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Simultaneous determination

of the combined and free
concentrations of atorvastatin
and its major metabolite in vitro
and in vivo based on ultrafiltration
coupled with UPLC-MS/MS
method: an application in a
protein binding rate and
metabolism ability study in
uremic hemodialysis patients
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Introduction: A rapid, accurate, and specific ultrafiltration with ultra-performance
liquid chromatographic-tandem mass spectrometry method was validated for the
simultaneous determination of the protein binding rate of atorvastatin in uremic
patients. Methods: The plasma samples were centrifuged at 6,000 r/min for 15
min at 37°C and the ultrafiltrate was collected. An ACQUITY UPLC® BEH C18
Column with gradient elution of water (0.1% formic acid) and acetonitrile was
used for separation at a flow rate of 0.4 ml/min.

Results: The calibration curves of two analytes in the serum showed excellent
linearity over the concentration ranges of 0.05-20.00 ng/ml for atorvastatin, and
0.05-20.00 ng/ml for orthohydroxy atorvastatin, respectively. This method was
validated according to standard US food and drug administration and European
medicines agency guidelines in terms of selectivity, linearity, detection limits,
matrix effects, accuracy, precision, recovery, and stability. This assay can be
easily implemented in clinical practice to determine the free and combined
concentrations of atorvastatin in the plasma of uremic patients. The final result
showed that the average plasma protein binding rate in uremic patients was
86.58 + 2.04%, relative standard deviation (RSD) (%) = 1.98, while the plasma
protein binding rate in patients with normal renal function was 97.62 + 1.96%,
RSD (%) = 2.04. There was a significant difference in the protein binding rate in
different types of plasma (P < 0.05), and the protein binding rate decreased with
increasing creatinine until it stabilized at nearly 80%. The mean metabolite/
prototype ratio of atorvastatin in patients with normal renal function and in
patients with uremia was 1.085 and 0.974, respectively.

01 frontiersin.org


http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2024.1461181&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2024.1461181
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1461181/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2024.1461181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cao et al.

10.3389/fcvm.2024.1461181

Discussion: The metabolic process of atorvastatin may be inhibited in uremic
hemodialysis patients, but the total concentration of atorvastatin did not change
significantly; due to the decrease of protein binding rate increase the drug
distribution of atorvastatin in the liver or muscle tissue, which may increase the
risk of certain adverse reactions. We recommend that clinicians use free drug
concentration monitoring to adjust the dose of atorvastatin to ensure patient
safety for uremic hemodialysis patients.
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Introduction

After oral administration, drugs are absorbed through the
intestines and enter the bloodstream. Some drugs form drug-
plasma protein complexes, while others exist in a free form. Only
the free form of a drug can exert pharmacological effects and
participate in the body’s metabolism and elimination processes.
The binding of drugs to plasma proteins in the human body is
in a dynamic equilibrium. The protein binding rate of drugs is
stable
However, under certain special or severe pathophysiological

generally constant under physiological conditions.
conditions, especially for drugs with high protein binding rates
(>80%), the free drug concentrations may fluctuate dramatically.
An increase in the free drug concentration may further expand
the tissue distribution range of the drug, prolong its half-life, and
increase the risk of adverse effects. In such cases, even though
the total drug concentration remains within the -effective
therapeutic range, patients may exhibit significant individual
pharmacological differences, leading to variations in the strength
of pharmacological effects or the degree of adverse reactions (1).
Therefore, the concentration of free-form drugs serves as a direct
basis for evaluating drug safety and pharmacology. Guiding and
adjusting individualized drug doses based on protein binding
rates and free drug concentrations is more scientific and accurate
than using total blood drug concentrations. Further research on
the differences and regularities in protein binding rates and free
drug concentrations in special populations is of great importance
for ensuring the safety and efficacy of clinical drug use.

Chronic kidney disease is a common chronic illness in clinical
practice. The progression of renal function decline in patients is
usually irreversible, eventually leading to complete renal failure
and the development of end-stage renal disease, known as
uremia. In wuremia, gastrointestinal dysfunction, autonomic
neuropathy, changes in the internal environment, etc., can affect
drug-protein binding rates, drug transporter activity, and enzyme
metabolism, and may hinder the excretion of certain drugs,
leading to increased bioavailability and decreased metabolism
and excretion, affecting drug metabolism kinetics (2). In patients
with uremia, the accumulation of uremic toxins in the body
competes with drugs for binding sites on albumin; the uremic
toxins such as aromatic amino acids, peptides, or metabolites
accumulate in the body and bind to albumin in the serum to
form most of the large and medium molecules that are almost
impossible to remove by blood purification methods (3). This

alters the surface conformation of binding proteins or causes
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albumin denaturation, resulting in decreased protein affinity that
may alter the protein binding rates of certain drugs (2, 4). In
addition, changes in body fluid pH and hypoalbuminemia during
uremia also have varying degrees of impact on drug-protein
binding rates (2).

Atorvastatin is a potent synthetic inhibitor of 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase, the rate-limiting enzyme
in cholesterol biosynthesis, and has been widely used in many
countries for the treatment of hyperlipidemia because of its high
efficacy and safety (5). Recent studies have found that statins
play an important role in the prevention and treatment of kidney
disease and have certain renal protective effects (6), thus
representing a large proportion of the hypolipidemic drugs used
in uremic hemodialysis patients. Atorvastatin extensively binds to
plasma proteins (95%-98%) and is not effectively eliminated by
conventional hemodialysis. There may be a risk of drug
accumulation in uremic patients, and the protein binding rate of
the drug may change, increasing the risk of medication. The
incidence of rhabdomyolysis in severe adverse reactions to
atorvastatin has been reported to increase with increasing blood
drug concentration (7). The Lipit0r® (atorvastatin calcium)
specification states that kidney disease does not have any effect
on atorvastatin plasma concentrations and lipid-lowering effects.
Renal dysfunction does not require an adjustment of dose, but
whether uremic hemodialysis patients need a dose adjustment is
not yet clear.

In this study, a rapid and precise ultrafiltration and ultra-
performance liquid chromatographic-tandem mass spectrometry
(UPLC-MS/MS) method was established and was used to study
the changes in the protein binding rate of atorvastatin in uremic
hemodialysis patients in vitro. This will provide a reference for
the safe and effective use of medications in dialysis patients with
uremia, ensuring the safety of drug administration for this
special group.

Experimental

Chemicals and materials

The standards of atorvastatin (Lot number 132320-201405)
were purchased from the National Institute for Food and Drug
Control (Beijing, China). The standards of ortho-hydroxy
atorvastatin (Lot number 241420) were purchased from TLC
(Canada). The standard of

PharmaChem., Inc. reference
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chlorzoxazone (internal standard, IS; Lot number 133874-201508)
was purchased from the National Institute for Food and Drug
China).  High
chromatography-grade methanol, acetonitrile, and methyl tert-
butyl ether (MTBE) were
(St. Louis, MO, USA). Formic acid and ammonium acetate

Control  (Beijing, performance  liquid

obtained from Sigma-Aldrich

(analytical reagent) were obtained from the Beijing Chemical
Factory (Beijing, China). The water used in the laboratory was
ultra-pure water. All other chemicals used were of analytical
reagent grade.

Amicon Centrifree ® UFC501096 micropartition devices with a
filter membrane with a 10,000 KDa molecular weight cut-off were
purchased from Millipore (Bedford, MA, USA).

Plasma was obtained from drug-free volunteers with normal
renal function and uremic hemodialysis patients.

Preparation of standard solutions

Stock solutions of atorvastatin (1 mg/ml), ortho-hydroxy
atorvastatin (1 mg/ml), and chlorzoxazone as the internal
standard (100 pg/ml) were dissolved in methanol. The stock
solutions were protected from light and kept at 4°C until used.
The stock solutions were successively diluted with methanol:
water (50:50, V:V) to prepare working solutions just prior to use.
These solutions were spiked into drug-free human plasma
samples to give final concentrations of 0.050, 0.10, 0.20, 0.50,
1.00, 2.50, 5.00, and 20.00 ng/ml.

Collection and preparation of plasma
samples

All the patients included in the study were uremic patients
undergoing regular hemodialysis three times a week, with a
2-day interval between each session. Blood samples were taken
before hemodialysis to measure the atorvastatin concentrations in
uremic patients. Each plasma sample (400 pl) was immediately
mixed with 20 ul of methanol-water (50:50, v/v), 40 ul of the
internal standard solution, and 10 ul of 0.1 M sodium acetate
solution; vortexed for 30s; and then mixed with MTBE 1 ml.
After vortex mixing for 1 min, the samples were centrifuged for
15 min at 6,000 g on a Thermo Fisher Scientific Sorvall ST 16R
centrifuge and 800ul of the upper MTBE fraction was
transferred into a 1.5 ml EP tube. The upper MTBE fraction was
evaporated to dryness under a gentle stream of nitrogen. The
residue was redissolved in 100 pl of methanol-water (50:50, v/v),
vortexed for 1 min, then centrifuged at 13,800 g for 10 min. The
supernatant was then sampled and 10 pl was injected into the
UPLC system for analysis.

Instrumentation and chromatographic conditions

Analyses were performed on an MS/MS system consisting of an
AB SCIEX QTRAP 6500plus MS/MS, and a UPLC system consisting
of a binary pump, an autosampler, and an online degasser was used
for the UPLC-MS/MS analysis (SCIEX, MA, USA). Separation was
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achieved using an ACQUITY UPLC® BEH C18 Column (1.7 pum,
21mmx30mm, ID) and ACQUITY UPLC® BEH CI8
VanGuardTM  Pre-Column 3/PK (1.7 m, 2.1 mm X5 mm)
purchased from Waters (MA, USA). Gradient elution was
performed using water (0.1% formic acid, PH 2) (A) and
acetonitrile (B) at a flow rate of 0.4 ml/min. The mobile phase was
filtered prior to use through a 0.22 ym Millipore filter paper
(Billerica, MA, USA) and degassed ultra-sonically (Branson-
Emerson USA) for 10 min. The gradient program was as follows:
0.0-0.5min 90% A; 0.5-1.5min, 90% A to 5% A; 1.5-2.0 min,
5% A; 2.0-2.1min, 5% A to 90% A; 2.1-3.5min, 90% A. The
pressure of the UPLC apparatus was in the range of 9.5-19.5 MPa.

The ESI was operated in the positive ion mode. Multiple
reaction monitoring (MRM) was optimized by the flow injection
analysis (FIA) mode: source temperature (TEM), nebulizer (NEB),
curtain (CUR), and auxiliary (AUX) gas were set at 40, 40, 20,
and 40 psi, respectively. Nitrogen gases were used as the collision
and curtain gases while zero air was used as the source gas.
Determinations of atorvastatin and ortho-hydroxy atorvastatin
were based on the internal standard method, using chlorzoxazone
as the IS. Column oven temperature (40°C) and injection volume
(10 pl) were maintained throughout the analysis. The MRM mode
was used to qualify at m/z 559.3, m/z 575.3, and m/z 170.1,
and quantify the target compounds at m/z 440.0, m/z 440.1,
and m/z 114.3 for atorvastatin, ortho-hydroxy atorvastatin, and
chlorzoxazone, respectively. The main working parameters of the
MS were optimized as follows: ion spray voltage was at 5,500 V
and source temperature was at 450°C. Nitrogen gas was used as
the sheath gas (55 arbitrary units) and auxiliary gas (15 arbitrary
units). The declustering potential (DP) was set at 55V, the
collision energy was optimized at 26 eV for atorvastatin, 30 eV for
ortho-hydroxy atorvastatin, and 20eV for IS. The developed
method and aforementioned instruments were used for all the
experiments conducted in this study and the specifications of

other instruments used are mentioned where required.

Method validation

Selectivity

The selectivity was defined as the absence of interference from the
blank serum components at the retention times of atorvastatin, ortho-
hydroxy atorvastatin, and IS using the proposed extraction procedure
and UPLC/MS conditions. Six different blank serum samples (i.e., did
not receive the treatment of atorvastatin) from hospitalized volunteers
with normal renal function or uremic hemodialysis patients were
evaluated to assess the selectivity of the method.

Linearity

Prepared blank plasma samples were spiked to achieve
standard series samples with plasma concentrations equivalent to
0.050, 0.10, 0.20, 0.50, 1.00, 2.50, 5.00, and 20.00 ng/ml for
atorvastatin and ortho-hydroxy atorvastatin. Each concentration
was analyzed in duplicate by plotting the ratio of the peak areas
of the analyte and internal standard against the analyte
concentration. Regression analysis using the weighted (W — 1/X2)
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least-squares method was performed to establish the standard
curve, which was validated for 3 consecutive days. The
calibration curve was developed using the following criteria: (1)
the mean value should be within +15% of the theoretical value,
except at the lower limit of quantification (LLOQ), where it
should not deviate by more than +20%; (2) the precision of the
mean value should not exceed a 15% coefficient of variation
(CV), except for LLOQ, where it should not exceed 20%.

Detection limits (LLOQ)

The detection limit was determined as a signal/noise ratio of at
least 5. The analyte peak should be identifiable, discrete, and
reproducible with a precision of 20% and an accuracy of 80%-120%.

Matrix effects

Matrix effects were investigated using the post-extraction spike
method, which measures the and was
determined by the ratio of the peak area of analytes spiked after
extraction to the peak area of standard solutions at the same

ionization recovery,

concentration. To evaluate the relative matrix effects, calibration
curves from six serum batches were constructed, and the precision
[expressed by Relative Standard Deviation (RSD)] values for the
slopes were calculated. The RSD should not exceed 3%-4% to
confirm a method is practically free from the relative matrix effect (8).

Accuracy and precision

The intra-day and inter-day assay precisions were determined
using the CV (%), and the accuracies were expressed as the
percent difference by using the following formula:

measured concentration
x 100%

nominal concentration

Intra-day assay precision and accuracy were calculated using
six determinations of the three quality control (QC) (0.15, 5.00,
and 15.00 ng/ml for atorvastatin and ortho-hydroxy atorvastatin)
during a single analytical run. Inter-day assay precision and
accuracy were calculated by analyzing the three QC (n=6) on
three separate days. Precision should not exceed 15% and bias
should be between 85% and 115%.

Recovery

The recovery was determined by the analysis of serum samples
at three concentrations (0.15, 5.00, and 15.00 ng/ml for atorvastatin
and ortho-hydroxy atorvastatin). Each concentration level was
extracted and analyzed, and the responses were compared with
those of non-extracted standards corresponding to 100% recovery.

Stability

Stability procedures were defined to evaluate the stability of the
analytes during sample collection and handling.

Short-term stability was determined by assaying the three QC
samples at room temperature after thawing for 1 h.

Freeze-thaw stability was determined by assaying the three QC
over three freeze-thawing cycles. The QC samples were stored at
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—80°C for 24h and thawed at room temperature. When
completely thawed, the samples were refrozen for 24 h. The
freeze-thawing cycle was repeated twice and the analysis was
conducted at the end of the third cycle. The measured
concentration was then compared to the theoretical concentration.

Post-preparative stability was determined by assaying the three
QC samples in an autosampler at +4°C by injecting extracts
immediately after preparation and re-injecting 2 and 12 h later.

Long-term stability was determined from serum samples stored
at —80°C for 30 days.

Determination of drug concentration in
ultrafiltrate

A 500 pl volume of the drug-free human plasma was
transferred to the Amicon Centrifree®™ micropartition device and
centrifuged at 6,000 g (37°C) for 15 min, and all of the original
volume of the plasma was collected as an ultrafiltrate. The
atorvastatin standard solutions were diluted with the ultrafiltrate
to 0.05, 0.50, and 2.00 ng/ml, respectively. The drug-containing
ultrafiltrate was processed and analyzed the same as the plasma
samples according to the method described previously, six times
in parallel determination. The atorvastatin concentration in the
ultrafiltrate was calculated using the standard curve of the plasma
samples and was compared with the actual concentrations.

Plasma protein binding study of atorvastatin
in vitro

A certain amount of atorvastatin working solutions was added
to the drug-free plasma (from volunteers with normal renal
function and uremic hemodialysis patients, respectively.) and
drug-containing plasma with concentrations of 0.05, 2.00, and
10.00 ng/ml, respectively, was prepared. To achieve equilibrium
between the drug and plasma proteins, the spiked drug-
containing plasma samples were incubated at 37°C for 60 min
prior. An aliquot (500 ul) of the obtained plasma was transferred
to the centrifugal filter unit. Samples of 500 ul volume were
transferred to the Amicon Centrifree® micropartition devices and
centrifuged at 6,000 g (37°C) for 15 min, and all of the original
volume of plasma was collected as an ultrafiltrate (9, 10). The
ultrafiltrate volume was calculated using the weight loss method
and the protein binding rate was calculated according to the
formula below. Plasma samples without ultrafiltration and their
respective ultrafiltrates were analyzed using the UPLC-MS/MS
method. The percentage of plasma protein binding (PPB) was
calculated as follows:

PPB = [(Cultra—ﬁltrate X Vultra-ﬁltrate)/ Vultra—ﬁltered plasma]/ Cplasma

The PPB and metabolism ratio study in vivo.

The patients in this study were all older than 18 years. The
serum creatinine (SCr) of the patients with normal renal
function was 54-106 and 44-97 umol/L for men and women,
respectively. The glomerular filtration rate (GFR) of the uremic
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patients was < 15 ml/(min 1.73 m?). We excluded patients with
adverse reactions to atorvastatin and organ-transplant patients.
All of the patients were administered atorvastatin calcium
tablets (Lipitor®) for >7 days orally (>5 t;;, steady-state
plasma concentration). The frequency of administration was
once per night (q.n.) and the dose was 20 mg. Venous blood
was collected at 6 a.m. the next day and placed in a heparin
anticoagulation tube. The free and combined concentrations of
atorvastatin and its metabolite in the samples were determined
by the UPLC-MS/MS method and the percentage of PPB and
the metabolite/prototype ratio were calculated. This study was
designed in accordance with legal requirements and the
Declaration of Helsinki and was approved by the local research
ethics committee.

Results

Method validation

Selectivity

The chromatograms of the blank serum samples from the
drug-free hospitalized volunteers and uremic hemodialysis
patients are presented in Figure 1. No interferences were
observed at the retention times of atorvastatin, ortho-hydroxy

atorvastatin, and the IS.

Linearity

The best linear fit and least-squares residuals for the calibration
curve were achieved with a 1/x” weighting factor with linear ranges
of 0.05-20.00 ng/ml for atorvastatin and 0.05-20.00 ng/ml for
ortho-hydroxy atorvastatin. The linear regression equations were
y=0.09914x + 0.03348 (r*=0.9980) for atorvastatin and
y=0.10033x +0.01922 (r*=0.9976) for ortho-hydroxy atorvastatin.
The intercept coefficients were not significant (p=1.000 for
atorvastatin, p =0.948 for ortho-hydroxy atorvastatin).

Detection limit

The lower limit of quantification was 0.05ng/ml for
(S/N>5) and 0.05ng/ml for
atorvastatin (S/N > 5).

atorvastatin ortho-hydroxy

Matrix effects

The three QC standard solutions (0.15, 5.00, and 15.00 ng/ml
for atorvastatin and ortho-hydroxy atorvastatin) were added into
three different blank serum samples in triplicate, separately. The
absolute value and ratio of the peak areas of the analytes spiked
after extraction to those of the standard solutions
calculated. The results
atorvastatin and ortho-hydroxy atorvastatin on the internal
standard-corrected samples were 96.23%-104.37% and 92.64%-
103.59%, respectively. The RSD (%) of both were in the normal

range (did not exceed 3%-4%). Therefore, the assay established

were
showed that the matrix effects of

in this experiment was not affected by the matrix effect.
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Accuracy, precision, and recovery

The results of the recovery, intra-day and inter-day precision,
and accuracy of atorvastatin and ortho-hydroxy atorvastatin are
given in Table 1.

Stability

The short-term stability and three consecutive freeze-thawing
cycles showed no significant degradation for atorvastatin and
ortho-hydroxy atorvastatin. The result of the post-preparative
stability analysis showed that atorvastatin and ortho-hydroxy
atorvastatin were still stable 2 and 12h after operation. The
serum samples stored at —80°C were found to be stable for 30 days.

Determination of drug concentration in
ultrafiltrate

The RSD between the concentration calculated from the standard
curve (plasma) and the actual concentration was less than 5.57%.
The statistics analysis showed that there was no significant
difference (P < 0.05). This method is suitable for the determination
of the free concentration of atorvastatin in the ultrafiltrate.

Protein binding rate experiment

The study in vitro (Table 2) showed that the plasma protein
binding rate in the plasma of uremic patients was reduced by
approximately 10% compared with that in the plasma of the
patients with normal renal function. The average plasma protein
binding rate in the uremic patients was 86.58 +2.04%, RSD (%)
=1.98, while the protein binding rate in the plasma of patients
with normal renal function was 97.62 + 1.96%, RSD (%) =2.04. A
t-test showed that there was no significant difference in the
protein binding rate of atorvastatin at different concentrations
(P>0.05), but there was a significant difference in the protein
binding rate in different types of plasma (P <0.05).

The PPB and metabolism ratio study in vivo

A total of 45 uremic hemodialysis patients were included with a
median age of 71 years old (range: 60-85), and 35 patients with
normal kidney function were included with a median age of 67
years old (range: 50-80); both groups were administered a dose
of 20 mg/day. The duration of hemodialysis treatment was evenly
distributed across the age groups among the uremic patients.
Statistical analysis indicated that there was no significant
difference in age, gender, and BMI values between the two
groups (P>0.05), and the balance of baseline characteristics
between the groups was good, ensuring comparability. Our study
showed that the mean total plasma concentration of atorvastatin
in the normal renal function group was 7.45+4.68 and 597 +
4.20 ng/ml for the uremic patients group (Figure 2). The T-test
analysis showed that there was no significant difference between
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FIGURE 1
Typical multiple reaction monitoring chromatograms for atorvastatin, ortho-hydroxy atorvastatin and the IS in human plasma. (A) Blank plasma
samples from volunteers with normal kidney function. (B) Blank plasma samples from uremic hemodialysis patients. (C) Blank plasma from uremic
hemodialysis patients spiked with atorvastatin. (D) Blank uremia hemodialysis patients plasma spiked with ortho-hydroxy atorvastatin. (E) Blank
plasma from uremic patients spiked with IS.

the two groups (P =0.239 > 0.05), which means that uremia had no
significant effect on the total plasma concentration of atorvastatin.
However, there was a significant difference in the free
concentration of atorvastatin between the two groups
(P=0.013<0.05), which was 0.38+0.38 and 0.78 +0.94 ng/ml
for the normal renal function group and the uremic patients
group, respectively (Figure 3). The free concentration was
significantly increased due to the decrease in the protein binding

Frontiers in Cardiovascular Medicine

rate. The mean PPB rate of atorvastatin in the normal renal
function group was 95.33% +2.36%, which proved that the
method established in our study was trustworthy. The mean PPB
rate of atorvastatin in the uremic patients group was only
85.06% + 8.32% (Figure 4). The plasma protein of atorvastatin in
the uremic patients group was significantly lower than the
normal renal function group (P=0.00<0.05). The results were
consistent with the experiments in vitro.
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TABLE 1 Precision and recovery for the analysis of atorvastatin and ortho-hydroxy atorvastatin in plasma from uremic hemodialysis patients (n = 6).

Intra-day Inter-day Recovery
(x £ ) x £ 3s) (x £ 5)
Atorvastatin 0.15 0.143 +0.009 335 0.147  0.006 423 84.1+2.3%
5.00 5.004 % 0.043 143 5.039 + 0.047 2.85 76.5+1.1%
15.00 14.88 +0.16 0.65 14.85+0.21 1.66 82.0 £ 1.7%
Ortho-hydroxy Atorvastatin 0.15 0.143 +0.008 456 0.146 + 0.005 522 84.4+2.5%
5.00 4.915 +0.080 2.08 4963 +0.11 234 79.1+1.5%
15.00 15.07 +0.12 0.99 15.04 +0.17 1.55 82.0+1.7%

TABLE 2 The protein binding rate of atorvastatin in the plasma from uremic patients and health volunteers at different concentrations (n = 6).

Concentration Healthy human plasma

5.00

(ng/ml)

Uremic patient plasma
5.00

Protein binding rate 98.33% 98.81% 96.56% 88.45% 86.33% 87.36%
99.04% 96.56% 97.37% 87.83% 85.84% 86.51%
96.27% 97.77% 95.67% 84.92% 84.49% 85.45%
97.76% 97.83% 98.86% 86.43% 89.33% 87.84%
95.44% 98.58% 99.05% 89.56% 84.56% 88.65%
97.86% 98.68% 96.73% 84.56% 83.78% 86.47%

Mean 97.62% 86.58%

RSD (%) 1.96 2.04

Owing to the renal filtration function loss and negative
nitrogen balance in uremic patients, their physiological state is
often monitored using albumin and creatinine values. The serum
creatinine value reflects the level of toxin accumulation in uremic
patients, while albumin concentration may affect the protein
binding rate of the drug.

The biochemical indicators of the subjects enrolled in this
study are shown in Table 3 and Figure 3. Logistic regression
analysis showed that the most significant factor related to the
protein binding rate of atorvastatin was creatinine level
(P <0.01), and the protein binding rate decreased with increasing
creatinine until it stabilized at nearly 80%. The correlation
between the protein binding rate of atorvastatin and plasma
albumin level was not significant in our study (P > 0.05).

Figure 4 shows the distribution of the trough concentrations of
atorvastatin and ortho-hydroxy atorvastatin. The average plasma
concentration of ortho-hydroxy atorvastatin in the patients with
normal kidney function was 7.75+4.93 ng/ml and in the uremic
hemodialysis patients, it was 4.97 £4.89 ng/ml. T-test analysis
results showed that there was a significant difference between the
two groups of plasma concentrations (P<0.05). The mean
metabolite/prototype ratio of atorvastatin for patients with normal
renal function and those with uremia was 1.085 and 0.974,
respectively, and there was a significant difference (P <0.05). The
metabolite/prototype ratio of the uremic patients group was lower
than the normal renal function group, suggesting that the
metabolic process of atorvastatin in uremic patients may be inhibited.

Discussion

This study in vitro showed that the average plasma protein
binding rate in uremic patients was 86.58% +2.04%, while the
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plasma protein binding rate in patients with normal renal
function was 97.62% * 1.96%. The results in vivo were consistent
with the in vitro results and were 85.06% + 8.32% and 95.33% +
2.36%, respectively, with a significant difference (P <0.05). There
was a significant difference in the free concentration of
atorvastatin between the two groups (P < 0.05), which was 0.38 +
0.38 and 0.78 +£0.94 ng/ml for the normal renal function group
and the uremic patients group, respectively. It was evident that a
10% decrease in protein binding results in an almost 100%
in the drug Elevated free
concentrations may be accompanied by elevated distribution to

increase free concentration.
tissue concentrations, and tissue concentrations of atorvastatin are
known to be abnormally high under certain specific circumstances.
(11) found that measurable
atorvastatin concentrations in the prostate support atorvastatin’s

ability to access the prostate from the circulation. Atorvastatin may

For example, Knuuttila et al

accumulate in the prostate as intraprostatic concentrations are
elevated compared to the plasma concentration; the median
atorvastatin concentration was 212% higher in the tissue (17.6 ng/g)
compared to the plasma (3.6 ng/ml). Furthermore, atorvastatin
lactone concentration was 590% higher in the tissue as compared
to the plasma concentration (12). This also means that atorvastatin
will have a higher free concentration in the prostate of uremic
patients. The mean total plasma concentration of atorvastatin in the
normal renal function group was 7.45 +4.68, and 5.97 + 4.20 ng/ml
for the uremic patients group, which meant that uremia had no
significant effect on the total plasma concentration (P> 0.05).
However, the average plasma concentration of ortho-hydroxy
atorvastatin in the normal renal function group and the uremic
patients group was 7.75+4.93 and 4.97 +4.89 ng/ml, respectively,
with a mean metabolite/prototype ratio of 1.085 and 0.974,
respectively, which showed that there were significantly different
concentrations (P <0.05). It is suggested that the metabolic process
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The PPB and metabolism ratio study in vivo. (A) Box-whisker plot of total plasma concentrations of atorvastatin. (B) Box-whisker plot of free
atorvastatin concentrations. (C) Box-whisker plot of the protein binding rate of atorvastatin.

T

Uremic Patient C

of atorvastatin may be inhibited in uremic patients. We also
demonstrated that a low dose of atorvastatin was similar to
medium and high doses, similar to the study by Robert L. Lins in
which the pharmacokinetic parameters of atorvastatin were not
significantly different between the 40 and 80 mg doses in uremic
dialysis patients compared with healthy volunteers and were also
proportional to the dose of the major active metabolite, o-hydroxy
atorvastatin, with no accumulation and relatively low levels of the
active metabolite (12).

The metabolic processes of atorvastatin were inhibited in the
uremic hemodialysis patients. Atorvastatin is mainly metabolized
by the CYP3A isoenzyme in the liver and can be absorbed by
P-gp secretion and the H+-MCT co-transporter on the Caco-2

Frontiers in Cardiovascular Medicine

cell lumen side, or as a substrate for OATP1B1, OATP1A4, and
OATP1B2 (13). Studies have shown that uremic toxins affect the
mRNA, protein expression, and function of metabolic enzymes
and drug transporters. This leads to reduced non-renal clearance
of drugs in the body indicated by increased bioavailability and/or
elevated plasma concentrations (3, 14, 15). Changes in the
activity of renal transporters affect the pharmacokinetics of
drugs that are primarily eliminated from the kidneys, and
changes in liver and intestinal transporter activity affect the
pharmacokinetics of non-renal elimination drugs. In addition to
changes in liver metabolic enzyme activity, decreased liver drug
intake or increased efflux may downregulate drug metabolism,
while drugs absorbed in the intestine need to be metabolized by

08 frontiersin.org


https://doi.org/10.3389/fcvm.2024.1461181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cao et al.

10.3389/fcvm.2024.1461181

80. - A 80+ B
. . .
70- W, LT 70
60- -ih —g— 60+
e o [} —_—
< 50- ool 30 o i
k=) g ~ 40- etee ..qf-'-"'..
o 401 . . a 20 ——
F 304 . < 301 " .
204 20- . .
101 10+
0 . . 0 - '
o &L F
Q& \g 2 é
<& éoé < O
60- . . C 60- D
504 50+
401 = 40 :
=} . =) : -
o : = 301
- oo - ()]
<< 20+ eeqse® Saan < 204 .::.-.
o.:’o L] . [ ]
0 T T 0 °®
0 V L] L]
Q \ai O
& s & o
< <
800 - E
700 v
__600-
= 500- 3
o e®
£ 4004 s
5 LY L
5 300 - ode®
200+ .
“% .
103- OOE.. %“ LL
QO
& \3
& &
<
FIGURE 3
The scatter plot of the biochemical indicators. (A) Total protein. (B) Albumin. (C) Alanine Aminotransferase. (D) Aspartate Aminotransferase
(E) Creatinine.

the gastrointestinal tract before liver metabolism and the
expression of intestinal uptake transporters is upregulated.
Enhanced or reduced efflux transporter activity may increase the
bioavailability of certain drugs in uremic patients.

Studies have shown that renal insufficiency affects the activity
of CYP450 enzymes (16-22). The total amount of CYP enzyme
in mice with renal insufficiency decreased by 47% and was
negatively correlated with renal clearance; the protein expression

Frontiers in Cardiovascular Medicine

of CYP2C11, 3Al, and 3A2 was downregulated by 40%, 74%,
and 65%, respectively. Furthermore, the mRNA expression levels
of CYP1A2, 2C11, 2C29, 3Al, 3A2, and 3A11 were significantly
downregulated (17-19). The activity and protein expression levels
of CYP3A and CYP2Cl11 in the liver of uremic patients
decreased with the downregulation of mRNA expression levels
(21). Thomson et al. (22) found that the blood concentration of
the CYP3A4 probe drug midazolam in hemodialysis patients
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TABLE 3 The biochemical indicators of the uremic patients and healthy
volunteers.

Categories

Healthy volunteers | Uremic patients

AST 15.77 +3.21 16.02 + 4.65 >0.05
ALT 14.55+2.88 15.89£3.93 >0.05
Albumin (g/L) 38.99+6.43 3537 +5.78 <0.05
Creatinine (umol/L) 61.65 +19.82 385.89 +223.77 <0.01

ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase.

increased nearly six times compared with that in people with
normal renal function, suggesting that liver CYP3A4 enzyme
activity is inhibited.

The liver transporter in uremic patients reduces drug intake
and increases efflux, which may be one of the causes of drug
metabolism downregulation; the expression and activity of
uptake transporters in the intestinal tract are upregulated, and
the efflux transporter activity is downregulated, affecting its
transport substrate metabolism and excretion and ultimately
affecting the drug concentration. Nolin et al. (23) found that
the pharmacokinetic parameters of the oral administration of
midazolam (CYP3A substrate) after hemodialysis in uremic
patients were not significantly different from those in healthy
subjects, whereas the clearance rate of oral fexofenadine (a
common substrate for CYP3A, OATP, and P-gp) was reduced
by 63%. Fexofenadine did not change significantly in non-
hemodialysis uremic patients, while the concentration of
fexofenadine in uremic patients treated with hemodialysis and
peritoneal dialysis significantly increased (24), suggesting that
the intestinal and liver transporters were inhibited in uremia.
Furthermore, the activity of P-gp and MRP2 in the intestinal
tracts of rats with renal insufficiency was reduced by 30% and
25%, respectively, and the protein expression of P-gp, MRP2,
and MRP3 was decreased by more than 40%. Furthermore, the
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protein expression and mRNA level of the efflux transporter
P-gp in the livers of renal dysfunction mice increased
significantly, while the protein expression of the uptake
transporter OATP2 decreased by 35% but the mRNA level did
not change significantly (25-27). The expression levels of
mRNA and protein in OAT1, OAT2, OAT3, OATPI, and
OATP4cl were downregulated in the kidneys, while the
mRNA and protein expression levels of MRP2, MRP3, MRP4,
and OATP2 and OATP3 were upregulated (28). Clinical
studies have further confirmed these findings. Sakurai et al.
(29) found that OAT1 mRNA expression was downregulated
in live kidney sections of patients with various renal
dysfunctions with varying degrees of renal insufficiency.
Furthermore, OAT3 was slightly upregulated, and there was no
in OAT2 and OAT4
whereas the clearance rate of cefazolin (the anionic drug)

significant  difference expression,
was significantly correlated with the expression level of
OAT3 mRNA.

In theory, when the protein binding rate of atorvastatin is
reduced in uremic patients, the free drug concentration increases,
the amount of the drug involved in metabolism increases, and the
metabolic rate should be accelerated, but the metabolism of
atorvastatin in uremic patients is inhibited. The concentration of
metabolites is also significantly reduced. The presumed reasons
may be as follows: (1) The CYP3A4 enzyme activity in uremic
patients was inhibited, and a decrease in this activity led to a
decrease in the metabolism of atorvastatin. (2) Atorvastatin was
mainly transported to the liver through OATP1B3 for metabolism.
The activity of OATP transporters in the liver of uremic patients
was inhibited, resulting in a decrease in atorvastatin transported to
liver cells via OATP, and a decrease in the amount of the drug
that was involved in metabolism. (3) The degree of inhibition of
metabolic enzymes and transporters was greater than the effect of
elevated free drug concentrations in the uremic patients and thus
the metabolic process of atorvastatin was inhibited.

frontiersin.org


https://doi.org/10.3389/fcvm.2024.1461181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cao et al.

There is still disagreement regarding the relationship
between total atorvastatin blood concentration and the
occurrence of adverse reactions. A study has shown that an
increased concentration of atorvastatin increases the risk of
adverse reactions, such as rhabdomyolysis and liver damage
(30). However, in a study among 61 lipid-controlling patients
with detectable serum atorvastatin concentrations, 7 patients
had myalgia and their serum concentrations were not
significantly greater than those in patients without myalgia
(31). However, this study did not indicate the baseline status
of the
Consideration of variations in free drug concentrations and

and biochemical indicators enrolled patients.
protein binding rates may lead to abnormal tissue distribution
this
discrepancy. Thus far, we have not found any research

concentrations and may be one way to explain
correlating the free drug concentration of atorvastatin with an
incidence of adverse reactions. Since our study included
uremic patients who were receiving regular hemodialysis
treatment at dialysis centers, these patients typically take
atorvastatin for a long time and have good tolerance, with no
specific adverse reactions observed. Further multi-center,

large-sample studies are still needed to confirm this correlation.

Conclusion

Despite the fact that the metabolic process of atorvastatin may
be inhibited the total
concentration of atorvastatin did not change significantly, but

in uremic hemodialysis patients,
due to the decrease of protein binding rate, the free drug
concentration may fluctuate drastically, and the increase in free
drug concentration will increase the drug distribution in the liver
or muscle tissue, which may increase the risk of certain adverse
We that

concentration monitoring to adjust the dose of atorvastatin to

reactions. recommend clinicians use free drug
ensure patient safety for uremic hemodialysis patients, especially
for those with high-risk factors that may lead to serious adverse

effects such as rhabdomyolysis or hepatic injury.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving humans were approved by Shandong
Provincial Qianfoshan Hospital. The studies were conducted in

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2024.1461181

with  the local and institutional

requirements. Written informed consent for participation in this

accordance legislation

study was provided by the participants’ legal guardians/next of kin.

Author contributions

M-CC: Writing - review & editing, Writing — original draft,
Project administration. XH: Writing - review & editing,
Methodology, Investigation, Conceptualization. B-HT: Writing -
review & editing, Formal Analysis. H-YS: Validation, Writing -
original draft. YZ: Writing - original draft, Resources. WZ:
Writing - original draft, Investigation.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported in part by grants from 2021 Qingdao Traditional
Chinese Medicine Development Project (2021-zyyq22). The 2023
Shandong Province Chinese Medicine Science and Technology
Development Program (Q-2023204) mainly funded the writing
and grammatical improvement of this article. This work was
supported by Science and Technology Development Plan of
Shandong Province (2014GGB14721).

Acknowledgments

We are grateful to Ms. Huang for her valuable guidance
throughout the writing of this thesis. We also appreciate the
teachers from the Affiliated Hospital of Qingdao University for
their cooperation in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fcvm.2024.1461181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Cao et al.

References

1. Piafsky KM. Disease-induced changes in the plasma binding of basic drugs. Clin
Pharmacokinet. (1980) 5(3):246-62. doi: 10.2165/00003088-198005030-00004

2. Sun H, Frassetto L, Benet LZ. Effects of renal failure on drug transport and
metabolism. Pharmacol Ther. (2006) 109:1-11. doi: 10.1016/j.pharmthera.2005.05.010

3. Vanholder R, Baurmeister U, Brunet P, Cohen G, Glorieux G, Jankowski J, et al. A
bench to bedside view of uremic toxins. ] Am Soc Nephrol. (2008) 19(5):863-70.
doi: 10.1681/ASN.2007121377

4. Thornalley P], Rabbani N. Progress in uremic toxin research: highlights and
hotspots of protein glycation in End-stage renal disease. Semin Dial. (2009) 22
(4):400-4. doi: 10.1111/j.1525-139X.2009.00589.x

5. Qiu S, Zhuo W, Sun C, Su Z, Yan A, Shen L. Effects of atorvastatin on chronic
subdural hematoma. Medicine (Baltimore). (2017) 96(26):€7290. doi: 10.1097/MD.
0000000000007290

6. Aronov DM. Statins: therapeutic cascade of their effects. Kardiolo-giia. (2004) 44
(10):85-94.

7. Holbrook A, Wright M, Sung M, Ribic C, Baker S. Statin-associated
rhabdomyolysis: is there a dose-response relationship. Can ] Cardiol. (2011) 27
(2):146-51. doi: 10.1016/j.cjca.2010.12.024

8. Matuszewski BK. Standard line slopes as a measure of a relative matrix effect in
quantitative HPLC-MS bioanalysis. ] Chromatogr B Analyt Technol Biomed Life Sci.
(2006) 830(2):293-300. doi: 10.1016/j.jchromb.2005.11.009

9. Kan M, Wu YE, Li X, Dong YN, Du B, Guo ZX, et al. An adapted LC-MS/MS
method for the determination of free plasma concentration of cefoperazone in
children: age-dependent protein binding. J Chromatogr B. (2020) 1144:122081.
doi: 10.1016/j.jchromb.2020.122081

10. Kan M, Shi HY, Han B, Wu YE, Li Q, Guo ZX, et al. Prediction of unbound
ceftriaxone concentration in children: simple bioanalysis method and basic
mathematical equation. Antimicrob Agents Chemother. (2020) 65(1):10-1128.
doi: 10.1128/aac.00779-20

11. Knuuttila E, Riikonen J, Syviali H, Auriola S, Murtola TJ. Access and
concentrations of atorvastatin in the prostate in men with prostate cancer. Prostate.
(2019) 79(9):1427-34. doi: 10.1002/pros.23863

12. Lins RL, Matthys KE, Verpooten GA, Peeters PC, Dratwa M, Stolear J, et al.
Lameire, pharmacokinetics of atorvastatin and its metabolites after single and
multiple dosing in hypercholesterolaemic haemodialysis patients. Nephrol Dial
Transplant. (2003) 18(5):967-76. doi: 10.1093/ndt/gfg048

13. Mladenovska K, Grapci AD, Vavlukis M, Kapedanovska A, Eftimov A,
Geshkovska NM, et al. Influence of SLCOI1B1 polymorphisms on atorvastatin
efficacy and safety in Macedonian subjects. Pharmazie. (2017) 72(5):288-95.
doi: 10.1801/ph.2017.6960

14. Bergman AJ, et al. Effect of renal insufficiency on the pharmacokinetics of
sitagliptin, a dipeptidyl peptidase-4 inhibitor. Diabetes care. (2007) 30(7):1862-4.
doi: 10.2337/dc06-2545

15. Sun H, Huang Y, Frassetto L, Benet LZ. Effects of uremic toxins on hepatic
uptake and metabolism of erythromycin. Drug Metab Dispos. (2004) 32
(11):1239-46. doi: 10.1124/dmd.104.000521

16. Nolin TD, Naud J, Leblond FA, Pichette V. Emerging evidence of the impact of
kidney disease on drug metabolism and transport. Clin Pharmacol Ther. (2008) 83
(6):898-903. doi: 10.1038/clpt.2008.59

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2024.1461181

17. Leblond FA, Giroux L, Villeneuve JP, Pichette V. Decreased in vivo metabolism
of drugs in chronic renal failure. Drug Metab Dispos. (2000) 28(28):1317-20. doi: 10.
1016/S1359-6446(00)01575-0

18. Leblond FA, Petrucci M, Dubé P, Bernier G, Bonnardeaux A, Pichette V.
Downregulation of intestinal cytochrome p450 in chronic renal failure. ] Am Soc
Nephrol. (2002) 13(6):1579-85. doi: 10.1097/01.ASN.0000017575.50319.77

19. Dani M, Boisvert C, Michaud J, Naud J, Lefrangois S, Leblond FA, et al.
Down-regulation of liver drug metabolizing enzymes in a murine model of
chronic renal failure. Drug Metab Dispos. (2010) 38(3):357-60. doi: 10.1124/
dmd.109.029991

20. De Martin S, Orlando R, Bertoli M, Pegoraro P, Palatini P. Differential effect of
chronic renal failure on the pharmacokinetics of lidocaine inpatients receiving and not
receiving hemodialysis. Clin Pharmacol Ther. (2006) 80(6):597-606. doi: 10.1016/j.
clpt.2006.08.020

21. Velenosi TJ, Fu AY, Luo S, Wang H, Urquhart BL. Down-regulation of hepatic
CYP3A and CYP2C mediated metabolism in rats with moderate chronic kidney
disease. Drug Metab Dispos. (2012) 40(8):1508-14. doi: 10.1124/dmd.112.045245

22. Thomson BK, Nolin TD, Velenosi TJ, Feere DA, Knauer M]J, Asher LJ, et al.
Effect of CKD and dialysis modality on exposure to drugs cleared by nonrenal
mechanisms. Am ] Kidney Dis. (2015) 65(4):574-82. doi: 10.1053/j.ajkd.2014.09.015

23. Nolin TD, Frye RF, Le P, Sadr H, Naud ], Leblond FA, et al. ESRD Impairs
nonrenal clearance of fexofenadine but not midazolam. ] Am Soc Nephrol Jasn.
(2009) 20(10):2269-76. doi: 10.1681/ASN.2009010082

24. Guo X, Meng Q, Liu Q, Wang C, Sun H, Peng J, et al. JBP485 Improves
gentamicin-induced acute renal failure by regulating the expression and function of
Oatl and Oat3 in rats. Toxicol Appl Pharmacol. (2013) 271:285-95. doi: 10.1016/j.
taap.2013.04.029

25. Yu G, Ritter JK, Krieg R], Rege B, Karnes TH, Sarkar MA. Effect of chronic renal
insufficiency on hepatic and renal udp-glucuronyltransferases in rats. Drug Metab
Dispos. (2006) 34(4):621-7. doi: 10.1124/dmd.105.006601

26. Naud J, Nolin TD, Leblond FA, Pichette V. Current understanding of drug
disposition in kidney disease. J Clin Pharmacol. (2012) 52:10S-22. doi: 10.1177/
0091270011413588

27. Naud J, Michaud J, Leblond FA, Lefrancois S, Bonnardeaux A, Pichette V.
Effects of chronic renal failure on liver drug transporters. Drug Metab Dispos.
(2008) 36(1):124. doi: 10.1124/dmd.107.018192

28. Naud ], Michaud ], Beauchemin S, Hébert MJ, Roger M, Lefrancois S, et al.
Effects of chronic renal failure on kidney drug transporters and cytochrome P450
in rats. Drug Metab Dispos. (2011) 39:1363-9. doi: 10.1124/dmd.111.039115

29. Sakurai Y, Motohashi H, Ueo H, Masuda S, Saito H, Okuda M, et al. Expression
levels of renal organic anion transporters (OAT3) and their correlation with anionic
drug excretion in patients with renal diseases. Pharm Res. (2004) 21:61-7. doi: 10.
1023/B:PHAM.0000012153.71993.cb

30. Schech S, Graham D, Staffa J, Andrade SE, Grenade LL, Burgess M, et al. Risk
factors for statin associated rhabdomyolysis. Pharmacoepidemiol Drug Saf. (2007)
16:352-8. doi: 10.1002/pds.1287

31. Chou YC, Wang YK, Charng MJ, Ueng YF. Determination of serum atorvastatin
concentrations in lipid-controlling patients with and without myalgia syndrome. J
Food Drug Anal. (2013) 21(2):147-53. doi: 10.1016/j.jfda.2013.05.003

frontiersin.org


https://doi.org/10.2165/00003088-198005030-00004
https://doi.org/10.1016/j.pharmthera.2005.05.010
https://doi.org/10.1681/ASN.2007121377
https://doi.org/10.1111/j.1525-139X.2009.00589.x
https://doi.org/10.1097/MD.0000000000007290
https://doi.org/10.1097/MD.0000000000007290
https://doi.org/10.1016/j.cjca.2010.12.024
https://doi.org/10.1016/j.jchromb.2005.11.009
https://doi.org/10.1016/j.jchromb.2020.122081
https://doi.org/10.1128/aac.00779-20
https://doi.org/10.1002/pros.23863
https://doi.org/10.1093/ndt/gfg048
https://doi.org/10.1801/ph.2017.6960
https://doi.org/10.2337/dc06-2545
https://doi.org/10.1124/dmd.104.000521
https://doi.org/10.1038/clpt.2008.59
https://doi.org/10.1016/S1359-6446(00)01575-0
https://doi.org/10.1016/S1359-6446(00)01575-0
https://doi.org/10.1097/01.ASN.0000017575.50319.77
https://doi.org/10.1124/dmd.109.029991
https://doi.org/10.1124/dmd.109.029991
https://doi.org/10.1016/j.clpt.2006.08.020
https://doi.org/10.1016/j.clpt.2006.08.020
https://doi.org/10.1124/dmd.112.045245
https://doi.org/10.1053/j.ajkd.2014.09.015
https://doi.org/10.1681/ASN.2009010082
https://doi.org/10.1016/j.taap.2013.04.029
https://doi.org/10.1016/j.taap.2013.04.029
https://doi.org/10.1124/dmd.105.006601
https://doi.org/10.1177/0091270011413588
https://doi.org/10.1177/0091270011413588
https://doi.org/10.1124/dmd.107.018192
https://doi.org/10.1124/dmd.111.039115
https://doi.org/10.1023/B:PHAM.0000012153.71993.cb
https://doi.org/10.1023/B:PHAM.0000012153.71993.cb
https://doi.org/10.1002/pds.1287
https://doi.org/10.1016/j.jfda.2013.05.003
https://doi.org/10.3389/fcvm.2024.1461181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Simultaneous determination of the combined and free concentrations of atorvastatin and its major metabolite in vitro and in vivo based on ultraﬁltration coupled with UPLC-MS/MS method: an application in a protein binding rate and metabolism ability study in uremic hemodialysis patients
	Introduction
	Experimental
	Chemicals and materials
	Preparation of standard solutions
	Collection and preparation of plasma samples
	Instrumentation and chromatographic conditions

	Method validation
	Selectivity
	Linearity
	Detection limits (LLOQ)
	Matrix effects
	Accuracy and precision
	Recovery
	Stability

	Determination of drug concentration in ultrafiltrate
	Plasma protein binding study of atorvastatin in vitro

	Results
	Method validation
	Selectivity
	Linearity
	Detection limit
	Matrix effects
	Accuracy, precision, and recovery

	Stability
	Determination of drug concentration in ultrafiltrate
	Protein binding rate experiment
	The PPB and metabolism ratio study in vivo

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


