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Abstract: Methotrexate (MTX) is the cornerstone of therapy in the treatment of rheumatoid arthritis
(RA). However, its efficacy and toxicity are variable and remain unpredictable. Interindividual
variation in the metabolism of MTX by the enzyme folyl polyglutamate synthetase (FPGS) has
been associated with response variability in RA. In this work, we propose the development of a
FPGS phenotyping assay that can be evaluated as a tool for the prediction of efficacy and toxicity
in patients with RA prior to initiating MTX therapy. FPGS activity was measured in erythrocyte
lysate by monitoring methotrexate polyglutamate (MTX + Glun) formation using ultra-performance
liquid chromatography tandem–mass spectrometry (UPLC/MS/MS). Erythrocyte FPGS activity was
measured in newly diagnosed RA (n = 35) and osteoarthritis (n = 7) patients. The enzymatic assay
was optimized for measuring FPGS activity in 25 µL of packed erythrocytes over two hours. The
coefficient of variation for intra- and inter-day analysis was found to be 5% and 12%, respectively.
The method was used to measure FPGS enzyme kinetics, resulting in a mean (SD) Km of 30.3 (4.8) µM
and a Vmax of 612 (193) pmol MTX + Glu2/h/mL of packed erythrocytes. Mean (SD) erythrocyte
FPGS activity in patients with RA was found to be 445.93 (344.50) pmol MTX + Glu2/h/mL and
with a 26-fold difference in the range (range: 83–2179 pmol MTX + Glu2/h/mL) whereas for patients
with OA, it was found to be 409.80 (157.66) pmol MTX + Glu2/h/mL with a 3.5-fold difference in the
range (range: 200.95–683.93 pmol MTX + Glu2/h/mL). Monitoring erythrocyte FPGS activity may be
a feasible strategy of phenotyping for methotrexate efficacy and toxicity in patients with RA.

Keywords: methotrexate; FPGS; rheumatoid arthritis; enzyme kinetics; therapeutic drug monitoring;
biomarker

1. Introduction

Methotrexate (MTX) (4-amino-N10-methylpteroyl glutamic acid) is a synthetic organic
compound which belongs to the antifolate therapeutic class [1–4]. MTX is commonly
regarded as the first-line disease-modifying therapy for the treatment of rheumatoid arthri-
tis (RA) and other forms of inflammatory arthritis because of its favorable risk–benefit
profile [5–7]. It is a disease-modifying anti-rheumatic drug (DMARD) that decreases pain
and swelling while slowing joint degradation and preventing long-term disability [3,8,9].

Despite being the first-choice disease-modifying antirheumatic drug (DMARD) used
for rheumatoid arthritis (RA), a significant proportion of RA patients (approximately
30–40%) do not experience a satisfactory response to methotrexate (MTX) and need sup-
plementary therapies [10]. Several studies have indicated that around two-thirds of RA
patients do not achieve a sufficient response when treated with MTX [11–13]. Currently, no
reliable laboratory or clinical predictors of MTX efficacy or toxicity are available to guide
MTX therapy in RA. Prior studies have found erythrocyte concentrations of polyglutamated
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metabolites of MTX (i.e., MTX + Glun) to be associated with MTX efficacy in RA [14,15].
These findings have suggested the monitoring of erythrocyte MTX + Glun as a biomarker
strategy to monitor MTX adherence and efficacy [16–20]. However, the slow accumulation
of these metabolites in erythrocytes, requiring several months of therapy before reaching
a steady state, precludes their use as pre-treatment or early treatment markers of MTX
response in RA [20–25]. Recognizing that the enzyme responsible for the intracellular
formation of MTX + Glun is folyl polyglutamate synthetase (FPGS), this work seeks to
develop an assay to measure erythrocyte FPGS activity in patients as a novel approach to
predicting MTX response in RA.

Upon entering the cell through either the reduced folate carrier-1 (RFC-1) [26] or
the proton-coupled folate transporter, MTX is reversibly metabolized through the addi-
tion of glutamic acid residues by FPGS. FPGS catalyzes the serial addition of up to six
additional glutamic acid residues to the gamma-carboxyl group of MTX forming polyg-
lutamyl products, MTX + Glun (n = # of glutamic acid residues). Polyglutamate products
have been demonstrated to be increasingly potent inhibitors of several folate-dependent
enzymes including thymidylate synthase (TYMS), 5-aminoimidazole 4-carboxamide ribonu-
cleotide transformylase (ATIC), and phosphoribosylglycinamide formyltransformylase
(GART) [27,28]. The addition of glutamic acid residues by FPGS also increases the cellu-
lar retention of MTX by increasing the stearic bulk and anionic charge of the molecule,
effectively resulting in intracellular drug trapping. As a result, FPGS activity is a major
regulator of the cellular disposition of MTX [29,30], with increased FPGS activity resulting
in enhanced the tissue accumulation of MTX [31,32].

In a genome-wide association study conducted on patients with RA who received
MTX treatment, FPGS was identified as one of the genes with polymorphisms associated
with a poor response to MTX [24]. In the context of the MTX response, previous studies
have also monitored intracellular FPGS mRNA levels to assess the expression and activity
of FPGS involved in drug metabolism or drug targets. The measurements of FPGS mRNA
levels in isolated monocytes from RA patients receiving MTX revealed a link between
higher mRNA levels and poor MTX responses [33]. A follow-up investigation identified an
increased production of dysfunctional pre-mRNA splice variants associated with decreased
responsiveness to MTX [34]. The development of a UHPLC-MS/MS method to measure
FPGS activity in isolated peripheral blood mononuclear cells has demonstrated significant
variation in enzyme activity and supports the potential role of enzyme activity profiling to
predict MTX metabolism and response in patients with RA [35].

Despite previous reports suggesting minimal FPGS activity in erythrocytes, these
cells are the primary site for monitoring MTX + Glun levels and offer practical advantages
such as abundance, ease of isolation, and preparation compared to PBMCs. Therefore,
in this study, the previously established UHPLC-MS/MS methodology is modified and
validated to measure FPGS activity and its variability in isolated erythrocytes from a group
of 42 MTX-naïve patients with arthritis.

2. Materials and Methods
2.1. Chemicals

The list of chemicals that were obtained from ThermoFisher Scientific, Waltham, MA,
USA includes Tris (catalog number: 17926), potassium chloride (KCl) (white crystals;
catalog number: BP366–500), magnesium chloride (MgCl2) (anhydrous; 99%, catalog
number: AA12315A1), DTT (dithiothreitol; catalog number: R0862), and Adenosine-5’-
triphosphate disodium salt hydrate (ATP), 98% (catalog number: J61125.06). Methotrexate
(MTX) was obtained from Toronto Research Chemicals (catalog number: M260675) and
L-glutamic acid (catalog number: G8415) was obtained from Sigma Aldrich, St. Louis,
MO, USA.
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2.2. Patient Information

This research was conducted at University of Kansas Medical Center, Kansas City,
Kansas, and received ethical approval from the University of Kansas Medical Center’s
institutional review board. Patient samples were collected between 29 August 2019 and
17 March 2022. Informed consent was obtained from all participating patients prior to the
collection and utilization of their samples for this investigation. To evaluate the viability
of our proof-of-concept approach, we enrolled 35 patients from the rheumatoid arthritis
clinic that were newly diagnosed with rheumatoid arthritis (male = 5; female = 30) and
7 osteoarthritis patients (male = 1; female = 4; gender information not available = 2).

2.3. Clinical Samples

In the initial evaluation and validation of the method, we used erythrocytes from a sin-
gle otherwise healthy donor, while erythrocyte samples from RA and osteoarthritis patients
(n = 42) were obtained from our in-lab RA biorepository. To adapt the method described
in by Muller et al., we made specific modifications to the sampling and lysing process to
accommodate the use of packed erythrocytes for our specific method’s development.

2.4. FPGS Assay

FPGS activity was measured in erythrocyte lysate based on the enzymatic addition
of glutamic acid to MTX (i.e., MTX + Glu2). The reaction was conducted in tris buffer (or
reaction buffer) supplemented with 0.25 mM MTX, 4 mM L-glutamic acid, 10 mM ATP,
20 mM MgCl2, 20 mM KCl, and 10 mM DTT at pH 8.85. The buffers were prepared in
RO water. The assay was optimized for erythrocyte sample volume, incubation time, and
concentrations of MTX and L-glutamic acid.

2.5. UHPLC-MS/MS

Erythrocyte sample analysis was carried out using an LC-MS/MS system, which
included a Waters Acquity UPLC equipped with a 20 µL sample loop. Additionally, a
Quattro Premier XE triple quadrupole mass spectrometer from Waters Corporation (Etten-
Leur, The Netherlands), was used with an electrospray ionization source (ESI) operating in
the positive mode. The instrument settings and chromatographic conditions were adopted
from the analytical set-up established by den Boer et al. [36]. Graphical representations
of the data were generated using GraphPad Prism 8.0.1 and Microsoft Excel 365. The
assay method used in this study was based on the protocol developed by Muller et al.
with some modifications in sample processing, which will be discussed briefly in the
following sections.

2.5.1. Sample Preparation

RBC samples were combined with an extraction buffer (50 mM Tris-HCl, 20 mM KCl,
10 mM MgCl2, and 5 mM DTT, adjusted to pH 7.5 with HCl) and reaction buffer. Samples
were sonicated for 5 s and vortex-mixed for 5 s, and then this was repeated. The samples
were incubated for 2 h at 37 ◦C in a water bath. At the end of the incubation, samples
were put on ice and a MTX + Glu2 internal standard was added along with ice-cold 16%
perchloric acid to stop the reaction. The sample was again mixed via repeat sonication and
vortex mixing. The sample tube was then incubated on ice for 30 min and then the sample
was subjected to centrifugation at 2700× g and 4 ◦C for 15 min. Finally, the supernatant
was transferred to a new fresh labeled tube for use in sample analysis in UPLC-MS/MS.

2.5.2. Assay Conditions Tested for Optimization

For the initial optimization of the enzyme assay, the MTX + Glun calibration curve was
tested for concentrations ranging from 5.0 to 100 nM. Then, we established the linearity
between polyglutamate products and erythrocyte volume. Various sample volumes were
tested in an arithmetic progression, starting from 0 and increasing in increments of 12.5 and
50, up to 100 µL. Subsequently, to assess the linearity between polyglutamate products and



Future Pharmacol. 2023, 3 822

time, we monitored product formation at five time points, starting at T = 0 and progressing
in arithmetic intervals of 0.5, 1, 2, and 4 h. Each time point was evaluated in triplicate, except
for the 4 h time point, which was duplicated due to sample contamination. To determine
FPGS enzyme kinetics concerning MTX concentration, we measured peak intensities for
both the product and the internal standard. This was carried out across a range of MTX
concentrations and its blank (2.5 µM, 5.0 µM, 12.5 µM, 75 µM, 125 µM, and 250 µM), with a
reference standard concentration of 50 nM. The experiment was replicated in triplicate on
three separate occasions to assess both intra- and inter-day variability.

2.5.3. MTX + Glu2 Detection and FPGS Activity Calculations

The assay underwent optimization concerning factors such as erythrocyte sample
volume, incubation time, and concentrations of MTX. The subsequent calculation of FPGS
activity relied on specific parameters extracted from the UHPLC-MS/MS analysis, encom-
passing observed peak areas for MTX + Glu2 and corresponding internal standard (IS)
peaks for MTX + Glu2.

We first obtained the peak values for MTX + Glu2 at different concentrations ranging
from 2.5 nM to 250 nM with a fixed concentration of MTX + Glu2-IS of 50 nM. For each
of these concentration measurements, blank sample peaks were also recorded. Next, to
perform relative quantification, we calculated the ratio of the compound to its internal
standard as follows:

Ratioblank or sample =
MTX + Glu2

MTX + Glu2 − IS
(1)

To ensure accurate quantification and validate our analytical method, we further
considered obtaining the reference standard peaks for both MTX + Glu2 and MTX + Glu2-IS
and obtained their relative quantification ratios as well, as shown in Equation (1).

Furthermore, all the relative quantification ratio values obtained from different con-
centrations were multiplied by the reaction volume (µL) to determine the amount of
MTX + Glu2 in the sample, as shown below:

Ratioblank or sample = Reaction Volume(µL) ∗
(

MTX + Glu2

MTX + Glu2 − IS

)
(2)

Minor amounts of MTX + Glu2 were observed in blank samples (i.e., contamination
from the MTX-containing reaction buffer) and required a blank subtraction (Equation (3a)).
FPGS enzyme activity was expressed as the amount of MTX + Glu2 formed normalized to
both time and the RBC extraction volume (Equation (3b)).

Adjusted MTX + Glu2 sample(pmol) = MTX + Glu2 sample−MTX + Glu2 blank (3a)

FPGS activity = Adjusted MTX + Glu2(sample)/time(hrs)/extracted volume(mL) (3b)

where the units for the FPGS activity of MTX + Glu2 formation are expressed in pmol/h/mL
of erythrocytes (RBC).

2.5.4. Enzyme Kinetics

In this assay, we used the Michaelis–Menten model for enzymatic reactions to calculate
the enzyme kinetic parameters (Vmax and Km) of MTX.

V =
Vmax.[S]
Km + [S]

(4)

where V = rate of reaction, Vmax = maximum rate of reaction, [S] = concentration of the
substrate, and Km = concentration of the substrate at half Vmax.

Instead of using Equation (4), we will use its reciprocal to obtain the double recipro-
cal curve.

1
V

=
Km + [S]
Vmax[S]

(5)
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Upon simplification,
1
V

=
Km

Vmax
.

1
[S]

+
1

Vmax
(6)

Equation (6) now corresponds to the equation of a line, i.e., y = mx + c, where
1/V = y-axis, Km/Vmax = slope (m), 1/[S] = x-axis, and 1/Vmax = y intercept (c).

2.5.5. Statistical Analysis

We obtained descriptive statistics to determine the median and interquartile range
(IQR) for both genders (male and female, N = 40) and for osteoarthritis (OA) versus RA
groups (disease-based, N = 42) based on their enzyme activity values. Additionally, we
conducted non-parametric two-tailed Mann–Whitney U tests to assess enzyme activity
differences between males and females, as well as between OA and RA, with a significance
level set at 0.05.

3. Results

In this UHPLC-MS/MS-based assay, packed human erythrocyte samples were used to
validate and confirm FPGS enzyme activity as a function of the synthesis of the polygluta-
mate products using MTX as the enzyme substrate (Figure 1).
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Figure 1. A reaction scheme representing the FPGS-mediated conversion of methotrexate into
methotrexate polyglutamate. Here, “n” represents the number of glutamyl residues that can be
sequential added. It can range from one to six residues with n = 1 representing the parent form
of MTX.

3.1. Assay Development/Optimization/Validation

Assay conditions were optimized by incubating extracted erythrocyte samples in
conditions that included an incubation period of up to four hours and a range of erythrocyte
volumes from 0 to 100 µL. Regression curves for erythrocyte volume as a function of
picomoles of MTX + Glu2 formation demonstrated linearity and reproducibility over the
volumes tested (Figure 2). A sample volume of 25 µL was chosen for subsequent method
validation based on the need to minimize the sample volume.

Similarly, a linear relationship was observed between product (i.e., MTX + Glu2)
formation and incubation time. However, there was a slight drop-off at 4 h, as shown in
Figure 3, while the regression analysis demonstrated linearity between product formation
over the incubation time from 0 to 4 h via the line of best fit (R2 = 0.991). Additionally,
another linear trend was observed between the rate of FPGS enzyme activity and incubation
time, ranging from 30 min to 4 h. Initially, a slight fluctuation was observed in the assay due
to the time needed for the enzyme to reach its optimal state. As the experiment progressed,
enzyme activity gradually stabilized, indicating a more consistent trend over time. This
can be observed in the inset graph of Figure 3. To ensure that the measurements remained
within the linear range of the assay, a sample incubation time of 2 h was selected for
further experiments.
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Figure 3. The formation rate of MTX + Glu2 (picomole/mL of RBC) in erythrocytes, as measured
via UHPLC-MS/MS, validated by observing the increase in incubation time (hours). Each data
point corresponds to a set of triplicate time points of sample incubation. The error bars indicate the
standard deviation of the incubation data sets from the mean for that set. Inset: graph illustrating
FPGS activity (pmol/h/mL of RBC) as a function of incubation time (0.5–4 h).

3.2. Enzyme Kinetics Analysis

Further, FPGS enzyme kinetics were evaluated as a function of substrate concentration
(MTX) using the Michaelis–Menten equation to derive kinetic constants and to compare
them to previously published data. We observed that for initial MTX concentrations, the
Michaelis–Menten curve follows a linear trend and slowly approaches a near-saturation (or
Vmax per the Michaelis–Menten equation) level asymptotically at 250 µM (Figure 4a).
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Figure 4. Graphs representing the enzyme kinetics analysis, where the Michaelis–Menten curve
indicates the saturation point of FPGS and its maximum efficiency at a specific MTX concentration.
Each curve point represents the mean of three substrate concentration data points from three
independent experimental evaluations, enabling slope calculation for the initial reaction rate
at different substrate concentrations. The error bars in the curve indicate deviations from the
mean for each substrate concentration set. The linear transformation of the Michaelis–Menten
curve is represented by the Lineweaver–Burk plot. (a) FPGS activity (pmol of MTX + Glu2/h/mL
RBC) as a function of substrate concentration, e.g., of methotrexate (µM), represented through a
Michaelis–Menten plot; (b) Lineweaver–Burk plot depicting 1/FPGS activity (1/V) as a function
of 1/substrate (1/MTX concentration).

The absolute values for both Vmax and Km were estimated by fitting the data assuming
Michaelis–Menton kinetics through the double-reciprocal plot or the Lineweaver–Burk
plot (Figure 4b). The Lineweaver–Burk plot generated from the Michaelis–Menten curves
(equation IV), for MTX, gives a mean (SD) Km of 30.3(4.8) (µM)−1 and a mean (SD) Vmax of
612(193) (pmol/h/mL)−1 is presented in Table 1. The observed Km value in our assay is
significantly lower than that in the previously reported data [35,37–39], indicating a high
affinity of the enzyme for MTX as a substrate.

Table 1. FPGS enzyme kinetics as measured by varying MTX concentrations in triplicate over three
independent experimental evaluations.

Kinetic Parameters Mean Standard Deviation

Vmax (pmol/h/mL)−1 611.95 193.36
Km (µM)−1 30.29 4.81

Within-run and between-run precision was assessed using healthy human erythrocyte
samples by measuring replicates (n = 3) over the course of the next three days. This
allowed us to examine both intra-day and inter-day variability, ensuring the validation and
reproducibility of the enzymatic assay. The difference in measured FPGS activity between
intra-day and inter-day measurements is presented in Table 2, showing a relatively low
coefficient of variation that is in the acceptable range for a bioanalytical assay [35].
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Table 2. Between-run imprecision experiments for samples (n = 3) measured by comparing replicates
independently on three separate days.

Intra-Day Inter-Day
Day-1 Day-2 Day-3 Combined

Average (pmol/h/mL) 754.9 599.6 642.2 665.6
Standard deviation (%) 3.03 7.90 3.10 12.05

3.3. FPGS Activity in Arthritis Patients

Using the optimized method, we measured FPGS activity in 42 patient erythrocyte
samples from our RA biorepository, operating under the Vmax conditions with a 250 µM
MTX substrate concentration and a 2 h incubation at 37 ◦C (Figure 5).
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cates independently on three separate days. 

 Intra-Day Inter-Day 
 Day-1 Day-2 Day-3 Combined 

Average (pmol/h/mL) 754.9 599.6 642.2 665.6 
Standard deviation (%) 3.03 7.90 3.10 12.05 

3.3. FPGS Activity in Arthritis Patients 
Using the optimized method, we measured FPGS activity in 42 patient erythrocyte 

samples from our RA biorepository, operating under the Vmax conditions with a 250 µM 
MTX substrate concentration and a 2 h incubation at 37 °C (Figure 5). 
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Figure 5. Histogram showing the distribution of the FPGS activity analyses of erythrocytes from
42 MTX-naïve RA (N = 35) and osteoarthritis (N = 7) patients. Inset: a boxplot displaying the
distribution of FPGS activity.

We determined the median [interquartile range] (M[IQR]) along with the non-parametric
test values for FPGS activity values for both gender-based analysis and type of arthritis. For
gender-based analysis, the M[IQR] for males was (456.15[293.14]) while that for females was
(351.64[260.08]). The non-parametric test led to the finding that there were no significant
(N = 40, p = 0.46) differences in enzyme activity between males and females. Similarly,
for the type of arthritis, the M[IQR] for the OA was 358.08[217.07]) and that for RA was
(388.87[252.18]). The non-parametric test results suggested that there were no significant
(N = 42, p = 0.94) differences in enzyme activity between the two types of arthritis.

4. Discussion

In this study, we reported the development and optimization of an enzyme-based
method using UHPLC-MS/MS to measure FPGS activity as a function of MTX + Glu2
formation in packed erythrocytes. The method was adapted from a FPGS-based study on
human PBMCs by Muller et al. [35], hence providing the same advantages to our study
in terms of being less labor-intensive, being highly sensitive, and having no requirements
for any radioactive labeled FPGS substrate [35]. The instrumentation parameters, such
as ionization mode, charge/mass ratio for MTX + Glu2 and MTX + Glu2-IS, ion spray
volume, collision energy, declustering potential, and collision exit potential for MS/MS
were consistent with the settings described by den Boer et al. [36]. The mobile phase solvent,
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including its concentration and pH, was also kept same as that their protocol. Subsequently,
quantification was performed using a similar integration method to determine the area
under the curve in counts per second. The assay’s linearity, sensitivity, and reproducibility
were validated using authentic reference standards, as reported in Figures 2–4.

Enzyme activity assays have several advantages over genetic assays and protein
quantitative assays. Firstly, they directly measure functional activity, providing valuable
insights into enzymatic function and its impact on cellular processes [40]. Additionally,
enzyme activity assays offer a more direct reflection of the phenotype as they measure actual
enzymatic function and activity [41,42]. Unlike genetic assays and protein quantitative
assays, they can also detect post-translation modifications and other factors that influence
enzyme function [43,44]. Moreover, enzyme activity assays enable the evaluation of enzyme
activity and its response to environmental and physiological changes. In addition to that,
using an enzyme-based cell-type assay is advantageous for the current study as enzymes
can be easily identified based on the specific reactions they catalyze, unlike nucleic acids
and functional proteins [45].

Unlike Muller et al.’s method, where they preferred peripheral blood mononuclear
cells (PBMC’s) for studying FPGS activity, we implemented some modifications in sample
processing that included a cellular lysis step in the extraction buffer since we used packed
erythrocytes in our method’s development. Interestingly, there are conflicting opinions
among studies regarding the most suitable cell line for quantifying FPGS activity. Some
studies have chosen peripheral blood mononuclear cells (PBMCs) due to their relevance in
inflammation [35], while Stoforidis et al. have suggested erythrocytes as appropriate cells
due to the difficulty in collecting a sufficient quantity of peripheral blood lymphocytes [46].
However, Meeberg et al. and Barredo et al. argue that erythrocytes have substantially lower
or negligible FPGS activity, making them unsuitable for studying FPGS activity [47,48].

Nevertheless, several studies have demonstrated a correlation between erythrocyte
polyglutamate concentration and MTX efficacy in RA [20,46,49–51], acute lymphoblastic
leukemia, and psoriasis [52,53]. This suggests that investigating FPGS activity in erythro-
cytes may remain a valid approach for the development of biomarkers. Owing to these
previously reported successful studies on erythrocytes, we studied kinetic parameters (time
of incubation, volume of substrate, etc.) and were successfully able to detect the formation
of polyglutamation products (i.e., (MTX + Glu2))_ in erythrocytes, proving the method to
be sensitive in detecting low-concentration products with acceptable precision.

The idea of this study stemmed from the successful phenotyping of thiopurine S-
methyltransferase (TPMT) in patients that receive azathioprine (AZA) therapy. By pheno-
typing TPMT expression/activity and thus characterizing the degree of AZA metabolism,
this method has been shown to improve outcomes and avoid life-threatening toxicities
in patients that may receive AZA therapy [54]. Similarly, the principle of this study is
to measure FPGS enzyme activity prior to initiating MTX to predict the degree of drug
metabolism via polyglutamation.

Predicting FPGS enzyme activity before starting MTX treatment is important in its
potential use as an a priori marker or early marker of MTX efficacy or toxicity, due to the
time required to reach steady-state MTX + Glun concentrations [34,55,56]. Consequently,
performing FPGS phenotyping in advance could be valuable tool for predicting MTX
metabolism and treatment responses.

The efficacy of MTX is dependent on FPGS, which is responsible for the addition of
glutamate residues on the drug [25,57–60]. Previous studies suggest that a longer polyg-
lutamate product is related to a more rapid anti-inflammatory response [5,24,25,61], but
can also adversely affect the immune system, whereas the absence of polyglutamation can
result in decreased drug effectiveness, potentially leading to inadequate treatment out-
comes [18,59,62]. This will help clinicians to both adjust patients’ MTX dosing regimens and
select an alternative therapy for non-responders, effectively minimizing joint degradation
due to a lack of therapeutic benefit from the insufficient polyglutamation of MTX.
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In our method, we selected MTX as the substrate for several reasons, including its
stability and affordability. It is worth noting that, similar to what was carried out in the
study conducted by Muller et al., we ensured that the concentration of the turnover product
of the FPGS reaction (MTX + Glu2) remained significantly below its Km. This was carried
out to prevent it from serving as a substrate for subsequent FPGS reaction, where additional
glutamic acid residues could have been added to form MTX + Glu3. Therefore, our kinetic
studies focused only on the FPGS-catalyzed reaction that resulted in the addition of one
glutamic acid moiety, forming the MTX + Glu2 product.

Ideally, for an analytical assay, it is not recommended that relative activity values alone
be calculated; rather, a standard curve is preferred and is both an essential and logical way
to extrapolate enzyme activity. Therefore, a standard curve was constructed by measuring
the assay signal with standard solutions of the reaction product over a suitable range
(5.0–100 nM) of MTX + Glu2 concentrations with a correlation coefficient of R2 > 0.99 and
an acceptable coefficient of variation of 6%. Since most assays (such as the enzyme activity
assay, kinetic assays, immunoassays, etc.) use a 25–50 µL sample volume [63–67], which
ideally requires 1–2 h of sample incubation. However, the specific volume requirements
can vary depending on the particular enzyme assay and the experimental protocol being
used. We opted for the minimum recommended sample volume of 25 µL for our assay.

In our method, we also tested the time-dependent formation of the product, which
is common in all enzyme-catalyzed reactions. We observed that FPGS activity was linear
over an incubation time range of 0–4 h. Since it was difficult to determine sensitivity and
specificity in most of the enzyme assays, we tested certain time points for our method and
observed 4 h to be the optimal time before the curve levels off and becomes saturated. It
is also important to note that longer incubation times in enzyme assays might lead to the
consumption of the substrate, and that a change in co-factor condition, such as pH, can
affect the efficiency of enzyme activity. Additionally, we know that increasing substrate
concentrations increases the rate of reaction; however, at a certain concentration, any
increase has no effect because the enzyme FPGS has effectively become saturated and acts
at its maximum feasible rate [68–70]. Therefore, in our proposed condition, we observed a
good turnover from substrate to product after 2 h of incubation.

After assay optimization, we tested our method on 42 clinical samples from our repos-
itory and observed the interpatient variability of FPGS activity among the patient samples.
Interpatient variability has been consistently reported in previous works [25,56–58,71–75].
The variation in FPGS enzyme activity observed among patients not only reflects differ-
ences in individual affinities for the formation of polyglutamate product, but also indicates
genuine biological heterogeneity. Based on our results, we did not observe any statisti-
cally significant differences in enzyme activity with respect to gender (p = 0.46) or disease
subtypes (p = 0.94). However, it is important to note that the limited number of patients
in each group may have impacted our ability to detect meaningful differences. While
the small sample size prevents us from drawing definitive conclusions regarding the lack
of significance, it does suggest that factors beyond gender and disease subtypes, such
as genetics, diet, or overall health status, may play a more influential role in influencing
enzyme activity during comparative analyses. An exploration of the factors underlying
this variability in enzyme activity and biological heterogeneity can be conducted through
demographic studies. Previous demographic studies on joint diseases such as osteoarthritis
(OA) and RA have identified demographic factors that contribute to differences in disease
etiology. Factors such as age, sex, ethnicity, body mass index, and smoking habits have
been shown to impact diagnosis and the variability in drug responses among patients with
OA and RA [76]. Although FPGS enzyme activity can be a potential biomarker for the vari-
ability in MTX metabolism, there are other factors that can also contribute to this variability,
including age, MTX dosage, renal function, smoking or tobacco usage, erythrocyte folate
levels, and MTX + Glun concentrations [59,77]. In addition, Inoue et al. suggest that MTX’s
pharmacokinetics and pharmacodynamics may be affected by drug–drug interactions
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through transporters and their genetic polymorphisms, resulting in interpatient variability
in efficacy [78].

In summary, we were successful in validating the linearity of ranges for volume,
time, and enzyme kinetics (in Figures 2–4) using the chromatographic approach. The
initial evaluation and validation were further validated for FPGS activity with the arthritis
samples. Despite the limited number of patients in our study, we adopted a conservative
approach when interpreting the results to address potential limitations in applicability.
Furthermore, in our study, we found that FPGS activity between males and females was
not significant. The relatively small number of male participants (N = 6) in comparison to
females (N = 34) in our study, as previously mentioned, could have been a contributing
factor to the lack of statistically significant gender-related differences in enzyme activity.
Therefore, larger male sample sizes in future studies may strengthen the reliability of
these findings. It is noteworthy that RA exhibits gender-based variations, with a higher
prevalence in women. This gender disparity can result in differences in how the disease
manifests, progresses, and responds to treatments [79,80]. Considering these gender-
specific characteristics is crucial for personalized and effective healthcare in RA research.

Overall, our method marks a notable step forward in the development of an enzyme as-
say with predictive capabilities for phenotypic assessment. Unlike the time-consuming mea-
surement of drug metabolite levels, this FPGS assay offers the potential to predict the range
of MTX metabolism in arthritis patients, encompassing low, normal, and high levels. In sum-
mary, we conducted a post hoc analysis to explore a previously non-proposed biomarker,
FPGS, and its potential relationship with treatment responses in patients with arthritis.

5. Conclusions

Our current study proposes a UHPLC-MS/MS-based method for measuring FPGS
activity in erythrocytes. It reveals variations among RA patients, showing potential in
drug monitoring and phenotyping for RA treatment. Future investigations could explore
population variations and correlations with MTX + Glun levels in RA, alongside FPGS
activity differences among responsive and non-responsive RA patients.
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