Drug Design, Development and Therapy Dlovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Simultaneous Determination of Unbound Plasma
Concentration of Methotrexate and
/-Hydroxymethotrexate in Children Patients
Receiving High-Dose Methotrexate Therapy

Wei-Chong Dong (@', Shuai-Shuai Gao', Bo Shi?, Hao-Ran Li', Ye Jiang*°, Jia-Liang Guo (»°, Zhi-Qing Zhang',
Ying-Ze Zhang*>

'Department of Pharmacy, The Second Hospital of Hebei Medical University, Shijiazhuang, Hebei Province, 05005 |, People’s Republic of China; 2The School
of Medicine, Nankai University, Tianjin, 30007 |, People’s Republic of China; *Department of Orthopaedics, Hebei Medical University Third Hospital,
Shijiazhuang, Hebei Province, 050000, People’s Republic of China; “School of Pharmacy, Hebei Medical University, Shijiazhuang, Hebei Province, 050017,
People’s Republic of China; Hebei Key Laboratory of Forensic Medicine, Shijiazhuang, Hebei Province, 050017, People’s Republic of China

Correspondence: Ying-Ze Zhang, Hebei Medical University Third Hospital, 139# Zigiang Road, Shijiazhuang, Hebei Province, 050000, People’s
Republic of China, Email yzzhang@hebmu.edu.cn; Zhi-Qing Zhang, The Second Hospital of Hebei Medical University, 215# Heping West Road,
Shijiazhuang, Hebei Province, 050051, People’s Republic of China, Email 26500007 @hebmu.edu.cn

Background: High-dose methotrexate (HD-MTX) is seen as an effective therapy for acute lymphoblastic leukemia (ALL); however,
it is extremely toxic. Monitoring the plasma concentrations of methotrexate (MTX) and its important metabolite, 7-hydroxy-
methotrexate (7-OH-MTX), on a routine basis aids in dose modification of rescue medications and in avoiding toxicity. The
pharmacologically active and toxic effects of drugs are due to the unbound portion, as most drugs are bound to plasma proteins to
some degree. However, the simultaneous measurement of unbound plasma concentrations of MTX and 7-OH-MTX has not been
reported.

Methods: We developed and validated a hollow fiber centrifugal ultrafiltration (HFCF-UF) technology to simultaneously analyze
unbound MTX and 7-OH-MTX concentrations in human plasma. In total, 234 plasma samples from 58 children diagnosed with ALL
who were administered HD-MTX were used in our study. We investigated the connection between unbound and total plasma
concentrations of MTX and 7-OH-MTX, as well as how these concentrations relate to liver and renal function.

Results: The method that was developed is both simple and accurate. A weak linear relationship was observed between the
concentrations of unbound and total 7-OH-MTX (+* = 0.732). The concentration of total MTX and unbound 7-OH-MTX were both
positively correlated with creatinine (Cr) levels and negatively correlated with Creatinine clearance (CCr). There was a wide variation
in the concentration ratios of 7-OH-MTX to MTX, both total and unbound, and these ratios were significantly lower in individuals
with impaired liver function.

Conclusion: The total concentration of 7-OH-MTX is an unreliable predictor of unbound concentration, necessitating the monitoring
of unbound levels. The concentration ratios of 7-OH-MTX to MTX (both total and unbound) could be more accurate and sensitive
biomarkers for predicting hepatotoxicity.
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Introduction

Acute lymphoblastic leukemia (ALL) is a typical neoplasm found in children, with an incidence rate of 0.004% in those
under 15, comprising about 35% of pediatric cancer cases." Methotrexate (MTX) acts as an antimetabolite, impacting
folic acid metabolism.> MTX plays a crucial role in treating ALL and is effective against various cancers.> High-dose
methotrexate (HD-MTX) is characterized by intravenous doses of 500 mg/m* or higher.* HD-MTX is advised as
a standard chemotherapy strategy for ALL in clinical practice because it can substantially raise blood drug levels and
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penetrate the blood-brain and blood-testes barriers. Although HD-MTX is seen as an effective therapy for ALL, extended
exposure can lead to toxic effects on the liver, kidneys, and nervous system.>

The crucial MTX metabolite, 7-hydroxy-methotrexate (7-OH-MTX), has been demonstrated in vivo to lower MTX
concentrations within cells.” The pharmacokinetics of MTX may be affected by the accumulated concentration of 7-OH-
MTX due to competitive transport across cell membranes,®’ and its association with nephrotoxicity and hepatotoxicity
has been documented.'® Plasma concentrations of MTX and 7-OH-MTX are strongly linked to toxicities in patients
undergoing HD-MTX therapy. Monitoring the plasma concentrations of MTX and 7-OH-MTX routinely aids in adjusting
rescue drug doses and preventing toxicity in therapeutic drug monitoring (TDM)."!

1213 with some specifically targeting 7-OH-MTX,'*!?

Numerous assays have been developed for MTX monitoring,
while others facilitate the simultaneous measurement of plasma MTX and 7-OH-MTX in patients undergoing HD-MTX
therapy to optimize rescue drug dosages and minimize adverse reactions.”'''*'® Nonetheless, these approaches
predominantly rely on total plasma concentration assessments. It is well-established that drug molecules bind to plasma
proteins to varying extents in vivo, with only the unbound drug capable of reaching the site of action, exerting
pharmacological effects, and being linked to toxicity.'” Therefore, measuring unbound plasma drug concentration is
often preferred over the total concentration in TDM.'® Unfortunately, according to our best knowledge, the simultaneous
determination of unbound plasma concentration of MTX and 7-OH-MTX has not been reported.

In our previous work,'” we devised a method to measure unbound MTX and examined its relationship with total
MTX plasma concentrations, alongside the correlation between MTX concentrations (both unbound and total) and
nephrotoxicity in children. The previous study was unable to measure unbound 7-OH-MTX plasma concentration,
preventing the analysis of its relationship with total 7-OH-MTX plasma concentration. 7-OH-MTX may affect the
pharmacokinetics and pharmacodynamics of MTX? and contribute to renal toxicity due to its low water solubility.'*'®

Elevated plasma levels of 7-OH-MTX have been observed in patients with impaired liver function undergoing HD-MTX
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therapy;'' however, the underlying mechanism remains unclear and requires further investigation. The absence of reports
on the correlation between MTX toxicity and unbound 7-OH-MTX plasma concentrations may stem from the lack of
a suitable determination method.

This study introduces a hollow fiber centrifugal ultrafiltration (HFCF-UF) technology combined with high-perfor-
mance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) to measure unbound MTX and 7-OH-MTX
levels in human plasma simultaneously. The method was effectively applied to 234 plasma samples from 58 children
with ALL undergoing HD-MTX therapy. The study also analyzed the correlation between unbound and total plasma
concentrations of MTX and 7-OH-MTX, as well as their association with liver and renal function.

Experimental

Chemicals and Materials

The MTX standard (No.100138-201606) was obtained from the National Institutes for Food and Drug Control in
Beijing, China. The 7-OH-MTX standard (No. JS258662) and internal standard (IS) Methotrexate-D; (MTX-D3 No.
N251B233480) were obtained from YuanYe Biotechnology Co., Ltd. (Shanghai, China). Human plasma samples were
sourced from the Second Hospital of Hebei Medical University. The acetonitrile used, which was of HPLC-grade, was
sourced from Fisher Chemicals (Lake Forest, CA, USA). Isopropyl alcohol of HPLC grade was sourced from Yongda
Chemical Co., Ltd. in Tianjin, China. HPLC grade formic acid was obtained from Aladdin Biochemical Technology Co.
Ltd. in Shanghai, China.

The HFCF-UF device was sourced from the Hebei Heping Medical Equipment Factory in Shijiazhuang, China. The
molecular cut-off was 10 kDa. The fiber had a wall thickness of 150 pm and an inner diameter of 1000 um. Glass tubes
with a height of 7 cm and an inner diameter of 4.5 mm. Amicon® ultra-0.5 filter ultrafiltration devices (0.5 mL, 10 kDa,
UFC 501096) were obtained from Merck Millipore Corp (Darmstadt, Germany).

Apparatus and Instruments

Chromatographic analysis was conducted using a Shimadzu LC-20AD high-performance liquid chromatography system
paired with an API 4000 triple quadrupole mass spectrometer (AB SCIEX, Los Angeles, CA, USA). Data collection and
analysis were performed using Analyst® software version 1.6.

HPLC-MS/MS Conditions

The Chromatographic separation was achieved using a System C;g column (Waters, 4.6 X 150 mm, 3.5 um), thermo-
stated at 40°C. The mobile phase used a gradient elution with solvent A as 0.1% formic acid in water and solvent B as
acetonitrile with 10% isopropyl alcohol. Phase B started at 5% for 0.5 minutes, then increased linearly to 20% over
1 minute, followed by a rise to 100% over 2.5 minutes, and maintained at 100% for 1.5 minutes. Phase B was reduced to
initial conditions within 1 minute and held at 5% for 1.5 minutes prior to the subsequent injection. The experiment lasted
8 minutes with a flow rate of 0.8 mL-min~'. A 10 pL injection volume was utilized.

An electrospray ionization source in positive ion mode (ESI") was used to identify the compounds. The mass
spectrometer was configured with an ion spray voltage of 5500 V, a temperature of 600°C, source gases 1 at 55 psi and
source gases 2 at 60 psi, a curtain gas at 30 psi, and a collision gas at 8 psi. Multiple reaction monitoring (MRM) was
used to conduct mass spectrometry. Mass spectrometry identified the MTX precursor ion at 455.3 m/z and the product
ion at 308.2 m/z for quantitation. The precursor ion of 7-OH-MTX was identified for quantitation at 471.1 m/z, with the
corresponding product ion detected at 324.3 m/z. The MTX-Dj5 (IS) exhibited a precursor ion at 458.4 m/z and a product
ion at 311.3 m/z for quantitation. The qualitative ion pair was m/z 455.3—175.1 for MTX, m/z 471.1—191.3 for 7-OH-
MTX, and m/z 458.4—175.4 for MTX-D; (IS). The capillary voltage was all set at 110 V, with collision energies of 27
V for MTX, 15 V for 7-OH-MTX, and 27 V for MTX-Ds.
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Standard Solution and Quality Control Sample
Stock solutions of MTX and MTX-D; were individually prepared in methanol (containing 10 mm NaOH solution) at
concentration of 0.5 mmol-L™' and 1 mmol-L™" respectively, and stored at —40°C. 7-OH-MTX stock solution at
a concentration of 1 mmol-L™" was prepared in deionized water containing 10 mm NaOH and stored at —40°C. A mixed
solution was prepared by combining the appropriate volumes of individual stock solutions to achieve concentrations of
50 umol-L™" MTX and 500 pmol-L™' 7-OH-MTX in deionized water, and stored at 4°C. The mixed working solutions
were diluted with deionized water to achieve final concentrations of 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, and 0.02 um01~L*]
for MTX, and 200, 100, 50, 20, 10, 5, 2, 1, 0.5, and 0.2 pumol-L™" for 7-OH-MTX. Deionized water was used to dilute the
internal standard stock solution, resulting in internal working solutions of 2 umol-L™" and 0.02 pmol-L™" MTX-Ds.

Calibration standards for unbound concentration analysis were prepared by spiking 475 pL of blank human plasma
ultrafiltrate with 25 pL of mixed working solutions. The concentrations for MTX were 0.5, 0.25, 0.1, 0.05, 0.025, 0.01,
0.005, 0.0025, and 0.001 umol-Lfl, and for 7-OH-MTX, they were 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05, 0.025, and 0.01
pmol-L ™!, Quality control (QC) samples for unbound concentration analysis were prepared at 0.002, 0.04, and 0.4
pmol-L™" for MTX, and at 0.02, 0.4, and 4 pmol-L™" for 7-OH-MTX.

Calibration standards for total concentration analysis were prepared by spiking 90 pL of blank human plasma with
10 uL of mixed working solutions at concentrations of 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, and 0.005 umol~L7' for MTX,
and 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, and 0.05 um01~L’1 for 7-OH-MTX.

Preparation of Samples for Unbound Concentration Analysis Using HFCF-UF
The principle of HFCF-UF technology is to achieve a physical interception through the molecular weight cut-off of the
filtration membrane under the centrifugation. The aqueous component of plasma containing the small unbound drug
molecules could pass through the ultrafiltration membrane freely with the advantage of the direction of centrifugal force
parallel to the membrane. The concentration of drug in ultrafiltrate is the unbound drug concentration in plasma.'®
The plasma sample, measuring roughly 500 pL, was put into a narrow glass tube. To form a U-shape, the 15 cm
hollow fiber was bent and then inserted into a narrow glass tube. Following 5 minutes of ultrafiltration at 2.4 x 10° g, the
ultrafiltrate within the hollow fiber’s lumen was expelled from the opposite end using a syringe. A 30 pL ultrafiltrate was
combined with 30 uL of an internal working solution (0.02 pmol-L ™' MTX-D;), and for analysis, an injection of 10 pL
from this mixture was made into the HPLC-MS/MS system. (see Figure 1).

Preparation of Samples for Total Concentration Analysis

A 1.5-mL centrifuge tube was prepared with 100 uL of plasma sample and 10 uL of internal standard (2 pmol-L™' MTX-Ds).
Next, 300 uL of acetonitrile was added. The mixture was vortexed for 2 minutes and then centrifuged at 1.0 x 10* g for
5 minutes. A 40 pL aliquot of the supernatant was placed into a clean centrifuge tube, followed by the addition of 160 puL of
deionized water. A 10 pL aliquot of the mixture, following 1 minute of vortexing, was used for HPLC-MS/MS analysis.
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Figure | Hollow fiber centrifugal ultrafiltration (HFCF-UF) process.
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Sample Preparation with Traditional Ultrafiltration

The sample (500 pL) underwent ultrafiltration with an Amicon® ultra-0.5 filter device. Following the centrifugation at
8,000 g for 10 minutes, 30 pL of ultrafiltrate was combined with an equal volume of internal standard solution (0.02
umol-L ™" MTX-D5). The mixture was analyzed by injecting a 10 pL aliquot into the HPLC-MS/MS system.

Results

Non-Specific Binding

When applying ultrafiltration, it is crucial to first quantify the nonspecific binding (NSB) of drugs to filter membranes or
devices made of glass and plastic, as this is a major drawback of the procedure.?’ The study examined the adsorption
properties of three types of hollow fiber materials: polyacrylonitrile (PAN), polyvinyl chloride (PVC) and polysul-
fone (PSF).

Traditional ultrafiltration using Centrifree® YM-30 and Amicon® ultra-0.5 filter devices, both utilizing regenerated
cellulose (RC) membranes, is a common method for assessing plasma unbound concentration.”? This study also
examines the NSB of RC with the commercially available Amicon® ultra-0.5 filter device. Ultrafiltration was performed
as described in Section 2.7.

Figure 2 illustrates the ratios of obtained concentrations via ultrafiltration to their respective standard ultrafiltrate
concentrations across low, medium, and high QC sample concentrations both for MTX and 7-OH-MTX (n = 5). The
findings revealed a notable NSB of MTX and 7-OH-MTX to PSF and PVC materials, with the PSF ratios ranging from
26% to 73% and PVC ratios below 30%. Although the ratio of RC can reach 94% for low-concentration MTX, it is only
87.5% for medium-concentration MTX, and less than 80% for 7-OH-MTX. Traditional RC ultrafiltration devices failed
to control the ultrafiltrate volume accurately, leading to significant deviations as noted in previous studies.”***
Fortunately, the concentrations ratios of the obtained concentrations from PAN material fiber to standard ultrafiltrate
were consistently around 100% for MTX and 7-OH-MTX, allowing for direct use in further experiments.
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Figure 2 The recovery ratios of different ultrafiltration membrane materials, polysulfone (PSF), polyvinyl chloride (PVC), polyacrylonitrile (PAN), and regenerated cellulose
(RC) at low, medium, and high concentration of QC samples (n = 5), (A) MTX; (B) 7-OH-MTX.
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Method Validation

Selectivity

We examined the blank plasma ultrafiltrate, QC samples (0.04 umol-L™' MTX, 0.4 pmol-L™' 7-OH-MTX, and 0.02
pmol-L ™' MTX-Dj in the ultrafiltrate of blank plasma), and the ultrafiltrate of clinical plasma sample. Figure 3 presents
the blank plasma ultrafiltrate along with representative chromatograms of HPLC-MS/MS from the clinical samples. This
demonstrates that the proposed method possesses sufficient specificity. The retention times were 4.53 minutes for MTX,
4.83 minutes for 7-OH-MTX, and 4.52 minutes for the internal standard MTX-Ds.

Linearity, LLOD, and LLOQ

Linearity was assessed by evaluating the correlation between the concentration of the analyte and the response of the
instrument. The lower limit of detection (LLOD) and lower limit of quantification (LLOQ) were determined to establish
the smallest concentration of the analyte that can be reliably detected and quantified, respectively.

Calibration curves were constructed by plotting the peak area ratios of the analyte to the internal standard across
various concentrations (0.001~0.5 pmol-L™" for unbound MTX and 0.01~5 pmol-L™" for unbound 7-OH-MTX) using
linear regression with a weighted factor 1/C*. The linear regression equations were Yyrx = 67.5C + 0.000381 (+* =
0.9997) and Y onmrx = 1.84C — 0.00205 (+* = 0.9987). The LLOD and LLOQ were evaluated by identifying the
minimum analyte concentrations that produced signal-to-noise ratios of at least 3 and 10, respectively. Calibrator back-
calculated concentrations must be within £15% of the nominal value or £20% of the LLOQ. The LLOD for MTX and
7-OH-MTX were 0.25 nmol-L ™" and 2.5 nmol-L™", respectively, while the LLOQ values were 0.001 pmol-L ™" for MTX
and 0.01 pmol-L™" for 7-OH-MTX.
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Figure 3 Representative HPLC-MS/MS chromatograms of the blank plasma ultrafiltrate (A) and clinical plasma sample ((B)MTX, (C) 7-OH-MTX, (D) MTX-D3).
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Evaluation of Trueness, Precision, and Matrix Effects

Within-run precision and trueness were assessed using five replicates of three QC sample concentrations and the LLOQ
in a single run. Precision across three consecutive runs was assessed to evaluate between-run consistency. The within-
and between-run RSD values were not surpass 9.6%, and for the LLOQ, the RSD values were below 11%. Back-
calculated concentration biases were —7.3% to 8.4% for QC levels and the LLOQ. (as shown in Table 1)

The percentage ratio of measured concentrations in three QC samples (n = 5) relative to the spiked concentrations in
blank plasma ultrafiltrate was used to calculate extraction recovery. Matrix effects were assessed by comparing the IS-
normalized matrix factor, which involved measuring analyte concentrations in plasma ultrafiltrate from six different
individuals and standard solution, both normalized with IS, across three QC concentrations. The RSD values obtained for
IS-normalized matrix factor were below 11% (see Table 2).

Stability

We assessed the stability of MTX and 7-OH-MTX under various conditions, including room temperature, freezing, freeze-
thaw cycles, and post processing. QC samples at three concentrations remained stable with bias ranged from —13% to 10.1%
under various conditions: at room temperature (26°C) for 12 hours, at —40°C for 30 days, following three freeze-thaw cycles,
and in the auto sampler at 15°C for up to 24 hours after processing, as detailed in Supplementary Table 1.

Carry-Over

To assess carryover, a blank water sample was injected following the upper limit of quantification (ULOQ) across six
separate runs. In this study, after the analysis of plasma ultrafiltrate at the ULOQ level, there was no peak detected for
MTX, 7-OH-MTX and MTX-D; in a blank water sample. There was no carry-over effect for both analytes and IS.

Table | Results of Trueness and Precision for the Analysis of Unbound MTX and 7-OH-MTX

in QC Samples
Drug Added Within-run Between-run
(umol-L™")
Measured | RSD (%) | BIAS | Measured | RSD (%) | BIAS
(pmol-L™") (%) | (pmol-L™") (%)
MTX 0.00100 0.00106 7.8 6.48 0.00101 8.7 0.83
0.00200 0.00217 38 8.36 0.00206 6.9 2.85
0.0400 0.0389 35 -2.75 0.0415 5.6 3.67
0.400 0.371 1.7 -7.30 0.374 47 —6.48
7-OH-MTX 0.0100 0.00988 8.7 -1.20 0.00982 10.1 —-1.83
0.0200 0.0191 9.5 —4.50 0.0195 73 -2.50
0.400 0.398 8.8 —0.55 0.386 7.8 —3.45
4.00 429 22 7.15 4.08 6.5 1.96

Table 2 Results of Extraction Recovery (n = 5) and Matrix Effects
(n = 6) for the Analysis of Unbound MTX and 7-OH-MTX in QC

Samples

Drug Concentration Extraction Matrix RSD
(umol-L™") Recovery (%) | Effects (%) (%)

MTX 0.002 99.7 98.9 34
0.04 95.3 103 10.3

0.4 93.2 94.3 35

7-OH-MTX 0.02 94.2 109 4.7
0.4 93.0 108 8.2

4 95.7 101 6.9
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Dilution Integrity

Dilution integrity was assessed by spiking MTX and 7-OH-MTX in an 8-fold and 32-fold higher concentration than that
of the ULOQ in blank plasma ultrafiltrate. Next, samples were diluted 10-fold and 40-fold with blank plasma ultrafiltrate
and tested for accuracy and precision (n = 5). The inaccuracy was —4.3% to 9.6% and imprecision RSD less than 9.7%.

Application to Clinical Plasma Samples

The study complies with the Declaration of Helsinki. The Ethics Committee of the Second Hospital of Hebei Medical
University approved the study protocol (No. 2024-R095). All the participants’ guardians provided written informed
consent before the study began, and if the participants were over 10 years old, the participants themselves also signed the
written informed consent. From January 2023 to June 2024, 234 plasma samples were collected from 58 children (23
boys and 27 girls) diagnosed with ALL. All patients were administered HD-MTX at 1-5 g/m”. At our center, the total
concentration of MTX is at a high risk of toxic effects and has been conventionally monitored 42 hours post-infusion.
Leucovorin (LV) should be used for rescue until the total MTX concentration reaches <0.25 pmol-L™" at 42 hours.
Otherwise, it is necessary to continue LV rescue and determine the MTX plasma concentration at 72 hours, 96 hours, or
later. The rescue dosage and frequency depend on the MTX concentration until the total MTX plasma concentration is
less than 0.1 pmol-L~'.1%

In this study, at 42 hours, 72 hours, or later after MTX infusion, about 3 mL blood was collected in a centrifuge tube
and a 5 minute centrifugation was conducted at 6.0 x 10* g and the obtained plasma samples were immediately analyzed
or stored at —40°C for testing. Plasma samples were prepared using HFCF-UF to measure unbound MTX and 7-OH-
MTX concentrations with 500uL of plasma, while 200 puL was utilized for total concentration analysis . Table 3 presents
the characteristics and corresponding concentrations of total 234 clinical plasma samples with all sampling times.
Creatinine clearance (CCr) was calculated with Schwartz formula, a calculation of 36.5*(height/serum creatinine),
with height measured in cm and serum creatinine (Cr) in pmol-L™".

Table 3 The Characteristics and Corresponding Concentrations of Total 234
Clinical Plasma Samples with All Sampling Times

Characteristic Mean * SD, [range]
Gender (male/female) 176 /1 58

Age (years) 9.59 + 3.84 [2-17]

Body weight (kg) 40.54 + 22.13 [13-99]

Body height (cm) 142.41+ 25.39 [90-187]
Sampling time 42 h, n (%) 168 (71.79%)

Sampling time 72 h, n (%) 37 (15.81%)

Sampling time 96 h, n (%) 9 (3.85%)

Sampling time after 96 h, n (%) 20 (8.55%)

Creatinine, Cr (umol-L™") 42.78 + 21.15 [17-176]
Creatinine clearance, CCr (mL'min~'*1.73m?) 137.52 £ 40.08 [25.51-253.58]
Alanine transaminase, ALT (U/L) 48.79 + 41.68 [6.2-286.8]
Aspartate aminotransferase, AST (U/L) 39.86 + 40.07 [10.9-315.3]
Albumin concentration (g'L ') 41.24 £ 4.14 [29.9-50.7]
Total MTX concentration (umol-L™") 0.80 + 2.75 [0.02-31.20]
Unbound MTX concentration (umol-L™") 0.31 + 1.05 [0.005-11.24]
MTX Protein binding ratio (%) 58.39 + 14.10 [19.77-90.42]
Total 7-OH-MTX concentration (umol-L™") 0.62 + 0.88 [0.05-9.18]
Unbound 7-OH-MTX concentration (umol-L™") 0.11 +0.20 [0.01-2.24]
7-OH-MTX Protein binding ratio (%) 76.84 + 16.95 [24.92-95.81]
Total concentration ratio of 7-OH-MTX/MTX 2.34 + 2.30 [0.02-15.55]
Unbound concentration ratio of 7-OH-MTX/MTX | I.11 + 1.36 [0.01-8.99]
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7-OH-MTX to MTX ratios

Unbound

Figure 4 The total and unbound concentration ratios of 7-OH-MTX to MTX in 234 clinical plasma samples.

Analysis was conducted using SPSS 26.0 software. We employed a multiple linear regression to find which factors
may affect the protein binding rate of MTX and 7-OH-MTX (Supplementary Table 2). The concentration ratios of 7-OH-
MTX to MTX for both total and unbound concentrations in 234 clinical plasma samples were shown in Figure 4. We also
conducted a regression analysis correlating total and unbound plasma concentrations of MTX and 7-OH-MTX 42 hours

post-infusion, as depicted in Figure 5. In order to evaluate the correlation between the plasma concentrations of MTX and
7-OH-MTX with liver and renal function, the Spearman correlation analysis was employed, with data assessments being
two-tailed, as presented in Supplementary Table 3. We also compared the plasma levels of MTX and 7-OH-MTX, as well
as the concentration ratio of 7-OH-MTX to MTX at 42h in patients with either normal (ALT and AST < 40 U/L) or
impaired (ALT and/or AST > 40 U/L) liver function (see result in Figure 6).

Discussions
Plasma Protein Binding Rates of MTX and 7-OH-MTX

The method was effectively validated in 234 pediatric plasma samples for simultaneous measurement of unbound plasma
concentrations of MTX and 7-OH-MTX (see Table 3). The mean protein-binding ratio for MTX was 58.39%, with
a range of 19.77% to 90.42%, aligning with existing literature.'®'® While 7-OH-MTX is the primary metabolite of MTX
in the liver, its protein-binding ratios remain unreported. The study determined that the mean protein-binding ratio of
7-OH-MTX was 76.84%, with a range spanning from 24.92% to 95.81%. Our findings indicate significant variability in
the plasma protein binding rates of MTX and 7-OH-MTX, potentially due to individual differences, concurrent diseases,
gene polymorphisms of metabolic enzymes, and drug—drug and drug-diet interactions.

Furthermore, we have performed a multiple linear regression to find which factors may affect the protein binding rate of
MTX and 7-OH-MTX, as show in Supplementary Table 2. The factors including gender, age, height, weight, albumin level,
CCr, ALT, AST, total and unbound MTX level, total and unbound 7-OH-MTX level. The total and unbound 7-OH-MTX, and
albumin level were linear correlation with plasma protein binding rate of MTX with P <0.05. The plasma protein binding rate
of 7-OH-MTX was linear correlation with albumin level (P = 0.043) and CCr (P = 0.011). There maybe also other factors that
affect the protein binding rate MTX and 7-OH-MTX including complications, infection, genotype, drug interaction and so on.
But, the relevant data is less at present. The present work was only a preliminary study, which needs in-depth study in further.

Concentration Ratios of 7-OH-MTX to MTX

In Figure 4, the total 7-OH-MTX to MTX concentration ratios were changed largely from 0.02 to 15.55 (mean 2.34) in our
results. The total MTX to 7-OH-MTX concentration ratios have been reported to vary from 0.01 to 2.4 in children receiving
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Figure 5 Relationship between unbound and total concentrations at 42 hours for MTX (A) and 7-OH-MTX (B) in clinical plasma samples; dotted lines show 95%
confidence interval.
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Figure 6 The drug plasma level and concentration ratio of 7-OH-MTX to MTX at 42 hours after dosing in patients with normal (alanine transaminase < 40 U/L) or impaired
(alanine transaminase > 40 U/L) liver function; (A) MTX, (B) 7-OH-MTX, (C) concentration ratio of 7-OH-MTX to MTX.
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HD-MTX treatment.*® But that study did not discuss the unbound concentration ratios. In the present study, we found a large
range (0.01-8.99, mean = 1.11) of unbound 7-OH-MTX to MTX concentration ratios at the first time. The accumulation of
7-OH-MTX may affect MTX pharmacokinetics through competitive membrane transport.” MTX and 7-OH-MTX concentra-
tions also be affected by other factors, such as liver function, renal function, gene polymorphism, individual differences, drug—
drug interaction and so on. Therefore, a wide variation in the concentration ratios of 7-OH-MTX to MTX, both total and
unbound was found in our present work. These findings underscore the importance of routinely monitoring MTX and its

primary metabolite, 7-OH-MTX, to understand individual variations in drug response.”'!:!>1¢

Correlation Between Total and Unbound Plasma Concentration
Figure 5 illustrates the regression analysis correlating total and unbound plasma concentrations of MTX and 7-OH-MTX
42 hours post-infusion. A linear relationship (¥ = 0.979) was found between unbound and total plasma MTX
concentrations in clinical samples, consistent with our earlier findings.'® Additionally, prior research indicated a weak
correlation between these concentrations in 16 clinical samples with total MTX levels exceeding 2 pmol-L™" at 42 hours,
highlighting the importance of monitoring unbound drug concentration for accurate assessment of efficacy and toxicity.
However, the correlation between total and unbound plasma 7-OH-MTX concentration remains unreported.

The study found a weak linear correlation (* = 0.732) between unbound and total 7-OH-MTX concentrations,
suggesting that total concentration is an unreliable predictor of unbound concentration. Because unbound concentration is
pharmacologically active and causes toxicity,!” unbound 7-OH-MTX concentration should be monitored.

Relationship Between MTX, 7-OH-MTX Levels and Renal Function

The relationship between plasma MTX concentration and renal function in children is debated.”® Some studies found no
correlation between MTX concentration and Cr levels at 24 and 48 hours in children with HD-MTX,?”*® while others
observed a positive correlation between serum Cr and MTX levels at these times.?’ Additionally, a study reported that
48-hour plasma MTX concentration was positively correlated with serum Cr and negatively with CCr.*° These conflict-
ing findings are based on total MTX plasma concentration. In Supplementary Table 3, our findings indicated a positive
correlation between total MTX with Cr levels (P = 0.043), and a negative correlation with CCr (P = 0.045), which in line
with literature reported.””~® Our result also showed a positive correlation between unbound MTX concentration with Cr

levels (P = 0.029), but no significant negative correlation with CCr (P = 0.080). Meanwhile, in our previous work,'® we
reported that both the free and total MTX concentrations at 42 h were negatively correlated with CCr level (P =0.023, r =
—0.236 for total MTX and P = 0.020, r = —0.241 for free MTX, respectively). These results may be explained by the large
individual differences among children, and the renal function of most patients in the study was normal. A deeper and
more comprehensive exploration is still needed in our further study.

The association of 7-OH-MTX with nephrotoxicity and hepatotoxicity has been documented,'® yet it shows no
correlation with Cr levels.>' 7-OH-MTX, the major metabolite of MTX, contributes toward the MTX activity and can
precipitate in the renal tubules, causing acute renal insufficiency.>> Recent findings indicate a correlation between 7-OH-
MTX and Cr levels in pediatric patients undergoing HD-MTX treatment for ALL, suggesting its potential as a predictive
biomarker for delayed MTX elimination.”*** These conflicting results are based on total concentration, as unbound 7-OH-
MTX plasma concentration measurements have not been reported. In our results (see Supplementary Table 3), no significant

correlation was observed between total 7-OH-MTX and either Cr or CCr levels, which was consistent with the literature
report.>! Meanwhile, we found a positive correlation between unbound 7-OH-MTX and Cr (P = 0.002) and a negative
correlation between unbound 7-OH-MTX and CCr (P = 0.010). Since only the unbound drug can reach the site of action
exerting pharmacological effects and being linked to toxicity.'” We also found a weak linear correlation between unbound
and total 7-OH-MTX concentrations (Figure 5). Therefore, unbound 7-OH-MTX maybe more accurate to predict nephro-
toxicity than total concentration. The necessity of monitoring the unbound 7-OH-MTX concentration is proved again.

It has reported MTX, 7-OHMTX, Cr levels, and MTX/7-OHMTX ratio were all significantly higher among patients
with MTX delayed elimination at 48 hours.?® But, there was no discussion about the correlation between Cr or CCr level
and MTX/7-OHMTX ratio. In our present work, we found that the concentration ratios of 7-OH-MTX to MTX, in both
total and unbound forms, were not significantly correlated with the Cr and CCr levels (Supplementary Table 3). It maybe
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explained that MTX metabolism is mainly in the liver and converted into 7-OHMTX by aldehyde oxidase.'' The
concentration ratios of 7-OH-MTX to MTX may also or mainly affected by liver function. Therefore, the influence of
renal function on 7-OH-MTX to MTX was limited.

Relationship Between MTX, 7-OH-MTX Concentration and Liver Function
MTX is primarily metabolized in the liver, with 30% of the initial dose converted to 7-OH-MTX by aldehyde oxidase.?®
A significant correlation exists between alanine aminotransferase (ALT) levels and 7-OH-MTX concentrations (P <
0.001) in osteosarcoma patients undergoing high-dose MTX therapy.’’ While 7-OH-MTX predominantly forms and
accumulates in the liver, MTX is administered intravenously, and only 10% of the dose is excreted through the biliary
tract. Consequently, liver function may substantially impact the plasma concentration of 7-OH-MTX, whereas its effect
on MTX plasma levels is minimal."'

As shown in Supplementary Table 3, our results showed a positive correlation between unbound MTX concentration

and ALT levels (P = 0.023). There was no significant correlation between total MTX concentration and levels of ALT or
aspartate aminotransferase (AST). Total and unbound 7-OH-MTX concentrations were both negatively correlated with
AST, and total 7-OH-MTX concentration was also negatively correlated with ALT. The concentration ratios of 7-OH-
MTX to MTX, in both total and unbound forms, were significantly negatively correlated with the ALT and AST levels
(P < 0.001). This indicated that the concentration ratio of 7-OH-MTX to MTX, in both total and unbound forms, may
serve as a more precise and sensitive biomarker for predicting hepatotoxicity.

Furthermore, Figure 6 examines the plasma levels of MTX and 7-OH-MTX, as well as the concentration ratio of 7-OH-
MTX to MTX, 42 hours post-dosing in patients with either normal or impaired liver function. It has been reported that patients
with impaired liver function exhibit significantly elevated 7-OH-MTX plasma levels compared to those with normal liver
function.'' However, data on the unbound concentration and the concentration ratio of 7-OH-MTX to MTX in these patients
remain unreported. Our findings indicated elevated plasma levels of MTX and 7-OH-MTX (both total and unbound) in
patients with impaired liver function, though the differences were not statistically significant (P > 0.05). Both MTX and 7-OH-
MTX could be further metabolized to their polyglutamates.'' In patients with liver impairment, the polyglutamates of MTX
and 7-OH-MTX were released into the blood, and then transformed back to MTX and 7-OH-MTX via y-glutamyl hydrolase in
the blood.*® This leads to MTX and 7-OH-MTX levels in liver impairment were elevated as literature reported.''

In Figure 6, in patients with impaired liver function, the concentration ratios of 7-OH-MTX to MTX in both total and
unbound forms were significantly lower than in those with normal liver function (P = 0.0023 for total and P = 0.0021 for
unbound). MTX metabolite to 7-OH-MTX and diamino-2,4-N-10-methylpteroic acid in liver.** With the liver impaired,
the activity of MTX liver metabolizing enzymes decreases, which leads to the accumulation of MTX concentration, and
the increase (or formation) of 7-OH-MTX reduced. So, the ratios of 7-OH-MTX to MTX were significantly lower in
individuals with impaired liver function. Again, it was proven that the concentration ratio of 7-OH-MTX to MTX (both
total and unbound) had a better correlation with liver function.

Limitations
The primary limitations of our current study included the following:

The association between MTX plasma levels and nephrotoxicity in children is debated.?*° In this study, among 234
children clinical samples, renal function was normal in most cases, with only 12 samples indicating kidney injury,
assessed via Cr and CCr measurements. Our findings indicated a positive correlation between MTX (total and unbound),
unbound 7-OH-MTX concentrations with Cr. It also indicated a negative correlation between total MTX, unbound 7-OH-
MTX with CCr. Consequently, this study could not comprehensively examine or discuss the correlation between MTX
and 7-OH-MTX plasma concentrations and renal function. We need to continue collecting more clinical samples for an
in-depth analysis in future studies.

In our study of 234 plasma samples, plasma albumin levels were generally normal, with only 22 samples showing low
levels (<35 g/L). This study did not investigate whether hypoalbuminemia could lead to unusually high unbound
concentrations of MTX or 7-OH-MTX, despite their known albumin-binding properties.'® Future studies should explore
more clinical samples from hypoalbuminemia patients or conduct in vitro tests.
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In addition, some cases are complicated by infection, epilepsy, and other central nervous system diseases. Whether
these complications affect the changes in unbound concentrations has not been discussed in the present study. Collecting
extensive samples is essential for ongoing research.

Fortunately, the analytical method developed in this study is simple and accurate, suitable for simultancous
determination of unbound MTX and 7-OH MTX plasma concentrations in the future research involving numerous
samples.

Conclusions

This study presents the development and validation of an HFCF-UF method combined with HPLC-MS/MS for the
simultaneous quantification of unbound MTX and 7-OH-MTX in human plasma, ensuring simplicity, accuracy, and
precision. The weak linear relationship between unbound and total 7-OH-MTX concentrations indicates that total
concentration is an unreliable predictor of unbound concentration, necessitating the monitoring of unbound levels. The
concentration ratios of 7-OH-MTX to MTX, in both total and unbound forms, varied widely and could be more accurate
and sensitive biomarkers for predicting hepatotoxicity.
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