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ABSTRACT: Antihypertensive pharmacological therapy is often
characterized by a coadministration of different classes of drugs.
Therefore, analytical methods allowing the simultaneous quantifi-
cation of many drugs are needed for therapeutic drug monitoring
(TDM) purposes in this context. In particular, TDM represents a
useful tool to discriminate poor adherence from real cases of
resistant hypertension. For this reason, the aim of this study is to
validate, following the Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) guidelines, an ultrahigh-
performance liquid chromatography coupled with tandem mass
spectrometry (UHPLC-MS/MS) method for the simultaneous
quantification of 18 antihypertensive drugs in human plasma. A LX-
50 coupled with a QSight 220 UHPLC-MS/MS system with electrospray ionization and multiple reaction monitoring mode was
used, after a binary gradient separation (13 min) on a reverse-phase Acquity UPLC HSS T3 [1.8 μm, 2.1 mm × 150 mm] column.
Method validation showed a stable and acceptable matrix effect, recovery, high accuracy, and precision, assessing the eligibility of this
method for routine use in the clinical context.

1. INTRODUCTION
Among the major causes of death in the world, cardiovascular
diseases are preponderant factors.1−3 In particular, hyper-
tension represents the main risk factor for coronary syndrome,
myocardial infarction, heart failure, and peripheral arterial
disease, as well as being one of the main causes of chronic
kidney disease.4,5 Therapeutic approaches to treat hyper-
tension can be pharmacological5,6 or nonpharmacological.7−11

In 85% of the population with hypertension, drug therapy in
combination with a correct lifestyle works and blood pressure
is restored to normal values.12 Conversely, in a subset of
patients, suboptimal control of blood pressure persists due to
different factors such as failure in the modification of lifestyle
and diet, secondary forms of hypertension, treatment-
refractory hypertension, and adverse drug reaction onset
leading to poor therapeutic adherence.13−17

In this context, therapeutic drug monitoring (TDM) is an
example of clinical practice to optimize the pharmacological
approach. TDM comprises the determination of plasma
concentrations of a drug and possible posological adjustments
based on these findings.18 The fundamental concept is
represented by the presence of both efficacy and toxicity
being concentration-dependent, so that an optimal range of

drug concentrations is identified with high probability of
therapeutic efficacy and low probability to observe toxic
effects.18,19

Unfortunately, to date, there are no generally acknowledged
therapeutic ranges for antihypertensive drugs and therefore the
use of TDM is mostly limited to the evaluation of therapeutic
adherence, allowing to identify not only poor adherence but
also pharmacokinetic interactions or issues in drug absorption,
distribution, metabolism, and elimination (ADME).20

One of the main advantages of using TDM to check
adherence is the prevention of overly invasive therapeutic
procedures such as renal denervation (RDN) or baroreceptor
implantation without real indication in patients who could
simply benefit from better counseling with their physician and
consequent adjustments in the treatment to solve potential
issues with treatment-related adverse events. The dimension of
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this problem can be extremely relevant; in recent works by our
group, systematic use of TDM of 10 drugs in a cohort of
patients with resistant hypertension showed that about 50% of
them had poor adherence, explaining their lack of control in
blood pressure.15,16 This poor adherence could be partially
explained by high pill burden (pill fatigue), patient’s distrust in
the pharmacological therapy, side effects due to comorbidities,
or the multiple drug intolerance phenomenon. For this reason,
close monitoring of blood pressure together with the practice
of TDM could represent a complete procedure in clinical
practice to avoid invasive procedures such as RDN. Therefore,
considering that the majority of patients who could benefit
from TDM receive a combination therapy, an analytical
method for the simultaneous quantification of several drugs in
matrices where the drugs should be present would be
extremely useful.
However, there are a few works in literature validating drug

quantification methods in plasma, urine, or saliva,21−24 with a
large panel of antihypertensive drugs, including those widely

used in clinical practice, often in combination (e.g., therapy of
controlled-release nifedipine plus candesartan),25 creating the
need to quantify as many drugs as possible simultaneously,
especially in those patients taking multiple drugs. For these
reasons, therefore, the aim of this study was to update and
validate a UHPLC-MS/MS method, following the Bioanalyt-
ical Method Validation Guidance for Industry from the FDA
and the EMA,26,27 for the simultaneous quantification of the
following 18 antihypertensive drugs in human plasma: atenolol
(ATE), nebivolol (NBV), clonidine (CLN), olmesartan
(OLM), telmisartan (TEL), valsartan (VAL), amlodipine
(AML), nifedipine (NFD), doxazosin (DOX), chlorthalidone
(CHL), hydrochlorothiazide (HCTZ), indapamide (IDP),
sacubitril (SCB) and its metabolite sacubitrilat (SCB-M), and
ramipril (RAM) and its metabolite ramiprilat (RAM-M),
updating the method with the introduction of bisoprolol
(BISO) and candesartan (CAND).

Figure 1. Chromatographic run and analyte separation after the injection of the highest curve calibrator (A) and the consequent blank plasma
injection (B)n. ATE-D, [2H7]-ATE; AML-D, [2H4]-AML; NFD-D, [13C8]-NFD; TEL-D, [13C, 2H3]-TEL; CAND-D, [2H4]-CAND; and BISO-D,
[2H7]-BISO.
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2. RESULTS
Previous work by our research group dealt with the validation
in plasma of the method of 16 molecules useful in clinical
practice;22 this method included 18 molecules instead, and the
validation results are consistent with the previous one. For this
reason, only the results relating to the new drugs added to the
method will be highlighted: BISO and CAND.
2.1. Specificity and Selectivity. All of the analytes were

retained following a chromatographic separation based on their
mass, pKa, and polarity characteristics. Mean retention times
(RT, Figure 1A) for the considered analytes were reported as
follows: 1.69 min (±0.05) for ATE, 2.90 min (±0.05) for
CLN, 3.55 min (±0.05) for HCTZ, 4.98 min (±0.05) for
BISO, 5.10 min (±0.05) for RAM-M, 5.20 min (±0.05) for
OLM, 5.50 min (±0.05) for CHL, 5.54 min (±0.05) for
DOXA, 6.02 min (±0.05) for RAM, 6.08 min (±0.05) for
AML, 6.30 min (±0.05) for NBV, 6.55 min (±0.05) for TEL,
6.91 min (±0.05) for IDP, 7.10 min (±0.05) for CAND, 7.28
min (±0.05) for SCB-M, 7.44 min (±0.05) for NFD, 8.15 min
(±0.05) for VAL, and 8.60 min (±0.05) for SCB. Deuterated
analytes reported in Figure 1B were considered to normalize
the validation results as the internal standard (IS).
Each analyte quantified through the method had its

corresponding IS, chosen based on the chemical composition,
pKa, and polarity, yielding similar RT during the chromato-
graphic run; for these reasons, stable isotope-linked molecules
(SIL-IS) have been used when available and economically
affordable. As follows, [2H4]-AML was the IS of AML and
DOXA, while [2H7]-ATE was used both for ATE and CLN;
[13C8]-NFD, [2H4]-CAND, and [2H7]-BISO were used to
normalize NFD, BISO, and CAND, respectively; [13C, 2H3]-
TEL for TEL, OLM, NBV, CHL, and IDP; and finally, 6,7-

dimethyl- 2,3-di(2-pyridyl)quinoxaline (QX) for the remaining
compounds.
Moreover, as shown in Figure 2, it is possible to observe the

overlaid chromatogram representing the % of the signal
intensity of the blank sample injected after the highest
calibration standard and the LLOQ (Calibrator 1) for each
analyte present in the method; these results are consistent with
those of the previous validated method.15 The blank plasma
sample presented no interfering peaks at the corresponding
analyte RT.
2.2. Accuracy, Precision, Linearity, and Limit of

Quantification. Accuracy values for BISO and CAND at
each different concentration were as follows: BISO accuracy
values were 99.7, 96.61, and 96.87% concerning high quality
control (QC-H), medium quality control (QC-M), and low
quality control (QC-L) levels, respectively, while considering
CAND, accuracy values were 100.7, 101.7, and 91.28% for
each concentration level.
Also, intraday imprecision was analyzed for each concen-

tration level; considering BISO, the intraday imprecision
calculated had an RSD of 2.8% for QC-H, 0.5% for QC-M, and
1.9% for QC-L; likewise, CAND showed an RSD of 2.8%
(QC-H), 2.2% (QC-M), and (QC-L) 7.7%.
Finally, interday imprecision was evaluated, and BISO

showed an RSD of 2.38% for QC-H, 1.42% for QC-M, and
3.84% for QC-L, while CAND showed an RSD of 3.43% (QC-
H), 2.14% (QC-M), and 7.98% (QC-L).
All of these parameters fitted the FDA and the EMA

guidelines.26−28

The complete table of accuracy and precision for all of the
antihypertensive compounds is reported in the Supporting
Information (Table S1).

Figure 2. Lower limit of quantification (LLOQ) overlaid to the blank sample injected after high-concentration standard chromatograms, expressed
in percent signal abundance versus retention time, for each analyte.
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Moreover, curve calibration parameters for BISO and
CAND were calculated and are reported in Table 1.

The lower limit of quantification (LLOQ) values were 1.56
ng/mL for CAND and 0.97 ng/mL for BISO.
Concerning the limit of detection (LOD) parameter, a

signal-to-noise ratio higher than 3 was observed by dilution of
the LLOQ until the concentrations of 0.37 ng/mL for CAND
and 0.30 ng/mL for BISO were obtained.
Calibration curve-fitted linear regression models: a weight-

ing factor of 1/X was used to ensure high accuracy at low
concentrations. Regression coefficients (R2) of calibration
curves were all above 0.996 (Table 1).
2.3. Recovery and Matrix Effect. To evaluate the drug

recovery and matrix effect, 6 different analyses on different
plasma lots were performed at 3 different concentrations for
each drug (QC-H, QC-M, QC-L). Table 2 lists the recovery
data for each drug together with the IS mean recovery and IS-
normalized matrix effect RSD. The recovery and matrix effect
data for the other molecules contained within the method are
listed in Table S1.
2.4. Freeze and Thaw Analyses. BISO and CAND

stability after freezing and thawing events was conducted
considering each QC level (QC-H, QC-M, QC-L). The results
are reported in Figure 3A for BISO and in Figure 3B for
CAND.
2.5. Long-Term Stability. The results obtained after long-

term stability at −20 °C are reported in Figure 4. After 3
months, the percent deviations were 2.20% (QC-H) and
10.94% (QC-L) concerning CAND (Figure 4A) and 0.11%
(QC-H) and 10.98% (QC-L) concerning BISO (Figure 4B).
2.6. Clinical Application and Incurred Sample

Reanalysis. Nine patients were tested for method evaluation
in real-life clinical practice; six patients were administered
BISO and three were administered CAND.
All patients were treated with different drug posologies:

concerning BISO, two patients with a dose of 1.25 mg, two
with 2.5 mg, and two with 5 mg; and two CAND-treated
patients with 16 mg and one with 8 mg, respectively.
Each plasma sample has been analyzed through the method

for 3 times, after freezing and thawing cycles.

Plasma drug concentrations are reported in Figure 5,
together with the stability after freezing and thawing cycles.
Unfortunately, one patient treated with BISO was excluded

by the analysis since the observed concentration was below the
LLOQ.

3. DISCUSSION AND CONCLUSIONS
The increase in the incidence of polytreated patients exposes
the need in clinical practice to validate methods, in the context
of TDM, which are able to guarantee the quantification of
multiple drugs simultaneously in order to guarantee adequate
patient management.
However, today, there are numerous drugs on the

pharmaceutical market for the treatment of hypertension,
making this goal particularly complicated.6

The novelty of this work consists in allowing the
simultaneous quantification of 18 molecules, which contains
the drugs mainly used in clinical practice; in particular, both
CAND and BISO are often administered with HCTZ in
combination therapy or NFD.29−31

The extraction method, despite being based on a simple
protein precipitation, was optimized to obtain a really clear
supernatant and a stable recovery of all of the analytes. The
relatively long chromatographic run (13 min) allows an
adequate chromatographic resolution, avoiding excessive
coelution of different compounds, thus reducing the
probability to experience a significant matrix effect, interaction
with possible contaminants from plasma, or cross-talk from
other analytes (Figure 1A). Moreover, the method does not
suffer from the carry-over phenomenon, as no significant peaks
were detected in a blank sample after the run of a sample that
contained all of the drugs (Figure 2).
All of the accuracy and precision parameters of the method

fitted the EMA and the FDA guidelines at all of the tested
concentration levels.26−28 Calibration parameters of CAND
and BISO were optimal, having a determination coefficient
>0.996 (Table 2).
The proposed calibration ranges have been chosen on the

basis of the expected drug concentrations at both peak and
trough levels and in order to cover the majority of clinically
relevant scenarios, with different treatment posology.32−34

Deepening in the context of recovery and matrix effect
analysis, it is possible to highlight how CAND showed a mean
percent recovery above 120% in both QC-M and QC-L
concentrations; nevertheless, this issue was adequately
compensated by its IS (Table 2), as indicated by the IS-n
REC values, which appeared nearer to 100% and were more
reproducible, resulting in compliance with the EMA and the
FDA guideline requirements.27,28

The calibrators and QCs were stored at −20 °C, and to
evaluate BISO and CAND stability, freezing and thawing

Table 1. Curve Calibration Parameter for Candesartan and
Bisoprolol UHPLC/MS-MS Analysis

plasma validation parameter candesartan bisoprolol

linearity range (ng/mL) 156−400 097−250
correlation factor (R2) 099902 099962
slope (m) 0000321584 003955
intercept (q) 0000625786 00537
limit of detection ng/mL (LOD) 047 03
lower limit of quantification ng/mL (LLOQ) 156 097

Table 2. Summary of Validation Parameters

recovery mean
% (RSD)

matrix effect mean
% (RSD)

extraction efficiency
mean % (RSD)

IS-n recovery mean
% (RSD)

IS-n matrix effect mean
% (RSD)

IS-n extraction efficiency
mean % (RSD)

CAND H 98.2 (11.2) 96.1 (18.8) 102.2 (8.1) 80.5 (3.3) 88.7 (0.7) 86.8 (2.4)
M 139.8 (10.6) 118.6 (0.6) 117.9 (10.4) 112.5 (2.2) 94.4 (2.0) 119.2 (3.1)
L 146.2 (9.1) 119 (7.2) 123.0 (12.6) 102.8 (4.6) 103.5 (4.6) 83.7 (0.2)

BISO H 106.2 (3.0) 107.1 (2.6) 99.1 (2.6) 81.5 (7.7) 98.2 (1.2) 82.9 (7.1)
M 10.4 (1.8) 94.8 (4.2) 101.9 (2.2) 102.4 (1.55) 103.3 (0.7) 99.2 (2.2)
L 123.1 (1.2) 110.2 (1.9) 114.3 (2.7) 109.5 (5.8) 104.9 (1.7) 104.1 (3.9)
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Figure 3. Freeze and thaw stability analysis of bisoprolol (A) and candesartan (B).

Figure 4. Long-term stability for candesartan (A) and bisoprolol (B) at −20 °C for high (QC-H) and low (QC-L) concentrations.
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experiments together with long-term stability analyses were
performed.
Figure 3, shows how both BISO and CAND QCs remain

stable even after 3 cycles of freezing and thawing, reaching
RSD values lower than 10%. Moreover, BISO and CAND
concentrations remain stable also after 2 months of
cryopreservation with a percent deviation from the default
amount lower than 8% for both drugs at different ranges of
concentrations (Figure 4).
Real-life samples were tested in order to complete the

clinical validation; the calibration ranges proposed were
congruent with the BISO and CAND plasma concentrations
found in patients. After retesting each sample for 3 times, it is
possible to see how each quantification did not fluctuate more
than 5%, as can be seen from the error bar reported in Figure
5.
The method has been tested on real plasma samples from

patients treated with BISO and CAND and, as expected, was
capable of correctly quantifying target drugs within the range
of measure, supporting the precision and accuracy measure-
ments established with the QCs. The robustness and precision
of the quantification method make this method suitable for
drug quantification in clinical practice. Going deeper in the
clinical sample analyses, it is possible to highlight how one
patient treated with BISO at 2.5 mg showed a plasma
concentration below the del LLOQ, making its quantification

not reliable. This very low BISO amount in plasma exposure
may be due to a scarce compliance, differences in drug
metabolism and drug elimination, genetics, or other factors,
which are yet to be investigated.17,35−38

Going deeper in this context, since enrolled patients were
part of a study aimed to discriminate resistant hypertension
from scarce adherence and from multiple drug intolerance
cases, scheduling of unannounced sampling was performed
during the outpatient visits with prior completion of drug
adherence questionnaires. This type of enrollment, unfortu-
nately, does not allow for selected time points near the Cmax
base on the pharmacokinetic profile of these classes of drugs
because the timing of sampling is limited to those reported by
patients, which may or may not be accurate.
Despite this aspect, we can assess that clinical validation had

a very low sample size, but all of the samples analyzed reported
a high robustness and reproducibility of measurement, making
this method eligible for clinical purposes.
Summarizing, all validation parameters fitted the require-

ments from the FDA and the EMA guidelines.26,28

Other than for TDM purposes, in order to evaluate
therapeutic adherence15 and/or to optimize the posology,
due to the wide calibration range, this method can be useful for
future pharmacokinetic studies, such as for drug−drug
interactions or new formulations, since it is capable of
describing the full range of concentrations retrievable during

Figure 5. Bisoprolol (A) and candesartan (B) real-life test and stability analysis.
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the 24 h (both peak and trough). Finally, this method could be
useful, in the future, in order to study the pharmacokinetic−
pharmacodynamic properties of combination therapies,
possibly assessing their ideal therapeutic ranges in real-life
clinical use.
As a future perspective, we plan to test this method on as

many real samples as possible, continuing to enroll patients to
complete the incurred sample reanalysis suggested by the
guidelines. Moreover, a multiplexed method as the one
presented in this work could be adapted and validated for
the simultaneous quantification of these drugs in other less
invasive and convenient matrices for the assessment of
therapeutic adherence, such as saliva and urine, increasing
the applicability of TDM practice in clinical centers where
blood withdrawal is not possible.

4. EXPERIMENTAL SECTION
4.1. Chemicals. HPLC-grade acetonitrile (ACN) and methanol

(MetOH) were purchased from VWR (Milan, Italy). HPLC-grade
water (H2O) was produced using a Milli-DI system coupled with a
Synergy 185 system by Millipore (Milan, Italy). Formic acid (F.A.)
and QX (purity 99.9%) were purchased from Sigma-Aldrich
Corporation (Milan, Italy).
CAND (purity 97.4%), BISO hemifumarate (purity 99.4%), TEL

(purity 99.9%), DOXA (purity 98.0%), ATE (purity 99.9%), NBV
(purity 99.7%), HCTZ (purity 99.5%), NFD (purity 99.1%), RAM
(purity 99.8%), CHL (purity 99.8%), AML (purity 99.8%), OLM
(purity 99.9%), IDP (purity 99.7%), VAL (purity 99.4%), RAM-M
(purity 98.0%), SCB (purity 99.4%), SCB-M (purity 99.0%), CLN
(purity 98.0%) powders, and all of the isotope-labeled molecules used
as internal standards (IS) ([2H4]-AML maleate, [13C8]-NFD, [13C,
2H3]-TEL, [2H4]-CAND (purity 95.0%), and [2H7]-BISO hemi-
fumarate (purity 98.5%)) were purchased from Alsachim (Illkirch
Graffenstaden, France).
All of the other powders were purchased from MedChem Express

(Monmouth Junction, NJ).
All compounds are >95% pure by HPLC analysis. All powders were

stored in the dark, at −20 °C according to instructions, to prevent any
possible degradation.
4.2. Stock Solutions, Internal Standard, Standards, and

Quality Controls. Stock solutions (1 mg/mL) were prepared as
follows:
DOXA, AML, CHL, HCTZ, NFD, OLM, RAM, RAM-M, IDP,

VAL, SCB, SCB-M, [2H4]-AML maleate, and QX stock solutions in a
mixture of H2O:MetOH 5:95 (v:v); [13C, 2H3]-TEL and TEL in
dimethyl sulfoxide (DMSO):MetOH 50:50 (v:v); ATE and NBV in
H2O:MetOH 50:50 (v:v); [13C8]-NFD, CAND, and [2H4]-CAND in
pure MetOH; CLN and BIS hemifumarate in pure H2O; and [2H7]-
BIS hemifumarate in ACN:MetOH 50:50 (v:v). All of the stock
solutions were stored at −20 °C until use (<1 month).
Single aliquots of Standard 9 (STD9) and QCs were prepared by

independently spiking blank plasma from healthy donors with stock
solutions and then stored at −80 °C.
Calibration ranges and QC levels for all of the molecules in the

method are summarized in Table S3. The IS working solution was
prepared by diluting the isotope-labeled molecules and QX stock
solution in a solution of H2O:MetOH [50:50] at each analytical
session, obtaining an adequate concentration inside the calibration
range for each analyte.
4.3. Sample Preparation. Sample preparation consists of a

protein precipitation, followed by evaporation of the precipitant
solution, and all of the process is reported in Figure 6.
Briefly, 40 μL of the IS working solution was added to 200 μL of

the plasma sample. After vortex-mixing for 10 s, 1 mL of ACN was
added as a precipitating solution. Samples were vortex-mixed for 10 s
and centrifuged at 21,000g at 4 °C for 10 min (with low brake) to
ensure the formation of a protein pellet.

After the centrifugation step, all of the supernatant was transferred
into a vacuum concentrator at 50 °C (Labconco CentriVap Benchtop
Vacuum Concentrator II). The dried samples were then resuspended
with 200 μL of H2O:ACN 90:10 (v:v) + 0.05% F.A. and transferred
into glass vials. Finally, 5 μL was injected in the chromatographic
system.
4.4. UHPLC-MS/MS Instruments and Chromatographic

Conditions. The chromatographic system was a PerkinElmer LX-
50 UHPLC system coupled with a QSight 220 Triple Quadrupole
detector. The chromatographic separation was performed through an
Acquity UPLC HSS T3 [1.8 μm, 2.1 × 150 mm] column (Waters,
Milan, Italy), protected by a physical frit [0.2 m, 2.1 mm] (Waters,
Milan, Italy) precolumn at 40 °C using a column thermostat, with a
gradient of two mobile phases (Table 3): phase A (H2O + F.A.
0.05%) and phase B (ACN + F.A. 0.05%).

The instrument was settled in positive electrospray ionization
mode (ESI+) for all drugs, except for HCTZ and CHL, which was
detected in negative ionization mode (ESI−). General mass settings
and MRM ion traces for all of the molecules in the method are
available in Table S2.
4.5. Accuracy, Precision, and Limit of Quantification. To

evaluate the drug recovery and matrix effect of the method, six
validation sessions were performed.
Moreover, different plasma lots from different healthy donors

(obtained by “Centro Validazione Produzione Emocomponenti”,
O.I.R.M. Sant’Anna Hospital, Turin, Italy) were used for the
preparation of the standard calibrator and quality controls (QCs) in
order to ensure a good calculation of the matrix effect.
Consequently, intraday and interday precisions were evaluated

performing the quantification at each validation session of 3 different
QC samples at QC-H, QC-M, and QC-L concentrations.
Intraday precision was performed in 5 intraday replicates.
Interday and intraday imprecisions were expressed as %RSD at

each QC level.
Integration was performed by considering peak areas for each

analyte.
The LLOQ corresponds to the lower amounts of each calibration

curve.

Figure 6. Sample extraction protocol created with BioRender.com.

Table 3. Chromatographic Gradient

time (min) flow (mL/min) phase A (%) phase B (%)

0.00 0.40 90 10
1.10 0.40 90 10
9.00 0.40 25 75
9.60 0.40 5 95
10.65 0.40 90 10
11.00 0.40 90 10
13.00 0.40 90 10
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Percentages of deviation from the nominal concentration (measure
of accuracy) and relative standard deviations (measure of precision)
at the concentrations considered as the LLOQ for each analyte had to
be lower than 20%, as requested by the FDA and the EMA26,28,39

guidelines.
On the other hand, the LOD has been considered as the lower

dilution of the LLOQ, which yielded a signal-to-noise ratio higher
than 3.
The summary of drug concentrations in standards and QC samples

for each drug, together with the LOD and LLOQ values, is reported
in Table S3.
4.6. Recovery. Recovery was evaluated by comparing peak areas

from extracted QC-H, QC-M, and QC-L (pre-extraction-spiked) with
those obtained by blank plasma extracts spiked with the same
concentration of analytes (postextraction-spiked). For this reason, a
neat solvent solution at the same drug concentrations as for the
theoretical 100% recovery of QC-H, QC-M, and QC-L concen-
trations in H2O:ACN 90:10 (v:v) + 0.05% F.A. was performed, and
this solution was used to spike the blank extracts (postspike).
4.7. Matrix Effect. The matrix effect was evaluated by comparing

the postspike signal QC-H, QC-M, and QC-L levels in different
plasma lots with the ones from the direct injection of the same
concentration of analytes in the solvent (in this case H2O:ACN 90:10
(v:v) + 0.05% F.A.).40

Moreover, in order to analyze the good quality of the method, the
IS-normalized matrix effect (IS-nME) has been evaluated.41

4.8. Stock Solution Stability. Since analyte stabilities in stock
solutions are already known in literature, no further experiments have
been performed in this context.20

4.9. Freeze and Thaw Stability. To evaluate BISO and CAND
stability after freezing and thawing events, the same aliquot for each
concentration level considered (QC-H, QC-M, QC-L) was repeatedly
analyzed for 3 times, after a new freezing cycle (24 h at −20 °C)
compared with a “fresh-spiked” aliquot.
4.10. Long-Term Stability. The long-term stability for plasma

QC-H and QC-L were evaluated after one, two, and three months of
storage at −20 °C, considering the deviation from the expected
concentration.
4.11. Incurred Sample Analysis/Reanalysis. Real samples were

analyzed and reanalyzed in different runs, during the study, to
rigorously validate the precision and accuracy determined by the QCs
as suggested by guidelines.
The AOU Citta ̀ della Salute e della Scienza di Torino committee

approved the experimental procedures for the “Evaluation of the
prevalence and clinical-laboratory characteristics of intolerance to
single and multiple drug classes in hypertensive subjects (MDI-TO)”
study (approval no. 00337/2022).
Signed informed consent was obtained before participation, during

outpatient visit, prior to undergoing blood withdrawal.
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chlorthalidone; CLN, clonidine; DOX, doxazosin; EMA,
European Medicines Agency; F.A., formic acid; FDA, Food
and Drug Administration; H2O, water; HCTZ, hydrochlor-
othiazide; IDP, indapamide; IS, internal standard; IS-nME, IS-
normalized matrix; LLOQ, lower limit of quantification; LOD,
limit of detection; MetOH, methanol; NBV, nebivolol; NFD,
nifedipine; OLM, olmesartan; QC, quality control; QC-H,
high quality control; QC-L, low quality control; QC-M,
medium quality control; QX, 6,7-dimethyl-2,3-di(2-pyridyl)-
quinoxaline; RAM, ramipril; RAM-M, ramiprilat; R2, regression
coefficient; RDN, renal denervation; RSD, relative standard
deviation; SIL, stable isotope-linked; SCB, sacubitril; SCB-M,
sacubitrilat; STD9, standard 9; TDM, therapeutic drug
monitoring; TEL, telmisartan; UHPLC-MS/MS, ultrahigh-
performance liquid chromatography coupled with tandem
mass spectrometry; VAL, valsartan
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Determination of Candesartan in Human Plasma with Liquid
Chromatography - Tandem Mass Spectrometry. Acta Chim. Slov.
2016, 63 (1), 38−46.
(33) Abdel-Megied, A. M.; Kovalenko, S.; Elbarbry, F. A.; Piponski,
M.; Oleshchuk, O.; El Deeb, S.; Magdy, G.; Belal, F.; Grochovuy, T.;
Logoyda, L. LC-MS/MS Bioanalytical Method for the Quantitative
Analysis of Nifedipine, Bisoprolol, and Captopril in Human Plasma:
Application to Pharmacokinetic Studies. Biomed. Chromatogr. 2023,
37 (9), No. e5664.
(34) Ding, L.; Zhou, X.; Guo, X.; Song, Q.; He, J.; Xu, G. LC−ESI-
MS Method for the Determination of Bisoprolol in Human Plasma. J.
Pharm. Biomed. Anal. 2007, 44 (2), 520−525.
(35) Zisaki, A.; Miskovic, L.; Hatzimanikatis, V. Antihypertensive
Drugs Metabolism: An Update to Pharmacokinetic Profiles and
Computational Approaches. Curr. Pharm. Des. 2014, 21 (6), 806−
822.
(36) Arnett, D. K.; Claas, S. A. Pharmacogenetics of Antihyperten-
sive Treatment: Detailing Disciplinary Dissonance. Pharmacogenomics
2009, 10 (8), 1295−1307.
(37) Patriarca, G.; Schiavino, D.; Nucera, E.; Colamonico, P.;
Montesarchio, G.; Saraceni, C. Multiple Drug Intolerance: Allergo-
logical and Psychological Findings. J. Invest. Allergol. Clin. Immunol.
1991, 1 (2), 138−144.
(38) Polaczyk, M.; Olszanecka, A.; Wojciechowska, W.; Rajzer, M.;
Stolarz-Skrzypek, K. Multiple Drug Intolerance in Patients with
Arterial Hypertension: Prevalence and Determining Factors. Pol. Arch.
Intern. Med. 2023, 133 (3), No. 16399.
(39) Q2 (R1) Validation of Analytical Procedures: Text and
Methodology 2006.
(40) Taylor, P. J. Matrix Effects: The Achilles Heel of Quantitative
High-Performance Liquid Chromatography-Electrospray-Tandem
Mass Spectrometry. Clin. Biochem. 2005, 38 (4), 328−334.
(41) De Nicolo ̀, A.; Cantu, M.; D’Avolio, A. Matrix Effect
Management in Liquid Chromatography Mass Spectrometry: The
Internal Standard Normalized Matrix Effect. Bioanalysis 2017, 9,
1093−1105.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c02045
J. Med. Chem. 2024, 67, 22124−22133

22133

https://doi.org/10.2147/VHRM.S17004
https://doi.org/10.2147/VHRM.S17004
https://doi.org/10.2147/VHRM.S17004
https://doi.org/10.2147/VHRM.S17004
https://doi.org/10.1590/s0066-782x1998001000008
https://doi.org/10.1590/s0066-782x1998001000008
https://doi.org/10.1590/s0066-782x1998001000008
https://doi.org/10.1291/hypres.28.585
https://doi.org/10.1291/hypres.28.585
https://doi.org/10.1291/hypres.28.585
https://doi.org/10.1291/hypres.28.585
https://doi.org/10.17344/acsi.2015.1836
https://doi.org/10.17344/acsi.2015.1836
https://doi.org/10.1002/bmc.5664
https://doi.org/10.1002/bmc.5664
https://doi.org/10.1002/bmc.5664
https://doi.org/10.1016/j.jpba.2007.03.001
https://doi.org/10.1016/j.jpba.2007.03.001
https://doi.org/10.2174/1381612820666141024151119
https://doi.org/10.2174/1381612820666141024151119
https://doi.org/10.2174/1381612820666141024151119
https://doi.org/10.2217/pgs.09.61
https://doi.org/10.2217/pgs.09.61
https://doi.org/10.20452/pamw.16399
https://doi.org/10.20452/pamw.16399
https://doi.org/10.1016/j.clinbiochem.2004.11.007
https://doi.org/10.1016/j.clinbiochem.2004.11.007
https://doi.org/10.1016/j.clinbiochem.2004.11.007
https://doi.org/10.4155/bio-2017-0059
https://doi.org/10.4155/bio-2017-0059
https://doi.org/10.4155/bio-2017-0059
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

