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Sikora, M.; Giebułtowicz, J. Saliva

as Blood Alternative in

Therapeutic Monitoring of

Teriflunomide—Development and

Validation of the Novel Analytical

Method. Int. J. Mol. Sci. 2022, 23, 9544.

https://doi.org/10.3390/ijms23179544

Academic Editor: Ryszard Lobinski

Received: 21 July 2022

Accepted: 20 August 2022

Published: 23 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Saliva as Blood Alternative in Therapeutic Monitoring of
Teriflunomide—Development and Validation of the Novel
Analytical Method
Bartłomiej Sankowski 1,†, Sylwia Michorowska 1,† , Emilia Raćkowska 1, Mariusz Sikora 2
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Abstract: Therapeutic drug monitoring (TDM) is extremely helpful in individualizing dosage regimen
of drugs with narrow therapeutic ranges. It may also be beneficial in the case of drugs characterized by
serious side effects and marked interpatient pharmacokinetic variability observed with leflunomide
and its biologically active metabolite, teriflunomide. One of the most popular matrices used for
TDM is blood. A more readily accessible body fluid is saliva, which can be collected in a much
safer way comparing to blood. This makes it especially advantageous alternative to blood during
life-threatening SARS-CoV-2 pandemic. However, drug’s saliva concentration is not always a good
representation of its blood concentration. The aim of this study was to verify whether saliva can
be used in TDM of teriflunomide. We also developed and validated the first reliable and robust
LC-MS/MS method for quantification of teriflunomide in saliva. Additionally, the effect of salivary
flow and swab absorptive material from the collector device on teriflunomide concentration in saliva
was evaluated. Good linear correlation was obtained between the concentration of teriflunomide in
plasma and resting saliva (p < 0.000016, r = 0.88), and even better between plasma and the stimulated
saliva concentrations (p < 0.000001, r = 0.95) confirming the effectiveness of this non-invasive method
of teriflunomide’s TDM. The analyzed validation criteria were fulfilled. No significant influence of
salivary flow (p = 0.198) or type of swab in the Salivette device on saliva’s teriflunomide concentration
was detected. However, to reduce variability the use of stimulated saliva and synthetic swabs
is advised.

Keywords: therapeutic drug monitoring; teriflunomide; leflunomide; saliva; validation; LC-MS/MS

1. Introduction

Therapeutic drug monitoring (TDM), which dates back to the 1970s, was initially
used to determine drug’s therapeutic ranges [1], defined as the blood, serum or plasma
concentrations expected to result in the desired therapeutic effects [2]. With time TDM was
also found to be very useful for efficacy, compliance, drug–drug interactions assessment,
toxicity avoidance as well as therapy cessation monitoring [1]. TDM may be, thus, very
beneficial for optimizing therapy involving drugs characterized by serious side effects and
marked interpatient pharmacokinetic variability such as leflunomide and its biologically
active metabolite, teriflunomide, being orally administered immunomodulatory agents.

Leflunomide was first approved for the treatment of active rheumatoid arthritis (1998
by FDA (US Food and Drug Administration) and 1999 by the EU Commission) [3]. Indica-
tions were further extended to include active psoriatic arthritis (2004 by the EU Commis-
sion [4]). Preclinical studies have also reported anti-inflammatory [5], antineoplastic [5–7]
and antiviral potential of leflunomide [8,9], as well as immunosuppression after organ
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transplantation [7,10]. However, so far, the drug has failed to receive approvals for these
indications as some results seem to be contradictory or inconclusive [11,12]. Teriflunomide
is approved for the treatment of multiple sclerosis (2010 by FDA [13] and 2013 by the EU
Commission [14]).

Leflunomide, after being taken orally, is well absorbed and undergoes almost complete
transformation (70–95%) into its long half-life (15.7 days) active metabolite teriflunomide
during the first-pass intestinal and hepatic metabolism by cytochrome P450 (CYP) 1A2,
CYP2C19 and CYP3A4 [12,15]. Teriflunomide selectively and reversibly inhibits an inner
mitochondrial membrane enzyme dihydroorotate dehydrogenase (DHODH) [16]. DHODH
is one of the enzymes required for the de novo biosynthesis of pyrimidine-based nucleotides
which are essential to sustain proliferation of rapidly growing cells [17] including activated
T and B lymphocytes without causing cell death [18].

Even though leflunomide is generally considered to be a safe drug [12], it is one of
six disease-modifying anti-rheumatic drugs with the greatest number of reported adverse
drug reactions [19] with the following ones being the most frequent: mild increase in
blood pressure, leukopenia, paresthesia, headache, dizziness, diarrhea, nausea, vomiting,
oral mucosal disorders, abdominal pain, increased hair loss, eczema, rash, pruritus, dry
skin, tenosynovitis, anorexia, weight loss, asthenia, mild allergic reactions and elevation of
liver parameters [20]. A serious disadvantage of leflunomide treatment is drug-induced
hepatoxicity potentially leading to hepatitis and liver failure [21]. Moreover, because of
its teratogenic effects, the drug is contradicted in pregnant women, and it is strongly
advisable to avoid pregnancy before its complete elimination [22]. Taking into account
the adverse effects of the two drugs, the time needed to reach steady-state therapeutic
blood concentrations (around 2.5 months [12]) and marked interpatient variability in
pharmacokinetics [23], their monitoring would be beneficial. Furthermore, non-invasive
and effective monitoring of their concentrations in body fluids would allow to extend
leflunomide/teriflunomide indications to include e.g., transplant recipients [10] that require
higher doses [15]. Since leflunomide is almost completely metabolized to teriflunomide [12],
the circulating levels of leflunomide are very low [24]. That is why TDM can be based on
measuring the concentration of teriflunomide in either case.

Traditionally used TDM’s methods are based on the determination of drugs’ concen-
tration in blood. However, blood collection has many disadvantages such as transient
discomfort of patients, bruising, infections at the venipuncture site [25], poor patient com-
pliance, high costs, potential excessive blood loss and the need of trained staff [26]. An
appealing alternative to blood in terms of the quantification of drug’s concentration in
patients is saliva.

Saliva is readily accessible and easily collectible [27] body fluid produced by three
paired major salivary glands and numerous minor salivary glands present in the oral
mucosa [28]. However, some components of saliva may be also derived from the blood
by passive diffusion, active transport, ultrafiltration or pinocytosis [27]. Drugs in most
cases enter the saliva by passive diffusion and their salivary concentrations reflect the free
fraction of the drug in blood corresponding to the pharmacologically active fraction being in
equilibrium with the protein-bound fraction [27]. This makes saliva an attractive diagnostic
material for e.g., drug monitoring [27], especially in the case of highly protein-bound drugs
such as teriflunomide [12,29]. Sampling of saliva is noninvasive, painless, poses lower
risk of infection and does not require trained personnel. Consequently, it is much more
suitable for repeated sample collection, even in children, which can be easily performed at
home [26].

Nowadays, it is more and more common to replace blood with other matrices in TDM.
The applicability of saliva for this purpose has become increasingly important as evidenced
by the numerous research projects, most of which found good correlation between blood and
saliva concentration of antiepileptic [30–32], immunosuppressive [29,33–35] or antitubercular
drugs [36]. However, it should be noted that drug penetration into saliva (drug distribution
from blood to saliva via passive diffusion) is affected by several factors, the most important
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being salivary pH and flow rate as well as drug’s stability in a given matrix [36]. Therefore,
the effect of these factors on the drug’s salivary concentration should be evaluated during
method validation.

Since all therapeutic activity of leflunomide is due to teriflunomide, there are sev-
eral validated analytical methods available in literature to quantify teriflunomide in
traditionally used matrices such as plasma, serum or whole blood [15]. These include
HPLC-UV [37–40], strong cation exchange HPLC [41] and LC-MS/MS [40,42–46]. LC-
MS/MS was also successfully applied to quantify teriflunomide in urine [46]. However,
to date there is no method available for the determination of salivary concentrations of
this compound. Moreover, it should be evaluated if there is a tight correlation between the
saliva and blood concentrations of teriflunomide to confirm if saliva could be useful for
quantitative predictions of its plasma levels, and consequently for TDM.

The aim of this study was to verify whether saliva can be used in TDM of teriflunomide.
We also developed and validated the first reliable and robust LC-MS/MS method for the
quantification of teriflunomide in saliva. Additionally, the effect of salivary flow and swab
absorptive material from the collector device on teriflunomide concentration in saliva
was evaluated.

2. Results and Discussion
2.1. Application of the Salivette Device

Commercially available devices made of absorptive materials are the most popular
methods of collecting saliva as they are considered more hygienic and easier to handle
than passive drool [47]. Despite their popularity they are rarely validated for a specific
analyte collection (e.g., Salivette Cortisol from Starstedt [48]), which potentially leads
to biased results as some of the collection swabs are known to adsorb the analyte due
to unspecific binding [47]. This is the case with ∆9-tetrahydrocannabinol (15–20% loss
with Quantisal collector (cellulose pad [49]) and 20–79% loss with the Certus device
(polyethylene pad [49])) [50], methadone (recovery of 28% using Certus collector) [49],
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidene (major metabolite of methadone, 45%
using a DCD5000 Device (the material of the pad cannot be identified based on available
literature)) [51], as well as melatonin, insulin and interleukin-8 (recoveries < 32% using cot-
ton Salivette) [52]. The best recoveries are usually achieved with synthetic Salivettes [52] or
Porex Saliva Collection Swab and Drager DCDTM5000 [47]. The low performance of cotton
swabs is partially due to cotton-derived substances interfering with immunoassays as well
as due to the adsorption of analytes on the cotton [52]. Low-density polyethylene Certus
collectors are known to adsorb compounds with long lipophilic chains such as THC [49].
No device is suitable for all analytes therefore their interference with the collection device
should be evaluated before their quantification to ensure reliable results. The most popular
swabs used in Poland are cotton and synthetic Salivettes. Taking into account advantages
of synthetic swabs over cotton ones, we assumed good performance of the first mentioned
type of Salivette in our studies, which was confirmed by recovery experiments.

The recovery of teriflunomide from the cotton swab was 94% (RSD = 5.6%), whereas
recovery from the synthetic swab was 102% (RSD = 8.8%). The results suggest that none of
the analyzed swabs had a significant influence on teriflunomide concentration in saliva.

2.2. Method Validation

The retention time of teriflunomide and its internal standard was 4.8 min.

2.2.1. Linearity and Selectivity

The calibration curve obtained by weighted linear regression analysis was linear in
the range 2–500 ng mL−1 regarding the peak area ratio of teriflunomide and the internal
standard versus the nominal concentration of teriflunomide. The values of regression
parameters for the curve, described by the equation: y = ax + b, were calculated as:
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a = 0.0029 (SD = 0.0009), b = 0.0183 (SD = 0.0069) and R2 = 0.999 (0.9988–0.9998). All
regression parameters were statistically significant (p < 0.05).

The method was selective. The chromatograms obtained for blank saliva sample and
saliva spiked with teriflunomide at LLOQ level (2 ng mL−1) are presented in Figure 1.
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Figure 1. The chromatograms obtained for blank sample and saliva spiked with teriflunomide at
LLOQ level (2 ng mL−1).

2.2.2. Accuracy and Precision

The accuracy and precision for LLOQ and QC samples within one day (n = 5) and
between runs (n = 15) met the acceptance criteria (Table 1).

Table 1. Precision and accuracy data for teriflunomide determination in salvia.

Nominal Concentration (ng mL−1) 2
(LLOQ)

10
(QClow)

250
(QCmedium)

450
(QChigh)

Within-run precision (%) (n = 5) 3.0–9.0 a 2.0–7.0 3.0–12 4.0–9.0
Within-run accuracy (%) (n = 5) 101 b 109 104 104

Between-run precision (%) (n = 15) 12 a 7.0 9.0 7.0
Between-run accuracy (%) (n = 15) 112 b 105 96 92

Accepted precision: ≤15% (a ≤ 20%). Accepted accuracy: 85–115% (b 80–120%).

The carry-over experiment, in which blank samples were analyzed just after the highest
concentration calibration standards, did not show any signals influencing quantification.

2.2.3. Matrix Effect and Recovery

The matrix factors for different lots of saliva for teriflunomide and the internal standard
were 98% and 97% for the low concentration, 101% and 103% for the medium concentration
and 99% and 99% for the high concentration, respectively. The CV of the IS-normalized matrix
factor was 2.1% for 10 ng mL−1, 1.8% for 250 ng mL−1 and 1.8% for 450 ng mL−1, respectively.

Method recovery of the analyte for 10 ng mL−1 was 94% (CV = 6%), for 250 ng mL−1

it was 97% (CV = 6%), whereas for 450 ng mL−1 it was 104% (CV = 5%). In the case of IS,
recovery was between 99–103% and CV under 2% for each sample series.

2.2.4. Stability and Dilution Integrity

The freeze/thaw stability (n = 10), short- (n = 5) and long-term (n = 5) stability in the
matrix, and stability in the autosampler after 24 h (n = 5) and 48 h (n = 5) met the acceptance
criteria (Table 2).
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Table 2. Stability data of teriflunomide in saliva (short- and long-term) as well as in the extract in
autosampler.

Stability Test (%)
10 ng mL−1 450 ng mL−1

Stability Accuracy Stability Accuracy

Freeze/thaw stability 95 113 94 95

Stability in autosampler after 24 h 104 103 100 92
after 48 h 102 100 100 93

Short-term stability 102 101 97 107

Long-term stability 91 104 103 101
Stability (accepted value: 85–115%); Accuracy (accepted value: 85–115%).

Stock solution stability at different temperatures ranged from 98 to 102% (RSD = 1.6–4.1%).
Dilution integrity test also fulfilled the validation criteria (RSD = 4.6%, accuracy = 99%).

2.3. Influence of Salivary Flow

The mean concentrations of teriflunomide in resting and in stimulated saliva were
72 ng mL−1 (SD = 58) and 96 ng mL−1 (SD = 64), respectively. Statistical analysis revealed
no significant difference in the concentration of teriflunomide (p = 0.198) between resting
and stimulated saliva. However, in some patients these differences were high (Figure 2).
Therefore, only one type of saliva should be used in clinics.
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Figure 2. Relative difference between teriflunomide concentration in resting and stimulated saliva
collected using the Salivette with synthetic swab. Relative difference was calculated using the
following equation: [(resting saliva concentration – stimulated saliva concentration) × (average of
resting and stimulated saliva concentration )−1 ] × 100%.

Several factors affect salivary secretion and saliva’s composition. Stimulation usually
changes the pH [53] by increasing the excretion of bicarbonate [36] leading to significantly,
but only slightly higher values [54], which in turn affects salivary concentration of a drug.
Changes in pH can affect the passage of ionizable substances from blood to saliva and the
other way around. However, this applies only to those compounds for which the ratio of
ionizable: non-ionizable form changes within pH range. Teriflunomide (pKa of 5.48 [55]) is
ionized in a very broad pH range, therefore the changes in slightly acidic salivary pH did
not affect its concentration in saliva.

Stimulated saliva has many advantages over the resting one. Upon stimulation, larger
volumes of less viscous saliva can be obtained in shorter period of time, there is lower pH
gradient between plasma and saliva and the saliva/plasma concentration ratios are more
consistent for some drugs [53], therefore stimulated saliva may be recommended for the
teriflunomide quantification.
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2.4. Correlation between the Plasma and Saliva Concentration of Teriflunomide

A good linear correlation was obtained between the concentration of teriflunomide
in plasma and resting saliva (p < 0.000016, r = 0.88) (Figure 3), and even better between
plasma’s and stimulated saliva’s concentrations (p < 0.000001, r = 0.95). The concentration in
stimulated saliva was well correlated with the concentration in resting saliva (p < 0.000011,
r = 0.89).
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(A) (ng mL−1 ) or stimulated (B) (ng mL−1 ) saliva.

The correlations between the concentration of teriflunomide in plasma and either
resting or stimulated saliva (r = 0.88, r = 0.95, respectively) determined in this study
are comparable with correlations determined for other drugs such as carbamazepine
(r = 0.91–0.99), phenytoin (r = 0.89–0.98) or phenobarbital (r = 0.92–0.96) [53]. They are
stronger than that between the LC-MS/MS-determined cortisol concentrations in serum
and saliva (r = 0.75) [56] used in clinically accepted non-invasive functional stress assay.
Our results suggest that LC-MS/MS quantification of teriflunomide’s concentrations in
saliva is a reliable, sensitive and non-invasive method which could be applied in clinical
settings for therapeutic teriflunomide monitoring. Importantly, no adverse events related
to the method of saliva collection were reported.

3. Materials and Methods
3.1. Chemicals

Reference standard teriflunomide and internal standard teriflunomide-d4 were pur-
chased from Toronto Research Chemicals (TRC, Toronto, ON, Canada). Solvents, HPLC
gradient grade methanol, acetonitrile, DMSO and formic acid 98% were purchased from
Merck (Darmstadt, Germany). Ammonium acetate was purchased from Avantor Perfor-
mance Materials (Gliwice, Poland). Ultrapure water was obtained from a Millipore water
purification system (Milli-Q, Billerica, MA, USA).

3.2. Standard Solutions, Calibration Standards and Quality Control Samples

The stock solutions of the analyzed compounds, teriflunomide and teriflunomide-d4,
were prepared by weighing of the appropriate mass of each compound and dissolving
it in DMSO to obtain a concentration of 5 mg mL−1 and 1 mg mL−1, respectively. The
working standard solutions were prepared prior to use by dilution of the appropriate
stock solutions with ultrapure water to obtain the required concentrations. All stock
solutions were stored at −20 ◦C. The calibration standards for teriflunomide were made at
concentrations 2–500 ng mL−1 after saliva enrichment. The quality control (QC) samples
were prepared using blank saliva and the following levels of teriflunomide: 10 ng mL−1

(QClow), 250 ng mL−1 (QCmedium) and 450 ng mL−1 (QChigh). The calibration standards
and QC samples were stored at −26 ◦C until required.
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3.3. Clinical Samples

Fifteen patients from rheumatology clinics at the National Institute of Geriatrics,
Rheumatology and Rehabilitation (Warsaw, Poland) were recruited after giving informed
consent. All patients were on immunosuppressive therapy taking 15–20 mg of leflunomide
daily for rheumatoid arthritis or psoriatic arthritis. Patients were excluded if they had:
active lesions of the oral mucosa, Sjögren’s syndrome or any other disease associated with
a decrease in the secretion of saliva, abnormal renal and/or liver function. The sample
consisted of 10 women (67%) and 5 men (33%), aged 28–67 years (median = 48 years,
interquartile range (IQR) = 13 years). Matching blood and saliva samples were collected at
the same time in the fasted state between 8:00 a.m. and 11:00 a.m. All participants abstained
from food, beverages, other drugs intake, brushing teeth, chewing gum and smoking for
at least 8 h before collection. Blood was collected with ethylenediaminetetraacetic acid as
anticoagulant, thoroughly mixed and centrifugated at 425 g for 20 min to obtain plasma,
which was stored at −80 ◦C until further analyses. Resting and stimulated saliva samples
were collected using synthetic swabs (Salivette system, Sarstedt, Nümbrecht, Germany)
using modified manufacturer’s procedure by a single examiner. Patients were asked to
sit in an upright position on a chair with their head tilted slightly forward. Prior to saliva
sampling, the volunteers rinsed their mouth with room temperature water and rested in a
quiet room. After about 5 min, the synthetic swab from the Salivette device was put under
the tongue for 5 min (resting saliva). Volunteers were asked to avoid swallowing and oral
movements during collection. If the swab did not absorb enough saliva, the collection time
was extended. Next, patients were asked to rinse their mouth again with room temperature
water and then to chew another swab for 1–2 min to collect stimulated saliva. All swabs
were transferred into test tubes and centrifuged at 945× g at 20 ◦C for 3 min to obtain saliva
samples. Next, obtained saliva samples were stored at −80 ◦C till the analysis.

3.4. Sample Extraction

Thawed plasma samples were first diluted 300 times then vortexed for 1 min, mixed
with internal standard solution (1:10, v/v), deproteinized with acetonitrile (1:5, v/v), vor-
texed for 1 min and centrifuged at 10,500× g at 4 ◦C for 10 min. The supernatant was
diluted 1:1 (v/v) with ultrapure water and injected onto the column.

On the day of analysis, the thawed saliva samples were vortex for 1 min, mixed with
internal standard solution (1:10, v/v), deproteinized with acetonitrile (1:4, v/v) incubated
at −20 ◦C for 20 min and centrifuged at 10,500× g at 4 ◦C for 10 min. The supernatant was
injected onto the column.

3.5. Chromatographic and Mass Spectrometric Conditions

Instrumental analysis was performed using an Agilent 1260 Infinity (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with a degasser, autosampler and binary pump,
coupled to a hybrid triple quadrupole/linear ion trap mass spectrometer QTRAP 4000 (AB
Sciex, Framingham, MA, USA). The curtain gas, ion source gas 1, ion source gas 2 and
collision gas (all high purity nitrogen) were set at 35 psi, 60 psi, 40 psi and ‘medium’
instrument units, respectively. The ion spray voltage and source temperature were set at
4500 V and 600 ◦C, respectively. Chromatographic separation was achieved with a Kinetex
C-18 column (100 mm, 4.6 mm, particle size 2.6 µm) supplied by Phenomenex (Torrance,
CA, USA). The column was maintained at 40 ◦C at a flow rate of 0.5 mL min−1. The mobile
phases consisted of 2.5 mM solution of ammonium acetate with 0.2% formic acid as eluent
A and acetonitrile with 0.2% formic acid as eluent B. The gradient (B) was as follows: 0 min
30%; 1 min 30%; 3 min 95%; 9 min 95%; 9.1 min 30%; 12 min 30%. The injection volume was
10 µL. The target compounds were analyzed in multiple reaction monitoring (MRM) mode,
monitoring two transitions between the precursor ion and the most abundant fragment ions
for each compound. The transitions used for the quantification were m/z 268.9 > 81.9 and
m/z 272.9 > 81.9 for teriflunomide and teriflunomide-d4, respectively. The compound
parameters, i.e., declustering potential (DP), collision energy (CE), entrance potential (EP)



Int. J. Mol. Sci. 2022, 23, 9544 8 of 12

and collision exit potential (CXP), were −60, −30, −10 and −13 V and −70, 30, −10 and
−7 V for teriflunomide and teriflunomide-d4, respectively.

3.6. Application of the Salivette Device

Assessment of the utility of the Salivette device in saliva collection for teriflunomide
quantification was performed. To estimate the potential retention of the compound on the
swabs, the cotton swabs (from Salivette) and synthetic swabs (from Salivette cortisol) were
incubated in pooled saliva samples of known teriflunomide concentration (QCmedium).
The incubation was performed for 3 min at 4 ◦C. The swabs were placed back in the Salivette
devices and centrifuged at 945× g at 20 ◦C for 3 min. The concentration of teriflunomide
in the samples was compared with its concentration in saliva samples incubated without
swabs. Swab recoveries within the range of 85–115% were considered acceptable.

3.7. Method Validation

Material for validation experiments was the pooled saliva of healthy volunteers. The
validation was performed according to the EMA (European Medicines Agency) [57] and
FDA [58] guidelines. Briefly, the linearity range was selected as 2–500 ng mL−1 of terifluno-
mide. Calibration curves were prepared in quintuple. The accuracy and precision of the
method were determined within run and between run using a lower limit of quantification
(LLOQ) and QC samples (10, 250 and 450 ng mL−1) for teriflunomide. Acceptance criteria
were ≤15% (≤20% for LLQ) for precision and 85–115% (80–120% for LLQ) for accuracy.
Carry over was also studied.

The samples for matrix effect (calculated as matrix factor, MF) [57] were prepared from
blank saliva. MF was calculated as the ratio of the instrument response to teriflunomide
with IS in extracted saliva spiked post-extraction and teriflunomide with IS in pure solvent
at three teriflunomide concentrations (QClow, QCmedium and QChigh) in saliva of six
different sources. The CV of the IS-normalized matrix factor should not exceed 15%.

The recovery was calculated as the ratio of the instrument response to teriflunomide
(or IS) in extracted saliva spiked before and after extraction, and at three teriflunomide
concentrations (QClow, QCmedium and QChigh) in saliva of six different sources.

The stability of teriflunomide was confirmed under various conditions using QC
samples (QClow and QChigh). The tests included: freeze/thaw stability (three cycles),
short- (4 h at 24 ◦C) and long-term (24 h at 24 ◦C) stability of the analyte in the matrix,
stability in the autosampler (24 h and 48 h at 4 ◦C) and stock solution stability at different
temperatures (−26 ◦C, 30 days; 4 ◦C, 7 days; room temperature, 1 day). The accepted
values for stability and accuracy are 85–115%.

Dilution integrity was tested by spiking the blank saliva with an analyte concentration
five times greater than the highest concentration used to prepare the calibration curve and
diluting this sample with a blank saliva (n = 5). Accuracy should be within 85–115% and
precision within ±15%.

The method of teriflunomide determination in plasma was validated previously (data
not published). Briefly, the linearity was in the range of 1.5–300 µg mL−1 (R2 = 0.986–1.000).
The method’s within-run accuracy was 105–109% (CV = 2–6%) for LLOQ (1.5 µg mL−1),
103–109% (CV = 3–5%) for 3 µg mL−1, 96–104% (CV = 2–4%) for 150 µg mL−1 and 91–106%
(CV = 1–3%) for 262.5 µg mL−1 of teriflunomide in plasma. The between-run accuracy was
107% (CV = 5%), 106% (CV = 4%), 99% (CV = 5%) and 97% (CV = 7%) for the concentration
of 1.5 µg mL−1, 3 µg mL−1, 150 µg mL−1 and 262.5 µg mL−1, respectively. The matrix
factors for different lots of plasma for teriflunomide and the internal standard were 104%
and 102% for the low concentration (3 µg mL−1), 103% and 102% for the high concentration
(262.5 µg mL−1), respectively. The CV of the IS-normalized matrix factor was 3% for
3 µg mL−1, and 4% for 262.5 µg mL−1. Method recovery of the analyte was 102% for both
concentrations (i.e., 3 µg mL−1, 262.5 µg mL−1). In the case of IS recovery was between
106–108%.
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3.8. Statistical Analysis

The statistical evaluation of the results was performed with STATISTICA software
12.0 (StatSoft Polska, Kraków, Poland) for Windows licensed to the Medical University of
Warsaw. The Shapiro–Wilk test was used to evaluate the normal distribution of the results.
The Wilcoxon test was used to evaluate the influence of stimulation on teriflunomide
concentration in saliva. Pearson’s correlation coefficient was used to measure the statistical
association, between two continuous variables.

4. Conclusions

Saliva can be used as an alternative matrix to blood in TDM of teriflunomide. Stimu-
lated saliva collection with the synthetic swab is recommended. The proposed LC-MS/MS
method can be used for that purpose due to being robust, accurate and sensitive.

Even though the obtained results are promising this study has some limitations.
First of all, the study population consisting of 15 patients was relatively small. While
diagnostic utility of saliva drug monitoring may be influenced by several conditions and
pathologies, we excluded patients with oral bleeding or inadequate saliva production.
Additionally, all samples were collected at fasting and after restraint from smoking and oral
hygiene procedures, to minimize the risk for contamination. Drug salivary concentration
in patients with inflammatory rheumatic disorders should be interpreted with caution
due to more common prevalence of salivary glands exocrine dysfunction (leading to poor
specimen yield) and periodontal disease (leading to contamination with blood). The latter,
in particular, can strongly affect the level of the drug in saliva. Therefore, further studies
are required to evaluate the clinical significance of teriflunomide saliva concentration on
patient outcomes.

Taking all of the above together, despite the limitations listed, the validated method
described in this study allows for the practical use of good-quality saliva in TDM of
teriflunomide. However, further studies on larger population are needed.

Author Contributions: Conceptualization, J.G.; methodology, J.G.; software, B.S.; validation, J.G.,
M.S.; investigation, B.S., S.M. and E.R.; resources, M.S.; data curation, B.S. and S.M.; writing—original
draft preparation, S.M.; writing—review and editing, J.G., B.S. and M.S.; visualization, B.S. and S.M.;
supervision, J.G.; project administration, J.G.; funding acquisition, J.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no specific external funding. However, LC-MS/MS analyses were
carried out with the use of the CePT infrastructure financed by the European Union—the European
Regional Development Fund within the Operational Program “Innovative economy” for 2007–2013.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Medical University of Warsaw (KB/90/2018;
21 May 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data are available from the Authors on request.

Acknowledgments: The authors are grateful to Ryszard Marszałek for technical assistance during
LC-MS/MS analysis and to Sławomir Pietrzak for assisting in the validation of the method for the
determination of teriflunomide in saliva.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kang, J.S.; Lee, M.H. Overview of therapeutic drug monitoring. Korean J. Intern. Med. 2009, 24, 1. [CrossRef] [PubMed]
2. Cooney, L.; Loke, Y.; Golder, S.; Kirkham, J.; Jorgensen, A.; Sinha, I.; Hawcutt, D. Overview of systematic reviews of therapeutic

ranges: Methodologies and recommendations for practice. BMC Med. Res. Methodol. 2017, 17, 84. [CrossRef] [PubMed]
3. Kaplan, M.J. Leflunomide Aventis Pharma. Curr. Opin. Investig. Drugs 2001, 2, 222–230. [PubMed]
4. European Medicines Agency. Arava. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/arava

(accessed on 13 July 2022).

http://doi.org/10.3904/kjim.2009.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/19270474
http://doi.org/10.1186/s12874-017-0363-z
http://www.ncbi.nlm.nih.gov/pubmed/28577540
http://www.ncbi.nlm.nih.gov/pubmed/11816835
https://www.ema.europa.eu/en/medicines/human/EPAR/arava


Int. J. Mol. Sci. 2022, 23, 9544 10 of 12

5. Jiang, L.; Zhang, W.; Li, W.; Ling, C.; Jiang, M. Anti-inflammatory drug, leflunomide and its metabolite teriflunomide inhibit
NSCLC proliferation in vivo and in vitro. Toxicol. Lett. 2018, 282, 154–165. [CrossRef]

6. Mattar, T.; Kochhar, K.; Bartlett, R.; Bremer, E.G.; Finnegan, A. Inhibition of the epidermal growth factor receptor tyrosine kinase
activity by leflunomide. FEBS Lett. 1993, 334, 161–164. [CrossRef]

7. Arora, A.; Scholar, E.M. Role of Tyrosine Kinase Inhibitors in Cancer Therapy. J. Pharmacol. Exp. Ther. 2005, 315, 971–979.
[CrossRef]

8. Chong, A.S.; Zeng, H.; Knight, D.A.; Shen, J.; Meister, G.T.; Williams, J.W.; Waldman, W.J. Concurrent antiviral and immunosup-
pressive activities of leflunomide in vivo. Am. J. Transpl. 2006, 6, 69–75. [CrossRef]

9. Hu, K.; Wang, M.; Zhao, Y.; Zhang, Y.; Wang, T.; Zheng, Z.; Li, X.; Zeng, S.; Zhao, D.; Li, H.; et al. A Small-Scale Medication of
Leflunomide as a Treatment of COVID-19 in an Open-Label Blank-Controlled Clinical Trial. Virol. Sin. 2020, 35, 725. [CrossRef]

10. Chon, W.J.; Josephson, M.A. Leflunomide in renal transplantation. Expert Rev. Clin. Immunol. 2011, 7, 273–281. [CrossRef]
11. Leger, D.Y.; Liagre, B.; Beneytout, J.L. Low dose leflunomide activates PI3K/Akt signalling in erythroleukemia cells and reduces

apoptosis induced by anticancer agents. Apoptosis 2006, 11, 1747–1760. [CrossRef]
12. Alamri, R.D.; Elmeligy, M.A.; Albalawi, G.A.; Alquayr, S.M.; Alsubhi, S.S.; El-Ghaiesh, S.H. Leflunomide an immunomodulator

with antineoplastic and antiviral potentials but drug-induced liver injury: A comprehensive review. Int. Immunopharmacol. 2011,
93, 107398. [CrossRef] [PubMed]

13. Multiple Sclerosis Association of America. Available online: https://mymsaa.org/news/aubagio/ (accessed on 13 July 2022).
14. European Medicines Agency. Aubagio. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/aubagio

(accessed on 13 July 2022).
15. Ng, J.C.Y.; Leung, M.; Wright, A.J.; Ensom, M.H.H. Clinical Pharmacokinetic Monitoring of Leflunomide in Renal Transplant

Recipients with BK Virus Reactivation: A Review of the Literature. Clin. Pharmacokinet. 2017, 56, 1015–1031. [CrossRef] [PubMed]
16. Chong, A.S.; Gebel, H.; Finnegan, A.; Petraitis, E.E.; Jiang, X.L.; Sankary, H.N.; Foster, P.; Williams, J.W. Leflunomide, a novel

immunomodulatory agent: In vitro analyses of the mechanism of immunosuppression. In Transplantation Proceedings; Elsevier
Science: New York, NY, USA, 1993; Volume 25, pp. 747–749.

17. Madak, J.T.; Bankhead, A.; Cuthbertson, C.R.; Showalter, H.D.; Neamati, N. Revisiting the role of dihydroorotate dehydrogenase
as a therapeutic target for cancer. Pharmacol. Ther. 2019, 195, 111–131. [CrossRef]

18. Bar-Or, A.; Pachner, A.; Menguy-Vacheron, F.; Kaplan, J.; Wiendl, H. Teriflunomide and its mechanism of action in multiple
sclerosis. Drugs 2014, 74, 659–674. [CrossRef] [PubMed]

19. Giraud, E.L.; Jessurun, N.T.; van Hunsel, F.P.A.M.; van Puijenbroek, E.P.; van Tubergen, A.; Klooster, P.M.T.; Vonkeman,
H.E. Frequency of real-world reported adverse drug reactions in rheumatoid arthritis patients. Expert Opin. Drug Saf. 2020,
19, 1617–1624. [CrossRef]

20. European Medicines Agency. Annex I Summary of Product Characteristics. Available online: https://ec.europa.eu/health/
documents/community-register/2004/200406108014/anx_8014_en.pdf (accessed on 13 July 2022).

21. EMEA. EMEA Public Statement On Leflunomide (ARAVA)-Severe And Serious Hepatic Reactions. Available online:
https://www.ema.europa.eu/en/documents/public-statement/public-statement-leflunomide-arava-severe-serious-hepatic-
reactions_en.pdf (accessed on 13 July 2022).

22. Brent, R.L. Teratogen update: Reproductive risks of leflunomide (Arava); a pyrimidine synthesis inhibitor: Counseling women
taking leflunomide before or during pregnancy and men taking leflunomide who are contemplating fathering a child. Teratology
2001, 63, 106–112. [CrossRef]

23. Chan, V.; Charles, B.G.; Tett, S.E. Population pharmacokinetics and association between A77 1726 plasma concentrations and
disease activity measures following administration of leflunomide to people with rheumatoid arthritis. Br. J. Clin. Pharmacol.
2005, 60, 257. [CrossRef]

24. Rule, G.S.; Rockwood, A.L.; Johnson-Davis, K.L. Quantitation of Teriflunomide in Human Serum/Plasma Across a 40,000-Fold
Concentration Range by LC/MS/MS. Methods Mol. Biol. 2016, 1383, 195–203. [CrossRef]

25. Williamson, S.; Munro, C.; Pickler, R.; Grap, M.J.; Elswick, R.K. Comparison of Biomarkers in Blood and Saliva in Healthy Adults.
Nurs. Res. Pract. 2012, 2012, 246178. [CrossRef]

26. Hutchinson, L.; Sinclair, M.; Reid, B.; Burnett, K.; Callan, B. A descriptive systematic review of salivary therapeutic drug
monitoring in neonates and infants. Br. J. Clin. Pharmacol. 2018, 84, 1089. [CrossRef]

27. Aps, J.K.; Martens, L.C. Review: The physiology of saliva and transfer of drugs into saliva. Forensic Sci. Int. 2005, 150, 119–131.
[CrossRef] [PubMed]

28. Pedersen, A.M.L.; Belstrøm, D. The role of natural salivary defences in maintaining a healthy oral microbiota. J. Dent. 2019,
80, S3–S12. [CrossRef] [PubMed]

29. Mendonza, A.; Gohh, R.; Akhlaghi, F. Determination of cyclosporine in saliva using liquid chromatography-tandem mass
spectrometry. Ther. Drug Monit. 2004, 26, 569–575. [CrossRef]

30. Kim, D.-Y.; Moon, J.; Shin, Y.-W.; Lee, S.-T.; Jung, K.-H.; Park, K.-I.; Jung, K.-Y.; Kim, M.; Lee, S.H.; Yu, K.-S.; et al. Usefulness of
saliva for perampanel therapeutic drug monitoring. Epilepsia 2020, 61, 1120–1128. [CrossRef]

31. Brandt, C.; Bien, C.G.; Helmer, R.; May, T.W. Assessment of the correlations of lacosamide concentrations in saliva and serum in
patients with epilepsy. Epilepsia 2018, 59, e34–e39. [CrossRef] [PubMed]

http://doi.org/10.1016/j.toxlet.2017.10.013
http://doi.org/10.1016/0014-5793(93)81704-4
http://doi.org/10.1124/jpet.105.084145
http://doi.org/10.1111/j.1600-6143.2005.01152.x
http://doi.org/10.1007/s12250-020-00258-7
http://doi.org/10.1586/eci.11.20
http://doi.org/10.1007/s10495-006-9439-7
http://doi.org/10.1016/j.intimp.2021.107398
http://www.ncbi.nlm.nih.gov/pubmed/33571819
https://mymsaa.org/news/aubagio/
https://www.ema.europa.eu/en/medicines/human/EPAR/aubagio
http://doi.org/10.1007/s40262-017-0521-9
http://www.ncbi.nlm.nih.gov/pubmed/28247238
http://doi.org/10.1016/j.pharmthera.2018.10.012
http://doi.org/10.1007/s40265-014-0212-x
http://www.ncbi.nlm.nih.gov/pubmed/24740824
http://doi.org/10.1080/14740338.2020.1830058
https://ec.europa.eu/health/documents/community-register/2004/200406108014/anx_8014_en.pdf
https://ec.europa.eu/health/documents/community-register/2004/200406108014/anx_8014_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-leflunomide-arava-severe-serious-hepatic-reactions_en.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-leflunomide-arava-severe-serious-hepatic-reactions_en.pdf
http://doi.org/10.1002/1096-9926(200102)63:2&lt;106::AID-TERA1017&gt;3.0.CO;2-R
http://doi.org/10.1111/j.1365-2125.2005.02415.x
http://doi.org/10.1007/978-1-4939-3252-8_21
http://doi.org/10.1155/2012/246178
http://doi.org/10.1111/bcp.13553
http://doi.org/10.1016/j.forsciint.2004.10.026
http://www.ncbi.nlm.nih.gov/pubmed/15944052
http://doi.org/10.1016/j.jdent.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30696553
http://doi.org/10.1097/00007691-200410000-00016
http://doi.org/10.1111/epi.16513
http://doi.org/10.1111/epi.14023
http://www.ncbi.nlm.nih.gov/pubmed/29450894


Int. J. Mol. Sci. 2022, 23, 9544 11 of 12

32. Grim, S.A.; Ryan, M.; Miles, M.V.; Tang, P.H.; Strawsburg, R.H.; deGrauw, T.J.; Fakhoury, T.A.; Baumann, R.J. Correlation of
levetiracetam concentrations between serum and saliva. Ther. Drug Monit. 2003, 25, 61–66. [CrossRef] [PubMed]

33. Ghareeb, M.; Gohh, R.Y.; Akhlaghi, F. Tacrolimus Concentration in Saliva of Kidney Transplant Recipients: Factors Influencing
the Relationship with Whole Blood Concentrations. Clin. Pharmacokinet. 2018, 57, 1199–1210. [CrossRef]

34. Shen, B.; Li, S.; Zhang, Y.; Yuan, X.; Fan, Y.; Liu, Z.; Hu, Q.; Yu, C. Determination of total, free and saliva mycophenolic acid with a
LC-MS/MS method: Application to pharmacokinetic study in healthy volunteers and renal transplant patients. J. Pharm. Biomed.
Anal. 2009, 50, 515–521. [CrossRef]

35. Wiesen, M.H.; Farowski, F.; Feldkötter, M.; Hoppe, B.; Müller, C. Liquid chromatography-tandem mass spectrometry method for
the quantification of mycophenolic acid and its phenolic glucuronide in saliva and plasma using a standardized saliva collection
device. J. Chromatogr. A 2012, 1241, 52–59. [CrossRef]

36. Van den Elsen, S.H.J.; Oostenbrink, L.M.; Heysell, S.K.; Hira, D.; Touw, D.J.; Akkerman, O.W.; Bolhuis, M.S.; Alffenaar, J.-W.C.
Systematic Review of Salivary Versus Blood Concentrations of Antituberculosis Drugs and Their Potential for Salivary Therapeutic
Drug Monitoring. Ther. Drug Monit. 2018, 40, 17–37. [CrossRef]

37. Chan, V.; Charles, B.G.; Tett, S.E. Rapid determination of the active leflunomide metabolite A77 1726 in human plasma by
high-performance liquid chromatography. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2004, 803, 331–335. [CrossRef]
[PubMed]

38. Schmidt, A.; Schwind, B.; Gillich, M.; Brune, K.; Hinz, B. Simultaneous determination of leflunomide and its active metabolite,
A77 1726, in human plasma by high-performance liquid chromatography. Biomed. Chromatogr. 2003, 17, 276–281. [CrossRef]
[PubMed]

39. Van Roon, E.N.; Yska, J.P.; Raemaekers, J.; Jansen, T.L.T.A.; van Wanrooy, M.; Brouwers, J.R.B.J. A rapid and simple determination
of A77 1726 in human serum by high-performance liquid chromatography and its application for optimization of leflunomide
therapy. J. Pharm. Biomed. Anal. 2004, 36, 17–22. [CrossRef] [PubMed]

40. Suneetha, A.; Raja, R.K. Comparison of LC-UV and LC-MS methods for simultaneous determination of teriflunomide, dimethyl
fumarate and fampridine in human plasma: Application to rat pharmacokinetic study. Biomed. Chromatogr. 2016, 30, 1371–1377.
[CrossRef]

41. Sobhani, K.; Garrett, D.A.; Liu, D.-P.; Rainey, P.M. A rapid and simple high-performance liquid chromatography assay for the
leflunomide metabolite, teriflunomide (A77 1726), in renal transplant recipients. Am. J. Clin. Pathol. 2010, 133, 454–457. [CrossRef]

42. Parekh, J.M.; Vaghela, R.N.; Sutariya, D.K.; Sanyal, M.; Yadav, M.; Shrivastav, P.S. Chromatographic separation and sensitive
determination of teriflunomide, an active metabolite of leflunomide in human plasma by liquid chromatography-tandem mass
spectrometry. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2010, 878, 2217–2225. [CrossRef]

43. Rakhila, H.; Rozek, T.; Hopkins, A.; Proudman, S.; Cleland, L.; James, M.; Wiese, M. Quantitation of total and free teriflunomide
(A77 1726) in human plasma by LC-MS/MS. J. Pharm. Biomed. Anal. 2011, 55, 325–331. [CrossRef]

44. Filali-Ansary, A.; Lunven, C.; Turpault, S.; Beyer, Y.-J.; O’Brien, A.; Delfolie, A.; Boyanova, N.; Sanderink, G.-J.; Baldinetti, F. Dried
Blood Spot Methodology in Combination with Liquid Chromatography/Tandem Mass Spectrometry Facilitates the Monitoring
of Teriflunomide. Ther. Drug Monit. 2016, 38, 471–482. [CrossRef]

45. Rule, G.S.; Rockwood, A.L.; Johnson-Davis, K.L. LC-MS/MS Method for the Quantification of the Leflunomide Metabolite,
Teriflunomide, in Human Serum/Plasma. Methods Mol. Biol. 2019, 1872, 75–83. [CrossRef]

46. Yao, X.; Liu, Y.; Song, L.; Jiang, J.; Xiao, F.; Liu, D.; Hu, P. Development of a simple HPLC-MS/MS method to simultaneously
determine teriflunomide and its metabolite in human plasma and urine: Application to clinical pharmacokinetic study of
teriflunomide sodium and leflunomide. Biomed. Chromatogr. 2019, 33, e4420. [CrossRef]
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