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ABSTRACT

In vitro evidence shows that the acyl-B-D-glucuronide metabolite
of candesartan inhibits cytochrome P450 (CYP) 2C8 with an inhibi-
tion constant of 7.12 uM. We investigated the effect of candesartan
on the plasma concentrations and glucose-lowering effect of repa-
glinide, a sensitive clinical CYP2C8 index substrate. In a random-
ized crossover study, ten healthy volunteers ingested 8 mg of
candesartan or placebo daily for three days, and on day 3, they
also ingested 0.25 mg of repaglinide one hour after candesartan or
placebo. We measured the plasma concentrations of repaglinide,
candesartan, and candesartan acyl-B-D-glucuronide, and blood
glucose concentrations for up to nine hours after repaglinide in-
take. Candesartan had no effect on the area under the plasma
concentration-time curve and peak plasma concentration of repaglinide
compared with placebo, with ratios of geometric means of 1.02 [P =
0.809; 90% confidence interval (Cl) 0.90-1.15] and 1.13 (P = 0.346; 90%
Cl 0.90-1.43), respectively. Other pharmacokinetic variables and blood
glucose concentrations were neither affected. Candesartan acyl-B-D-

glucuronide was detectable in seven subjects, in whom the peak con-
centration of repaglinide was 1.32-fold higher in the candesartan
phase than in the placebo phase (P = 0.041; 90% CI 1.07-1.62). Sys-
temic concentrations of candesartan acyl-g8-D-glucuronide were very
low compared with its CYP2C8 inhibition constant (ratio < 0.1). Fur-
thermore, in a cohort of 93 cancer patients, no indication of decreased
paclitaxel clearance was found in four patients using candesartan
concomitantly. In conclusion, candesartan therapy is unlikely to in-
hibit CYP2C8-mediated metabolism of other drugs to any clinically
significant extent.

SIGNIFICANCE STATEMENT

The findings of this study suggest that candesartan is unlikely to
cause drug-drug interactions via inhibition of cytochrome P450
(CYP) 2C8. Although candesartan acyl-gB-D-glucuronide has been
shown to inhibit CYP2C8 in vitro, it shows no clinically relevant
CYP2C8 inhibition in humans due to low systemic concentrations.
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Introduction

Candesartan, an angiotensin II receptor inhibitor, is widely used to
treat elevated blood pressure and systolic heart failure (Cernes et al.,
2011). Administered as the prodrug candesartan cilexetil, active cande-
sartan is formed through hydrolysis during absorption, yielding an abso-
lute bioavailability of 14% for candesartan from the tablet formulation.
Peak plasma concentration (C,y) is reached approximately four hours
after ingestion, and more than 99% of candesartan is protein-bound.
Candesartan is excreted into both feces and urine, primarily as candesar-
tan (70-80% of radioactivity), with an elimination half-life of approxi-
mately nine hours. In addition, a small proportion is metabolized through
O-deethylation and glucuronidation (Kondo et al., 1996a,b; United States
Food and Drug Administration, 1998; Alonen et al., 2008a,b; Katsube

ABBREVIATIONS: AUC, area under the plasma concentration-time curve; AUCR, area under the plasma concentration-time curve ratio; Cl,
confidence interval; Crax, peak plasma concentration; CYP, cytochrome P450; DDI, drug-drug interaction; K;, inhibition constant; OATP, organic
anion-transporting polypeptide; t:,, terminal half-life; tyax, time to Crax; UGT, uridine 5’-diphospho-glucuronosyltransferase.
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et al., 2021). Candesartan has been thought to possess low drug—drug in-
teraction (DDI) potential based on in vitro and in vivo studies (Jonkman
et al., 1997; Taavitsainen et al., 2000; Pietruck et al., 2005; Miura et al.,
2009; Aberg et al., 2011; Brendel et al., 2013; Senda et al., 2017; Kim
et al., 2018; Gundlach et al., 2021).

Previously, the cytochrome P450 (CYP) 2C8 inhibitory potency of can-
desartan was shown to be relatively low in vitro with a half-maximal in-
hibitory concentration of 362 uM (Walsky et al, 2005). Recently,
however, Katsube et al. (2018) found an increased incidence of neutrope-
nia in patients receiving candesartan at a median dose of 8 mg, and the
anticancer agent paclitaxel, a CYP2C8 substrate, concomitantly. In a
subsequent study, the authors demonstrated that candesartan and its glucu-
ronide metabolites inhibited the CYP2C8 and CYP3A4-mediated hydrox-
ylation of paclitaxel, as well as organic anion-transporting polypeptide
(OATP) 1B1 and OATPIB3 in vitro. Of note, the acyl-f-D-glucuronide
of candesartan inhibited the CYP2C8-mediated hydroxylation of paclitaxel
with a particularly low inhibition constant (K;) of 7.12 uM. This suggests
that candesartan could increase the concentrations of CYP2CS8 substrate
drugs in humans, which could also explain the observed cases of neu-
tropenia during concomitant treatment with candesartan and paclitaxel
(Katsube et al., 2021). In rats and dogs, candesartan acyl-f-D-glucuronide
was present in the urine and feces, but it was undetectable in the plasma of
rats (Kondo et al., 1996a,b). Recombinant human uridine 5'-diphospho-
glucuronosyltransferase (UGT) enzymes as well as human liver microsomes
also metabolize candesartan into its acyl-f-D-glucuronide (Alonen et al.,
2008a,b), but the presence of this metabolite in humans is not known.

Glucuronide metabolites of drugs have previously been shown to me-
diate clinically significant DDIs, especially those involving CYP2C8
(Niemi et al., 2003; Shitara et al., 2004; Ogilvie et al., 2006; Tornio et al.,
2014, 2022; Backman et al., 2016). For example, clopidogrel increased
the plasma concentrations of repaglinide, a clinical index substrate of
CYP2CS8, up to 5-fold, with clopidogrel acyl-S-D-glucuronide identified
as the actual inhibitor according to in vitro data and pharmacokinetic
modeling (Tornio et al., 2014). In the current trial, we aimed to investigate
the effect of the concomitant administration of candesartan on repaglinide
in healthy volunteers. We also measured the plasma concentrations of can-
desartan acyl-f-D-glucuronide to assess its role in the possible DDI.

Materials and Methods

Subjects and Study Design. Ten healthy nonsmoking volunteers (six men
and four women; age range, 19-28 years; body mass index range, 18.9-28.1 kg/m2)
not using any continuous medication, including hormonal contraception, were re-
cruited to the trial. Before inclusion, they gave written informed consent, and
their health was confirmed by medical history interview, physical examination,
and routine laboratory tests (basic blood count and blood platelets, plasma ala-
nine aminotransferase, plasma alkaline phosphatase, plasma glutamyl transferase,
plasma creatinine, estimated glomerular filtration rate, plasma sodium, plasma
potassium, and plasma glucose, as well as serum human chorionic gonadotropin
for females). All subjects had their plasma creatinine, potassium, and sodium
concentrations within reference ranges, as well as their systolic blood pressure at
or above 110 mmHg. The study protocol was approved by the Ethics Committee
of the Hospital District of Southwest Finland (ETMK 79/2021) and the Finnish
Medicines Agency Fimea (EudraCT number 2021-003178-29). The subjects
were randomized to ingest either placebo (Placebo 9 mm tablet, University Phar-
macy, Helsinki, Finland) or 8 mg of candesartan cilexetil (Atacand 8 mg tablet,
Cheplapharm Arzneimittel GmbH, Greifswald, Germany) once daily at 8AM for
3 days per an open-label, two-phase, crossover design. A wash-out period of at
least two weeks separated the trial phases. In the morning of day 3, after an over-
night fast, the subjects ingested 0.25 mg of repaglinide (prepared as capsules by
Tyks Hospital Pharmacy from Repaglinide Krka 0.5 mg tablets, KRKA, d.d.,
Novo mesto, Slovenia) at 9AM, precisely 1 hour after the final dose of placebo
or candesartan. The subjects received a standardized light breakfast 15 minutes
after repaglinide ingestion, snacks after 1 and 2 hours, a warm meal after
3 hours, and snacks after 7 and 9 hours. Oral carbohydrates, intramuscular
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glucagon and intravenous glucose solution were also available but were not
needed. Consumption of grapefruit and its juice was prohibited for one week
prior to and throughout the trial, and consumption of other drugs was prohib-
ited for one week prior to and during the days of repaglinide administration.

Blood Sampling. On the study days (day 3), blood was sampled from an an-
tebrachial vein through a cannula or needle at our laboratory: before administer-
ing placebo or candesartan, as well as 5 minutes before and 15, 30, 45, 60, 80,
and 100 minutes after and 2, 2 1/2, 3, 4, 5, 7, and 9 hours after administering repa-
glinide. Blood samples were collected into EDTA-containing tubes. As a safety
measure, glucose concentrations were immediately measured in the whole blood
samples using an instant glucose meter (CareSense Dual; I-Sense Inc, Seoul, Korea).
Plasma was then separated by centrifugation and stored at -80°C until analysis.

Drug Concentration Measurements. The plasma concentrations of repagli-
nide, candesartan, and candesartan acyl-f-D-glucuronide were measured in the
collected samples using liquid chromatography-tandem mass spectrometry. Ref-
erence repaglinide, candesartan, and the corresponding stable isotope-labeled in-
ternal standards repaglinide-ds and candesartan-ds were purchased from Toronto
Research Chemicals (North York, ON, Canada). Candesartan acyl-f3-D-glucuro-
nide was purchased from Synlnnova (Edmonton, AB, Canada). Other reagents
and organic solvents were of commercially available analytical grade.

For repaglinide, reference calibration standards and quality control samples were
prepared in blank human plasma and processed along with the study samples. The
samples were purified using a 96-well Oasis MAX pElution plate (Waters Corpora-
tion, Milford, MA, USA) according to the manufacturer’s instructions. An aliquot
of 100 pl of sample was mixed with 30 ul of 5% phosphoric acid containing the in-
ternal standard (5 ng/ml), and the sample mixture was drawn through the precondi-
tioned extraction plate. The plate was then washed with 200 ul of 5% ammonium
hydroxide in water, and the compounds were eluted three times with 30 ul of 2.5%
formic acid in methanol. The chromatographic separation was performed on a Sym-
metry C8 column (150 x 2.1 mm internal diameter, particle size 3.5 pum; Waters
Corporation, Milford, MA, USA) using a mobile phase of 5 mM ammonium for-
mate, pH 3.6 adjusted with glacial formic acid (channel A) and acetonitrile
(channel B). The mobile phase gradient was set as follows: 1 minute at 40% B, a
linear ramp to 65% B over 2 minutes, 2 minutes on hold at 65% B, a second
linear ramp to 95% over 2 minutes, and 2.5 minutes at 95% B followed by equil-
ibration at 40% B. The flow rate was set at 300 pl/min and the column tempera-
ture was maintained at 35°C. Quantification of drug concentrations was carried
out using a 5500 QTRAP liquid chromatography-tandem mass spectrometry sys-
tem with an electrospray ion source (AB Sciex, Toronto, ON, Canada). The
mass spectrometer was operated in positive multiple reaction monitoring mode,
and the quantification was based on the mass-to-charge (m/z) ion transition m/z
453 — m/z 230 for repaglinide. The lower limit of quantification was 0.01 ng/ml
for repaglinide. The between-day precisions (expressed as coefficients of varia-
tion) for the quality control samples (0.1 ng/ml and 2 ng/ml) were below 10%
and the between-day accuracies were within + 15% for repaglinide.

For candesartan and candesartan acyl-f-D-glucuronide, reference calibration
standards and quality control samples were prepared in blank human plasma and
processed along the study samples. The samples were purified using protein pre-
cipitation and phospholipid removal. An aliquot of 50 ul of the plasma sample
was mixed with 150 ul of the protein precipitation solution containing the internal
standard (12 ng/ml) and vortexed for 1 minute. After centrifugation, supernatant
aliquots of 100 ul were treated with Ostro Protein Precipitation & Phospholipid
Removal Plate (Waters Corporation, Milford, MA, USA). The wells were then
washed with 100 ul methanol/water (1:1, v/v) and the solvent was collected into
the same well with the previous aliquot. The chromatographic separation was
performed on a Kinetex C18 column (100 x 2.1 mm, 2.6 pm; Phenomenex, Inc.,
Torrance, CA, USA) coupled with a SecurityGuard ULTRA C18 guard column
(2.1 x 4 mm; Phenomenex, Inc., Torrance, CA, USA). The mobile phase consisted
of 0.1% formic acid in water (channel A) and 0.1% formic acid in acetonitrile
(channel B). The mobile phase gradient was as follows: 0.0-0.5 minutes: 30%
B in A; 0.54.0 minutes: 30-70% B in A (linear gradient); 4.0-4.5 minutes:
70-90% B in A (linear gradient); 4.5-6.0 minutes: 90% B in A; 6.0-6.5 minutes:
90-30% B in A (linear gradient) and 6.5-8.0 minutes: 30% B in A. The flow rate
was set at 300 ul/min and column temperature was set at 40°C. Injection volume
was 10 pl. Quantification of drug concentrations was carried out using a QTRAP
6500+ liquid chromatography-tandem mass spectrometry system (AB Sciex,
Toronto, ON, Canada), using positive Turbo Ion Spray ionization and single
reaction monitoring mode. The single reaction monitoring transitions were
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m/z 441.2 — m/z 263.0 for candesartan, m/z 617.2 — m/z 441.3 for candesartan
acyl-f-D-glucuronide, and m/z 446.2 — m/z 268.3 for candesartan-ds which
was the internal standard for both analytes. The lower limit of quantification
was 2 ng/ml for candesartan and 1 ng/ml for candesartan acyl-f3-D-glucuronide.
The interassay precision (as coefficients of variation) for the quality control
samples (6 ng/ml, 40 ng/ml and 150 ng/ml for candesartan; 1.5 ng/ml, 7.5 ng/ml
and 40 ng/ml for candesartan acyl-f-D-glucuronide) were below 15% for both
analytes and interassay accuracies were within + 15% for both analytes.

Measurement of Unbound Plasma Fraction of Candesartan-Acyl-f-D-
Glucuronide. Samples at concentration levels 7.5 ng/ml and 40 ng/ml were pre-
pared by spiking adequate amounts of candesartan acyl-f-D-glucuronide working
solutions into analyte-free human K,EDTA plasma and ultrafiltered analyte-free
human K,EDTA plasma (prepared with Amicon Ultra-15 Centrifugal Filters
30 kDa MWCO, Merck KGaA, Darmstadt, Germany). For sample analysis, 950 ul
aliquots of human K,EDTA plasma or ultrafiltered analyte-free human K,
EDTA plasma spiked with candesartan acyl-f-D-glucuronide were pipetted into
Centrifree Ultrafiltration Centrifugal Filters (30 kDa MWCO, Merck KGaA,
Darmstadt, Germany) and centrifuged for 15 minutes at 1900 g until approxi-
mately 100 ul of ultrafiltrate was recovered. Thereafter, sample analysis was
continued as in the determination of total candesartan and total candesartan
acyl--D-glucuronide concentrations. The amount of protein-free (unbound)
candesartan acyl-f-D-glucuronide was determined as % from the total amount
of candesartan acyl-f-D-glucuronide.

Pharmacokinetic Analysis. The areas under the plasma concentration-time
curves from zero to nine (AUCq.9 hours) OF ten hours (AUC_1g nours) and to infin-
ity (AUCq.0), Crnax» times to peak concentrations (fmay), as well as the elimina-
tion half-lives (#;,) of repaglinide and candesartan, were calculated using
standard noncompartmental analysis with Phoenix WinNonlin version 8.3
(Certara, Princeton, NJ, USA).

Pharmacodynamic Analysis. The safety blood glucose measurements were
also treated as a secondary pharmacodynamic outcome measure. The AUC (3
hours A1d AUCq.9 pours Of blood glucose were calculated using the trapezoidal
method. Baseline, minimum, and maximum concentrations of blood glucose
were derived directly from the data, and the mean concentrations from zero to
three hours and nine hours were also calculated by dividing AUC(3 pours and
AUCq.9 pours by 3 hours and 9 hours, respectively.

Static Drug-Drug Interaction Predictions. To predict the overall effect of
candesartan and candesartan acyl-f-D-glucuronide on the plasma concentrations
of repaglinide via different inhibition mechanisms, the following eq. (1) was used.

No Interaction Between Candesartan and Repaglinide in Humans

fraction of intact victim drug entering the portal vein; [, depicts the concentra-
tion of the perpetrator drug in enterocytes; K; denotes the inhibition constant of
the interaction between the perpetrator and the enzyme or transporter; [/],, and
[1];, are the unbound concentrations of the perpetrator in the portal vein and liver,
respectively; and f,, and f; express the fraction of the victim drug metabolized
and transported by the indicated enzyme or transporter, respectively. The highest

TABLE 1

Pharmacokinetic and biochemical parameters of candesartan, candesartan acyl-
p-D-glucuronide, and repaglinide, and physiological parameters used in static

drug-drug predictions

Parameter Value Reference/comment
Candesartan
Dose 8 mg (18.16 umol) or Current trial or highest
32 mg (72.64 pmol)* clinically used dose
F, 1.00 Worst-case scenario
Fy 1.00 Worst-case scenario
ka 6.00 1/h° Ito et al., 1998
Rp 0.53¢ United States Food and Drug
Administration, 1998
fup 0.01¢ United States Food and Drug
Administration, 1998
Cpax (total) 0.33 or 1.32 uM*® Current trial
Ry 1 or 3.8793f Supplemental Methods,
Supplemental Table 1
(1] 6.05 or 24.22 uM# Rostami-Hodjegan and
Tucker, 2004
[pv 0.024 or 0.098 uM" Ito et al., 1998
[1Tn 0.024, 0.095, 0.098 or
0.38 uM'
Kicypias 125 uM Katsube et al., 2021
Kicypacs 18.1 uM* Walsky et al., 2005
KioatpiBi 10.0 ;tM] Karlgren et al., 2012

1 1 1
AUCR = - x = x (1
where
1—F,
AT e e
1+ 2. CAN
Ki, cyp3as,can
B= Jm.CYP3A4, REP n fm.CYP2C8, REP
1+ (71, can + [Ty, 6Lu 1+ (71, can + h, 6Ly

Ki cypsas,can Kicypsas,GLU Ki,cypacs,can  Ki cypacs,GLU

+ [1 — (fm.cYp3ad.REP T fin, CYP2CS, REP)]
Jt.OATPIBI.REP

+ (1 — fi.oaTPiBI.REP)

[I]pv, CAN [I]pv, GLU

1+ +

K; oatpiBl,can  Ki 0ATPIBI,GLU

AUCR refers to the ratio of the areas under the concentration-time curves of
the victim drug in the presence and absence of the perpetrator compounds. Factor
A predicts the effect of candesartan (CAN) on the CYP3A4-mediated metabo-
lism of repaglinide (REP) in the gut; factor B predicts the effects of candesartan
and candesartan acyl-f-D-glucuronide (GLU) on the CYP2C8- and CYP3A4-
mediated metabolism of repaglinide in the liver; and factor C predicts the effects
of candesartan and candesartan acyl-f-D-glucuronide on the OATP1B1-mediated
transport of repaglinide into the liver. The prediction equation was customized
from previously proposed mathematical models (Wang et al., 2004; Ito et al.,
2005; Fahmi et al., 2008; Templeton et al., 2008; Zamek-Gliszczynski et al.,
2009). Since there is no evidence of time-dependent inhibition or induction of
CYP enzymes or transporters by candesartan or candesartan acyl-f-D-glucuro-
nide, only reversible inhibition was included in the equation. F, expresses the

Candesartan acyl-
f-D-glucuronide
Jup 0.01™
Cinax (total) 0.01 or ()%04 um"
1

Current trial
Current trial

R Supplemental Methods,
Supplemental Table 1

[pv 0.00009 or 0.0004 uM°

[1Tn 0.00009 or 0.0004 uM'

Ki cypias 79.50 uMP Katsube et al., 2021

Kicypacs 7.12 uM Katsube et al., 2021

K; oaTPIB1 5.00 uM4 Katsube et al., 2021
Repaglinide

Fy 0.89 Gertz et al., 2010

JSm.cyp3aa 0.16"

Jm.cypacs 0.84 Honkalammi et al., 2011

ﬁ,OATPlBl 0.65° Niemi et al., 2005
Physiology

Qen 18.0 /h/70 kg Yang et al., 2007a

Oh 97.0 1/h/70 kg Yang et al., 2007b

#8 mg or 32 mg of candesartan; molar mass 440.5 g/mol (National Center for Biotechnology In-
formation, 2023a).

®FDA-recommended surrogate value (0.1 1/min).

¢Ratio of radioactivity in whole blood vs. plasma.

4 Actually 0.0016.

©145.0 ng/ml at 8 mg dose (highest measured Cp,,y in the current trial) and 580.0 ng/ml
(linearly scaled) at 32 mg dose; molar mass 440.5 g/mol (National Center for Biotechnol-
ogy Information, 2023a).

TRatio of concentration in the liver vs. plasma.

E[Mly = Fa x ky x Dose/Qcp.

"Ulpy = fup x [Conax + (Fa X Fy X ky x Dose)/Qu/Rg].

f[ﬂh = Ry x [y

J1Csp > 250 puM; approximated worst-case scenario K; &~ 250 uM/2 = 125 uM.

kIC50 = 36.2 uM at K, substrates hence K; ~ 36.2 uM/2 ~ 18.1 uM.

152.1% inhibition at Ceandesaran = 20 M, hence ICsp ~ 20 uM and K; ~ 20 uM/2 =~ 10 uM.

™ Actually 0.0099.

"5.4 ng/ml at 8 mg dose (highest measured C,, in the current trial) and 21.6 ng/ml (line-
arly scaled) at 32 mg; molar mass 616.6 g/mol (National Center for Biotechnology Infor-

. Ix[1|1ationf 202(3}7).

plém = iS‘) 1M, hence K; ~ 159 uM/2 =~ 79.5 uM.

940% inhibition at Cgpcuronice = 20 uM, hence ICsp ~ 10 uM and K; ~ 10 uM/2 =~ 5 uM.

" Assuming CYP3A4 metabolizes the fraction that CYP2C8 does not.

* Repaglinide AUC 2.88-fold higher in subjects with SLCOIBI 521CC vs.521TT genotype (Niemi
et al,, 2005), and AUCR = 1/(1 — f) < f = 1 — (1/AUCR) (Zamek-Gliszczynski et al., 2009).
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Fig. 1. The effect of candesartan on the plasma concentrations of repaglinide (A) and blood glucose concentrations (B). Ten healthy volunteers ingested 8 mg of candesartan or
placebo once daily for three days. On day 3, the subjects ingested 0.25 mg of repaglinide one hour after the day’s candesartan or placebo dose. The ingestion of repaglinide
marks time zero. (A) Data are presented as geometric means with 90% confidence intervals. The inset is a presentation of the same data on a semilogarithmic scale. Some error

bars have been omitted for clarity. (B) Data are presented as arithmetic means with standard deviations. Some error bars have been omitted for clarity.

individual plasma concentrations of candesartan and candesartan acyl-f-D-glucu-
ronide measured in the present trial were used, while the other parameters
were derived from literature (Table 1). Four scenarios were predicted: with the
currently measured concentrations, and with these concentrations linearly scaled
up according to the largest 32 mg clinical dose of candesartan, and assuming
liver-to-plasma ratios of either 1 or worst-case scenario (Supplemental Table 1),
for candesartan and candesartan acyl-f-D-glucuronide.

Paclitaxel Clearance in a Cancer Patient Cohort. To evaluate the effect
of candesartan on paclitaxel pharmacokinetics, we identified candesartan users in
a previously described population pharmacokinetic study (Bergmann et al.,
2011). The data contained individual clearance values of unbound paclitaxel esti-
mated in 93 women (median age, 60 years) with ovarian cancer treated with
175 mg/m? of paclitaxel as a three-hour infusion. Candesartan users were iden-
tified by reviewing the recorded concomitant medications of the patients. The
previously reported single clopidogrel (a known CYP2CS8 inhibitor) user was
also identified (Bergmann et al., 2016). Patients not using candesartan, clopi-
dogrel, or any known CYP2CS inhibitors were designated as the control group.

Statistical Analysis. It was estimated that ten subjects would be sufficient to
demonstrate a change of more than 30% in the AUC,.,, of repaglinide between
the placebo and candesartan phases, with a statistical power of more than 80%.
Pharmacokinetic results are expressed as geometric means with geometric coeffi-
cients of variation, and as ratios of geometric means with 90% confidence intervals
(Cls), except for f,,,,x for which median with range is given. Except for #,,,x, phar-
macokinetic data were transformed into natural logarithms for statistical testing.
Blood glucose results are presented as arithmetic means with standard deviations.
Estimated paclitaxel clearance values from the patient cohort are presented as scat-

the candesartan and placebo phases. However, the minimum blood glu-
cose concentration was slightly higher in the candesartan phase than in
the placebo phase (P = 0.020; 4.9 mM, S.D. £ 0.6 mM, vs. 4.5 mM,
S.D. £ 0.5 mM).

Plasma Concentrations of Candesartan and Candesartan Acyl-
f-D-Glucuronide. On the day of repaglinide administration, the geomet-
ric mean of candesartan Cp,,x was 59.8 ng/ml (range 34.2-145 ng/ml;
Fig. 3A, Table 3). There was also considerable interindividual variation

A B

Repaglinide AUCy._.. (ngxh/ml)
[&)]
1
Repaglinide Cpax (ng/ml)
T

ter plots, with median and interquartile range reported for the patients not using 37 37
candesartan or clopidogrel. Paired # test or Wilcoxon signed-rank test was used to
L . . N 24 24
test the statistical significances of differences between the pharmacokinetic trial
phases. A P-value below 0.05 was considered statistically significant. All statistical 1 14
tests were performed with JMP Pro version 17 (SAS Institute, Cary, NC, USA).
0 T T 0 T T
Results Placebo Cande- Placebo Cande-
sartan 8 mg sartan 8 mg

Effect of Candesartan on Repaglinide. Compared with placebo,
candesartan had no relevant effect on any of the pharmacokinetic or
pharmacodynamic variables of repaglinide (Figs. 1 and 2, Table 2). The
geometric mean ratios of the AUCy ., and Cy,, of repaglinide in the
candesartan phase compared with the placebo phase were 1.02 (P =
0.809; 90% CI 0.90-1.15) and 1.13 (P = 0.346; 90% CI 0.90-1.43), re-
spectively. There were no differences in the maximum blood glucose
concentrations nor in the mean blood glucose concentrations between

Fig. 2. The effect of candesartan on the individual areas under the plasma con-
centration-time curves (AUCy_..) (A) and peak concentrations (Cy,ayx) (B) of repa-
glinide. Ten healthy volunteers ingested 8 mg of candesartan or placebo once
daily for three days. On day 3, the subjects ingested 0.25 mg of repaglinide one
hour after the day’s candesartan or placebo dose. The connected dots represent
individual values in the placebo and candesartan phases, respectively. The solid
lines indicate subjects with at least one quantifiable (=1.00 ng/ml) candesartan
acyl-f-D-glucuronide plasma concentration measurement, whereas the dashed
lines indicate subjects below that limit.
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TABLE 2

Pharmacokinetic variables of repaglinide and blood glucose variables in ten healthy volunteers following three days of daily doses of placebo or 8 mg of candesartan,
and a single 0.25 mg dose of repaglinide one hour after placebo or candesartan on day 3. Pharmacokinetic values are expressed as geometric means with geometric
coefficients of variation, except for #,,,,, for which median with range is given. Blood glucose values are expressed as arithmetic means with standard deviations.
Pharmacokinetic data, except for f.,,x, were logarithmically transformed for statistical testing. Paired ¢ test was applied on pharmacokinetic and blood glucose data, ex-
cept for Wilcoxon signed rank test for #y,,x

Variable Placebo Candesartan 8 mg Ratio (90% CI) P value
Repaglinide
Chnax (ng/ml) 3.30 (60.3) 3.75 (57.5) 1.13 (0.90; 1.43) 0.346
max () 0.50 (0.50-0.75) 0.50 (0.50-1.33) N/A >0.999
t12 (h) 1.24 (15.1) 1.27 (12.4) 1.02 (0.93; 1.13) 0.691
AUCq9 1, (ng*h/ml) 4.15 (42.8) 4.21 (36.9) 1.02 (0.90; 1.15) 0.821
AUC_,, (ng*h/ml) 4.18 (43.0) 4.24 (37.3) 1.02 (0.90; 1.15) 0.809
Blood glucose
Baseline concentration (mM) 5.9 (0.7) 5.8 (0.7) N/A 0.748
Minimum concentration (mM) 4.5 (0.5) 4.9 (0.6) N/A 0.020*
Maximum concentration (mM) 8.1 (1.0) 8.1 (1.1) N/A 0.959
Mean concentration from 0 to 3 h (mM) 6.1 (0.5) 6.1 (0.6) N/A 0.704
Mean concentration from 0 to 9 h (mM) 6.2 (0.4) 6.2 (0.4) N/A 0.923

N/A, not applicable.
* P < 0.05 vs. placebo phase.

in the plasma concentrations of candesartan acyl-f-D-glucuronide. With
a lower limit of quantification of 1.00 ng/ml, candesartan acyl-f-D-
glucuronide was quantifiable in the plasma of 7 out of 10 subjects, with
the highest measurement in any subject reaching 5.4 ng/ml (Fig. 3B).
The unbound fraction of candesartan acyl-f-D-glucuronide in plasma
was 0.99%. Due to low plasma concentrations, we were unable to
calculate the pharmacokinetic parameters of candesartan acyl-f-D-
glucuronide.

Predicted Effects of Candesartan on Repaglinide Plasma Con-
centrations Based on In Vitro Data. The prediction eq. (1) indicated
no clinically significant inhibition of CYP2C8, CYP3A4, or OATP1B1
by candesartan or candesartan acyl-f-D-glucuronide, even in the worst-
case scenario at a 32 mg candesartan dose (Table 4). Thus, the static
predictions were in agreement with the observation of no significant ef-
fect of candesartan on the plasma concentrations of repaglinide.

Pharmacokinetics of Repaglinide in Subjects with Quantifi-
able Candesartan Acyl-/-D-Glucuronide Plasma Concentrations.
A post hoc analysis revealed that the C, of repaglinide was 1.32-fold
higher (P = 0.041; 90% CI 1.07-1.62) in the candesartan phase compared
with placebo phase in the subset of the seven subjects who had quantifiable
candesartan acyl-fi-D-glucuronide concentrations in plasma. With the ex-
ception of one individual, the Gy, of repaglinide was greater in the cande-
sartan phase than in the placebo phase in these subjects (Fig. 2). However,

A

150

Candesartan (ng/ml)

Time (h)

we found no statistically significant differences in other pharmacokinetic or
pharmacodynamic variables of repaglinide (data not shown).

Estimated Clearance of Unbound Paclitaxel in Ovarian Can-
cer Patients with Concomitant Perpetrators. In patients not using
candesartan or clopidogrel, the median of estimated unbound paclitaxel
clearance values was 383.12 l/h (interquartile range 329.65-450.50 1/h)
(Fig. 4). Four patients were using candesartan, specifically Atacand
16 mg (candesartan cilexetil), Atacand at an unrecorded dose, Atacand
Zid (candesartan cilexetil and hydrochlorothiazide) at unrecorded doses,
and Atazid 8 mg/12.5 mg (8 mg of candesartan cilexetil and 12.5 mg of
hydrochlorothiazide). The estimated unbound paclitaxel clearance val-
ues in these candesartan users were 469.98 1/h, 641.41 1/h, 317.22 /b,
and 331.72 I/h, respectively. As previously described, one patient was
using clopidogrel and presented with the second lowest paclitaxel clear-
ance in the cohort (Bergmann et al., 2016).

Discussion

In the present study, typical therapeutic doses of candesartan had no
clinically meaningful effect on the plasma concentrations of repaglinide
in healthy volunteers. The AUCy ., Cmax, and t;, of repaglinide re-
mained practically unchanged in the candesartan phase compared with
the placebo phase. Our static prediction results are in line with these

Candesartan acyl glucuronide (ng/ml)

Time (h)

Fig. 3. Individual plasma concentrations of candesartan (A) and candesartan acyl-f-D-glucuronide (B) in ten healthy volunteers on the third day of 8 mg of candesar-
tan once daily. (A) The bold curve indicates the geometric means of individual values. (B) The dashed horizontal line indicates the lower limit of quantification for

candesartan acyl-f-D-glucuronide.
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TABLE 3

Pharmacokinetic variables of candesartan in ten healthy volunteers following
three days of ingesting daily 8 mg doses of candesartan. Values are expressed as
geometric means with geometric coefficients of variation, except for #,,,x, for
which median with range is given

Cﬂ]ZIX (ng/ml)

tmax (h)

1172 (h)

AUCq._10 p (ng*h/ml)
AUCy_., (ng*h/ml)

59.78 (49.84)
2.67 (1.50-4.00)
3.69 (18.67)

329.64 (42.49)
418.64 (42.75)

findings, indicating minimal effect of candesartan on the plasma
concentrations of repaglinide even at the highest clinically approved
candesartan doses.

We used the antidiabetic agent repaglinide as a clinical index sub-
strate of CYP2C8. Repaglinide is extensively and rapidly metabolized
to a number of phase I metabolites, including the aromatic amine M1
and dicarboxylic acid M2 mainly formed by CYP3A4, and the piperi-
dine-hydroxylated M4 and isopropyl-hydroxylated MO-OH primarily
formed by CYP2C8 (Guay, 1998; Bidstrup et al., 2003). It has been es-
timated that up to 84% of repaglinide is metabolized by CYP2CS8, and
its sensitivity to CYP2C8 inhibitors makes it a recommended clinical
index substrate of CYP2C8 (Honkalammi et al., 2011; Tornio et al.,
2014, 2019; United States Food and Drug Administration, 2023). How-
ever, repaglinide is also transported by OATP1B1, which may have
clinical implications (Niemi et al., 2005; Honkalammi et al., 2011).
Therefore, along with CYP2C8, OATP1B1 and CYP3A4 can also play
arole in DDIs of repaglinide.

In their in vitro assays with recombinant CYP enzymes, Katsube et al.
(2021) showed that candesartan, candesartan N2-glucuronide, and
candesartan acyl-f-D-glucuronide all inhibited the CYP2C8- and CYP3A4-
mediated hydroxylation of paclitaxel, and the OATP1B1-mediated trans-
port of 2°,7’-dichlorofluorescein. The strongest observed effect was the
reversible inhibition of CYP2C8 by candesartan acyl-f-D-glucuronide (K;
7,120 nM). The authors suggested that this mechanism could be the un-
derlying cause of the high incidence of severe neutropenia previously ob-
served in patients receiving candesartan and paclitaxel (Katsube et al.,
2018, 2021). In the current trial, however, we did not observe any clini-
cally significant DDI between candesartan and repaglinide. Compliance
of the subjects to candesartan was confirmed with trough concentration
measurements and controlled administration of the last candesartan dose
on the days of repaglinide ingestion. Moreover, despite a small number
of candesartan users, real-world paclitaxel clearance data from a patient
cohort offers no support for a pharmacokinetic DDI between candesartan
and paclitaxel. Thus, inhibition of CYP2CS is unlikely to explain the
previously suggested DDI between candesartan and paclitaxel, either.
Further work is required to unveil the mechanisms predisposing some
patients to severe paclitaxel-induced neutropenia.

There is an increasing awareness of the involvement of drug metabo-
lites in pharmacokinetic DDIs (Isoherranen et al., 2009; VandenBrink

TABLE 4

Predicted ratios of the areas under the plasma concentration-time curves of repa-
glinide in the presence and absence of candesartan and candesartan acyl-f-D-
glucuronide at two different candesartan doses, with liver-to-plasma ratios (Ry)
of either 1 or worst-case scenario for candesartan and candesartan acyl-f-D-
glucuronide (Supplemental Data)

Candesartan R, = 1; Candesartan R;, = 3.8793;

Candesartan Candesartan
acyl-f-D-glucuronide acyl-f--D-glucuronide
Candesartan dose R.=1 R =1
8 mg 1.008 1.011
32 mg 1.030 1.043

1393
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Clearance of unbound paclitaxel (I/h)
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0 T T I
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Candesartan Clopidogrel

Fig. 4. Estimated individual clearance values of unbound paclitaxel in a cohort of
93 ovarian cancer patients using and not using candesartan or clopidogrel concomi-
tantly. The patients were treated with 175 mg/m? of paclitaxel as a three-hour infu-
sion. Four patients were using candesartan, and a single patient was using clopidogrel
concomitantly; control patients were not using candesartan, clopidogrel, or any known
CYP2CS8 inhibitors. The horizontal line indicates median, and the whiskers indicate
interquartile range in control patients.

and Isoherranen, 2010; Yeung et al, 2011; European Medicines
Agency, 2012; United States Food and Drug Administration, 2020).
Several glucuronide metabolites inhibit CYP2CS, which is well illus-
trated by the drug interactions of gemfibrozil and clopidogrel (Backman
et al., 2016). In early studies, the concomitant administration of gemfi-
brozil increased the AUC,,_, of cerivastatin almost 6-fold and that of re-
paglinide approximately 8-fold (Backman et al., 2002; Niemi et al.,
2003). Subsequently, it was found that the 1-O-f-glucuronide metabo-
lite of gemfibrozil is a strong, metabolism-based inhibitor of CYP2C8
in vitro (Shitara et al., 2004; Ogilvie et al., 2006). Later, it was found
that clopidogrel increased the AUC,_,, of repaglinide up to 5-fold in
healthy volunteers. In vitro experiments revealed that clopidogrel acyl-
p-D-glucuronide, like gemfibrozil 1-O-f-glucuronide, is an irreversible
mechanism-based inhibitor of CYP2C8. This was the most important
mechanism of the clinical interaction according to physiologically based
pharmacokinetic modeling (Tornio et al., 2014). This contrasts with the
reversible CYP2CS8 inhibition of candesartan acyl-f-D-glucuronide
which was not associated with increased repaglinide plasma concentra-
tions in the present study. Of note, recent studies indicate that, apart
from CYP2CS8, glucuronide metabolites can cause time-dependent inhi-
bition of other CYP enzymes as well (Kahma et al., 2024).

The circulating plasma concentrations [I] of candesartan acyl-f-D-
glucuronide were found to be several orders of magnitude lower than
those of gemfibrozil 1-O-f-glucuronide and clopidogrel acyl-f$-D-
glucuronide, which might also contribute to the different DDI potential.
To compare, the mean steady state Cy,.x Of gemfibrozil 1-O-f-glucuronide
is approximately 14,500 ng/ml (~34,000 nM) (Itkonen et al., 2019), and
that of clopidogrel acyl-f-D-glucuronide approximately 730 ng/ml
(~1,500 nM) (Tornio et al., 2014). In contrast, the highest measured
concentration of candesartan acyl-f-D-glucuronide was only 5.4 ng/ml
(8.8 nM) in the present trial. Thus, the low [/J/K; ratio < 0.1 of cande-
sartan acyl-f-D-glucuronide and its competitive inhibition mechanism
are likely to result in only weak and transient CYP2C8-inhibiting effect.
Our clinical data are limited to one candesartan dose level only, but
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since the pharmacokinetics of candesartan are linearly dose-proportional
in the range of 2-64 mg (United States Food and Drug Administra-
tion, 1998), we scaled up our plasma concentration data to predict
the effect of the maximum 32 mg clinical dose to simulate the
worst-case scenario. Our static DDI predictions offer little support
for clinically meaningful CYP2C8 inhibition by candesartan or
candesartan acyl-f-D-glucuronide at any clinical dose. Even at the
32 mg dose and corresponding plasma and liver concentrations of
candesartan and candesartan acyl-f-D-glucuronide, the predicted
effect on repaglinide plasma concentrations was negligible (AUCR = 1.04).
It should be noted, as Katsube et al. (2021) also speculated, that the circulat-
ing systemic concentrations of candesartan acyl--D-glucuronide do not
necessarily accurately reflect those in the portal vein and liver, which causes
uncertainty in in vitro-to-in vivo extrapolations. However, we predicted the
liver-to-plasma ratios of candesartan and candesartan-acyl-f-D-glucuronide
and used the highest predicted hepatic concentrations in our prediction
equation.

Interestingly, we found that candesartan increased the C,.x of repa-
glinide by 32% in those seven subjects with quantifiable candesartan
acyl-f-D-glucuronide plasma concentrations. This suggests that in some
individuals, candesartan acyl-f-D-glucuronide might indeed inhibit
CYP2C8 weakly. According to in vitro studies, candesartan is conju-
gated to its acyl-f-D-glucuronide by UGT1A7, UGT1AS8, UGT1A9,
UGT1A10, and UGT2B7 (Alonen et al., 2008b; Katsube et al., 2021).
The activities of these UGT enzymes are subject to genetic variation with
potentially clinically significant implications (Stingl et al., 2014). While
several UGT enzymes can contribute to the glucuronidation of candesar-
tan, genetic variability in UGT activity might produce variability in the
systemic concentrations of candesartan acyl-f-D-glucuronide and conse-
quently in the susceptibility to CYP2C8-mediated DDIs. Moreover, in-
flammatory disease states, including cancer, have been linked with altered
pharmacokinetics of various drugs consistent with reduced CYP enzyme
and transporter activity (Gatti and Pea, 2022), further predisposing certain
individuals to DDIs. However, since the AUC_., of repaglinide remained
unaffected even in the subjects with quantifiable candesartan acyl-f-D-
glucuronide plasma concentrations, and no decrease in paclitaxel clear-
ance was evident in any of the ovarian cancer patients using candesartan,
the potential for clinically meaningful DDIs still appears to be low.

In conclusion, the coadministration of candesartan has no clinically
relevant effect on the plasma concentrations or hypoglycemic effect of
the CYP2CS substrate repaglinide. We confirmed the presence of can-
desartan acyl-f-D-glucuronide in human plasma but, considering its
low systemic concentrations and reversible mechanism of CYP2CS in-
hibition, its potential to inhibit CYP2CS to a clinically relevant degree
appears low. Therefore, candesartan therapy is unlikely to cause phar-
macokinetic DDIs via inhibition of CYP2C8.
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