Drug Design, Development and Therapy Dlovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Cyp3a4-Mediated in vitro Metabolism and in vivo
Disposition of Lorlatinib in Rats

Cong Xie''**, Tongshu Guan'?*, Jin Huang'?, Jiayu Chen'?, Yilei Li"'2, Ping Zheng'?

'Clinical Pharmacy Center, Nanfang Hospital, Southern Medical University, Guangzhou, People’s Republic of China; 2Department of Pharmacy,
Nanfang Hospital, Southern Medical University, Guangzhou, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Yilei Li; Ping Zheng, Email lei@smu.edu.cn; zpm321@126.com

Purpose: Lorlatinib, a third-generation inhibitor of anaplastic lymphoma kinase (ALK) and c-ros oncogene 1 (ROS1), undergoes
extensive metabolism, with its disposition influenced by drug—drug interactions (DDIs). This study aimed to characterize its in vitro
metabolism, in vivo pharmacokinetics (PK), tissue distribution, and the effects of cytochrome P450 3A4 (CYP3A4) modulation in rats.
Methods: Lorlatinib metabolism was investigated in human liver microsomes (HLM) and rat liver micro- somes (RLM) using ultra-
high-performance liquid chromatography—tandem mass spectrometry (UHPLC-MS/MS) with selective CYP inhibitors.
Pharmacokinetic (PK) studies were performed in Sprague-Dawley (SD) rats following oral and intravenous dosing, including
coadministration with CYP3A4 inhibitors (voriconazole, itraconazole) and inducers (rifampicin, carbamazepine). Tissue distribution
was assessed across major organs.

Results: In vitro assays confirmed CYP3A4 as the primary enzyme mediating lorlatinib metabolism, with distinct differences in
kinetic parameters between HLM and RLM. In vivo, lorlatinib displayed nonlinear PK, low oral bioavailability (8.6%), and extensive
first-pass metabolism. Voriconazole increased exposure [area under the curve from 0-24 h (AUC o—24n))] by 120%, whereas rifampicin
reduced it by 77%, demonstrating strong CYP3A4-dependent interactions. Lorlatinib distributed rapidly to highly perfused organs and
achieved efficient brain penetration (brain-to-plasma ratio = 0.82).

Conclusion: Lorlatinib undergoes extensive CYP3A4-mediated metabolism, exhibits nonlinear PK, and shows poor oral bioavail-
ability in rats. Significant interspecies differences between HLM and RLM emphasize the need for caution when translating preclinical
findings. Coadministration with CYP3A4 modulators markedly altered systemic exposure, while effective brain penetration supports
its therapeutic role in central nervous system (CNS) metastases.
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Introduction

Lorlatinib is a potent third-generation anaplastic lymphoma kinase (ALK) and c-ros oncogene 1 (ROS1) tyrosine kinase
inhibitor (TKI) approved for the treatment of ALK-positive non-small cell lung cancer (NSCLC).'” It is especially
effective against central nervous system (CNS) metastases, addressing a key limitation of earlier ALK inhibitors." Given
to its significant clinical efficacy, lorlatinib is widely used in oncology practice.” However, cancer patients are frequently
exposed to polypharmacy, and concomitant medications may precipitate drug—drug interactions (DDIs) that alter
lorlatinib’s therapeutic efficacy and safety profile.* © Therefore, a detailed investigation of its DDIs is essential to better
understand and manage its clinical pharmacology.

DDIs can substantially alter systemic exposure to anticancer agents, potentially resulting in subtherapeutic efficacy or
increased toxicity.” Clinical and pharmacokinetic studies of several tyrosine kinase inhibitors have shown that coadmi-
nistration with strong CYP3A inhibitors such as ketoconazole and itraconazole, or with potent inducers such as
rifampicin, can markedly alter systemic exposure and, in some cases, increase the risk of adverse events or necessitate
dose adjustment.®® For instance, imatinib exposure increased by approximately 40% when combined with
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ketoconazole,'® brigatinib exposure nearly doubled with itraconazole,'" and clinical reports have described itraconazole-
related toxicity in patients receiving osimertinib.'? As with other TKIs metabolized primarily by CYP3A, lorlatinib is
prone to significant pharmacokinetic alterations when co-administered with CYP3A modulators.

For lorlatinib, co-administration with strong CYP3A4 inhibitors, such as itraconazole, has been shown to increase
plasma AUC by approximately 42% and Cy.x by about 24%."* Conversely, potent CYP3A4 inducers, including
rifampicin, dramatically reduce lorlatinib exposure to approximately 15% of control levels.'"* These pharmacokinetic
alterations translate into clinically relevant consequences, as co-administration of lorlatinib with ritonavir has been

1516 whereas co-administration with

associated with rapid elevations in liver function tests (LFTs) within 24—72 hours,
rifampicin has led to severe but self-limiting increases in transaminase levels in healthy volunteers.'* Such findings
emphasize that CYP3A-mediated DDIs not only modulate lorlatinib plasma concentrations but may also precipitate
adverse reactions, highlighting the importance of investigating its metabolic characteristics both in vitro and in vivo.

Current evidence indicates that lorlatinib undergoes extensive biotransformation in vivo, primarily mediated by
cytochrome P450 (CYP) 3A4 for oxidative Phase I metabolism and uridine 5'-diphospho-glucuronosyltransferase
(UGT) 1A4 for N-glucuronidation in Phase II metabolism.'”'® While minor contributions from CYP2C8, CYP2C19,
CYP3AS5, and UGT1A3 have not been detected, the relative contributions of these enzymes remain to be clarified.>'”
This gap hampers a comprehensive understanding of its DDI liability.

To address this gap, in vitro liver microsomal systems are often employed.”’ Liver microsomes are extensively
utilized in metabolic stability assays because they are easy to handle and contain a comprehensive array of drug-
metabolizing enzymes. These enzymes encompass major CYP450 isoforms, flavin-containing monooxygenases, carbox-
ylesterases, epoxide hydrolases, as well as UGTs.?"*? This composition enables liver microsomes to closely mimic
in vivo metabolic processes.”>** When combined with selective enzyme inhibitors, they can be used to identify the
specific enzymes responsible for the major metabolic pathways of a compound, thereby aiding in the prediction of
potential DDIs in humans.” Similar integrated strategies have been successfully applied to other anticancer agents, such
as the TKIs canertinib® and amdizalisib, a PI3K$ inhibitor,? facilitating dose optimization and informed management of
potential DDIs. It is suggested to provide additional justification for studying the metabolism of lorlatinib, since it is the
most recent ALK inhibitor approved by the FDA for NSCLC. Furthermore, the study by Zapata Dongo R. et al proposes
that lorlatinib could overcome up to 53 amino acid mutations in ALK and might even be repurposed for other
neoplasms.?” This context increases the relevance of the present work, as it could provide solid foundations to explain
the efficacy of lorlatinib in NSCLC. Therefore, a systematic investigation into lorlatinib’s in vitro and in vivo metabolism
is warranted, not merely to advance pharmacokinetic insights but also to establish the rationale for its safe and effective
use in patients.

Accordingly, in the present study, we combined in vitro liver microsomal assays with in vivo pharmacokinetic
experiments in rats to clarify the metabolic disposition of lorlatinib and to better predict its interaction potential in
clinical settings. For the first time, we investigated interspecies variation in the in vitro metabolic stability of lorlatinib
using human liver microsomes (HLM) and rat liver microsomes (RLM) to provide a comprehensive characterization of
its disposition. We used an ultra-high-performance liquid chromatography—tandem mass spectrometry (UHPLC-MS/MS)
method to determine the concentrations of lorlatinib and its metabolite M2a. Building on this foundational in vitro
analysis, our investigation extended to in vivo studies. We determined its pharmacokinetic profile after a single oral dose
in rats, evaluated its drug-drug interaction potential with potent CYP3A4 inhibitors (itraconazole, voriconazole) and
inducers (rifampicin, carbamazepine), and quantified its tissue distribution with an emphasis on brain penetration and
major organ biodistribution. Collectively, these objectives sought to establish a foundational understanding of lorlatinib’s
metabolic fate, systemic exposure, interaction risks, and tissue accessibility.

Materials and Methods

Drugs and Reagents
Lorlatinib (purity 98%, CAS No. 1454846-35-5) was supplied by Aladdin Industrial Corporation (Shanghai, China).
Voriconazole (>98%, CAS No. 137234-62-9), itraconazole (>98%, CAS No. 84625-61-6), rifampicin (97%, CAS
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No. 13292-46-1), and carbamazepine (>99%, CAS No. 298-46-4) were also purchased from Aladdin. Gefitinib (=99%,
CAS No. 184475-35-2), obtained from the same vendor, served as the internal standard (IS). Methanol and acetonitrile
of analytical grade were obtained from Aladdin, while ultrapure water was produced in-house using a Pall purification
system. All other reagents were of analytical grade.

Experimental Animals

Male Sprague-Dawley (SD) rats (200 £ 20 g, 68 weeks old) were provided by the Experimental Animal Center of
Southern Medical University (Guangzhou, China; license No. SCXK 2021-0041). Animals were housed under controlled
laboratory conditions (25 £ 2 °C, 50 £ 5% relative humidity, 12 h light/dark cycle) and acclimated for one week before
the start of the study. Rats were fasted for 12 h prior to drug administration. All animal procedures were conducted in
compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Ethical approval
was granted by the Ethics Committee of Southern Medical University (Approval No. SMUL202410030), and all
protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Southern Medical
University.

Chromatography and Conditions

UHPLC-MS/MS analysis was carried out on an Agilent 1290 Infinity II LC system coupled with an Agilent 6495 triple
quadrupole mass spectrometer. Separation was achieved using an Eclipse Plus C18 column (2.1 x 50 mm, 1.8 pum; Agilent)
maintained at 30 °C. The mobile phase consisted of acetonitrile (solvent A) and 0.1% formic acid in water (solvent B),
delivered at a flow rate of 0.3 mL/min. The gradient program was as follows: 0-0.5 min, 10% A; 0.5-3.0 min, 10-80% A;
3.0-4.0 min, 80% A; 4.0-4.1 min, 80-10% A; and 4.1-5.0 min, 10% A, with a total runtime of 5 min. Detection was
performed on an Agilent Jet Stream electrospray ionization (AJS-ESI) source in positive ion mode. The monitored ion
transitions were lorlatinib m/z 407 — 228 (fragmentor 166 V, collision energy 30 eV), IS m/z 447 — 128 (fragmentor 166 V,
collision energy 20 eV), and M2a m/z 393 — 180 (fragmentor 166 V, collision energy 20 eV). Source conditions were set as
follows: gas temperature, 200 °C; nebulizer pressure, 20 psi; gas flow, 14 L/min; capillary voltage, 3000 V; and corona current,
0.13 pA. Data collection and processing were conducted using MassHunter software (version B.10.1.67, Agilent). The
UHPLC-MS/MS method validation details, including accuracy, precision, and linearity, are provided in the Supplementary
Tables 1—4. The ultra-performance liquid chromatography—quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS)
system from Waters was used to analyze the metabolite M2a, and representative spectra and chromatograms are included in
the Supplementary Figures 1 and 2.

In vitro Experiments

Enzyme Kinetics

Human liver microsomes (HLM) and rat liver microsomes (RLM) were supplied by IPHASE BIOSCIENCES Co., Ltd.
(Suzhou, China). Incubations were carried out in a final volume of 190 pL containing 100 mM PBS (pH 7.4), lorlatinib at
various concentrations, and microsomal protein (0.05 mg/mL). For RLM, lorlatinib concentrations ranged from 0.001 to
4 mM (0.001, 0.01, 0.05, 0.25, 1, 1.5, 2, 2.5, 3, and 4 mM), while for HLM, the range was 0.001-4 mM (0.001, 0.01,
0.05,0.10,0.25, 1, 1.5, 2, 2.5, and 4 mM). After a 5-min equilibration at 37 °C, reactions were initiated by the addition of
12 uL of NADPH regenerating system (10 pL Solution A + 2 pL Solution B). Mixtures were incubated for 60 min and
then terminated by adding 600 pL of acetonitrile containing the internal standard (IS, 50 ng/mL). Samples were vortexed
briefly, centrifuged at 13,000 rpm for 30 min at 4 °C, and 100 pL of the supernatant was analyzed by UHPLC-MS/MS
for lorlatinib metabolite quantification and determination of Michaelis—Menten kinetics (K,,,). All assays were conducted
using the TPHASE I Metabolic Stability Research Kit (IPHASE BIOSCIENCES, Suzhou, China) following the
manufacturer’s protocol.

Enzyme Phenotyping
CYP450 phenotyping of lorlatinib was conducted in pooled human (HLM) and rat liver microsomes (RLM) using the
IPHASE CYP450 Metabolic Phenotype Research Kit (Chemical Inhibition Method, V1.5; IPHASE Biosciences, Suzhou,
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China). Each incubation (200 pL total volume) contained 100 mM PBS (pH 7.4), microsomal protein (0.5 mg/mL), an
NADPH-regenerating system (kit solutions A and B), lorlatinib as substrate, and a selective CYP isoform inhibitor.
Substrate concentrations were 10 pM for HLM and 1 uM for RLM, approximating their respective K, values. Lorlatinib
was prepared from a 10 mM DMSO stock, with the final solvent content maintained below 1% (v/v).

The following inhibitors were used at isoform-selective concentrations: o-naphthoflavone (200 uM, CYP1A2),
sertraline (25 pM, CYP2B6), montelukast (500 uM, CYP2C8), sulfaphenazole (1 pM, CYP2C9), nootkatone (25 puM,
CYP2C19), quinidine (10 uM, CYP2D6), and ketoconazole (1 uM, CYP3A4). Reaction mixtures were pre-equilibrated
at 37 °C for 5 min (without microsomes), after which HLM or RLM were added to initiate the reaction. Incubations were
carried out at 37 °C for isoform-specific times (CYP1A2, 30 min; CYP2B6, 30 min; CYP2CS, 5 min; CYP2C9, 20 min;
CYP2C19, 30 min; CYP2D6, 10 min; CYP3A4, 10 min). Reactions were terminated with three volumes of ice-cold
acetonitrile containing internal standard, and protein was removed by centrifugation. The relative contributions of
individual CYP isoforms were assessed using the substrate depletion approach, whereby the rate of lorlatinib disap-
pearance in the presence of selective CYP inhibitors was measured to estimate enzymatic activity, following the kit
protocol.

In vivo Pharmacokinetic Experiments

Serum Sample Preparation

A 100 pL aliquot of plasma was combined with 300 pL of an acetonitrile solution containing 50 ng/mL internal standard
(IS) and vortex-mixed for 3 minutes. Lorlatinib was extracted by centrifuging the mixture at 13,000 rpm for 20 minutes
at 4 °C. Subsequently, 320 pL of the upper organic layer was transferred to a 1.5-mL microcentrifuge tube and
evaporated to dryness under a gentle stream of nitrogen at —70 °C. The dried residue was reconstituted in 100 pL of
a 50:50 (v/v) acetonitrile/water solution followed by vortex mixing for 3 minutes. After a second centrifugation step
(13,000 rpm, 20 minutes, 4 °C), 70 pL of the supernatant was collected into a vial, and 1 pL was injected into the
UHPLC-MS/MS system for analysis.

Tissue Sample Pretreatment

For tissue samples, approximately 50 mg of tissue was weighed and homogenized in 0.45 mL of ice-cold physiological
saline (0.9%). The homogenate was centrifuged at 13,000 rpm for 20 minutes at 4 °C to obtain the supernatant. A 100 pL
aliquot of the supernatant was then treated with 500 pL of acetonitrile containing 50 ng/mL IS, vortex-mixed, and
centrifuged. From the resulting mixture, 520 puL of the organic phase was transferred to a 1.5-mL microcentrifuge tube
and evaporated to dryness at —70 °C. In the pharmacokinetic study, this homogenization and extraction procedure was
consistently repeated across all tissue samples.

PK Study

Forty-eight male Sprague-Dawley (SD) rats were randomly divided into nine groups (n = 6 per group) and received the
following treatments: control group, single dose of lorlatinib (10 mg/kg); voriconazole group, single dose of voriconazole
(20 mg/kg) administered 30 min before the experiment; itraconazole group, single dose of itraconazole (20 mg/kg)
administered 30 min before the experiment; rifampicin group, daily dose of rifampicin (50 mg/kg) administered over 7
days; carbamazepine group, daily dose of carbamazepine (50 mg/kg) administered over 7 days; low-dose group, single
dose of lorlatinib (5 mg/kg); and high-dose group, single dose of lorlatinib (50 mg/kg). All drug solutions were made up
in 0.5% carboxymethylcellulose sodium. The voriconazole and itraconazole groups received 10 mg/kg lorlatinib orally
30 min after oral administration of voriconazole and itraconazole. Following 7 consecutive days of daily oral gavage with
50 mg/kg rifampicin or carbamazepine, animals in the rifampicin and carbamazepine groups were administered a single
dose of lorlatinib (10 mg/kg) orally on the 8th day. The dosing regimens for CYP inhibitors were selected according to

28-30

established rodent pharmacokinetic studies, and the 7-day pretreatment for rifampicin and carbamazepine was

adopted to achieve stable enzyme induction as supported by previous reports.®'~?
To determine absolute bioavailability, six SD rats were weighed and received a single dose of lorlatinib (1 mg/kg) via

caudal intravenous injection. Thereafter, a 100-uL blood sample was harvested in 1.5-mL heparinized tubes through the
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retroorbital plexus at 0.083, 0.167, 0.25, 0.333, 0.5, 1, 2, 4, 6, 8, 12, and 24 h. Plasma was collected by centrifuging at
6,000 rpm at 4 °C for 10 min before transferring to another 1.5-mL Eppendorf microcentrifuge tube. Samples were stored
at —80 °C before further analysis.

Tissue Distribution Study

Forty-eight male Sprague-Dawley rats were randomly assigned to eight experimental groups (n = 6 per group) and their
body weights were recorded. Each animal was administered a single oral dose of lorlatinib (10 mg/kg). At predetermined
time points (0.0833, 0.25, 0.5, 1, 2, 4, 6, and 24 h) after administration, the rats were euthanized by cervical dislocation.
The heart, liver, spleen, lungs, kidneys, stomach, cecum, colon, and brain were promptly excised. Each tissue was
perfused with ice-cold physiological saline (0.9%) to remove residual blood, gently blotted dry on filter paper, and
subsequently stored at —80 °C pending further analysis.

Molecular Docking Analysis

The three-dimensional structure of CYP3A4 (PDB ID: 00009bv5) was obtained from the Protein Data Bank (https://
www.rcsb.org/). The structures of lorlatinib (PubChem CID: 71731823), voriconazole (PubChem CID: 71616), and
itraconazole (PubChem CID: 55283) were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Protein pre-

processing was performed in PyYMOL by removing chains B and C, the co-crystallized ligand, and all water molecules.
Hydrogen atoms were subsequently added using AutoDock Tools 1.5.6. Semi-flexible molecular docking was carried out
with AutoDock Vina, generating up to 20 docking conformations for each ligand. Docking poses were clustered with
a root mean square deviation (RMSD) threshold of 0-2 A, and the representative pose with the lowest binding energy
from the most populated cluster was selected. The final binding conformations were visualized and analyzed using
PyMOL.

Statistical Analysis
The mean plasma concentration—time profile was generated using Prism 10.0 (GraphPad Software Inc., San Diego,
USA). Pharmacokinetic (PK) parameters for lorlatinib were derived by non-compartmental analysis (NCA) implemented
in Drug and Statistics Software (DAS, version 2.0). All statistical comparisons were conducted with SPSS 19.0 using
one-way ANOVA followed by Dunnett’s post hoc test. A p-value less than 0.05 was considered statistically significant.
The extent of lorlatinib penetration into target tissues was assessed by calculating the total tissue-to-plasma partition
coefficient (Kp), defined as the ratio of the area under the concentration—time curve (AUC) in tissue to that in plasma,
using the following equation:

Kp = AUC_(0 — 00), -tissue/AUC_(0 — c0), -plasma
The absolute bioavailability (F) of lorlatinib in rats was derived using the formula:

AUCoral/Doseoral

F =
(%) AUCI\I/DOSGIV

x 100

where AUC ., and AUC ;, represent the area under the concentration-time curve from 0 to infinity after oral and
intravenous administration of lorlatinib, respectively. Similarly, Dose ., and Dose ;, represent the oral and intravenous
administration doses, respectively.

Results

In vitro Metabolism

Metabolite Identification

An UHPLC-MS/MS method for the quantification of lorlatinib in plasma and tissue homogenates was developed and
validated. The method specificity was enhanced through optimization of mass spectrometric conditions in Supplementary
Tables 1-4. Acetonitrile was selected as the protein precipitation solvent, which resulted in minimal endogenous

Drug Design, Development and Therapy 2025:19 heeps: 9631


https://www.rcsb.org/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://www.dovepress.com/article/supplementary_file/565228/Supplmentary%20Materials_1.docx
https://www.dovepress.com/article/supplementary_file/565228/Supplmentary%20Materials_1.docx
https://www.dovepress.com/article/supplementary_file/565228/Supplmentary%20Materials_1.docx

Xie et al

RLM HLM
2000- 2000

€ 15004 @ T 15004

£ 1500 §1500

[e)] [o)]

£ 1000 £ 1000 *

o o

£ £

e K) 2

> S00 > 500
[ ] °
0 T T T T 1 0 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5

[S1 (mM) [S] (mM)

Figure | Kinetics analysis of lorlatinib demethylated (M2a) in rat liver microsomes (RLM) (a) and human liver microsomes (HLM) (b). The microsomal enzyme incubation
assay was performed as indicated in the methods section. For RLM and HLM, K, and V.« for lorlatinib demethylated (M2a) were calculated using GraphPad Prism 10.0
software using the following equation to describe substrate inhibition. Date points represent mean + SD of three experiments performed in triplicate.

interference and efficient extraction of the analyte. The total analytical run time was approximately 4 min, with retention
times of approximately 2.283, 2.122, and 2.051 min for lorlatinib, metabolite M2a, and the IS, respectively.

Kinetic Analysis of Lorlatinib

The incubation of lorlatinib with RLM and HLM for preliminary kinetic analysis produced an atypical metabolite
formation curve for M2a. The observed trend was inconsistent with classical Michaelis-Menten kinetics but aligned with
a model of substrate inhibition, where a drug, at elevated concentrations, impedes its own metabolism by binding to
a non-catalytic inhibitory site on the enzyme™ (Figure 1a and b).

The enzyme kinetic parameters, K., Vinax, Ciint, and K; values, are shown in Table 1. The metabolism of lorlatinib in
RLM showed a low K, value (0.035+0.013 mM) and a Vmax of 2389.40+1595.00 pmol/mg/min. Although the maximal
velocity was moderate, the markedly reduced K,, resulted in a high intrinsic clearance (CL;,, = 68.27 pL/min/mg
protein), reflecting strong catalytic efficiency. Substrate inhibition was observed with a K; of 0.339 mM, suggesting that
excessive substrate concentrations could suppress the metabolic rate in rats.In the meantime,the metabolism of lorlatinib
in HLM showed a higher V ,x (8704 + 2839.00 pmol/mg/min) but was accompanied by a much higher K, (2.552 +
0.509 mM), leading to a considerably lower CL;,; (3.41 uL/min/mg protein) (Table 1). Substrate inhibition was also
detected, with a K; of 0.638 mM. Compared with RLM, the higher K, in HLM indicates reduced substrate affinity, which
may translate into slower metabolic turnover and greater in vivo accumulation of the parent drug. Such interspecies
differences suggest that human metabolic capacity for lorlatinib is relatively limited, which may influence systemic
exposure and tolerability in patients. These findings underscore the importance of considering species-specific metabolic
profiles when extrapolating preclinical data to clinical settings.

Enzyme Phenotyping
To further investigate the interspecies differences in CYP-mediated metabolism between RLM and HLM, we assessed
the inhibitory effects of selective chemical inhibitors. As shown in Figure 2, the major metabolic pathways indeed

Table | Kinetic Parameters of Lorlatinib Metabolism in Rat Liver Microsomes (RLM) and Human Liver
Microsomes (HLM)

Species | K., (mM) | V... (pmol/mg/min) | Cj,. (nL/min/mg) | K; (mM) | Kinetic Mechanism Model

RLM 0.035+0.013 2389.40+1595.00 68.27 0.339 SI
HLM 2.552+0.509 8703.57+2839.00 3.4l 0.638 SI

Notes: Values are expressed as mean + SD (n = 3).
Abbreviations: RLM, rat liver microsomes; HLM, human liver microsomes; K,, Michaelis—Menten constant; V,,,, maximum velocity; Cii.,
intrinsic clearance; K;, inhibition constant; Sl, substrate inhibition model.

9632 https: Drug Design, Development and Therapy 2025:19



Xie et al

Q
oy

HLM RLM

o]
o
1
<]
o
(]

]
|

[=2]
o
1

o

Inhibition rate relative to control (%)
) N
o o
1 [

Inhibition rate relative to control (%)
) »
A

ns ns % 3k %k %k ns ns ns ns

il W

HLM
60—

40+
20+

Figure 2 Comparative inhibition of lorlatinib metabolism in rat and human liver microsomes. (a) Relative inhibition rates of lorlatinib metabolism in rat liver microsomes
(RLM) by selective CYP inhibitors. (b) Relative inhibition rates of lorlatinib metabolism in human liver microsomes (HLM) by selective CYP inhibitors. (c¢) Comparison of
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differed between RLM and HLM. CYP3A exhibited the highest inhibition rates in both systems (62.5% in RLM and
70.8% in HLM), indicating that it is the primary enzyme involved in lorlatinib metabolism. In contrast, the contributions
of other CYP isoforms varied substantially between the two species. In our study, CYP2C19 displayed a moderate
contribution in RLM, whereas its role was negligible in HLM. These findings suggest that the observed differences are
mainly attributable to interspecies variation in CYP expression profiles and kinetic parameters.

In vivo Metabolism
Effects of CYP3A4 Inhibitors on the PK of Lorlatinib

The mean plasma concentration-time profiles of lorlatinib following co-administration with CYP3A4 inhibitors are
presented in Figure 3, and the corresponding pharmacokinetic parameters were summarized and compared in the Table 2

and Supplementary Figure 3. Pretreatment with either voriconazole or itraconazole resulted in a significant increase in the

systemic exposure of lorlatinib. The mean + standard deviation (SD) of the mean C,,,, concentrations were 565.74 +
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Figure 3 The mean plasma concentration time profile of lorlatinib after oral administration of voriconazole and itraconazole (20 mg/kg, n = 6). The detailed plasma
concentration-time profiles of lorlatinib during the initial 2 h period following administration was also showed. Error bars represent + SD for concentrations.

171.36 ng/mL and 508.16 £ 124.05 ng/mL in the voriconazole and itraconazole groups, respectively, compared with
468.02 + 165.79 ng/mL in the control group, representing increases of 20.88% and 8.58%, respectively. Notably,
voriconazole led to a significant increase of 120.39% in the AUC g 4n), With values rising from 3,162.09 = 1,491.41
ng/mL in the control group to 6,969.08 + 2,844.69 ng/mL (P = 0.009; 95% CI 1012.472 to 6601.514). Itraconazole
caused a 15% increase in the AUC o _24p) to 3,636.34 £ 1,223.35 ng h/mL (P = 0.693; 95% CI —2066.2 to 3014.7). These
results indicate that voriconazole has a more potent inhibitory effect on lorlatinib metabolism than itraconazole.
Furthermore, lorlatinib clearance in the voriconazole and itraconazole groups was 0.002 + 0.001 L/h and 0.003 =+
0.001 L/h, respectively, with a notable reduction of approximately 50% and 25% from that in the control groups (0.004 +
0.003 L/h). The apparent volume of distribution (V) values for lorlatinib in the voriconazole and itraconazole groups
was respectively 70.27% and 48.65% lower than that in the control group.

In addition, the value of mean residence time from time zero to infinity (MRT o)) decreased from 11.72 = 5.56 h in
the control group to 8.11 £ 0.53 h (P = 0.14, 95% CI —1.3 to 8.5) and 6.79 = 1.37 h (P = 0.045, 95% CI 0.1 to 9.8) in the
voriconazole and itraconazole groups, respectively. These results suggest that voriconazole and itraconazole inhibit the
metabolism of lorlatinib, enhancing its bioavailability and systemic exposure by suppressing CYP3A4 activity.

Effects of CYP3A4 Inducers on the PK of Lorlatinib
Following the administration of lorlatinib with or without the CYP3A4 inducers rifampicin and carbamazepine, the mean
plasma concentration-time profiles were assessed (Figure 4), and the pharmacokinetic parameters were compared and

Table 2 The Main Pharmacokinetic Parameters of Lorlatinib After Co-Administration
with Voriconazole and Itraconazole (20 mg/kg, n = 6)

Parameters Control Voriconazole Itraconazole
ti2 (h) 8.82+3.97 5.53+4.02 4.68x1.27
Tmax (h) 1.36+2.28 2.15+2.98 0.85+0.54
CLyr (L/h) 0.004+0.003 0.002+0.001 0.003+0.001
Ve (L/kg) 0.037+0.011 0.011%0.007* 0.019+0.006*
Cinax (ng/mL) 468.02+165.79 565.74+171.36 508.16+124.05
AUC o241 (ng h/mL) 3162.09+1491.41 6969.08+2844.69* 3636.34+1223.35
AUC (0.« (ng h/mL) 3837.13+2157.00 7499.02+2788.19* 3772.06x1331.97
MRT (o241 (h) 7.16£1.85 7.72+0.54 5.90£1.01
MRT (6. (h) 11.72+5.56 8.11£0.53 6.79+1.37*

Notes: *P < 0.05, compared with control group with lorlatinib alone; Values are expressed as mean + SD.
tip, half-life; Tmax, time to reach maximum plasma concentration; CLz/F, apparent oral clearance; Vz/F,
apparent volume of distribution after oral administration; Cmax, maximum plasma concentration;
AUC (¢_24n), area under the plasma concentration-time curve from 0 to 24 h; AUC.«), area under the
plasma concentration—time curve from time zero to infinity; MRT o_34,), mean residence time from 0 to 24 h;
MRT(O_N), mean residence time from time zero to infinity.
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Figure 4 The mean plasma concentration time profile of lorlatinib after oral administration of multiple doses of rifampicin and carbamazepine for consecutive 7 days (50 mg/
kg, n = 6). The detailed plasma concentration-time profiles of lorlatinib during the initial 2 h period following administration was also showed. Error bars represent +SD for
concentrations.

analyzed (Table 3 and Supplementary Figure 4). Administration of 50 mg/kg rifampicin daily over 7 days prior to
a single 10 mg/kg dose of lorlatinib led to significant reductions in lorlatinib exposure levels. The Cpax, AUCg_24n), and
AUC gy were 140.08 = 79.42 ng/mL, 723.59 + 235.72 ng h/mL, and 755.59 + 243.07 ng h/mL, respectively. These
values indicate substantial decreases of 70.07%, 77.12%, and 80.31%, respectively, compared with administration of

lorlatinib without CYP3A4 inducers. Furthermore, there was a marked increase in the lorlatinib clearance (0.004 + 0.003

L/h to 0.015 £ 0.006 L/h; Table 3) when administered in the presence of rifampicin. Therefore, co-administration of
rifampicin significantly altered the PK profile of lorlatinib, highlighting the substantial inductive effect of rifampicin on
CYP3A4 activity.

Daily administration of 50 mg/kg carbamazepine over 7 consecutive days prior to administration of a single 10 mg/kg
dose of lorlatinib resulted in a modest reduction in the plasma exposure of lorlatinib. C,,,x was 375.82 £146.20 ng/mL in
the carbamazepine group compared with 468.02 = 165.79 ng/mL in the control group, a reduction of approximately
19.70%. The AUCy_24p) in the carbamazepine group was 1,953.51 + 853.11 ng h/mL, which represents a 38.22%
reduction from that in the control group (3,162.09 + 1,491.41 ng h/mL). The AUC o, also showed a decrease of
30.41%, with values of 2,670.38 + 2,052.47 ng h/mL in the carbamazepine group versus 3,837.13 + 2,157.00 ng h/mL in
the control group. Carbamazepine co-administration also increased lorlatinib clearance from 0.004 = 0.003 L/h to 0.006 +
0.003 L/h. However, this difference was not statistically significant (P = 0.694, 95% CI 0.0043 to 0.0080), suggesting that
carbamazepine has a less pronounced induction effect on CYP3A4 activity than rifampicin.

Table 3 The Main Pharmacokinetic Parameters of Lorlatinib After Co-Administration
with Rifampicin and Carbamazepine (n = 6)

Parameters Control Rifampicin Carbamazepine
ti2 (h) 8.82+3.97 4.64+1.24 7.84£3.59
Tinax (h) 1.36+2.28 1.24+1.41 0.72+0.31
CLr (L/h) 0.004+0.003 0.015£0.006* 0.006+0.003
Ve (Likg) 0.037+0.011 0.095+0.032* 0.053+0.024
Chax (ng/mL) 468.02+165.79 140.08+79.42* 375.82+146.20
AUC 5 241 (ng h/mL) 3162.09+1491.41 723.59+235.72* 1953.514853.11
AUC (0.« (ng h/mL) 3837.13+2157.00 755.59+243.07* 2670.38+2052.47
MRT (o241 (h) 7.16£1.85 7.02+1.38 7.45£2.54
MRT (5. (h) 11.72£5.56 8.83%1.89 12.11£9.53

Notes: *P < 0.05, compared with control group with lorlatinib alone; Values are expressed as mean + SD.
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Figure 5 The mean plasma concentration time profile of lorlatinib after oral administration of low, medium and high dose (5 mg/kg, 10 mg/kg and 50 mg/kg) in rats. The
detailed plasma concentration-time profiles of lorlatinib during the initial 2 h period following administration was also showed. Error bars represent + SD for concentrations.

Effect of Dose Escalation on the PK of Lorlatinib

The plasma concentration—time profiles of lorlatinib following oral administration at 5, 10, and 50 mg/kg in rats are
shown in Figure 5, with pharmacokinetic parameters summarized in Table 4. Dose escalation from 5 to 50 mg/kg
produced a dose-dependent trend in systemic exposure.

The AUC o4n values at the low, medium, and high doses were 1,780.60 + 573.68, 3,162.09 + 1,491.41, and
24,756.38 £+ 5,906.92 ng h/mL, respectively, and the corresponding C,,x values were 218.29 + 72.67, 468.02 + 165.79,
and 2,484.98 + 1,363.21 ng/mL. While lorlatinib exposure increased approximately dose-proportionally at the lower
doses, the 50 mg/kg dose exhibited a pronounced deviation from proportionality. Mean clearance values decreased from
0.003 + 0.001 and 0.004 + 0.003 L/h at the lower doses to 0.001 & 0.001 L/h at the highest dose, consistent with reduced
clearance at higher systemic exposure. These results indicate that lorlatinib pharmacokinetics in rats demonstrate a dose-
dependent trend toward nonlinearity at 50 mg/kg, potentially reflecting partial saturation of metabolic enzymes or
transporter-mediated processes. However, due to species differences, these findings cannot be directly extrapolated to
humans, and identifying the dose at which nonlinear metabolism occurs in patients requires further studies with broader
dose ranges and more rigorous experimental design.

Absolute Oral Bioavailability

The mean plasma concentration—time curve of lorlatinib following a 1 mg/kg intravenous dose in rats is presented in
Figure 6, with the corresponding pharmacokinetic parameters summarized in Table 5. After oral administration of
lorlatinib, the plasma concentration increased sharply and the C,,,x of 468.02 ng/mL was reached at 1.36 h. The half-life

Table 4 The Main Pharmacokinetic Parameters of Lorlatinib After Oral
Administration of Low, Medium and High Dose (5 mg/kg, 10 mg/kg and 50 mg/Kg) in

Rats (n = 6)
Parameters po. 5mgl/kg po. 10mglkg po. 50mg/kg
ti2. (h) 5.00+2.07 8.82+3.97 17.58+20.27
Tmax (h) 1.500.71 1.36+2.28 11.43£1.51
CLr (L/h) 0.003+0.001 0.004+0.003 0.001+0.001
Ve (LIkg) 0.020+0.007 0.0370.01 | 0.01940.020
Cmax (ng/mL) 218.29+72.67 468.02+165.79 2484.98+1363.21
AUC o241y (ng h/imL) | 1780.60£573.68 | 3162.09+1491.41 24,756.38+5906.92
AUC (o...) (ng h/mL) 1871.87+679.45 | 3837.13+2157.00 | 92,790.77+54,229.49
MRT (o_24n) (h) 6.60+0.50 7.16x1.85 11.90+1.69
MRT (o.) (h) 8.14£1.20 11.72+5.56 25.04+26.63

Notes: Values are expressed as mean * SD.
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Figure 6 The mean plasma concentration time profile of lorlatinib after intravenous administration (I mg/kg) (n = 6). The detailed plasma concentration-time profiles of
lorlatinib during the initial 2 h period following administration was also showed. Error bars represent + SD for concentrations.

(t12) was 8.82 h. Following intravenous administration, lorlatinib rapidly distributed to tissues and organs, resulting in
a short t;,. The maximum plasma concentration of lorlatinib was 2,245.55 ng/mL, with a t;/; of 4.05 h. The AUC g _24n)
for the plasma concentration-time curve of lorlatinib was 3,162.09 + 1,491.41 and 3,789.05 + 2,316.59 ng h/mL for oral
and intravenous administration, respectively. The absolute oral bioavailability of lorlatinib in rats was determined to be
8.58%, suggesting that lorlatinib may suffer from incomplete absorption in the gastrointestinal tract and/or could be
extensively metabolized during first-pass metabolism.

Tissue Distribution
The tissue distribution of lorlatinib in rats after oral administration of 10 mg/kg is shown in Figure 7, with mean
concentrations at different time points and corresponding tissue partition coefficients summarized in Table 6. Lorlatinib
was detectable in all examined tissues as early as 0.083 h, indicating rapid systemic distribution. At 0.25 h, the highest
concentration was observed in the stomach (22,850.67 ng/g), followed by the liver (3,893.61 ng/g), colon (2,772.92 ng/g),
kidney (2,408.37 ng/g), heart (1,922.79 ng/g), lung (1,842.36 ng/g), cecum (1,498.22 ng/g), and spleen (1,323.12 ng/g).
These results highlight the stomach as a major site of drug retention and the liver as the key organ for metabolism in rats.
Notably, lorlatinib has an exceptional capacity to penetrate the blood-brain barrier, as evidenced by a brain con-
centration of 774.29 ng/g and a brain-to-plasma ratio of 0.82. This underscores the potential contribution of its lipophilic
nature to its in vivo disposition. The tissue partition coefficients detailed in Table 6 indicate that lorlatinib rapidly
distributes to highly perfused organs in rats, including the liver (liver-to-plasma ratio = 4.82), kidneys (kidney-to-plasma
ratio = 2.54), brain, and lungs (lung-to-plasma ratio = 1.77). This is consistent with its physicochemical properties and
the expected distribution for lorlatinib.

Table 5 The Main Pharmacokinetic Parameters of Lorlatinib

After Intravenous (I mg/Kg) and Oral (10 mg/Kg)
Administration in Rats (n = 6)
Parameters po.10mg/kg iv. Imglkg
ti2z (h) 8.82+3.97 4.05+2.37
Tomax (h) 1.36+2.28 0.13+0.07
CL (L/h) 0.004+0.003 -
Vz (L/kg) 0.037+0.01 | 0.002:0.001
Conax (ng/mL) 468.02+165.79 | 2245.55+1123.92
AUC o_241) (ng himL) | 3162.09+£1491.41 | 3789.05+2316.59
AUC (o..) (ng h/mL) 3837.13£2157.00 | 4469.72+2543.95
MRT (o_24n) (h) 7.16%1.85 3.08+0.59
MRT (0.« (h) 11.72+5.56 4.96x2.16

Notes: Values are expressed as mean + SD.
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Figure 7 The mean drug concentrations in various tissues at different time points after oral administration at a dose of 10 mg/kg lorlatinib in rats (n = 6). Error bars

represent + SD for concentrations.
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Table 6 Mean Tissue Concentrations at Various Time Points and Tissue Partition Coefficients Following a Single
10 mg/kg Oral Dose of Lorlatinib (n = 6)

Concentration (ng/g) | 0.083h 0.25h 0.5h lh 2h 4h 6h 24h Kp
Heart 202.59 1922.79 363.25 1395.68 1186.16 | 756.31 189.59 | 40.59 | 0.54
Liver 1011.76 | 3893.61 3222.28 3565.25 1375.29 | 2579.56 | 594.86 | 47.90 | 4.82
Spleen 84.43 1323.12 486.99 710.04 630.27 | 70831 213.03 | 31.80 1.59
Lung 262.42 1842.36 822.55 892.57 611.47 | 825.18 | 24536 | 20.48 1.77
Kidney 163.32 2408.37 9l6.14 1497.35 1562.23 | 774.62 | 383.22 18.70 | 2.54
Stomach 12967.88 | 22,850.67 | 19,278.43 | 11,188.84 | 8560.65 | 2574.29 | 1916.67 | 316.48 | 15.47
Caecum 759.56 1498.22 1937.34 1675.63 3776.55 | 4049.29 | 2820.78 | 272.79 | 12.89
Colon 341.54 2772.92 1611.76 1775.75 1490.22 | 2884.30 | 106241 | 188.67 | 7.15
Brain 137.73 77429 175.23 495.49 423.77 | 31081 110.84 16.45 | 0.82

Notes: Kp =AUCp-«), tissue/AUC o), plasma. Values are expressed as mean.

Molecular Docking

To corroborate the inhibitory effects of itraconazole and voriconazole on lorlatinib metabolism, we performed molecular
docking studies. As depicted in Figure 8, lorlatinib as well as both azoles were predicted to occupy the catalytic pocket of
CYP3AA4. Itraconazole established hydrogen bonds with ARG-372 (3.5 A and 2.3 A), ARG-212 (2.8 A) and ILE-300 (3.2
A), whereas voriconazole interacted with ASP-76 (2.8 A), ARG-106 (2.3 A), THR-224 (2.5 A), and LEU-221 (3.4 A).
Lorlatinib also showed interactions with THR-224 (3.3 A), GLY-109 (2.6 A), and PHE-108 (3.2 A). The calculated
binding energies were —10.63 kcal/mol for voriconazole, —8.82 kcal/mol for lorlatinib, and —7.80 kcal/mol for itraco-
nazole. Collectively, these docking data demonstrate strong CYP3A4 binding by itraconazole and voriconazole, offering
a plausible mechanistic basis for their observed inhibition of lorlatinib metabolism in vivo. Furthermore, detailed two-
dimensional ligand—protein interaction diagrams of CYP3A4 with lorlatinib, itraconazole, and voriconazole are provided
in the Supplementary Figures 5-7. These 2D diagrams comprehensively illustrate all types of ligand—enzyme interac-

tions, including hydrogen bonds, hydrophobic contacts, and m-related interactions, highlighting the specific residues
involved in binding.

Discussion

This study provides a comprehensive characterization of lorlatinib’s pharmacokinetics, integrating in vitro metabolism
with in vivo disposition. Notably, this is the first study to employ M2a as a representative marker metabolite to
characterize lorlatinib metabolism in liver microsomes. M2a was selected because it exhibited a stable and reproducible
response in our assays, whereas among the three known in vitro metabolites reported in the FDA documentation,** M6 is
formed exclusively via CYP3A4 and Mla through UGT-mediated conjugation, both showing responses below the
quantification limit, making M2a the most suitable indicator of overall microsomal metabolic activity (Supplementary
Figures 1 and 2).

In this study, it was first observed that lorlatinib undergoes rapid metabolism in RLM, as evidenced by the low K,
value of 0.035 mM and the high Cp;,, of 68.27 pmol/mg/min, suggesting efficient metabolic processing in rats and a high
enzyme-substrate binding affinity. In contrast, HLM exhibited a significantly higher K,;, of 2.552 mM and a lower Cp j, of
3.41 pL/min/mg protein, indicating a reduced affinity for the substrate and slower metabolic clearance in humans. These
metabolic differences not only suggest that lorlatinib metabolism is much slower in humans than in rats, but also imply
the potential for drug accumulation in plasma and tissues, particularly when the drug is highly lipophilic (Supplementary
Table 5). Such accumulation could increase the risk of toxicity due to increased systemic exposure and may lead to
higher accumulation in highly perfused organs.’> Additionally, the significant differences observed in K., and CLiy
between rats and humans also highlight the importance of understanding species-specific metabolic processes. These
differences underscore the necessity of carefully interpreting preclinical pharmacokinetics to avoid overestimating

clearance in animal models, which may not accurately predict human drug behavior.>®
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Figure 8 Molecular docking of lorlatinib and azoles with CYP3A4. (a) Voriconazole, (b) lorlatinib, and (c) itraconazole were docked into the CYP3A4 catalytic pocket. Key
hydrogen bond interactions are indicated. The binding energies were —10.63, —8.82, and —7.80 kcal/mol, respectively, supporting strong CYP3A4 affinity of the azoles
consistent with their inhibitory effects in vivo.

Therefore, to further explore the metabolic differences caused by species-specific metabolism of lorlatinib in vivo, the
contribution of various cytochrome P450 (CYP) enzymes was assessed using probe substrate assays in both HLM and
RLM. While CYP3A4 remains the primary enzyme in both rats and humans, notable divergence was observed for
CYP2C19. In rat liver microsomes, CYP2C19 contributed substantially to lorlatinib metabolism, whereas in human liver
microsomes its activity was almost negligible. These interspecies differences not only affect overall metabolic clearance
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but may also influence the relative impact of CYP-specific inhibitors or inducers, emphasizing the importance of
integrating species-specific enzyme phenotyping into pharmacokinetic assessments.

The trends observed in our study were consistent with clinical findings reported by Zhou et al and Umehara et al,
where rifampicin markedly reduced lorlatinib exposure due to CYP3A induction, while itraconazole increased systemic
exposure through potent CYP3A inhibition.'*'* Interestingly, unlike in humans, the inhibitory effects of CYP3A
inhibitors on lorlatinib metabolism differed markedly in rats, with voriconazole exerting a stronger impact than
itraconazole. Although itraconazole is generally recognized as a potent time-dependent CYP3A4 inhibitor in clinical
settings,?” our findings are consistent with a previous pharmacokinetic study reporting a greater effect of voriconazole
in vivo.®® This apparent discrepancy can be explained by differences in their inhibitory spectrum and pharmacokinetic
characteristics. Voriconazole, a broad-spectrum triazole, is known to strongly inhibit CYP2C19 and CYP2C9 and
moderately inhibit CYP3A4.>” Its high oral bioavailability and relatively low plasma protein binding facilitate higher
free drug exposure in rats, thereby enhancing CYP3A4 inhibition.***' By contrast, itraconazole, despite being a strong
CYP3A4 inhibitor, has poor solubility, pH-dependent absorption, and extremely high protein binding (~99%), which
limit the free drug concentration available to act on CYP3A4.*? Consistently, in silico predictions from SwissADME
aligned with these physicochemical differences, further supporting their divergent inhibitory effects observed in vivo
(Supplementary Table 5). These factors, together with potential differences in transporter interactions and species-

specific pharmacokinetics, likely account for the more modest inhibitory effect of itraconazole observed in our study.

Notably, human clinical pharmacology data show that lorlatinib is not only a substrate of CYP3A4 but also exhibits
time-dependent inhibition and induction of CYP3A, which may further complicate its interaction profile in vivo.*?
Importantly, in a Phase I human study, co-administration of itraconazole (200 mg/day) with a single dose of lorlatinib
(100 mg) increased lorlatinib AUC (g.o) by ~141.8% and Cyax by ~124.4% compared with lorlatinib alone, confirming
itraconazole as a strong clinical inhibitor of CYP3A4."* Collectively, these findings emphasize the need for caution when
extrapolating rat data to humans and suggest that voriconazole may pose a greater inhibitory risk in preclinical models,
whereas itraconazole remains the more potent inhibitor in clinical practice.

Molecular docking analysis provided mechanistic support for these observations. Voriconazole exhibited stronger
binding affinity for the CYP3A4 active site compared with lorlatinib, indicating its ability to effectively compete for the
binding pocket and suppress metabolism. In contrast, itraconazole showed slightly weaker affinity but formed multiple
hydrogen bonds, consistent with its moderate inhibitory effect in microsomal assays. Together, these results suggest that
co-administration with CYP3A inhibitors can substantially increase lorlatinib exposure, although the extent of interaction
may vary depending on the inhibitor and the experimental system. Since most inducers exert their effects by activating
nuclear receptors like pregnane X receptor (PXR) and constitutive androstane receptor (CAR), which upregulate
CYP3A4 expression at the transcriptional level rather than directly binding to the CYP3A4 active site, molecular
docking simulations of lorlatinib with inducers were not conducted in this study.**

Therefore, we focused on studying the effects of co-administration with inducers in rats, specifically assessing how
these compounds influence lorlatinib’s pharmacokinetics. In comparison to lorlatinib administered alone, co-
administration with rifampicin significantly reduced the C,,x, AUC(9 24n), and AUCg.o) by 70.07%, 77.12%, and
80.31%, respectively. These findings are consistent with their underlying mechanisms. Rifampicin, a potent PXR
activator, strongly induces CYP3A4 and intestinal P-gp, while carbamazepine activates both PXR and CAR, leading
to broader but less selective induction.** Taken together, these results highlight co-administration of lorlatinib with strong
CYP3A4 inducers such as rifampicin or carbamazepine is strictly contraindicated.

Building on the significant role of CYP3A4 in lorlatinib metabolism observed in our pharmacokinetics studies, we
next examined its dose-dependent pharmacokinetic behavior in rats. To this end, lorlatinib was administered at 5, 10, and
50 mg/kg to evaluate systemic exposure. These results indicate a trend toward nonlinear pharmacokinetics at 50 mg/kg,
which may be related to partial saturation of CYP3A4-mediated metabolism; however, confirmation of nonlinear kinetics
would require further evaluation across a broader dose range. Because of species differences in clearance, protein
binding, and bioavailability, direct milligram-per-kilogram conversion between humans and rats is inappropriate.*®*’

To further investigate this possibility under conventional exposure conditions, we next evaluated the tissue distribu-
tion of lorlatinib in rats at 10 mg/kg. The analysis was performed at key time points (0.083, 0.25, 0.5, 1, 2, 4, 6, and

Drug Design, Development and Therapy 2025:19 hetps: 9641


https://www.dovepress.com/article/supplementary_file/565228/Supplmentary%20Materials_1.docx

Xie et al

24 hours post-administration) designed to characterize lorlatinib concentrations in various tissues across the pre-peak,
peak, and post-peak phases of plasma concentration. Lorlatinib levels in the stomach peaked at 22,850.67 ng/g at 0.25 h,
reflecting efficient dissolution and initial absorption, while the subsequent decline in liver concentrations (3,893.61 —
47.90 ng/g) suggested its central role in clearance, likely through metabolism and high hepatic blood flow.*® Similarly,
lorlatinib concentrations in the cecum and colon decreased markedly, consistent with the intestine contributing to drug
elimination via both metabolic and efflux mechanisms.*’ These findings, together with the calculated oral bioavailability
of 8.58%, indicate that extensive first-pass processes in the liver and intestine substantially limit systemic exposure.
Notably, most tissues exhibited a secondary peak at 2—4 h, which may reflect redistribution from lipophilic tissues,
whereas the delayed peak in the cecum and colon is more plausibly explained by gastrointestinal transit and
reabsorption.’®>! Such redistribution and delayed gastrointestinal transit and reabsorption could contribute to gastro-
intestinal adverse effects commonly observed in NSCLC patients receiving lorlatinib.>?

An assessment of lorlatinib’s distribution and behavior across tissues was carried out using the partition coefficient
(Kp) to evaluate tissue-to-plasma ratios.> Among all tissues, the brain distribution is of particular clinical relevance,
given the high incidence of brain metastases in NSCLC patients. Lorlatinib achieved a peak brain concentration of
774.29 ng/g at 0.25 hours, corresponding to a brain-to-plasma ratio of 0.82, which demonstrates efficient penetration
across the blood-brain barrier.>* This property distinguishes lorlatinib from earlier-generation ALK inhibitors such as
crizotinib, which exhibits a much lower brain-to-plasma ratio of 0.23.>> Notably, interspecies differences were also
observed, with wild-type mice showing a brain-to-plasma ratio of approximately 0.5-0.6, whereas in humans
a cerebrospinal fluid-to-plasma concentration ratio of 0.77 has been reported.’®>” Although the clinical value is derived
from cerebrospinal fluid rather than brain tissue directly, these data are broadly consistent with our findings and support
lorlatinib’s strong central nervous system penetration across species.

Additionally, transporter interactions may significantly influence lorlatinib disposition. Lorlatinib has been reported as
a substrate of P-gp/ABCBI (and to a lesser extent ABCG2) at the blood—brain barrier,”® while in vitro studies suggest
potential inhibition of uptake transporters such as OCT1, OAT3, and OATPs;** however, definitive evidence for the role
of hepatic uptake transporters in vivo remains limited. Collectively, these observations indicate that in vivo drug—drug
interactions cannot be attributed solely to CYP3A4 modulation, and transporter-mediated processes likely act in concert
with metabolism, warranting further mechanistic evaluation. Although the present study focused primarily on Phase
I oxidative metabolism, future investigations should also examine Phase II pathways, such as UGT1A4-mediated
conjugation, to achieve a more complete understanding of lorlatinib clearance. Moreover, because NSCLC patients
receive lorlatinib once daily, single-dose pharmacokinetic studies have inherent limitations, and the impact of chronic
dosing—particularly given lorlatinib’s dual role as a both a time-dependent inhibitor and an inducer of CYP3A—merits
further study to assess potential time-dependent changes in systemic exposure.>*

In conclusion, this study provides novel insights into the metabolism, pharmacokinetics, and tissue distribution of
lorlatinib, emphasizing the central role of CYP3A4 in its disposition and drug—drug interaction potential. A more
comprehensive understanding of lorlatinib’s pharmacokinetic profile will support the optimization of treatment strategies

and guide personalized therapy to maximize both safety and efficacy.

Conclusion

This study comprehensively evaluated the metabolism, pharmacokinetics, and tissue distribution of lorlatinib in rats
using both in vitro and in vivo approaches. Lorlatinib was found to undergo extensive CYP3A4-mediated metabolism,
exhibiting low oral bioavailability and nonlinear pharmacokinetics. Coadministration with CYP3A4 inhibitors markedly
increased systemic exposure, whereas inducers significantly reduced it, highlighting a high potential for drug—drug
interactions. Lorlatinib was widely distributed across major organs and showed efficient brain penetration, consistent
with its clinical efficacy against CNS metastases. These findings provide mechanistic insights into lorlatinib disposition
and underscore the need for careful management of CYP3A4-mediated interactions in clinical practice.
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