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P450 3A Inhibitors

Masaki Kumondai,' Masafumi Kikuchi,"* Atsushi Mizuguchi,' Nagomi Hayashi,’
Masahiro Ui,’ Takashi Hirama,’ Yoshinori Okada,’ Yu Sato,' Toshihiro Sato,'
Masamitsu Maekawa'? and Nariyasu Mano'?

'Department of Pharmaceutical Sciences, Tohoku University Hospital, Sendai, Miyagi, Japan
*Faculty of Pharmaceutical Sciences, Tohoku University, Sendai, Miyagi, Japan
*Department of Thoracic Surgery, Tohoku University Hospital, Sendai, Miyagi, Japan

Patients with lymphangioleiomyomatosis (LAM) and lung transplantations are treated with multiple drugs,
such as tacrolimus, mycophenolate mofetil, prednisolone, and itraconazole, for long-term suppression of
rejection response and prevention of infection. Additional drugs are required when lung transplant
recipients develop graft complications. Therefore, managing polypharmacy is critical because of drug—drug
interactions caused by various factors, including drug-metabolizing enzymes such as cytochrome P450 3A
(CYP3A). The patient was a 48-year-old woman (height 144.9 cm and weight 38.4 kg) who underwent lung
transplantation for LAM. Mycophenolate mofetil, tacrolimus (target blood concentration, 4.0-8.0 ng/mL),
and prednisolone were administered for immunosuppression, and itraconazole and clarithromycin were
administered to manage graft infection. The patient developed unilateral lymphedema, predominantly in
the left leg; therefore, sirolimus was initiated with a target blood concentration of 3.0-5.0 ng/mL. In addition
to 1.0 mg/day of sirolimus, tacrolimus (0.3 mg/day), itraconazole (100 mg/day), and clarithromycin (800 mg/
day) were added. Blood sirolimus concentrations ranged from 18.8 to 36.9 ng/mL on days 6 to 9; thus,
treatment with sirolimus was stopped because of over-target blood concentrations. Blood concentrations of
sirolimus and tacrolimus were successfully managed without adverse events using therapeutic drug
monitoring (TDM) and azole anti-fungal substitution of azithromycin instead of clarithromycin although
sirolimus concentration was relatively lower compared to the target range. Thereby, frequent TDM,
management of polypharmacy that influences CYP3A activity, and possibly CYP3A genotyping should be
appropriately conducted for personalized medicine.

Keywords: cytochrome P450 3A; drug—drug interactions; lung transplantation; lymphangioleiomyomatosis;
therapeutic drug monitoring

Tohoku J. Exp. Med., 2023 May, 260 (1), 29-34.

doi: 10.1620/tjem.2023.J016

Introduction
Lymphangioleiomyomatosis (LAM) is a rare progres-
sive multisystem disorder that predominantly impacts
women of reproductive age (Ferrans et al. 2000; Taveira-
DaSilva and Moss 2015). Smooth muscle-resembling neo-
plastic spindle cells proliferate in various organs, such as

the lungs, lymph nodes, and kidneys, resulting in shortness
of breath or respiratory failure (Ferrans et al. 2000; Taveira-
DaSilva and Moss 2015). Lung transplantation is consid-
ered, for instance, when the forced expiratory volume in
one second reaches less than 30% of that predicted (Ando
et al. 2016). After lung transplantation, triple immunosup-
pression (calcineurin inhibitors, anti-proliferative agents,
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and corticosteroids) regimens are employed as standard
life-saving procedures (Scheffert and Raza 2014). In
contrast, the LAM Foundation (2022) recommends long-
term mTOR inhibition therapy using sirolimus or everoli-
mus. In particular, the Multicenter International
Lymphangioleiomyomatosis Efficacy of Sirolimus trial
proves the priority of using sirolimus for LAM patients
(McCormack et al. 2011). Therapeutic drug monitoring
(TDM) has been used for both calcineurin and mTOR
inhibitors, as well as mycophenolate mofetil, because of
their narrow therapeutic window (MacDonald et al. 2000;
Mohammadpour et al. 2011). Management of varying
blood drug concentrations is critical because of numerous
factors, including drug—drug interactions (DDIs) caused by
drug-metabolizing enzymes.

Cytochrome P450 3A (CYP3A) is one of the primary
metabolic enzymes involved in more than 30% of clinically
useful drugs, including sirolimus and tacrolimus (Rosso
Felipe et al. 2009; Zanger and Schwab 2013). The inter-
individual variation influences the required sirolimus or
tacrolimus dosage in CYP3A activities caused by CYP34
genetic variation and DDIs (Huang et al. 2008; Hendriks et
al. 2020). United States Food and Drug Administration
(FDA) (2022) summarizes substrates, inducers, and inhibi-
tors for each CYP and transporter. Grapefruit juice, azole
anti-fungals, macrolides, and verapamil are a few of the
many CYP3A4 inhibitors listed by the FDA. Inadequate
TDM of patients taking CYP3A4 inhibitors can lead to
adverse drug reactions caused by elevated drug concentra-
tions. Although the influence for blood tacrolimus and siro-
limus concentrations by taking each azole anti-fungal in a
single dose was reported (Kuypers et al. 2005; Said et al.
2006; Quinney et al. 2013; Matsuda et al. 2022), there is lit-
tle evidence of an increase in the degree of CYP3A inhibi-
tion after dual administrations of azole antifungals given
the rarity of the cases.

Here, we report a case of a patient taking two CYP3A
inhibitors (itraconazole and clarithromycin) after starting
sirolimus treatment. Tacrolimus dosage should also be
managed during the combined administration of sirolimus
and tacrolimus. Furthermore, CYP34 genetic polymor-
phisms were tested for a more detailed analysis of inter-
individual differences in CYP3A activity.

Case Presentation

The patient was a 48-year-old woman (height 144.9
cm and weight 38.4 kg) who had undergone lung transplan-
tation because of the development of LAM. Following the
living-donor lung transplantation before 14 years, the recip-
ient has been on mycophenolate mofetil, tacrolimus (target
blood concentration, 4.0-8.0 ng/mL), prednisolone, and
itraconazole for immunosuppression and prophylaxis for
aspergillosis. Since the patient was diagnosed with non-
tuberculous mycobacteria (NTM), clarithromycin with
levofloxacin and ethambutol has been used for several
years. Clinical laboratory values were as follows: vital

capacity, 1.86 L (69.9% predicted); forced vital capacity,
1.94 L (76.4% predicted); forced expiratory volume in one
second, 1.66 L (76.5% predicted); 6-min walk distance, 438
m; minimal arterial oxygen saturation of pulse oximetry,
85.0%; and modified Borg scores, 0.5 out of 10. This year,
the patient developed unilateral lymphedema predominantly
in the left leg; therefore, the underlying disease was treated
with sirolimus (target blood concentration, 3.0-5.0 ng/mL)
instead of mycophenolate mofetil. The clinical course of
the patient is summarized in Fig. 1.

First, 1.0 mg/day of sirolimus was taken as a single
dose along with tacrolimus (0.3 mg/day), itraconazole (100
mg/day), and clarithromycin (800 mg/day). On days 6-9,
blood sirolimus concentrations ranged from 18.8 to 36.9 ng/
mL, and sirolimus was stopped on day 6 because of ele-
vated blood sirolimus concentrations. The concentration/
dose ratios (C/D) were defined as sirolimus and tacrolimus
concentrations per dose amount 3 days before sampling fol-
lowing a previous report (Kikuchi et al. 2019), because we
considered the half-life of each drug and sirolimus was not
administrated every day (Fig. 1). The C/D ratio of siroli-
mus was increased to approximately 20 ng/mL/dose
amounts on day 9 (Fig. 2). Clarithromycin, a potent
CYP3A inhibitor, was replaced with azithromycin on day
15. The patient resumed taking sirolimus (1.0 mg/mL) at
the intervals shown in Fig. 1. However, blood tacrolimus
concentrations should be considered because of antibiotic
changes. Tacrolimus dosage was increased over several
days to ensure CYP3A inhibition by itraconazole only,
resulting in an adjustment of tacrolimus dosage to 2.8 mg
daily (Fig. 1). Therefore, the C/D ratios of tacrolimus were
changed to 0.5-0.8 from 5.8-8.9 ng/mL/dose amounts (Fig.
2). The dosage of both immunosuppressants was adjusted
and lymphedema, predominantly in the left leg, disappeared
on day 28. Blood sirolimus concentrations were stabilized
at approximately 1.0 ng/mL (C/D ratios were 0.8-1.4 ng/
mL/dose amounts) without any adverse events, although
this value was lower than the target concentrations.
Furthermore, there were no critical changes in the clinical
laboratory values from day 0.

Blood samples were collected immediately before the
morning doses. The blood concentrations of sirolimus were
measured using an antibody-conjugated magnetic immuno-
assay with the Siemens Dimension Xpand Plus analyzer
(Siemens Healthcare Diagnostics Inc., Newark, DE, USA)
according to the manufacturer’s protocols. Blood tacroli-
mus concentrations were determined by chemiluminescence
magnetic microparticle immunoassay using an Architect
i2000SR analyzer (Abbott Diagnostics, North Chicago, IL,
USA) according to the manufacturer’s protocols. The clini-
cal course of blood sirolimus and tacrolimus concentrations
and C/D of sirolimus and tacrolimus are shown in Figs. 1
and 2. Additionally, we performed genetic polymorphism
analysis according to a previously described method via
Sanger sequencing using a polymerase chain reaction
amplicon with minor modifications (Kumondai et al. 2021).
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Fig. 1. Patient clinical course.
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g. 2. Concentration/dose ratios of sirolimus and tacrolimus.
Dose amounts 3 days before sampling were used for the calculations. The period of taking clarithromycin is shown as a

yellow background.

The patient was determined to have a CYP345*1/*3 observed; therefore, the patient was determined to have

(rs776746, g.6986A>G) genotype, as shown in Fig. 3. wild-type CYP3A44.
However, no mutation in each CYP344 exon region was The participant provided written informed consent,
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CYP3A5*1/*3

TTTCA—TATCT
G

Fig. 3. Sanger sequencing confirming the patient’s CYP345
genotype.
The patient had a CYP345*1/*3 genotype owing to them
carrying a heterologous A>G mutation.

and the study was approved by the Ethics Review Board of
Tohoku University Hospital (approval number 2021-1-928).
The patient gave her consent for the publication of this
report.

Discussion

Immunosuppressive therapy after lung transplantation
is necessary for preventing rejection (Ferrans et al. 2000;
Scheffert and Raza, 2014; Taveira-DaSilva and Moss 2015;
Ando et al. 2016). Antibiotics, such as itraconazole, are
also essential to control active infection. In this case, the
patient developed NTM pulmonary disease post-transplan-
tation. Therefore, clarithromycin was used longer, and
blood tacrolimus concentrations were suitably controlled
for the term. Because of its narrow therapeutic window,
sirolimus concentrations should be monitored frequently
and closely when it is initiated for treating LAM.
Importantly, this is the rare case wherein two CYP3A inhib-
itors were used for treatment even if few evidences of com-
binational administration have been reported. Therefore,
more strict dosage management of sirolimus and tacrolimus
would be required for such patients.

In patients with LAM, DDIs caused by CYP3A inhibi-
tors are a primary concern (Huang et al. 2008). The patient
ingested two CYP3A inhibitors (itraconazole and clarithro-
mycin). Therefore, their effects on blood sirolimus and
tacrolimus concentrations should have been considered.
Itraconazole and three of its metabolites are potential
CYP3A inhibitors that act by coordinating bonds with the
heme located in the CYP3A activity site (Isoherranen et al.
2004). Clinically, the concentration-to-dose ratio of tacroli-
mus increases 2.7-fold when itraconazole is administered to
lung transplantation patients (Matsuda et al. 2022).
Moreover, the sirolimus dosage was decreased 2.5-5.0-fold

because of DDIs between sirolimus and itraconazole; siroli-
mus has been discontinued in several cases of treatment
with azole anti-fungals (Kuypers et al. 2005; Said et al.
2006). Although itraconazole should be considered for
sirolimus and tacrolimus dosage, in this case, where 1.0
mg/day of sirolimus was initiated, its dosage should have
been adjusted more carefully with frequent TDM.

Clarithromycin forms an intermediate metabolic com-
plex with CYP3A, inhibiting CYP3A-mediated drug clear-
ance (Quinney et al. 2013). According to FDA (2022)
guidelines, clarithromycin is classified as a strong irrevers-
ible CYP3A inhibitor, whereas azithromycin is not clini-
cally recognized as a CYP3A inhibitor. To avoid the severe
DDIs between clarithromycin and sirolimus, which could
result in a high sirolimus blood trough concentration, we
selected azithromycin for its weak CYP3A inhibition.
Importantly, CYP3A inhibition by clarithromycin continued
for a few days (Quinney et al. 2010; Barve et al. 2015).
Therefore, the tacrolimus dosage for the patient increased
7-fold (from 0.4 to 2.8 mg/day) for 6 days. After 4 days,
clarithromycin was stopped, and blood tacrolimus concen-
trations were successfully controlled. Due to the alteration
in azole antibiotic dosage, blood sirolimus concentrations
were also influenced by administering sirolimus at 3 mg/
week (1 mg every other day). The C/D ratios for sirolimus
and tacrolimus, shown in Fig. 2, demonstrated that CYP3A
inhibition continued for several days, suggesting that
CYP3A substrate drug dosage should not be increased
immediately after discontinuation of clarithromycin.
Moreover, by discontinuing clarithromycin, the C/D ratios
of sirolimus and tacrolimus decreased 8- and 4-fold, respec-
tively.

This case also focused on CYP3A4 genetic polymor-
phisms even though CYP3A4 genotyping was not clinically
performed. The patient was determined to have CYP344
wild-type and CYP345*1/*3 genotypes. CYP3A inhibitors
such as itraconazole are generally used for transplantation
patients. Therefore, CYP3AS5 expression levels should not
be overlooked because various substrates are metabolized
by both CYP3A4 and CYP3AS, although their contribu-
tions differ among substrates (Quinney et al. 2013;
Shirasaka et al. 2013; Vanhove et al. 2018). In heart or kid-
ney transplant recipients, the tacrolimus C/D ratio for
CYP3A45*3/*3 carriers was 2.00-3.18-fold higher than that
of CYP3A5*1/*1 and CYP3A45*1/*3 carriers (Lesche et al.
2014; Rojas et al. 2015). Moreover, CYP3A44 and CYP3AS5
genotypes in heart transplant recipients are substantially
influenced by tacrolimus because of their higher protein
homology (Gijsen et al. 2013). In contrast, sirolimus phar-
macokinetics in healthy Chinese volunteers was affected by
both genetic polymorphisms (Zhang et al. 2017). Although
CYP3A activity is an important factor for sirolimus and
tacrolimus dosage determination, the current patient was
not a CYP3A-poor metabolizer; therefore, DDIs were cru-
cial for adjusting sirolimus and tacrolimus dosages.
However, more detailed evidence is required for CYP3A-
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poor metabolizers because CYP3A activity is predicted to
be more influential (Niioka et al. 2015). Dosage adjustment
of sirolimus and tacrolimus for CYP3AS5 non-expressor
(CYP3A45*3/*3) patients should be considered more care-
fully due to CYP3A4 inhibition, although CYP3A45*] carri-
ers can alternatively metabolize sirolimus and tacrolimus in
case of CYP3A4 inhibition.

In summary, we report a case of the management of
sirolimus and tacrolimus dosage in a patient taking two
CYP3A inhibitors (itraconazole and clarithromycin).
Clarithromycin, a strong irreversible CYP3A inhibitor, is
one of the most important factors affecting sirolimus and
tacrolimus concentrations. Notably, CYP3A inhibition by
itraconazole generally used for transplantation patients
should not be overlooked in terms of dosage adjustment,
although dose alteration of itraconazole was not considered
in the present case. The patient was not a CYP345%3/*3
carrier; however, CYP3A4 genotyping may play an important
role in drug concentration management owing to the
CYP3A45%*3 allele frequency (Gijsen et al. 2013; Rodriguez-
Antona et al. 2022). In conclusion, healthcare workers
should appropriately perform frequent TDM, polypharmacy
management, and possibly CYP34 genotyping for personal-
ized medicine tailored to the patient’s healthcare needs.
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