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Abstract
Background and Objective Lorlatinib is a tyrosine kinase inhibitor approved for the treatment of advanced anaplastic lym-
phoma kinase–positive non-small cell lung cancer. This study assessed the effect of steady-state lorlatinib on the meta-
bolic enzymes cytochrome P450 (CYP) 2B6, CYP2C9, and uridine 5′-diphospho-glucuronosyltransferase (UGT) and the 
P-glycoprotein (P-gp) transporter.
Methods Thirty-two patients received a single oral dose of a probe drug on Day − 2 to determine the pharmacokinetics of the 
probe drug alone. Starting on Day 1, patients received 100 mg oral lorlatinib daily. On Day 15, a single oral dose of the probe 
drug was administered concurrently with lorlatinib. Pharmacokinetic parameters for these probe substrates were assessed.
Results Plasma exposures of all probe substrates were reduced by lorlatinib compared with the probe alone. The greatest 
reduction in area under the plasma concentration–time curve from time zero to infinity (AUC ∞) and maximum (peak) plasma 
drug concentration (Cmax) (67% and 63% decrease, respectively) was observed with the P-gp probe substrate fexofenadine. 
Lorlatinib coadministration also decreased the AUC ∞ and Cmax of bupropion (CYP2B6 probe substrate) by 25% and 27%, 
tolbutamide (CYP2C9 probe substrate) by 43% and 15%, and acetaminophen (UGT probe substrate) by 45% and 28%, 
respectively.
Conclusions Lorlatinib is a net moderate inducer of P-gp and a weak inducer of CYP2B6, CYP2C9, and UGT after steady 
state is achieved with daily dosing. Medications that are P-gp substrates with a narrow therapeutic window should be avoided 
in patients taking lorlatinib; no dose modifications are needed with substrates of CYP2B6, CYP2C9, or UGT.
ClinicalTrials.gov: NCT01970865.

1 Introduction

Lorlatinib is a potent, brain-penetrant, small molecule 
inhibitor of anaplastic lymphoma kinase (ALK) that also 
potently inhibits ALK kinase domain mutations respon-
sible for resistance to ALK inhibitor treatment in non-
small cell lung cancer (NSCLC) [1]. In a phase I/II clinical 

study (NCT01970865), lorlatinib demonstrated a favorable 
safety profile, antitumor activity, and brain penetration in 
ALK-positive advanced NSCLC [2, 3]. In the phase III 
CROWN study (NCT03052608), lorlatinib demonstrated 
improvement in progression-free survival and a higher 
frequency of intracranial response versus crizotinib [4]. 
Based on these results, lorlatinib has been approved at 
a 100-mg once-daily (QD) dosage in the United States 
[5], the European Union [6], and other countries for first-
line treatment of patients with metastatic ALK-positive 
NSCLC. Lorlatinib is also approved for second- and third-
line settings and has utility when resistance develops to 
other ALK inhibitors [5, 7].

Lorlatinib is rapidly absorbed and has high bioavailabil-
ity (81%) after oral administration [5]. Drug metabolism 
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Key Points 

Lorlatinib was determined to be a weak inducer of 
cytochrome P450 (CYP) 2B6, CYP2C9, and uridine 
5′-diphospho-glucuronosyltransferase and a moderate 
inducer of P-glycoprotein (P-gp).

P-gp substrates with narrow therapeutic indices should 
be avoided. If concomitant use is unavoidable, the P-gp 
substrate dosage may be increased in accordance with 
approved product labeling.

studies have shown that lorlatinib is metabolized primar-
ily by oxidation mediated by cytochrome P450 (CYP) 3A 
and N-glucuronidation by uridine 5′-diphospho-glucuron-
osyltransferase (UGT) 1A4 with minor contributions from 
CYP2C8, CYP2C19, CYP3A5, and UGT1A3. M8 (PF-
06895751), a benzoic acid metabolite, is the predominant, 
circulating, inactive metabolite in human plasma. In vitro 
studies have shown that lorlatinib and the M8 metabolite 
do not inhibit CYP1A2, CYP2B6, CYP2C8, CYP2C9, 
CYP2C19, or CYP2D6. Lorlatinib is a time-dependent 
inhibitor and inducer of CYP3A4/5 [5]. Following continu-
ous multiple dosing in the clinic, lorlatinib demonstrated net 
autoinduction. Furthermore, lorlatinib was determined to be 
a net moderate CYP3A4/5 inducer after multiple dosing in a 
drug–drug interaction (DDI) evaluation using midazolam as 
the probe CYP3A4/5 substrate [8]. Since approximately 50% 
of prescription drugs are metabolized by CYP3A4/5 [9], 
the midazolam DDI assessment provides guidance for the 
combination of CYP3A4/5 substrates with lorlatinib. Lorlat-
inib has the potential of influencing the metabolism of many 
other medications. DDIs due to CYP3A4/5 enzyme induc-
tion may result in loss of drug efficacy or adverse drug reac-
tions. Additionally, in a clinical evaluation with rifampin, 
coadministration of lorlatinib with the strong CYP3A4/5 
inducer resulted in rapid elevations in transaminase values 
[10]. This signals the potential for hepatotoxicity. Lorlatinib 
in combination with strong CYP3A4/5 inducers is listed as 
a contraindication on the drug label [5].

The human pregnane X receptor (PXR), a nuclear 
receptor, is widely accepted as the principal transcrip-
tional regulator of CYP3A4/5 induction by xenobiotics. 
Activation of PXR is hypothesized to induce a cascade 
of other drug-metabolizing enzymes [11]. Lorlatinib has 
been shown to activate PXR and thus has the potential 
to induce downstream enzymes and transporters [5]. In 
human cryopreserved hepatocytes, lorlatinib induced the 
enzymatic activity and mRNA levels of CYP2B6 and 

CYP3A4, indicating the likelihood of induction of these 
two isozymes in particular (data on file). In vitro studies 
conducted with human liver microsomes in the presence 
of bovine serum albumin indicated that UGT1A1 and 
UGT2B7 were inhibited at clinically relevant concentra-
tions (data on file). Finally, lorlatinib was found to inhibit 
the efflux transporter P-glycoprotein (P-gp) in vitro in 
Madin-Darby canine kidney II-multidrug resistance pro-
tein 1 cells using the known P-gp substrate digoxin [12, 
13]. Due to the simultaneous inhibition and induction 
properties of lorlatinib, the net effect of multiple doses of 
lorlatinib on substrates of CYP2B6, CYP2C9, UGT1A, 
and P-gp is difficult to definitively predict. Hence, a clini-
cal evaluation of the effect of lorlatinib on these substrates 
was initiated, and the clinical results from these assess-
ments are reported here. For the CYP2B6, CYP2C9, and 
P-gp proteins, bupropion, tolbutamide, and fexofenadine, 
respectively, were chosen as probe substrates in accord-
ance with the US Food and Drug Administration (FDA) 
list of clinical substrates to be used for DDI studies [14]. 
Acetaminophen is a known UGT1A substrate and was 
selected as the preferred probe substrate for this substudy 
[15].

Complex interactions among enzymes and/or efflux trans-
porters can only be adequately evaluated by continuous dos-
ing of the perpetrator drug and the use of selective pharma-
cokinetic probes. Since multiple doses of lorlatinib cannot 
be administered to healthy participants, this DDI evaluation 
was conducted in an ongoing clinical trial of continuous 
dosing of lorlatinib in patients with ALK-positive or ROS 
proto-oncogene 1, receptor tyrosine kinase (ROS1)–positive 
NSCLC.

2  Methods

2.1  Trial Design and Patients

Details of the overall design of this clinical study 
(NCT01970865) have been previously reported [2, 3, 16]. 
Briefly, this ongoing, multicenter, open-label, single-arm, 
phase I/II trial enrolled patients with ALK-positive or ROS1-
positive advanced NSCLC with or without central nervous 
system metastases. Patients were enrolled into six differ-
ent expansion cohorts based on their ALK or ROS1 status 
and previous therapy with tyrosine kinase inhibitors (TKIs). 
The cohorts were defined as ALK treatment naive, prior cri-
zotinib only, prior crizotinib or other TKI and one or two 
prior regimens of chemotherapy, two prior TKIs, three prior 
TKIs, and ROS1 with any prior therapy. Dose modifications 
were permitted to manage toxicities at the discretion of the 
investigator. Patients taking strong or moderate CYP3A4/5 



173Evaluation of the Effect of Lorlatinib

inhibitors or strong CYP3A4/5 inducers were not eligible 
for inclusion [17].

The following probe substrates were used in this study: 
bupropion for CYP2B6, tolbutamide for CYP2C9, acetami-
nophen for UGT1A, and fexofenadine for P-gp.

For evaluation of the potential effect of lorlatinib on the 
probe substrates, six evaluable patients were required for 
each of the four probe substrates. Patients were administered 
a single dose of the probe drug on Day −2 to determine 
the pharmacokinetics of the probe drug in the absence of 
lorlatinib. Starting on Cycle 1 Day 1, lorlatinib tablets were 
administered orally at a dosage of 100 mg QD. On Cycle 
1 Day 15, another dose of the same probe substrate was 
administered concurrently with daily lorlatinib dosing. The 
Cycle 1 Day 15 pharmacokinetic evaluation represented the 
disposition of the probe drug in the presence of lorlatinib.

Before participation, all patients provided written 
informed consent. The independent ethics committee or 
institutional review board at each site approved the proto-
col. The protocol complied with the International Ethical 
Guidelines for Biomedical Research Involving Human Sub-
jects, Good Clinical Practice guidelines, the Declaration of 
Helsinki, and local laws.

2.2  Pharmacokinetic Assessments

For each probe drug, 24-h serial blood samples (4 mL each 
at predose and 0.5, 1, 2, 3, 4, 6, 8 h, and 24 h post dose) 
were collected on Day − 2 and on Cycle 1 Day 15. Plasma 
samples were stored at approximately − 20 °C until analysis.

For bupropion as the probe substrate, samples were ana-
lyzed for bupropion and hydroxybupropion with internal 
standards bupropion-d9 and hydroxybupropion-d6 (stable 
isotopes labeled). For tolbutamide as the probe substrate, 
samples were analyzed for tolbutamide, hydroxytolbuta-
mide, and 4-carboxytolbutamide with internal standards 
tolbutamide-d9, hydroxytolbutamide-d9, and 4-carboxy-
tolbutamide-d9. For acetaminophen as the probe substrate, 
samples were analyzed for acetaminophen and acetami-
nophen glucuronide with internal standards acetaminophen-
d3 and 4-acetaminophen β-D-glucuronide-d3 sodium salt. 
For fexofenadine as the probe substrate, samples were ana-
lyzed for fexofenadine and azacyclonolfexofenadine with 
internal standards fexofenadine-d10 and azacyclonol-d10.

Proteins were isolated from human plasma by precipi-
tation extraction. After evaporation of the organic extracts 
under nitrogen, the residues were reconstituted, and the final 
extracts were analyzed by high-performance liquid chroma-
tography-turbo ion spray tandem mass spectrometry using 
positive ionization mode.

Plasma pharmacokinetic parameters for bupropion, tolbu-
tamide, acetaminophen, fexofenadine, and their respective 

metabolites hydroxybupropion [18], hydroxytolbutamide 
[19], carboxytolbutamide [19], acetaminophen glucuronide 
[20], and azacyclonolfexofenadine [21] were estimated for 
each patient and treatment day using noncompartmental 
analysis of plasma concentration–time data. Pharmacoki-
netic parameter values were estimated using an internally 
validated Pfizer software system, eNCA (version 2.2.4). 
Samples with plasma concentrations below the lower limit 
of quantitation were set to zero for parameter estimations. 
Actual sample collection times were used for the pharma-
cokinetic analysis.

2.3  Statistical Analysis

All reported pharmacokinetic parameters were summarized 
descriptively using SAS version 9.4 (SAS Institute Inc., 
Cary, NC, USA). No formal statistical testing was conducted 
since this DDI evaluation was not statistically powered, with 
approximately six evaluable patients per probe substrate 
empirically selected for this estimation-based assessment 
of the potential drug interaction(s). The estimated pharma-
cokinetic parameters included area under the plasma con-
centration–time curve (AUC) from time zero to the time 
of the last measurable concentration (AUC last), AUC from 
time zero to infinity (AUC ∞), maximum (peak) plasma drug 
concentration (Cmax), apparent total body clearance of drug 
from plasma after oral administration (CL/F), time to reach 
the maximum (peak) plasma concentration following drug 
administration (Tmax), and elimination half-life (t½).

Natural log transformed AUC and Cmax for the probe 
substrates were analyzed using an analysis of variance 
(ANOVA) mixed effect model with treatment as a fixed 
effect and subject as a random effect. Estimates of the 
adjusted mean differences (test reference) and correspond-
ing 90% confidence intervals were obtained from the model. 
The adjusted mean differences and 90% confidence intervals 
for the differences were exponentiated to provide estimates 
of the ratios of adjusted geometric means (test/reference) 
and 90% confidence intervals for the ratios.

3  Results

3.1  Patients

Thirty-two patients were enrolled in the study. Additional 
patients were enrolled to ensure that pharmacokinetic data 
were available for at least six patients in each category. 
Pharmacokinetic assessments were done in patients who 
completed the study. Overall, 53% were male, 66% were 
White, the average age was 54.9 ± 10.2 years, and the 
average weight was 69.8 ± 18.3 kg (Table 1).



174 J. Chen et al.

3.2  Effect of Multiple‑Dose Lorlatinib 
on the Pharmacokinetics of Bupropion (CYP2B6 
Probe Substrate)

Seven patients were enrolled in the bupropion group, with 
six completing the study. To evaluate the effect of lorlatinib 

on CYP2B6 activity, bupropion, a CYP2B6 probe substrate, 
was administered as a single, oral dose (100 mg) alone and 
in combination with multiple-dose lorlatinib (100 mg QD).

Bupropion plasma concentrations in the presence of lor-
latinib were lower than those observed when bupropion was 
administered alone, indicating net induction of CYP2B6 by 
continuous lorlatinib administration (Fig. 1a, Table 2).

Coadministration with 100-mg QD lorlatinib decreased 
bupropion total plasma exposure (AUC ∞) and Cmax by 
approximately 25% and 27%, respectively (Table 3). Strong, 
moderate, and weak inducers are defined as drugs that 
decrease the AUC of sensitive index substrates of a given 
metabolic pathway by ≥ 80%, ≥ 50% to < 80%, and ≥ 20% 
to < 50%, respectively [22]. Based on these criteria, lorlat-
inib is a weak inducer of the CYP2B6 enzyme after multiple 
dosing.

Interpatient variability for AUC ∞ was 76% for bupropion 
alone and 43% for bupropion with lorlatinib. Interpatient 
variability for Cmax was 79% and 89% for bupropion alone 
and with lorlatinib, respectively. Peak plasma concentrations 

Table 1  Patient demographic characteristics

Demographic characteristic Total (N = 32)

Age, mean (range), years 54.9 (36–75)
Weight, mean (range), kg 69.8 (43.6–115.4)
Height, mean (range), cm 165.3 (144.0–183.0)
Sex, n (%)
 Male 17 (53)
 Female 15 (47)

Race and ethnicity, n (%)
 White 21 (66)
 Asian 11 (34)

Fig. 1  Median plasma concentration–time profiles of a bupropion 
following single oral doses of bupropion alone and with once-daily 
lorlatinib, b tolbutamide following single oral doses of tolbutamide 
alone and with once-daily lorlatinib, c acetaminophen following sin-

gle oral doses of acetaminophen alone and with once-daily lorlatinib, 
and d fexofenadine following single oral doses of fexofenadine alone 
and with once-daily lorlatinib
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Table 2  Summary of probe substrate and metabolite pharmacokinetic parameters with or without lorlatinib

AUC 24 area under the plasma concentration–time curve from time zero to 24 h, AUC ∞ area under the plasma concentration–time curve from time 
zero to infinity, AUC last area under the plasma concentration–time curve from time zero to the time of the last measurable concentration, CL/F 
apparent total body clearance of drug from plasma after oral administration, Cmax maximum (peak) plasma drug concentration, CV coefficient of 
variation, NC not calculated, SD standard deviation, t½ elimination half-life, Tmax time to reach the maximum (peak) plasma concentration fol-
lowing drug administration, Vz/F apparent volume of distribution during the terminal phase after non-intravenous administration
a Geometric mean (geometric %CV) for all parameters, except median (range) for Tmax and arithmetic mean ± SD for t½
b One patient each in the bupropion and tolbutamide groups and two patients in the acetaminophen group were excluded from Day − 2 summary 
due to absence of Cycle 1 Day 15 pharmacokinetic data
c n = 5
d n = 7
e n = 6
f Could not be estimated since the duration over which pharmacokinetic sampling occurred was too short relative to the projected terminal phase

Parametersa Bupropionb (n = 6) Tolbutamideb (n = 6) Acetaminophenb (n = 7) Fexofenadine (n = 9)

Alone With lorlatinib Alone With lorlatinib Alone With lorlatinib Alone With lorlatinib

 AUC 24 
(ng·h/mL)

449.9 (75) 335.8 (44) 461,500 (20) 273,800 (26) 33,840 (51) 18,840 (53) 1411 (86) 431.5 (78)

 AUC ∞ 
(ng·h/mL)

485.4 (76) 362.4 (43) 476,900 (22)c 274,400 (32) 34,360 (52) 18,780 (52) 1659 (73)d 547.7 (48)e

 AUC last 
(ng·h/mL)

450.5 (75) 330.9 (43) 461,000 (20) 261,800 (34) 32,640 (53) 18,120 (53) 1408 (86) 430.7 (78)

 Cmax (ng/mL) 128.2 (79) 93.07 (89) 48,700 (16) 41,310 (13) 10,130 (33) 7330 (38) 198.1 (102) 73.09 (99)
 Tmax (h) 1.00 (0.500–

1.98)
1.00 (0.933–

2.12)
2.50 (1.97–

3.02)
2.43 (0.967–

6.00)
0.500 (0.500–

2.00)
0.517 (0.500–

1.02)
3.00 (1.00–

8.00)
2.00 (0.500–

8.00)
 CL/F (L/h) 206.0 (76) 275.9 (43) 1.048 (22) 1.821 (32) 14.55 (52) 26.62 (52) 36.16 (74)d 109.6 (48)e

 Vz/F (L) 2193 (75) 2590 (75) 8.752 (16) 10.05 (20) 75.34 (49) 152.9 (61) 296.8 (73)d 979.0 (47)e

 t½ (h) NCf NCf 5.916 ± 
1.3234c

4.015 ± 
1.3076

4.413 ± 
2.0688

3.906 ± 1.6273 5.709 ± 
0.523d

6.317 ± 1.439e

Hydroxybupropion Hydroxytolbutamide Acetaminophen glucuronide Azacyclonolfexofenadine

Alone With lorlatinib Alone With lorlatinib Alone With lorlatinib Alone With lorlatinib

AUC 24 (ng·h/
mL)

10,700 
(54)

6079 (65) 8263 (38) 9085 (24) 120,400 (42) 177,300 (47) 3.672 (73) 1.048 (159)

AUC last 
(ng·h/mL)

10,760 
(54)

5554 (86) 7605 (54) 7199 (46) 107,600 (41) 177,200 (47) 3.678 (73) 1.048 (159)

Cmax (ng/mL) 580.7 (52) 409.4 (50) 855.8 (34) 1156 (37) 15,230 (40) 24,510 (43) 0.2154 (66) 0.09511 (156)
Tmax (h) 3.46 

(1.88–
6.00)

3.14 (2.95–5.97) 3.00 (1.97–
3.02)

3.00 (2.82–
6.00)

2.98 (2.00–
4.00)

2.00 (1.02–
4.07)

7.52 (3.00–
23.7)

23.6 (4.00–
24.0)

Carboxytolbutamide

Alone With lorlatinib

AUC 24 (ng·h/
mL)

– – 24,580 (17) 29,280 (17) – – – –

AUC last (ng·h/
mL)

– – 24,560 (17) 27,770 (19) – – – –

Cmax (ng/mL) – – 2396 (15) 3649 (23) – – – –
Tmax (h) – – 3.96 (3.00–

4.05)
3.92 (2.97–

6.00)
– – – –
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of bupropion were achieved at a median Tmax of 1 h for both 
bupropion alone and bupropion with lorlatinib (Table 2). 
The bupropion plasma t½ values could not be reliably esti-
mated because the duration over which sampling occurred 
was too short relative to the projected terminal phase of the 
bupropion pharmacokinetic profile.

The predominant circulating metabolite of bupropion, 
formed via CYP2B6, is hydroxybupropion. Following 
administration of bupropion in combination with lorlatinib, 
median hydroxybupropion plasma concentrations were also 
lower than those observed when bupropion was adminis-
tered alone (see Table 2, and Fig. S1 in the electronic sup-
plementary material), indicating that lorlatinib likely also 
induces enzymes involved in the sequential metabolism of 
hydroxybupropion.

Of the six patients who received bupropion, a reduc-
tion in bupropion exposure was noted as expected in four 
patients following repeated lorlatinib dosing. However, for 
two patients, the reverse effect was observed, possibly due 
to inadvertent switching of samples between visits on Day 
− 2 and Cycle 1 Day 15. Hence, a separate analysis was 
conducted excluding the two outlier patients. To evaluate the 
full induction potential of lorlatinib on CYP2B6 and to avoid 
inappropriate data exclusions, pharmacokinetic results from 
both datasets are reported. The pharmacokinetic parameters 

excluding the two patients are shown in Tables S1 and S2 in 
the electronic supplementary material. The plasma concen-
tration curves for bupropion and hydroxybupropion in this 
dataset are shown in supplemental Figs. S2 and S3, respec-
tively, in the electronic supplementary material.

3.3  Effect of Multiple‑Dose Lorlatinib 
on the Pharmacokinetics of Tolbutamide 
(CYP2C9 Probe Substrate)

Seven patients were enrolled in the tolbutamide group, with 
six completing the study. To evaluate the effect of lorlatinib 
on CYP2C9 activity, tolbutamide, a CYP2C9 probe sub-
strate, was administered as a single dose alone and in combi-
nation with multiple-dose lorlatinib (100 mg QD). Following 
an oral dose of tolbutamide (500 mg) in the presence of 
steady-state lorlatinib, median tolbutamide plasma concen-
trations were lower than when tolbutamide was adminis-
tered alone (Fig. 1b, Table 2), indicating a net induction of 
CYP2C9 by lorlatinib.

Peak plasma tolbutamide concentrations (Cmax) were 
achieved within 1–6 h post dose, with a median Tmax of 
approximately 2.5 h for both tolbutamide alone and with 
concomitant lorlatinib (Table 3). Following attainment of 
Cmax, tolbutamide plasma concentrations declined, with 

Table 3  Statistical summary 
of pharmacokinetic parameters 
for bupropion, tolbutamide, 
acetaminophen, and 
fexofenadine with and without 
concurrent administration of 
lorlatinib

ANOVA analysis of variance, AUC 24 area under the plasma concentration–time curve from time zero to 24 
h, AUC ∞ area under the plasma concentration–time curve from time zero to infinity, CI confidence interval, 
Cmax maximum (peak) plasma drug concentration
a Adjusted geometric mean ratio refers to the estimate from the ANOVA model using a mixed effect model 
with treatment as fixed effect and subject as a random effect
b The ratios (and 90% CIs) are expressed as percentages

Probe Adjusted geometric  meansa Ratio (test/reference) 
of adjusted  meansb

90% CI for  ratiob

Probe substrate + 
lorlatinib (test)

Probe substrate 
alone (reference)

Bupropion
 AUC 24 (ng·h/mL) 335.8 449.9 74.65 (41.59–133.99)
 AUC ∞ (ng·h/mL) 362.4 485.4 74.67 (41.58–134.11)
 Cmax (ng/mL) 93.07 128.2 72.61 (33.85–155.74)

Tolbutamide
 AUC 24 (ng·h/mL) 273,800 461,500 59.31 (46.64–75.44)
 AUC ∞ (ng·h/mL) 274,400 476,900 57.54 (42.29–78.28)
 Cmax (ng/mL) 41,310 48,700 84.84 (72.78–98.89)

Acetaminophen
 AUC 24 (ng·h/mL) 18,840 33,840 55.66 (34.94–88.67)
 AUC ∞ (ng·h/mL) 18,780 34,360 54.66 (34.35–86.99)
 Cmax (ng/mL) 7330 10,130 72.35 (52.14–100.38)

Fexofenadine
 AUC 24 (ng·h/mL) 431.5 1411 30.59 (16.94–55.25)
 AUC ∞ (ng·h/mL) 547.7 1659 33.02 (18.61–58.57)
 Cmax (ng/mL) 73.09 198.1 36.89 (18.55–73.35)
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mean t½ values shorter in the presence of lorlatinib (4.0 h) 
compared with tolbutamide administered alone (5.9 h).

Coadministration of lorlatinib decreased tolbutamide total 
plasma exposure (AUC ∞) and peak concentration (Cmax) by 
43% and 15%, respectively. Lorlatinib is, therefore, a weak 
inducer of CYP2C9 after multiple dosing (Table 3).

Interpatient variability of AUC ∞ was 22% for tolbutamide 
alone and 32% for tolbutamide with lorlatinib. Interpatient 
variability of Cmax was 16% and 13% for tolbutamide alone 
and with lorlatinib, respectively.

Hydroxytolbutamide is a tolbutamide metabolite formed 
via the CYP2C9 pathway. Following administration of tolbu-
tamide, median hydroxytolbutamide plasma concentrations 
were similar between tolbutamide alone and tolbutamide 
with lorlatinib (Fig. S4, see the electronic supplementary 
material). Although continuous lorlatinib dosing is expected 
to increase the rate of formation of hydroxytolbutamide 
through CYP2C9 induction, the observed similar hydrox-
ytolbutamide concentrations may indicate that lorlatinib 
induces the breakdown of hydroxytolbutamide to a simi-
lar extent as the lorlatinib-mediated induction of CYP2C9. 
Median hydroxytolbutamide Tmax was 3 h for both treat-
ments (Table 2).

Carboxytolbutamide is another metabolite of tolbuta-
mide formed via the subsequent metabolism of hydroxy-
tolbutamide. Following administration of tolbutamide in 
combination with repeated lorlatinib dosing, median car-
boxytolbutamide plasma concentrations were higher than 
those observed when tolbutamide was administered alone 
(Fig. S5). One hypothesis for this observation is that lorla-
tinib increases the rate of formation of carboxytolbutamide 
via metabolic induction. Median carboxytolbutamide Tmax 
was approximately 4 h for both treatments (Table 2). While 
parent tolbutamide plasma exposure decreased in the pres-
ence of lorlatinib, carboxytolbutamide plasma exposure, as 
measured by geometric mean AUC from time zero to 24 h 
(AUC 24) and Cmax, slightly increased.

3.4  Effect of Multiple‑Dose Lorlatinib 
on the Pharmacokinetics of Acetaminophen 
(UGT Probe Substrate)

Nine patients were enrolled in the acetaminophen group, 
with seven completing the study. To evaluate the effect of 
lorlatinib on UGT, acetaminophen, a UGT probe substrate, 
was administered alone and in combination with repeated 
lorlatinib dosing (100 mg QD). Using the recombinant 
human UGT enzymes, UGT1A1, UGT1A6, and UGT1A9 
have been shown to be involved in acetaminophen glucuro-
nidation [15]. Following a single oral dose of acetaminophen 
(500 mg) in the presence of steady-state lorlatinib, median 
acetaminophen plasma concentrations were lower than those 

observed when acetaminophen was administered without 
lorlatinib (Fig. 1c).

Peak acetaminophen plasma concentrations (Cmax) were 
achieved within 0.5–2 h post dose, with a median Tmax of 
approximately 0.5 h for acetaminophen alone and with 
lorlatinib (Table 2). Following attainment of Cmax, plasma 
acetaminophen concentrations for both treatments declined 
in parallel, with mean t½ values of 4.4 and 3.9 h for aceta-
minophen alone and with lorlatinib, respectively. The inter-
patient variability for AUC ∞ and Cmax was 52% and 33%, 
respectively, for acetaminophen alone and 52% and 38% fol-
lowing coadministration with lorlatinib.

Multiple-dose lorlatinib decreased acetaminophen AUC ∞  
and Cmax by 45% and 28%, respectively (Table 3). This indi-
cates that lorlatinib is a net weak inducer of UGT.

The predominant circulating metabolite for acetami-
nophen via UGT is acetaminophen glucuronide. Follow-
ing administration of acetaminophen in combination with 
lorlatinib, median acetaminophen glucuronide plasma con-
centrations were higher than those observed when acetami-
nophen was administered alone (see Table 2, and Fig. S6 in 
the electronic supplementary material). This observation is 
consistent with the lorlatinib-mediated induction of UGT, 
and this induction therefore increased the level of acetami-
nophen glucuronide.

3.5  Effect of Multiple‑Dose Lorlatinib 
on the Pharmacokinetics of Fexofenadine (P‑gp 
Probe Substrate)

Nine patients were enrolled in the fexofenadine group. To 
evaluate the effect of lorlatinib on fexofenadine, a P-gp probe 
substrate, fexofenadine was administered alone and in com-
bination with repeated lorlatinib dosing (100 mg QD). Fol-
lowing a single oral dose of fexofenadine (60 mg) in the 
presence of lorlatinib, median fexofenadine plasma concen-
trations were lower than those observed when fexofenadine 
was administered alone (Fig. 1d).

Coadministration of lorlatinib decreased fexofenadine 
AUC ∞ and Cmax by 67% and 63%, respectively (Table 3). 
This indicates that lorlatinib is a moderate inducer of P-gp.

Peak plasma concentrations of fexofenadine were 
achieved at a median Tmax of 3 h for fexofenadine alone 
and 2 h for fexofenadine with lorlatinib (Table 2). The t½ 
values were 5.7 and 6.3 h for fexofenadine alone and in 
combination with lorlatinib, respectively. Interpatient vari-
ability of AUC ∞ was 73% for fexofenadine alone and 48% 
for fexofenadine with lorlatinib. Interpatient variability of 
Cmax was 102% and 99% for fexofenadine alone and with 
lorlatinib, respectively.

In addition to being a sensitive substrate for P-gp, fex-
ofenadine also undergoes metabolism via CYP3A4/5 to form 



178 J. Chen et al.

the azacyclonolfexofenadine metabolite [21]. Following fex-
ofenadine administered in combination with repeated lorla-
tinib doses, median azacyclonolfexofenadine plasma con-
centrations were lower than with the probe substrate alone. 
Median plasma concentration values fell below the lower 
limit of quantitation (Fig. S7, see the electronic supplemen-
tary material). The median Tmax for azacyclonolfexofenadine 
ranged from 3 to 24 h for both treatments (Table 2).

As with the parent compound, the azacyclonolfexofen-
adine plasma exposures, as measured by geometric mean 
AUC 24 and Cmax, substantially decreased in the presence 
of lorlatinib (Table 2). This dramatic effect suggests that 
while lorlatinib is likely to increase the rate of formation of 
azacyclonolfexofenadine via CYP3A4/5 induction, it also 
increases the rate of elimination of the azacyclonolfexofena-
dine metabolite to a greater extent.

A forest plot summarizing the effects of lorlatinib on the 
pharmacokinetics of the probe substrates used in this exami-
nation is provided in Fig. 2.

4  Discussion

This study investigated potential DDIs of multiple-dose 100-
mg QD lorlatinib (approved clinical dose) on select metabolic 
enzymes and drug transporter substrates. Understanding 
metabolic enzyme- and transporter-mediated DDIs for new 
therapeutics is a critical component of the drug development 
process, as it can provide guidance regarding concomitant 
use in patients in ongoing clinical trials and in clinical prac-
tice. This is especially important with novel anticancer agents 
since this patient population has high comedication use [22].

A common approach to evaluating DDIs with an investi-
gational drug is the “cocktail method” [22]. In this approach, 
the investigational drug is co-administered with several 
CYP450/transporter probe substates. While efficient, this 
method could not be used with lorlatinib because there was 
a potential for lorlatinib to have complex interactions with 
multiple enzymes or transporters [5]. Hence, the present 

Fig. 2  Forest plot illustrating the effect of daily dosing of lorlatinib 
on the pharmacokinetic parameters (fold change and 90% CI of the 
ratios of adjusted geometric means for Cmax and AUC ∞) of probe sub-
states used in this study. Adjusted geometric mean ratio refers to the 
estimate from the ANOVA model using a mixed effect model with 
treatment as a fixed effect and subject as a random effect. ANOVA 

analysis of variance, AUC ∞/AUC inf area under the plasma concentra-
tion–time curve from time zero to infinity, CI confidence interval, 
Cmax maximum (peak) plasma drug concentration, CYP cytochrome 
P450, P-gp P-glycoprotein, UGT  uridine 5′-diphospho-glucuronosyl-
transferase
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evaluation was conducted in four separate cohorts of study 
participants to assess metabolic enzymes or transporters sep-
arately. The probe substrates used for this evaluation (bupro-
pion, tolbutamide, acetaminophen, and fexofenadine) have 
been validated in previous clinical studies for use as sensitive 
metabolic substrates for CYP2B6, CYP2C9, UGT, and P-gp, 
so that changes seen in their AUCs can be directly ascribed 
to changes in the metabolic/transporter activity. Lorlatinib is 
not highly protein bound (66% binding to plasma proteins), 
and hence, interactions based on changes in protein binding 
are unlikely. However, minor unknown changes in absorp-
tion could have also affected the DDI results in this study.

In addition, lorlatinib can only be administered as single 
doses to healthy participants due to the potential for aneu-
genic effects with multiple dosing to healthy participants. 
Lorlatinib was aneugenic in vitro in human lymphoblastoid 
TK6 cells and in vivo in the bone marrow of rats but was not 
mutagenic in an in vitro bacterial assay [5]. Therefore, the 
present multiple-dose lorlatinib evaluation was conducted 
in patients who were likely to derive clinical benefit with 
lorlatinib (i.e., patients with ALK-positive or ROS1-positive 
NSCLC).

The DDIs and probe substrates investigated in this assess-
ment were selected on the basis of early in vitro evidence and 
their importance in the pharmacology of other common med-
ications [23]. Adding further complexity, multiple oral dos-
ing of lorlatinib is associated with autoinduction of lorlatinib 
metabolism [8]. CYP isozymes and drug transporters play 
major roles in the elimination of drugs from the body. Lor-
latinib is metabolized primarily by CYP3A4 and UGT1A4, 
with minor contribution from CYP2C8, CYP2C19, CYP3A5, 
and UGT1A3 [5]. In vitro studies in human hepatocytes 
indicated that lorlatinib induced CYP2B6 and could lead to 
decreased plasma exposure of drugs that are metabolized by 
CYP2B6 [10]. In addition, CYP1A2, CYP2A6, CYP2C9, 
CYP3A4, and CYP2E1 are involved in bupropion metabo-
lism to a lesser extent and may have contributed to the effect 
of lorlatinib on bupropion pharmacokinetics [24].

Consistent with the fact that CYP3A4/5 plays a major 
role in the metabolism of lorlatinib, clinical studies have 
demonstrated the effects of inducers and inhibitors of 
CYP3A4/5. For example, itraconazole, a strong CYP3A4/5 
inhibitor, increased lorlatinib AUC ∞ and Cmax by 42% and 
24%, respectively. This is the basis for the current labeled 
recommendation to reduce the starting dosage of lorlatinib 
from 100 mg orally QD to 75 mg orally QD if concomi-
tant use of strong CYP34/5A inhibitors cannot be avoided 
[5, 25]. Rifampin, a strong CYP3A4/5 inducer, reduced 
lorlatinib mean AUC ∞ and Cmax by 85% and 76%, respec-
tively, and also caused elevated liver enzyme levels in the 
blood [10]. Modafinil, a moderate CYP3A4/5 inducer, 
also decreased the plasma exposure of lorlatinib, but to a 
lesser extent (23% and 22% reduction in lorlatinib AUC ∞  

and Cmax, respectively) [26]. The use of lorlatinib with 
strong CYP3A4/5 inhibitors is contraindicated due to the 
aforementioned liver enzyme elevations with concomitant 
use. As for the effect of lorlatinib on other drugs, it has 
been demonstrated that lorlatinib can affect drugs that are 
CYP3A4/5 substrates. Lorlatinib 150 mg QD decreased 
AUC ∞ by 64% and Cmax by 50% for a single oral 2-mg 
dose of midazolam, indicating that lorlatinib is a moder-
ate CYP3A4/5 inducer. Hence, concomitant use of lorlat-
inib decreases the concentration of CYP3A4/5 substrates, 
which may reduce the efficacy of these substrates. This is 
particularly relevant in patients with cancer with frequent 
central nervous system metastases because many antiepi-
leptic drugs are CYP3A4/5 substrates [27]. Concurrent use 
of lorlatinib with CYP3A4/5 substrates that have narrow 
therapeutic indices is to be avoided [5].

Evidence suggests that CYP3A4/5 and P-gp act in concert 
with each other in the detoxification of xenobiotics such as 
therapeutic medications [28]. CYP3A4/5 and P-gp expres-
sion is regulated by the nuclear receptor PXR [5, 29]. PXR 
activation triggers the expression of other CYP enzymes and 
drug transporters as well. The role of PXR agonism in DDIs 
has been extensively studied, and the FDA has published 
regulatory guidance for classification of induction potency 
when assessing DDI liability of novel therapeutics [28]. 
With the interplay of lorlatinib’s activation of PXR (leading 
to induction) and lorlatinib’s in vitro inhibition of various 
enzymes and transporters, this clinical DDI study provided 
an understanding on what the net effect of lorlatinib is on 
these metabolic enzymes and transporters.

As demonstrated in prior pharmacokinetic evaluations, 
lorlatinib attains steady state by 15 days of continuous daily 
dosing [8]. All four probe substrates given in combination 
with lorlatinib on Day 15 had decreased plasma exposure 
compared with when probe substrates were given alone on 
Day − 2. These results suggest that, at therapeutic concentra-
tions, lorlatinib behaves as a net inducer of the four evalu-
ated enzymes and transporters. As discussed, this metabolic 
induction is likely a consequence of PXR activation that 
predominated over the inhibitory effects identified in vitro. 
Continuous daily lorlatinib dosing had a weak inducer effect 
(less than 50% reduction in the AUC of the probe substrate) 
on CYP2B6, CYP2C9, and UGT. For P-gp, lorlatinib had a 
moderate inducer effect (50–80% reduction in the AUC of 
the probe substrate).

Polypharmacy is one of the major sources of drug-related 
adverse events [30]. Clinicians prescribing lorlatinib should 
pay particular attention to the concomitant use by their 
patients of P-gp substrates such as the commonly used car-
diovascular drugs warfarin and digoxin [31]. It is vital that 
this information is shared between oncology specialists and 
general practitioners. In summary, the current guidance on 
the label is that medications that are P-gp substrates with a 
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narrow therapeutic window should be avoided in patients 
taking lorlatinib as they could have decreased clinical effec-
tiveness. If concomitant use is unavoidable, a dose increase 
for the P-gp substrate may be required to achieve therapeutic 
levels. However, in routine clinical practice, when lorlatinib 
is combined with substrates that have a narrow therapeutic 
index, dosing is usually based on titration to achieve the 
desired effect. For example, dosing based on therapeutic 
drug monitoring for digoxin or warfarin dosing based on 
international normalized ratio, the guided titration will 
lead to the choice of the appropriate dose of that substrate. 
No dosage modifications are necessary when combining 
CYP2B6, CYP2C9, and UGT substrates with lorlatinib.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 023- 01309-4.
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