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Abstract
Background In patients with epidermal growth factor (EGFR) exon 21 L858R mutation-positive non-small cell lung cancer
(NSCLC) treated with ge�tinib, we found that a lower plasma ge�tinib concentration was associated with shorter
progression-free survival (PFS). ATP-binding castle protein G2 (ABCG2) is considered to inhibit the activities of certain
ge�tinib transporters, which affects drug pharmacokinetics. The C421A polymorphism affects the function and
expression of ABCG2 on cell membrane. Previous studies showed that proton pump inhibitors (PPIs) inhibit ge�tinib
absorption, as well as the function of ABCG2. We evaluated the plasma concentrations of ge�tinib in patients with and
without the ABCG2 C421A polymorphism, who were or were not taking PPIs. Methods A total of 61 patients with
advanced EGFR-positive NSCLC were enrolled in this study. They were treated with ge�tinib at a dose of 250 mg per day.
Plasma ge�tinib concentration and ABCG2 C421A status were determined after 2 weeks. The patients were divided into
CC- and CA/AA genotype groups. We compared the trough and peak ge�tinib levels, and the area under the curve (AUC)
value for 24-hour ge�tinib concentration. We also compared these parameters among four groups distinguished
according to the presence/absence of the polymorphism and PPI use. Results The mean trough ge�tinib level, and the
AUC value for 24-hour ge�tinib concentration, were signi�cantly lower in the CA/AA group compared to the CC group
(mean trough level: 333.2 ± 188.7 vs. 454.5 ± 206.3 ng/mL, P=0.021; AUC: 9,949.9 ± 5,058.9 vs. 13,085.4 ± 5,075.3 ng
h/mL, P=0.034). Among patients taking PPIs, the mean trough ge�tinib level was signi�cantly lower in the CA/AA group
than the CC group (220.1 ± 112.6 vs. 340.5 ± 98.3 ng/mL, P=0.033). Conclusions The CA/AA-type of ABCG2 C421A
polymorphism may be associated with lower ge�tinib plasma concentration.

Background
Ge�tinib is a �rst-generation oral epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI). This drug has
been used clinically for treatment of patients with non-small cell lung cancer (NSCLC) harboring EGFR mutations, and
has been shown to possess strong antitumor activity. Ge�tinib is clinically useful in elderly patients, and in those with
poor World Health Organization (WHO) performance status (PS) (1,2); thus, it remains as one of the standard therapies
for NSCLC harboring EGFR mutations.

Ge�tinib therapy shows large variability in its antitumor e�cacy among patients, and it is important to identify the factors
responsible for this difference. Resistance mutations, such as T790M, are considered to be the main causes of ge�tinib
resistance. However, several other factors have been suggested to in�uence the e�cacy of ge�tinib, including body
surface area (BSA), smoking history, and treatment with proton pump inhibitors (PPIs) (3–5).

It is important to achieve a good understanding of the pharmacokinetics of drugs to predict their clinical outcomes.
Adverse effects and clinical e�cacy are closely associated with the degree of drug exposure (6, 7). Several groups have
examined the association of plasma ge�tinib concentration with its e�cacy and the incidence rate of adverse effects; for
example, lower plasma concentrations were reported to be associated with less e�cacious ge�tinib therapy (8, 9).
Therefore, it is important to maintain high plasma concentrations of this agent, and to identify the factors affecting its
pharmacokinetics.

Several factors are known to affect the pharmacokinetics of ge�tinib. The stomach pH affects the absorption of ge�tinib
into the blood (10). The liver is the main organ associated with the activities of metabolic enzymes and transporters
involved in the metabolism and excretion of ge�tinib (11–14). However, there have been no clinical studies regarding the
associations between these enzymes and the transporters and pharmacokinetics of ge�tinib.

ATP-binding castle protein G2 (ABCG2) is one of the most intensively studied transporters present on cell membranes in
the liver, urinary tract, intestinal duct, and tumor cells (15). We focused on the role of ABCG2 in the e�ux and metabolism
of ge�tinib in the liver (16, 17). ABCG2 was shown to affect the uptake of ge�tinib in cells in vitro (18). Higher levels of
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ABCG2 expression are believed to be related to lower concentrations of ge�tinib, while the function of ABCG2 is known to
be inhibited by several PPIs (19, 20). Interindividual differences in the activity of ABCG2, according to genetic factors and
use of other drugs, may be related to ge�tinib plasma concentrations.

ABCG2 has a number of single nucleotide polymorphisms (SNPs), one of which, C421A, is known to reduce the level of
ABCG2 expression (21, 22). The C421A allele frequency is very high in Asian populations (23, 24). The effects of the
ABCG2 C421A gene polymorphism on the pharmacokinetics of ge�tinib have not been elucidated.

This study was performed to test the hypothesis that the plasma ge�tinib concentration differs according to ABCG2
C421A status and use of PPIs.

Methods
Patients and protocols

A total of 61 patients with advanced EGFR-positive NSCLC were enrolled in this study, between May 2010 and May 2017,
at Akita University Hospital, Akita, Japan. All patients had a WHO PS of 0–1, and a single, or no, cytotoxic chemotherapy
regimen had been applied previously. Ge�tinib was administrated at a dose of 250 mg once a day until disease
progression. On day 14 after commencement of treatment, plasma samples were obtained just before, and 1, 2, 4, 6, 8, 12,
and 24 hours after, administration of 250 mg of ge�tinib. We determined ABCG2 C421A gene polymorphism status by
analyzing the blood samples. The 61 patients were divided into two groups according to ABCG2 C421A genotype, i.e.,
wild-type (CC) or variant type (CA/AA), and we compared the trough and peak ge�tinib levels, and area under the curve
(AUC) value for the 24-hour plasma ge�tinib concentration, between the genotype groups. We also compared these
parameters between patients with and without PPI treatment (Figure 1).Finally, ge�tinib concentrations were compared
among four groups of patients distinguished according to ABCG2 C421A polymorphism and PPI use status.

This study was approved by the Institutional Review Board of Akita University Hospital, and all patients provided written
informed consent prior to enrollment.

 

Analysis of plasma ge�tinib concentration

Plasma ge�tinib concentrations were measured by high-performance liquid chromatography (HPLC) with ultraviolet
detection. Following the addition of erlotinib (25 ng/10 mL methanol) to 100-mL plasma samples as an internal
standard, the samples were diluted with 900 mL of water. This mixture was then applied to an Oasis HLB solid-phase
extraction cartridge that had been activated with methanol and water (1.0 mL each). The cartridge was then washed with
1.0 mL of water and 1.0 mL of 40% methanol in water, and eluted with 1.0 mL of 100% methanol. Eluates were dried by
vortex-vacuum evaporation at 60°C using a rotary evaporator (CVE-2AS; AS-ONE, Osaka, Japan). The resulting residue
was then dissolved in 20 mL of methanol and 20 mL of mobile phase additives. Then, 20-mL aliquots of the samples
were processed by HPLC. The mobile phase was 0.5% KH2PO4 (pH 3.5) acetonitrile methanol (55:25:20, v/v/v). The �ow
rate was 0.5 mL/min, and detection was carried out at 250 nm. The coe�cients of variation for intra- and interday assays
were < 8.4%, and the accuracy of intra- and interday assays was within 3.1%. The limit of quanti�cation for ge�tinib was
10 ng/mL.

We measured the concentrations of ge�tinib in plasma samples at eight time points (just before and 1, 2, 4, 6, 8, 12, and
24 hours after ge�tinib administration), and the AUC value for 24-hour plasma ge�tinib concentration was also
calculated.
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Analysis of ABCG2 C421A gene polymorphisms

DNA was extracted from peripheral blood samples using a QIAamp Blood Mini Kit (Qiagen, Tokyo, Japan) and stored at
−80°C until analysis. The ABCG2 C421A polymorphism was genotyped by long polymerase chain reaction (PCR) analysis
and the PCR-restriction fragment length polymorphism (RFLP) method, as described previously (25). The results of the
PCR-RFLP analysis were con�rmed using a fully automated SNP detection system (Prototype i-Densy™; Arkray Inc., Kyoto,
Japan). The frequencies of all loci analyzed were in Hardy–Weinberg equilibrium.

 

Statistical analysis

Plasma ge�tinib concentrations were compared using the two-sample t test in each group, or the Mann–Whitney U test if
the data were non-parametric. For comparison of plasma ge�tinib concentrations among four groups, Tukey’s honestly
signi�cant difference test was applied if one-way ANOVA indicated signi�cance. The P-values were two-sided, and P<0.05
was taken to indicate signi�cance. All statistical analyses were performed using SPSS for Windows software (ver. 11.0;
SPSS Inc., Chicago, IL, USA).

Results
Patient characteristics

There were no signi�cant differences between the two genotype groups in terms of age, sex, body weight, or BSA; in levels
of aspartate transaminase, alanine transaminase, serum albumin, or total bilirubin; or in clinical stage or EGFR mutations
(Table 1). Regarding PPI use, eight patients were using lansoprazole, �ve were using esomeprazole, three were using
rabeprazole, and one was using omeprazole.

 

Plasma concentrations

The trough ge�tinib levels could be measured in 61 patients, but we could not measure the peak ge�tinib levels, or AUC
value for 24-hour ge�tinib concentration, in 11 patients due to insu�cient blood samples. Thus, we analyzed these latter
two parameters in 50 patients (Figure 2).

Signi�cant differences were found in the trough ge�tinib levels and AUC value for 24-hour ge�tinib concentration between
the ABCG2 C421A genotype groups (Figure 3); the mean trough level for the CA/AA group was 333.2 ± 188.7 ng/mL and
that of the CC group was 454.5 ± 206.3 ng/mL (P=0.021); the respective AUC values were 9,949.9 ± 5,058.9 ng h/mL and
13,085.4 ± 5,075.3 ng h/mL (P=0.034). There was no difference in peak ge�tinib level between the CA/AA and CC groups.

Comparison of the trough ge�tinib levels between the four groups distinguished according to SNPs and PPI use (Figure
4) showed a signi�cant difference between group 1 (CC without PPIs) and group 4 (CA/AA with PPIs) (495.5 ± 220.6
ng/mL vs. 220.1 ± 112.6 ng/mL, respectively, P=0.000); between group 2 (CA/AA without PPIs) and group 4 (380.8 ±
196.0 ng/mL vs. 220.1 ± 112.6 ng/mL, respectively, P=0.041); and between group 3 (CC with PPIs) and group 4 (340.5 ±
98.3 ng/mL vs. 220.1 ± 112.6 ng/mL, respectively, P=0.033). The peak plasma ge�tinib level and AUC value for 24-hour
ge�tinib concentration showed similar trends, but the group differences were not signi�cant (data not shown).

Discussion
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This is the �rst report regarding the relationships among ABCG2 C421A polymorphism, usage of PPIs, and plasma
concentrations of ge�tinib. Comparison of patients divided into two groups according to ABCG2 C421A genotype status
showed that the variant polymorphism was associated with lower plasma concentrations of ge�tinib. Comparison of the
trough ge�tinib levels among the four groups distinguished on the basis of SNPs and PPI use showed that the ABCG2
C421A polymorphism and usage of PPIs were related to lower plasma concentrations of ge�tinib.

The EGFR-TKIs include ge�tinib, erlotinib, afatinib, and osimertinib, which are standard clinical therapies selected
according to the patient’s type of mutation, age, WHO PS, and comorbidities (26). Ge�tinib is used in elderly patients, and
in those with a poor PS (1, 2). Ge�tinib is known to have a better safety pro�le, i.e., is associated with fewer adverse
effects, than other TKIs (1, 2). In our previous study, we showed that a lower trough level of ge�tinib was associated with
shorter progression-free survival (PFS) in patients with exon 21 L858R mutations (27). It has also been suggested that
plasma ge�tinib concentration may be related to prognosis (8, 9). Several factors have been reported to affect the
absorption, distribution, metabolism, and excretion of ge�tinib (10, 12, 28, 29). Therefore, it is important to determine the
factors that are most strongly associated with plasma ge�tinib concentrations.

In a previous study, the plasma ge�tinib concentration reached a steady-state level by around day 7 (30). Elsewhere,
continuous administration of ge�tinib typically led to 2–8-fold accumulation in plasma concentration, and the maximum
concentration of ge�tinib increased proportionally (12). Ge�tinib in blood is considered to be taken up into cells through
certain transporters expressed on the cell membrane, metabolized by cytochrome P450 (CYP) enzymes in liver cells, and
excreted in bile via as-yet unknown transporters. The bioavailability of ge�tinib was shown to be reduced by 47% by
sustained elevation of gastric pH (10). PPIs are known to reduce the plasma ge�tinib concentration (28). A high rate of
ge�tinib clearance by CYPs has been reported, which is associated with lower therapeutic e�cacy (12). The CYP2D6
gene polymorphism was reported to affect the plasma ge�tinib concentration by increasing the e�ciency of metabolism
(31). Plasma ge�tinib is excreted via bile into feces, and much higher levels are found in feces than in urine (30).
Therefore, the liver is the main organ involved in both the metabolism and excretion of ge�tinib. Horak et al. reported that
liver dysfunction in�uenced the pharmacokinetics of ge�tinib (29).

Drug transporters also play signi�cant roles in the pharmacokinetics of drugs. ABCG2, one of the most well-studied
membrane transporters, has been shown to be expressed in the apical cellular membranes of healthy organs, including
the liver, intestine, and kidney, as well as in tumors. ABCG2 is thought to play an important role in removing toxic
substances from cells (15). Ge�tinib had been shown to be a substrate for ABCG2, along with rosuvastatin, methotrexate,
and sulfasalazine (19). Galetti et al. reported the results of several in vitro studies on the function of ABCG2 (18), and
suggested that ge�tinib is not a substrate of ABCG2 on the basis of a clear dissociation in the intracellular accumulation
and e�ux of ge�tinib between groups treated and not treated with the ABCG2 inhibitor, fumitremorgin C. Moreover, they
noted increased uptake of ge�tinib in NSCLC with use of an ABCG2-silencing RNA (siRNA) technique. They also reported
decreased intracellular accumulation of ge�tinib in cells overexpressing ABCG2, and that the expression levels of several
transporters related to ge�tinib uptake were decreased in ABCG2-overexpressing cells. These results suggested that
ge�tinib is not a substrate of ABCG2, and that ABCG2 affects the intracellular accumulation of ge�tinib by modulating its
uptake rather than its e�ux. Therefore, ABCG2 is a protein associated with the metabolism and excretion of ge�tinib.
ABCG2 is assumed to increase the plasma concentration of ge�tinib and negatively regulate uptake into liver cells. In the
present study, we focused on the effects of the ABCG2 polymorphism on the pharmacokinetics of ge�tinib.

Resequencing of ABCG2 revealed a number of allelic variants that may affect the activity of the gene product in vivo (15).
ABCG2 C421A is a SNP in exon 5 of the ABCG2 gene. The transversion associated with this SNP results in transformation
of lysine to glutamine at codon 141 (Q141K) (22), associated with altered substrate speci�city and protein function (32).
Franke et al. suggested that ABCG2 SNP analysis may be useful for estimating systemic ABCG2 (15). Cusatis et al.
reported that ABCG2 C421A altered the pharmacokinetics of other drugs in addition to ge�tinib (33). The wild-type (CC)
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ABCG2 C421A polymorphism is known to be associated with higher concentrations of ge�tinib than the variant type
(CA/AA). Other SNPs have also been identi�ed, but it remains unclear whether they are associated with the expression
and function of the ABCG2 protein (34).

In previous reports regarding ge�tinib therapy and ABCG2 C421A, it was unclear whether the polymorphisms were
associated with clinical e�cacy. Some previous studies showed that ge�tinib is associated with a higher frequency of
adverse effects in wild-type versus variant-type ABCG2 C421A (35–37). Meanwhile, Cusatis et al. reported that patients
with reduced ABCG2 activity due to genetic variants are at increased risk of diarrhea on ge�tinib treatment (35). Moreover,
Ma et al. reported that patients carrying the A allele of C421A tended to have a higher risk of hepatotoxicity on receipt of
ge�tinib therapy (37). These observations may be related to the higher concentrations of ABCG2 in interstitial or liver
cells, and to the cell injuries associated with reduced ABCG2 activity, which inhibited ge�tinib transport into cells.
Kobayashi reported a difference in the plasma concentration of ge�tinib by ABCG2 genotype (38). Our results showed a
similar trend, in that the ge�tinib concentration was lower in the CA/AA- versus CC-type ABCG2 group.

In this study, the relationship between ABCG2 genotype and PPI use was shown to be important in plasma ge�tinib
concentrations. The differences in ge�tinib trough levels between groups distinguished according to ABCG2 genotype
and PPI use were considered to be due to an interaction effect, where PPI use may in�uence plasma concentrations of
ge�tinib by inhibiting the activities of ABCG2. The differences in ge�tinib plasma concentrations between groups 1 (CC
without PPIs) and 3 (CC with PPIs), and between groups 2 (CA/AA without PPIs) and 4 (CA/AA with PPIs), were
signi�cant. These results suggested that PPIs may be more directly associated with the plasma concentration of ge�tinib
than ABCG2 genotype. Considering the signi�cant difference in trough ge�tinib level between groups 2 and 4, PPI use
should be avoided in patients with the variant-type ABCG2 polymorphism to maintain therapeutic plasma concentrations
of ge�tinib.

Several drugs are known to inhibit the function of ABCG2, including PPIs and cyclosporine (19). Suzuki identi�ed
coadministration of several PPIs as a risk factor for delayed elimination of ge�tinib, as well as for renal and liver
dysfunction (20). All four PPIs used in their study (omeprazole, rabeprazole, lansoprazole, pantoprazole) inhibited ABCG2-
mediated transport of methotrexate (20). However, in previous studies on the relationship between ABCG2 and PPIs,
pantoprazole and rabeprazole were the only two agents that met the criteria for clinical inhibitors (19). Therefore,
although PPIs play a role in inhibiting the function of ABCG2, they may not have strong effects on the pharmacokinetics.

This study had some limitations. First, it was unclear how the differences among the various PPIs may have affected the
results. Thus, investigations using a single PPI may be preferable. Second, the ge�tinib concentrations may have been
biased in one patient in group 3 due to with pulverization and solution of ge�tinib tablet via a nasal gastric tube. This
may have affected the absorption and, subsequently, concentration of ge�tinib in plasma. Third, the sample size was
relatively small and we could not measure the peak ge�tinib levels, or AUC value for 24-hour ge�tinib concentration, in 11
patients due to insu�cient blood samples. Further studies including larger samples are needed to con�rm the association
between C421A polymorphism and plasma concentrations of ge�tinib.

Conclusions
ABCG2 C421A gene polymorphism may affect the plasma concentration of ge�tinib. In patients with the CA or AA ABCG2
C421A genotype, PPIs may be associated with lower plasma ge�tinib concentrations.
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Tables
Table 1. Patient characteristics

  Group 1
(PPI-, CC)

Group 2
(PPI-,

CA/AA)

Group 3
(PPI+, CC)

Group 4
(PPI+,
CA/AA)

P-
value

Group 1+3
(CC)

Group 2+4
(CA/AA)

P-
value

Number of
subjects

25 19 9 8   34 27  

Age(y) 69.6±6.69 70.68±10.67 73.56±7.48 69.9±9.02 0.251 70.6±7.02 18.9±11.11 0.474

Sex
    male

       female

11
14

2
17

2
7

4
4

0.101 13
21

6
21

0.092

BW(kg) 54.3±9.04 50.6±7.9 48.2±9.48 54.5±14.92 0.317 52.7±9.41 51.8±10.32 0.72

BSA(m ) 1.53±0.17 1.45±0.11 1.41±0.16 1.53±0.26 0.189 1.50±0.17 1.48±0.17 0.606

AST(IU/L) 28.3±27.98 47.1±115.65 22.0±12.59 20.2±6.36 0.694 26.6±24.82 39.1±97.09 0.674

ALT(IU/L) 35.2±55.55 57.4±162.88 27.8±34.92 20.3±10.07 0.781 33.3±50.51 46.41±36.72 0.606

Alb(g/dL) 3.8±0.42 3.9±0.38 3.5±0.52 3.6±0.77 0.144 3.78±0.43 3.85±0.43 0.594

T. Bil(mg/dL) 0.63±0.27 0.6±0.19 0.53±0.15 0.46±0.18 0.202 0.6±0.56 0.56±0.2 0.443

cStage
       
               

     

3
12

2
17

1
8

0
8

0.128 4
30

2
25

0.293

EGFR
mutation            

     L858R
   del19

        uncommon

 
15
8
2

 
11
7
1

 
5
4
0

 
4
4
0

 
0.072

 
20
12
2

 
15
11
1

 
0.193
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Figures

Figure 1

Classi�cation of 61 patients with advanced non-small cell lung cancer (NSCLC) harboring epidermal growth factor
(EGFR) mutations into four groups.
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Figure 2

Distributions of trough and peak ge�tinib levels, and the area under the curve (AUC) value for 24-hour plasma ge�tinib.

Figure 3

Comparison of plasma ge�tinib concentrations according to ABCG2 C421A genotype status.
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Figure 4

Comparison of trough ge�tinib levels among four groups distinguished according to ABCG2 C421A genotype status and
proton pump inhibitor (PPI) use.


