki-
netic variables. We then investigated the efficacy of MTX
and the serum FA levels in these patients. We examined C-
reactive protein levels (CRP) and the erythrocyte sedimen-
tation rate (ESR), and analyzed the values obtained before
and after MTX treatment in order to evaluate the efficacy
of the MTX treatment. The degree of improvement in CRP
and ESR was significantly correlated with the length of
time the MTX concentration–time curve remained above
0.02µM in one week. Furthermore, the degree of improve-
ment in CRP was also significantly correlated with the area
under the concentration–time curve (AUC) for MTX.
These results suggest that serum MTX measurements could
be useful in determining individual patient regimens.
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Introduction

Methotrexate (MTX) has been shown to be effective in
the treatment of rheumatoid arthritis (RA), and many
rheumatologists in the West select MTX as their initial
disease-modifying antirheumatic drug (DMARD).1 How-
ever, its efficacy is estimated at 60%–70%.2–4 Indeed, there
are quite a few patients for whom MTX has no effect.

Numerous authors have reported on the use and efficacy
of MTX in patients with RA. The pharmacokinetics of
low-dose MTX has also been studied repeatedly. To date,
analyses of population pharmacokinetics, and investiga-
tions of pharmacokinetics using a Bayesian method5 with
limited sampling have been performed.6–9 In these studies,
large interindividual variability in the pharmacokinetics of
low-dose MTX has been observed,10,11 whereas Lebbe
et al.12 reported only a modest intraindividual variability.
Therefore, if the efficacy of low-dose MTX correlates
with its pharmacokinetics, it would be useful to determine a
suitable regimen for each patient by investigating the
pharmacokinetics of each individual. Several studies have
demonstrated that MTX therapy is more efficient at a high
dosage in RA and juvenile rheumatoid arthritis (JRA),
although there is a higher risk of adverse reactions.13–15

However, a clear relationship between the pharmacokinet-
ics and the efficacy of low-dose MTX has not yet been
established.12,16 Although Wallace et al.17 found that the
improvement in JRA was significantly associated with MTX
dosage and with the mean 1-h serum MTX level, Lafforgue
et al.12 suggested that “the MTX 1 h serum concentration
is a somewhat partial and inaccurate approach to MTX
pharmacokinetics.”

The aim of this study was to estimate the pharmacoki-
netic parameters of low-dose MTX using a serum sample
analysis at a single time point, and then investigate the
relationship between the pharmacokinetics of MTX and its
efficacy in the treatment of RA. We further investigated
the effect of folic acid (FA), which is sometimes co-
administrated to diminish the toxicity of MTX, on the
pharmacokinetics of MTX and its efficacy. We examined
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C-reactive protein levels (CRP) and erythrocyte sedimenta-
tion rate (ESR), and analyzed the values obtained before
and after MTX treatment to evaluate the efficacy of MTX.
Here, we report the potential correlation between the con-
centration-based pharmacokinetics of MTX and its efficacy.

Materials and methods

Patients

The pharmacokinetics of MTX was studied in 29 outpa-
tients with RA who began low-dose MTX therapy at
Sapporo City General Hospital. Six patients were male and
23 were female, and the group had the following parameters
(mean � SD): age 59.2 � 10.0 years (range 41–75 years);
body weight 57.5 � 11.6kg (range 37–83kg). Serum creati-
nine concentration was 0.66 � 0.15mg/dl (range 0.4–1.0mg/
dl). Their disease stages were I (1 patient), II (15 patients),
III (5 patients), and IV (8 patients). The classes were I (5
patients), II (14 patients), and III (10 patients). Twenty-two
patients were taking nonsteroidal anti-inflammatory drugs,
and 21 patients were being treated with low-dose pred-
nisolone daily. Nineteen patients had received several
DMARDs (salazosulfapyridine, bucillamine, and actarit).
The duration of MTX treatment was 20.1 � 22.1 months
(range 1–99 months). The MTX treatment had no toxic
reactions in any patient. No patient had evidence of on-
going renal or hepatic disease.

We investigated the efficacy of MTX and serum FA
levels in these patients, and analyzed the following relation-
ships: the pharmacokinetics and the efficacy of MTX, serum
FA levels and the pharmacokinetics of MTX, and serum FA
levels and the efficacy of MTX.

In the investigation of serum FA levels, one patient
whose serum FA level was out of the detection limit
was excluded. No patient in this study received FA
supplementation.

We obtained informed consent from all patients.

MTX administration

The dosage of MTX was 6.55 � 2.06mg/week (range 4–
10mg/week). The weekly dose of MTX was given orally at
2–4mg every 12 h over a period of 24–36h.

Determination of MTX levels

Blood samples were taken approximately 4h (3.61 � 0.55h)
after the first administration of MTX in any given week.
The blood samples were centrifuged for each patient sepa-
rately, and serum MTX concentrations were determined
using a fluorescence polarization immunoassay technique
(FPIA; TDX, Abbott Laboratories, Abbott Park, IL,
USA).

Determination of CRP, ESR, and serum FA levels

Samples were collected for the measurement of CRP, ESR,
and serum FA levels on the same day that samples were
collected for the MTX assay. We defined these values for
CRP and ESR as the “values after MTX treatment (� after
value).” In addition, we defined the values for CRP and
ESR, which were recorded in clinical charts just before the
initiation of MTX therapy, as the “values before MTX
treatment (� before value).”

CRP was determined by latex immunoassay. ESR was
found by the Westergren method. Serum FA levels were
determined using a chemiluminescent immunoassay.

Pharmacokinetic analysis

A two-compartment model with first-order absorption and
with lag time was employed as the pharmacokinetic model
of MTX. This model was defined by the following param-
eters: absorption rate constant (ka), volume of the central
compartment (Vd), transfer rate constants between the two
compartments (k12 and k21), total body clearance (CL),
bioavailability (F), and lag time (tlag).

The pharmacokinetic parameters were estimated using a
Bayesian method5 and the population values of a previous
report by Godfrey et al.6 For the Bayesian estimation,
MULTI2 (BAYES)18 was used on a personal computer
running Windows Me. In this study, we assumed that tlag

was 0.225h in accordance with the Godfrey report.6

On the assumption that the intervals between each
administration were 12h, and that the values of these pa-
rameters were constant for each patient, the following addi-
tional parameters were subsequently derived: maximal
concentration (Cmax), area under the concentration–time
curve (AUC), the length of time that the concentration–
time curve was above 0.02µM in one week (0.02µM time),
the volume of distribution at a steady state (Vss), and the
terminal half-life (t1/2�). Cmax, AUC, and 0.02µM time are
illustrated in Fig. 1.

Relationships

The relationships between the pharmacokinetic parameters
(Cmax, AUC, and 0.02µM time) and the clinical effect of
MTX were investigated. We examined CRP and ESR in
order to evaluate the efficacy of MTX. To clarify the effect
of MTX therapy, the “quantity of change,” the “rate of
change,” and the “rate of improvement” in CRP and ESR
were calculated. The rate of change was examined logarith-
mically. We defined each variable as follows:
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We investigated the correlations between the pharmaco-
kinetic parameters of MTX and the “quantity of CRP
change,” the “rate of CRP change (log),” the “quantity of
ESR change.” and the “rate of ESR change (log).” In addi-
tion, we divided the patients into two groups using rate of
improvement as the criterion in its median. We then com-
pared the means of the pharmacokinetic parameters which
were significantly correlated with the changes in CRP
or ESR between a group of patients who showed greater
improvement and a group of patients who showed less
improvement.

Similarly, we investigated the correlations between
serum FA levels and the pharmacokinetic parameters of
MTX. These included not only Cmax, AUC, and 0.02µM
time, but also CL/F, Vss/F, and t1/2�, in accordance with the
report by Bressolle et al.19

In addition, we investigated the correlations between
serum FA levels and quantity of CRP change, rate of CRP
change (log), quantity of ESR change, and rate of ESR
change (log).

Statistical evaluation

Correlations were examined using a simple linear regres-
sion analysis, and a statistical evaluation was performed
using Pearson’s correlation coefficient. Comparisons
between two groups with equal variance were performed
using Student’s t-test, and those with unequal variance were
performed using Student’s t-test with Welch’s correction.
Statistical significance was defined as a P value �0.05. Data
are reported as mean � SD.

Results

MTX pharmacokinetic parameters

The pharmacokinetic parameters of MTX estimated using a
Bayesian method are summarized in Table 1. All the phar-
macokinetic parameters for MTX varied from patient to
patient. In particular, Cmax, AUC, and 0.02µM time, which
could be influenced by the use and the dosage of MTX
administration, varied considerably; Cmax was 0.113–

0.465µM (0.241 � 0.103µM), AUC was 1.10–6.46µM·h
(2.55 � 1.20µM·h), and 0.02µM time was 11.9–44.3h (28.8
� 9.7h). Furthermore, CL/F, which should have no connec-
tion with the use and dosage of MTX administration, also
varied considerably, with a maximum value more than three
times greater than its minimum value, i.e., 3.27 � 10.86 l/h
(6.16 � 1.79 l/h).

Effect of MTX pharmacokinetics on CRP

The mean before and after values of CRP were 4.49 �
3.02mg/dl and 2.35 � 2.48mg/dl, respectively. Both quan-
tity of CRP change and rate of CRP change (log) were
inversely correlated with AUC and 0.02µM time. These
results show that CRP decreased as AUC increased and as
the 0.02µM time extended. They were especially strongly
correlated with 0.02µM time. In contrast, they were not
correlated with Cmax (Fig. 2), and they were not significantly
correlated with either the weekly doses or the duration of
MTX treatment.

A comparison between the group of patients whose CRP
improved by 60% or more (n � 14, group A) and the group
of patients whose CRP improved by less than 60% (n � 15,
group B) showed a difference in AUC and 0.02µM time.
The mean AUC of group A was significantly larger than
that of group B (3.05 � 1.35µM·h vs. 2.08 � 0.82µM·h; P �
0.031). Moreover, the mean 0.02µM time of group A was
significantly longer than that of group B (33.2 � 7.1h vs.
24.7 � 10.1h; P � 0.015) (Fig. 3).

Fig. 1. Illustration of the
maximal concentration (Cmax),
the area under the concentra-
tion–time curve (AUC), and the
0.02µM time. D1, D2, and D3 are
the doses at each time. This
figure shows an example of a
concentration–time curve for a
patient who received three doses
of methotrexate (MTX) at 12-h
intervals (D1 � D2 � D3). CL,
total body clearance

Table 1. Pharmacokinetic parameters of methotrexate (MTX) (n �
29). Data are mean � SD, and minimum to maximum values

Mean � SD (Min–Max)

Vd/F (l) 18.8 � 4.0 (11.8–28.0)
CL/F (l/h) 6.16 � 1.79 (3.27–10.86)
ka (h�1) 2.30 � 0.48 (1.46–3.12)
k12 (h�1) 0.181 � 0.044 (0.110–0.287)
k21 (h�1) 0.181 � 0.048 (0.095–0.264)
Cmax (µM) 0.241 � 0.103 (0.113–0.465)
AUC (µM ·h) 2.55 � 1.20 (1.10–6.46)
0.02µM time (h) 28.8 � 9.7 (11.9–44.3)
Vss/F (l) 38.3 � 9.2 (24.5–60.4)
t1/2� (h) 7.36 � 1.29 (5.31–10.91)
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Fig. 2. Correlation between the change in C-reactive protein (CRP) and the pharmacokinetic parameters of MTX (0.02 µM time, AUC, and Cmax)
in patients with rheumatoid arthritis (RA)

Fig. 3. Mean AUC and 0.02 µM time
of MTX in RA patients with high
(�60%) and low (�60%) rates of
CRP improvement. The patients
were divided into two groups using
the “rate of CRP improvement” as
the criterion in its median

Effect of MTX pharmacokinetics on ESR

The mean before and after values for the ESR were 62.9 �
29.8mm/h and 43.4 � 25.3mm/h, respectively. Both quan-
tity of ESR change and rate of ESR change (log) were
inversely correlated with 0.02µM time. These results show
that ESR decreased as 0.02µM time increased. Although
they tended to be inversely correlated with AUC, the corre-
lations did not reach statistical significance. Similarly, they

were not significantly correlated with the Cmax (Fig. 4), the
weekly doses, or the duration of MTX treatment.

A comparison between the group of patients whose ESR
improved by 20% or more (n � 14, group C) and the group
of patients whose ESR improved by less than 20% (n � 15,
group D) showed no significant difference in 0.02µM time
(30.2 � 8.4 h vs. 27.3 � 11.0h; not significant), although the
mean value for group C was slightly longer than that of
group D (data not shown).
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Effect of serum FA level on the MTX pharmacokinetics/
efficacy

The mean serum FA level was 6.78 � 2.88ng/ml. AUC and
0.02µM time showed significantly positive correlations with
serum FA levels. These results show that the increase in
serum FA levels led to an increase in AUC and an extension
of the 0.02µM time. In addition, CL/F was inversely corre-
lated with serum FA levels. The result shows that the
increase in serum FA levels led to a decrease in CL/F.
However, Cmax, Vss/F, and t1/2� were not significantly corre-
lated with serum FA levels (Fig. 5).

None of the values quantity of CRP change, rate of CRP
change (log), quantity of ESR change, or rate of ESR
change (log) was correlated with serum FA levels.

Discussion

In order to estimate pharmacokinetic parameters more pre-
cisely, multiple blood samples are preferred. However, this
method is less convenient and entails higher costs. Bressolle
et al.7 reported a method to estimate individual pharmaco-
kinetic variables for MTX using a Bayesian method with
two plasma concentration measurements, taken 2h and 8h
after drug administration.

Here we used the analysis of a single serum sample in
order to minimize the outpatient burden. Although blood
samples were taken only once, we believe that the precision
of the pharmacokinetic estimation could be improved for
the following reasons. Firstly, we took the serum samples
about 4h after MTX intake. At this time, Lebbe et al.12

demonstrated a high correlation between AUC and blood
concentrations, and therefore it seems reasonable to
suppose that the phases of absorption and distribution, in
which the concentrations could vary, should have been
finished by that time. Secondly, we used population param-
eters that reflected the characteristics of each patient (age,
sex, body weight, and creatinine clearance estimated
by Yasuda’s expression20) in accordance with the report by
Godfrey et al.6 Although the population model was
obtained in Caucasian patients, there is no great difference
between the Caucasian and Japanese population in the
pharmacokinetics of MTX in high-dose treatments.21,22

For this reason, we considered that we could apply
these parameters to low-dose MTX for our Japanese
patients.

However, we must also take into consideration the risk
of obtaining a false result when we analyze pharmacokinet-
ics using a Bayesian method with one blood sample. This
is because fluctuations in the pharmacokinetics (e.g., a
delay in absorption or elimination) resulting from any co-
medication9 may change the outcome of the analyses.

Fig. 4. Correlation between the change in erythrocyte sedimentation rate (ESR) and the pharmacokinetic parameters of MTX (0.02µM time,
AUC, and Cmax) in patients with RA
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In this investigation, although the mean volume of the
central compartment (Vd) was smaller than that in other
reports (range 25.2–34.8 l),6–8 we consider that this result was
derived from the difference in the average body weight of
the subjects (range 64.2–75kg).6–8

To date, no report has shown a definite correlation
between the efficacy and the pharmacokinetics of MTX in
the treatment of RA. Moreover, the precise mechanism of
action of MTX in RA has not yet been elucidated.

In studies of high-dose MTX therapy, Bokkerink et
al.23,24 showed the time- and concentration-dependent ef-
fects of MTX on malignant human lymphoblasts. They also
demonstrated that exposure to 0.02µM MTX could inhibit
DNA synthesis. We used this 0.02µM concentration in this
study,

Our results in this study indicate that the pharmacokinet-
ics of MTX could be correlated with improvements in CRP
and ESR. Although only a weak correlation between the
change in ESR and the MTX pharmacokinetics was found,
we may not have been able to evaluate the ESR change
precisely owing to the low rate (mean 15%) of ESR
improvement in the patients in this study. As a whole, the
results show that a large AUC and a long 0.02µM time led
to improvements in CRP and ESR. Furthermore, the
changes in CRP and ESR were strongly correlated with
0.02µM time, and did not correlate with Cmax. These results
indicate that the efficacy of MTX on RA is time-dependent,

Fig. 5. Correlation between serum folic acid (FA) levels and the pharmacokinetic parameters of MTX (Cmax, AUC, 0.02 µM time, total body
clearance/bioavailability (CL/F), volume of distribution at a steady state/bioavailability (Vss/F), and terminal half-life (t1/2�))

i.e., MTX is effective when its concentration continues to be
above a certain threshold level.

This is in accordance with the fact that the efficacy of
MTX as an anticancer drug is time-dependent.25 That is, the
cytotoxicity of MTX is a function of both concentration and
time.

Moreover, in their study on the effect of low-dose MTX
therapy in RA, Totokawa et al.15 reported that therapeutic
effectiveness was observed in a group of elderly patients
over 65 years old. They presumed that this result was re-
lated to an accumulation of MTX due to the decreased
clearance in elderly patients. Indeed, a decrease in MTX
clearance with age has been observed by other workers.8,12

From these reports and our results, it may be presumed
that MTX is more effective in elderly patients because of its
accumulation and the resulting maintenance of a certain
MTX level .

However, patients with renal dysfunction or elderly
patients who have a lower MTX clearance rate are liable to
undergo adverse events. Thus, the continuance of a high
MTX concentration could seriously influence not only its
efficacy, but also any side-effects. Further studies will be
needed to establish the relationship between the pharmaco-
kinetics and the side-effects of MTX as well as its clinical
effects.

FA is sometimes co-administrated to diminish the toxic-
ity of MTX. However, only a few reports on the pharmaco-
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kinetic interaction between FA and MTX have been
published.

In this study, our results show that an increase in serum
FA level relates to an increase in the AUC and a decrease
in the CL/F of MTX. Although these results are at odds
with the report by Bressolle et al.19 in which they evaluated
the effect of repeated doses of FA on the pharmacokinetics
of MTX, our results could be interpreted as follows.

Recent studies have shown that the normal transport
of MTX into cells is by a carrier-mediated and energy-
dependent system. Therefore, cellular uptake of MTX is
inhibited in a competitive manner by structural analogs,
e.g., 5-methyl tetrahydrofolate, FA, etc.26 Thus, concen-
trated FA could block the uptake of MTX, thereby main-
taining an elevated MTX concentration in the serum, and
this would lead to an increased AUC. With respect to
the decrease in CL/F, it may be presumed that it was
caused by the increase in AUC rather than by the delay in
elimination, because t1/2� was not correlated with serum FA
levels.

Indeed, Takeuchi et al.27 using cells stably transfected
with renal organic anion transporter (OAT-K1) cDNA,
reported that OAT-K1-mediated MTX accumulation was
inhibited in vitro in the presence of various FA derivatives.
In addition, Horne and Reed28 reported that the in vitro
transport of MTX into human prostatic PC-3 cells was in-
hibited by FA and folate derivatives. On the other hand,
recent studies have shown folate depletion in MTX-treated
patients.29,30 These results could also be accounted for by the
hypothesis that MTX and FA might mutually inhibit their
own transport into tissues in a competitive manner.

However, other mechanisms such as the inhibition of
folate absorption and/or polyglutamylation have also been
regarded as the causes of folate depletion by MTX.29,30 A
better understanding of the causal mechanism by which
MTX depletes FA must be sought.

In this investigation, our results indicate that the phar-
macokinetics of MTX could be correlated with its efficacy.
In addition, we have shown that serum FA levels could
affect the pharmacokinetics of MTX. Therefore, we investi-
gated the relationships between serum FA levels and the
changes in CRP and ESR in order to examine the effect of
FA on the efficacy of MTX.

We found that the serum FA levels were not correlated
with the change in either CRP or ESR, and thus it seems
reasonable to suppose that the administration of FA does
not directly affect the efficacy of MTX. However, because
patients in this study received no FA supplementation, it
cannot be denied that high doses of FA may change the
MTX pharmacokinetics to a greater extent, and thus influ-
ence the efficacy of MTX.

Finally, we estimated the pharmacokinetics of MTX in
each individual using a Bayesian method with population
variables together with single concentration measurements,
and found a relationship between the pharmacokinetics and
the efficacy of MTX in the CRP and ESR of patients with
RA. Our findings suggest that serum MTX measurements
could be useful in determining an appropriate individual
regimen.

This investigation was mainly a retrospective one
with respect to laboratory data such as ESR and CRP. We
could not carry out an adequate investigation into clinical
conditions before the MTX treatment, and therefore we
could find no correlations between the pharmacokinetic
parameters of MTX and the improvements in the patients’
evaluations of pain and function. We plan to examine
other parameters in the future, including the American
College of Rheumatology criteria, and thus advance the
investigation of the relationship between the concentration/
pharmacokinetics and the efficacy of MTX.
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