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Patients with epidermal growth factor receptor (EGFR) wild-type non-small cell lung cancer (NSCLC) of-
ten show primary resistance to gefitinib therapy. It is thus necessary to study the metabolism of gefitinib
in NSCLC cells to comprehensively reveal the reasons for the primary resistance of tumors. Herein, we
develop a platform for studying drug metabolism heterogeneity based on single-cell mass spectrometry
(sDMH-scMS) by integrating living-cell electrolaunching ionization MS (ILCEI-MS) and high-performance
liquid chromatography-MS (HPLC-MS) analysis, and the primary resistance of NSCLC cells to gefitinib was
studied using this platform. The ILCEI-MS analysis showed that approximately 11.9% of NSCLC single cells
contained the gefitinib metabolite M11; HPLC-MS detection diluted the intensity of M11 in subpopula-
tions and concealed the heterogeneity of drug metabolism in tumor single cells. The intensity of gefitinib
in EGFR wild-type A549 cells was markedly lower than in mutant PC9 cells, and the intensity of gefitinib
metabolites was significantly higher than in PC9 cells, suggesting that the primary resistance of NSCLC
cells is related to gefitinib metabolism. Moreover, the combination of gefitinib and the drug-metabolizing
enzyme inhibitor a-naphthoflavone was shown to overcome the primary resistance of the NSCLC cells.
Overall, the results of this study are expected to be applicable for clinical drug resistance diagnosis and

treatment at the single-cell level.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gefitinib is an epidermal growth factor receptor tyrosine kinase
inhibitor (EGFR-TKI), which has been approved by the US Food and
Drug Administration as a first-line targeted drug for the treatment
of non-small cell lung cancer (NSCLC) [1,2]. Studies have shown
that the efficacy of gefitinib is related to the patient’s sex and
smoking history of the patient, in addition to the histological type
of lung cancer [3]. Specific patients, such as non-smokers, those
with Asian ethnicity, lung adenocarcinoma patients, and those with
female gender are sensitive to gefitinib therapy, and they often
show the deletion mutation of exon 19 or substitution mutation
of exon 21 of EGFR [4,5]. However, it is difficult for patients with
EGFR wild-type NSCLC to benefit from treatment with gefitinib,
and such patients who have no obvious response to drugs at the
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initial stage of treatment are considered to exhibit primary resis-
tance [6]. Therefore, understanding the reasons for primary resis-
tance in NSCLC patients is the key to further improving the efficacy
of gefitinib.

Although great clinical progress has been made in understand-
ing the mechanism of primary resistance to gefitinib in NSCLC pa-
tients, much of this progress has been on detecting changes in
gene level, such as kirsten rat sarcoma viral oncogene (K-ras) mu-
tation [7], vRAF murine sarcoma viral oncogene homolog B1 (BRAF)
mutation [8], and loss of phosphatase and tensin homolog deleted
on chromosome ten (PTEN) gene function [9]. The sensitivity of
NSCLC cells to gefitinib is not only influenced by genes but also
related to the metabolism of drugs in tumor cells [10]. The de-
crease in gefitinib content caused by an increase in cytochrome
P450 (CYP450) enzyme activity and the overexpression of trans-
porters is considered to be another important mechanism of drug
resistance in NSCLC cells [11,12]. In addition, gefitinib competi-
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tively binds to the adenosine triphosphate (ATP) binding site of the
intracellular tyrosine kinase domain of EGFR, thereby inhibiting the
phosphorylation activation of EGFR, blocking the transmission of
the downstream signal pathway, and inhibiting the proliferation of
tumor cells [13]. Only gefitinib entering the tumor target cells can
bind to the intracellular tyrosine kinase domain of EGFR and exert
anticancer effects. Thus, the content and metabolism of gefitinib in
NSCLC cells directly affect its anticancer activity. Detecting the ab-
sorption and metabolism of gefitinib by tumor target cells is thus
helpful in the comprehensive evaluation of the efficacy of the drug
and the potential reasons for primary resistance.

At present, high-performance liquid chromatography-mass
spectrometry (HPLC-MS) is mainly used to detect gefitinib and
its metabolites in cells, tissues, and bodily fluids [14]. Using this
method, the metabolism of gefitinib in in vitro liver microsome
model, the human body, and animals has been studied in depth
[15-20]. It has been found that gefitinib is rapidly and exten-
sively metabolized in the human liver, mainly by CYP3A4 and
CYP2D6, which catalyze the oxidation of its morpholine ring, the
O-demethylation of the methoxy group on its quinazoline ring, and
the oxidative defluorination of its halogenated phenyl to generate
M537194, M523595, and M387783 [15-17,21]. The metabolism of
gefitinib in NSCLC cells has also been reported [10,14], but its de-
tailed metabolism in all NSCLC cells has not been studied. Due
to epigenetic mutation and the influence of their microenviron-
ment, tumor single cells exhibit significant heterogeneity [22-25].
Even in the same batch of cell lines, two cell subpopulations with
different characteristics can be observed [26]. However, HPLC-MS
can only obtain the average data of gefitinib metabolism based on
cells or tissues. In addition, this method requires a complicated ex-
traction process of drugs and their metabolites in the quantitative
study of drug metabolism, which may lead to the loss of intra-
cellular target molecules, especially limiting the detection of drug
metabolites with low content [27,28].

Single-cell analysis can reveal the heterogeneity of cells and fa-
cilitate a more comprehensive understanding of drug metabolism
[29-35]. Intact living-cell electrolaunching ionization mass spec-
trometry (ILCEI-MS) is a new almost undiluted single-cell analy-
sis method developed by our research group, which can be used
to detect small molecular compounds in whole single cells [36].
In brief, single cells are dispersed in a capillary with a narrow in-
ner diameter (I.D.), enter an ion transport tube in the form of in-
tact single cells, and are broken up for MS detection. ILCEI-MS has
been proven to have the advantages of high sensitivity and high
throughput for single-cell detection, which makes it possible to an-
alyze the metabolic process of gefitinib in NSCLC cells.

A549 cells have an EGFR wild-type gene and exhibit primary
resistance to gefitinib therapy. PC9 cells have an EGFR exon 19
deletion mutation gene and are sensitive to gefitinib treatment
[37]. In this study, A549 and PC9 cells were used as a model
system to construct a platform to study drug metabolism hetero-
geneity based on single-cell MS (sDMH-scMS), which integrated
ILCEI-MS and HPLC-MS analysis. We applied this new platform to
study the heterogeneity of gefitinib metabolism in NSCLC cells at
the single-cell level and analyze in depth the metabolism of gefi-
tinib in target tumor cells. The difference in gefitinib metabolism
in A549 and PC9 cells was investigated to reveal the relationships
between the primary resistance of NSCLC cells to gefitinib and
drug metabolism. o-Naphthoflavone was used to inhibit gefitinib
metabolism in NSCLC cells that exhibit primary resistance, which
improved the sensitivity of drug-resistant tumor cells to gefitinib
therapy.

Proliferation inhibition curves indicate that gefitinib inhibits
NSCLC cell proliferation in a concentration-dependent manner and
that the cell viability of A549 cells is higher than that of PC9 cells
under various treatment conditions (Figs. S1A-C in Supporting in-

Chinese Chemical Letters 35 (2024) 108466

:C Constant-inner
diameter emitter

e mp B B OB ee e

' Single-cell suspension

Fig. 1. Schematic of sDMH-scMS platform. (A) Treatment of A549 and PC9 cells
with gefitinib. (B) Detection of gefitinib metabolites in A549 cells by HPLC-MS. (C)
Detection of gefitinib metabolites in A549 and PC9 cells by ILCEI-MS.

formation). Thus, the anticancer activity of gefitinib toward A549
cells is weaker than that of PC9 cells, which might be due to the
catalytic metabolism of most drugs in A549 cells and result in a
loss in the anticancer effects of gefitinib. To verify this hypothesis,
we constructed an sDMH-scMS platform to study the absorption
and metabolism of gefitinib in these two types of cells to clarify
the relationships between the primary resistance of NSCLC cells to
gefitinib and drug metabolism, as shown in Fig. 1. First, accord-
ing to the proliferation inhibition curves, the concentration of gefi-
tinib was selected to treat primary resistant A549 and sensitive
PC9 cells. Then, A549 cells were used as the model. After treat-
ment with gefitinib, the intracellular drug and its metabolites were
extracted with cold methanol for HPLC-MS analysis. The gefitinib
treatment cells were resuspended in ammonium formate aqueous
solution and were driven into a capillary with a 16 um-L.D. by a
pneumatic-hydraulic injection device to realize the online disper-
sion and MS injection of single cells. The cells were injected into
the MS inlet from an emitter with constant L.D. for ILCEI-MS anal-
ysis. The differences in the gefitinib metabolites detected by ILCEI-
MS and HPLC-MS in single cells and population cells were com-
pared to analyze the heterogeneity of drug metabolism in NSCLC
single cells. Finally, ILCEI-MS was utilized to study the metabolic
differences of gefitinib in the two types of cells and reveal the re-
lationships between the primary resistance of NSCLC cells to gefi-
tinib and drug metabolism.

A549 cells were used as a model and the metabolism and
metabolic pathways of gefitinib in NSCLC cells were studied us-
ing HPLC-MS. A549 cells were treated with 20 pmol/L of gefitinib
for 24 h, where the cell viability was 59.87% + 0.39% (Fig. S1D in
Supporting information). Ten gefitinib metabolites were detected
in the A549 cells, which were numbered M1 to M10 according to
their elution order in the chromatograms. The HPLC-MS? results
of gefitinib and its metabolites in A549 cells are shown in Table
S1 and Fig. S2 (Supporting information), with the names of the
reported metabolites of gefitinib shown in parentheses. The de-
tailed structural analysis can be found in the supporting informa-
tion.According to the structure of the gefitinib metabolites and in-
formation in the literatures [15-17,21], a gefitinib metabolic path-
way for A549 cells was proposed (Fig. S3 in Supporting informa-
tion). The morpholine ring propoxy side chain is the most impor-
tant site for gefitinib metabolism in A549 cells. The M1 to M10
gefitinib metabolites were detected at various treatment times (Fig.
S4 in Supporting information). The content of these ten metabo-
lites increased with a prolongation of the treatment time, where
gefitinib was mainly metabolized into M5 (M295820) and M7
(M608236).

HPLC-MS experiments were conducted to obtain the average
data of the gefitinib metabolites, which concealed the drug absorp-
tion and metabolism in subpopulations with certain characteris-
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Fig. 2. (A) Detection of gefitinib and its metabolites by ILCEI-MS in A549 single
cells that exhibit primary resistance. (B) Metabolic pathway of gefitinib metabolite
M11 in A549 cells.

tics. Single-cell level research provides full information about the
process of drug absorption and metabolism in tumor cells, and re-
veals the reasons for drug resistance. Therefore, the metabolism of
gefitinib in A549 cells was studied at the single-cell level using
ILCEI-MS. Taking the lipid peak m/z=760.5851 with the maximal
signal as the standard for single-cell detection and screening, 265
and 658 single cells were detected in the control group and the 20
pmol/L of gefitinib treatment group, respectively, as shown in Fig.
S5 (Supporting information).

As shown in Fig. 2A, gefitinib and its main metabolites (M5
and M7) were successfully detected in A549 single cells that
exhibit primary resistance by ILCEI-MS. In addition, after the
mass spectrum peak alignment of single-cell related ions, a gefi-
tinib metabolite-related ion with m/z=447.1446 was detected in
the treatment group. Because m/z=447.1446 was not detected in
HPLC-MS analysis and the duration of the mass spectrum peak of a
single cell is only around 0.5s, it is difficult to obtain characteristic
fragment ions from MS? analysis to deduce its molecular structure.
The detection of a gefitinib metabolite ion has been reported in
human liver microsomes with m/z=447.1435 [15], and a relative
error of m/z=447.1446 of only 2.46 ppm. Thus, according to the
accurate m/z of the high-resolution MS, the species with a signal
at m/z=4471446 can be attributed to a metabolite of gefitinib,
with the structure shown in Fig. 2B labeled as numbered M11
(molecular formula: Cy;Hy4CIN4Os). M11 may be produced by the
O-dealkylation of M1 (M387783) or by the oxidative defluorination
of M7 (M608236) based on its structure (Fig. 2B).

The reasons why the gefitinib metabolite M11 can only be de-
tected in NSCLC single cells were further analyzed. By counting the
number of cells containing M11 in the 20 pmol/L of the gefitinib
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Fig. 3. Comparison of the M11 parent ion peak intensity of A549 single cells con-
taining M11 and the total single cells.

treatment group, it was found that M11 could be detected in only
78 A549 single cells, accounting for 11.9% of the total number of
cells (658). The characteristics of the intensities of the M11 parent
ion peak of 78 of the A549 single cells and the total number of
single cells are shown in the box plots in Fig. 3. The average in-
tensity of the M11 parent ion peak of 78 of the A549 single cells
is 3.91 x 104, while the average intensity in the total cells (cor-
responding to population cells) is 4.64 x 103. Namely, other A549
cells diluted the intensity of the M11 parent ion peak of 78 of
the single cells. In addition, the volume of organic solvent used to
extract gefitinib metabolites from the population cells was much
greater than the total cell volume, which further diluted the con-
centration of M11. The complex sample preparation process also
led to a loss of gefitinib metabolites. Therefore, M11 could not be
detected in the HPLC-MS experiment, and the almost undiluted
single-cell analysis method was used to detect the M11 metabo-
lized by a specific NSCLC cell subpopulation, which revealed the
heterogeneity of drug metabolism in the tumor single cells. A small
number of NSCLC cells containing the M11 metabolite may repre-
sent a subpopulation with specific characteristics, such as different
responses to gefitinib treatment.

The above experiments have illustrated that detecting the
metabolites of gefitinib at the single-cell level can provide infor-
mation on drug metabolism heterogeneity and help understand
the metabolism of gefitinib in tumor target cells comprehensively.
Thus, ILCEI-MS was used to compare the content and metabolism
of gefitinib in EGFR wild-type A549 cells and mutant PC9 cells at
the single-cell level.

A549 and PC9 cells were treated with 20 pmol/L of gefitinib
for 24 h, with the mass spectra of the individual cells detected by
ILCEI-MS shown in Fig. S6 (Supporting information) and the par-
ent ion peak intensity of the intracellular gefitinib shown in Fig. 4.
The relative abundance of gefitinib in A549 cells is lower than that
in PC9 cells. In other words, the drug content in A549 cells is
lower than that in PC9 cells. The metabolism of gefitinib in the
two types of cells is shown in Fig. 5A, and the relative abundance
of M11 in NSCLC single cells containing M11 is shown in Fig. 5B.
The gefitinib main metabolites M5 (M295820) and M7 (M608236)
in NSCLC cells and M11, which can only be produced in partial sin-
gle cells were analyzed. The results showed that the relative abun-
dance of gefitinib metabolites M5 (M295820), M7 (M608236), and
MT11 in A549 cells were significantly higher than those in PC9 cells.
Thus, the primary resistance of A549 cells to gefitinib is due to
the extensive metabolism of the drug, leading to a lower antitu-
mor drug content than that in PC9 cells.

CYP450 plays a key role in the metabolism of gefitinib,
among which the CYP3A4, CYP3A5, and CYP1A1 enzymes cat-
alyze the metabolism of gefitinib to produce M5 (M295820) and
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M7 (M608236) [21], as shown in Fig. S7 (Supporting information).
CYP1A1, a member of the CYP1 family, mainly exists in extrahep-
atic tissues and is the major enzyme for the biological activation
of gefitinib in human lungs [38]. «-Naphthoflavone is a specific in-
hibitor of the CYP1A enzyme, which can significantly reduce the
expression and activity of the CYP1A enzyme at a certain con-
centration [10]. To further verify that the extensive metabolism of
intracellular drugs by CYP1A1 is a factor that leads to the pri-
mary resistance of A549 cells to gefitinib, the effect of gefitinib
and «a-naphthoflavone combination treatment on A549 cells was
studied. The cell activity of gefitinib at different concentrations (5,
10, 15, 20, 30, and 40 pmol/L) and «-naphthoflavone (10 and 20
pmol/L) was tested by CCK-8 assay after combination treatment for
24h to evaluate the influence of the CYP1A1 enzyme inhibitor on
the anti-tumor action of gefitinib. As shown in Fig. 6, the com-
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bination of gefitinib and «-naphthoflavone exhibited a stronger
lethal effect than gefitinib alone. Moreover, the combination treat-
ment of a-naphthoflavone and a low concentration of gefitinib re-
sulted in a more significant reduction in cell viability compared
with treatment with gefitinib alone. It is possible that intracellular
CYP1A1 only metabolizes drugs partially, and that gefitinib when
used at a high concentration still exhibits a high mortality rate to-
ward A549 cells. According to Table S2 (Supporting information),
the half maximal inhibitory concentration (ICsq) value of A549
cells treated with gefitinib alone was 28.86 & 0.85 pmol/L, decreas-
ing to 13.9242.83 and 5.59 +0.28 pumol/L when combined with 10
and 20pmol/L of «-naphthoflavone, respectively. The IC50 gradu-
ally decreased with an increase in the «-naphthoflavone concen-
tration. Therefore, a-naphthoflavone was deduced to reduce the
metabolism of gefitinib by inhibiting the activity of CYP1A1, in-
creasing the concentration of the intracellular drug, and improv-
ing the sensitivity of A549 cells to gefitinib. It has been reported
that a-naphthoflavone can inhibit the decrease in the gefitinib
concentration in NSCLC cells, significantly inhibit the phosphory-
lation of EGFR protein, block the activation of PI3K/AKT/mTOR and
Ras/Raf/MEK/MAPK pathways, and inhibit the proliferation of tu-
mor cells [10]. These results indicate that the pharmacokinetics at
the tumor cell level plays a crucial role in antitumor action. This
indicates that, to improve drug efficacy, research should be focused
on the metabolism of drugs in tumor target cells. The combination
therapy of gefitinib and «-naphthoflavone is thus a potential strat-
egy to overcome the primary resistance of NSCLC.

In conclusion, we successfully integrated ILCEI-MS and HPLC-
MS to construct a new platform (sDMH-scMS) for investigating
the heterogeneity of drug metabolism. The platform was used
to study the potential of using ILCEI-MS and HPLC-MS to detect
gefitinib metabolites in NSCLC cells and the difference in gefi-
tinib metabolism in EGFR wild-type A549 cells and mutant PC9
cells. It reflected the relationships between the primary resis-
tance of NSCLC cells to gefitinib and drug metabolism. Ten gefi-
tinib metabolites were detected by HPLC-MS in NSCLC cells, which
were found to mainly metabolize into M5 (M295820) and M7
(M608236). The undiluted single-cell analysis method ILCEI-MS
could detect the M11 metabolite in 11.9% of NSCLC single cells,
which revealed the heterogeneity of gefitinib metabolism in NSCLC
single cells. The content of gefitinib in A549 cells was signifi-
cantly lower than that in PC9 cells. However, M5 (M295820), M7
(M608236), and M11 were present at significantly higher levels in
the A549 cells than in the PC9 cells. The results indicated that
A549 cells digest gefitinib via extensive drug metabolism, which
weakens the antitumor effect of the drug and promotes primary
resistance. The CYP1A1 enzyme inhibitor a-naphthoflavone was
shown to improve the sensitivity of A549 cells to gefitinib treat-
ment by inhibiting drug metabolism. The combination therapy of
gefitinib and «-naphthoflavone was found to overcome the pri-
mary resistance of NSCLC cells to gefitinib to a certain extent. This
study demonstrated the potential of ILCEI-MS to analyze the het-
erogeneity of drug metabolism in tumor single cells and provides
a strategy for overcoming the primary resistance of NSCLC tumors
to EGFR-TKI therapy.
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