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Abstract: (1) Background. The onset of a drug–drug interaction (DDI) may affect treatment efficacy
and toxicity of advanced non-small-cell lung cancer (aNSCLC) patients during epidermal growth
factor receptor (EGFR) tyrosine-kinase inhibitor (TKI) use. Here we present the use of Drug-PIN®

(Personalized Interactions Network) software to detect DDIs in aNSCLC patients undergoing EGFR-
TKIs. (2) Methods. We enrolled patients with Stage IV aNSCLC already treated with or candidates to
receive EGFR-TKIs, in any line; ECOG PS 0–2; taking at least one concomitant drug. Cancer treat-
ments, concomitant drugs, and clinical and laboratory data were collected and inserted in Drug-PIN®.
(3) Results. Ninety-two patients, median age of 68.5 years (range 43–89), were included. In total,
20 clinically relevant DDIs needing medical intervention in a total of 14 patients were identified;
the 14 major DDIs were related to a high-grade interaction between TKIs and SSRIs, antipsychotics,
antiepileptics, H2-receptor antagonist and calcium antagonists. A negative association between statin
intake and PFS was identified (p = 0.02; HR 0.281, 95% CI 0.096–0.825). (4) Conclusions. This is the
first retrospective study assessing the prevalence of DDIs, the clinical need for medical intervention
and the impact of concomitant drugs on EGFR-TKIs survival in aNSCLC.
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1. Introduction

A drug to drug interaction (DDI) is defined as “the pharmacological or clinical re-
sponse to the administration of a drug combination, different from that anticipated from
the known effects of the two agents when given alone” [1]. DDIs can be divided into two
classes according to in vivo mechanism of interaction: pharmacokinetic (absorption, distri-
bution, metabolism and excretion) and pharmacodynamic (receptor function, biological
process and additive/opposed effect) [2]. DDIs can lead to critical clinical effects and the
development of adverse drug reactions (ADRs). Moreover, they can reduce or increase the
efficacy of therapies. DDIs have been investigated in pre-clinical and clinical settings [3,4].
Several studies reported DDIs effects in different patients’ populations, especially in the
elderly, who are frequently on poly-therapy treatments. Moreover, ADRs lead by DDIs can
increase the number and/or duration of hospitalizations and minimize patient’s compli-
ance. In the last few years, many medical tools and pieces of software have been validated
to detect DDIs, with the possibility to include the list of patient’s medications and to
obtain a real-time profile of possible interactions. In oncology, DDIs are an important
issue since patients usually have several comorbidities requiring medication, besides an-
ticancer therapies. In addition, patients often use self-prescribed drugs, herbs or natural
compounds for the management of other conditions or side effects [5,6]. Interactions are
not unusual for most anticancer drugs, with potential impairment of treatment efficacy.
Despite these assumptions, only three retrospective studies have assessed the prevalence
of DDIs during cancer treatments [5–7]. Among them, two were conducted in patients
receiving intravenous cancer treatment, showing that between 27% to 58% of patients
had at least one DDI [6,7]. Similar results were found in a multicenter study in patients
treated with oral anticancer drugs [5]. These studies have also identified some determinants
for the onset of DDIs during anticancer therapies: number of concomitant drugs, use of
over-the-counter drugs, type of anticancer treatment and tumor histology [5–7]. However,
given the retrospective nature of these studies, it is unclear whether DDIs were related to
prescription errors or to drug combinations intentionally selected by clinicians. In 2015,
Van Leeuwen RW and colleagues conducted a prospective study in cancer patients starting
a new oral or intravenous cancer treatment, in order to identify DDIs and obtain more
information about potential determinants that could lead to medical intervention. The
authors highlighted 603 DDIs in 302 patients, in which 120 DDIs were potentially clinically
relevant. Their identification resulted in a medical intervention in 39 patients (13%), while
a further intervention was proposed by the clinical pharmacologist in 42 patients (14%) [8].

To date, studies in cancer patients have shown interactions between anticancer treat-
ments and cumarin derivatives, antiepileptic drugs, triazole derivatives, proton pump
inhibitors, antiretroviral drugs, antibiotics and folic acid, demonstrating an average DDI
rate ranging from 4% to 40% [6,9–11]. However, in these studies patients affected by lung
cancer were either small in number or not precisely reported (Supplementary Material,
Table S1) [5–8,12]. Only one work evaluated DDIs in patients with thoracic malignancies
(non-small-cell lung cancer, pleural mesothelioma, thymic carcinoma, and pulmonary fibro-
sis) receiving intravenous chemotherapy, identifying in 53 of 300 patients (18%) a potentially
clinically relevant DDI [13]. Advanced non-small-cell lung cancer (aNSCLC) harboring
activating epidermal growth factor receptor (EGFR) mutation benefits from oral tyrosine-
kinase inhibitors (TKIs) such as gefitinib, erlotinib, afatinib and osimertinib. As described
in a review by Peters S., gefitinib, erlotinib and afatinib show extensive inter-individual
variability in drug absorption. Gefitinib and erlotinib exhibit pH-dependent solubility
that also influences their absorption. These drugs undergo extensive hepatic metabolism
predominantly by cytochrome P450 (CYP)-dependent enzymes, such as CYP3A4/3A5 and
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CYP2D6 for gefitinib, CYP3A4/3A5 and CYP1A1/1A2 for erlotinib and CYP3A4/3A5
for osimertinib [14,15] (Table 1). Therefore, potential factors that might be involved in
interactions with EGFR-TKIs are drug transporters, CYP enzymes (inhibitors, inducers or
substrates) and acid-reducing drugs (H2-receptor antagonists and proton-pump inhibitors).
However, data regarding the influence of DDIs in overall survival (OS) and progression-free
survival (PFS) from two retrospective clinical trials in this setting are contradictory [16,17].

Table 1. Cytochrome P450 (CYP450) enzymes involved in the metabolism of EGFRs-TKIs approved for the treatment of
patients with NSCLC.

Metabolyzed by CYP Can Inhibit Can Induce

3A4 3A5 2D6 1A1 1A2 1B1 2C8 2C9 2C19 2E1

Erlotinib +++ +++ + + ++ + + + - - CYP3A4 (m) CYP1A1
CYP1A2

CYP2C8 (m)
CYP1A1 (s)

Gefitinib +++ ++ +++ ++ + - - - - - CYP2C19 (w)
CYP2D6 (w) -

Afatinib - - - - - - - - - - - -
Osimertinib +++ +++ - - - - - - - - - CYP3A (w)

Notes: +++, major metabolic pathway; ++, other significant metabolic pathway; +, minor metabolic pathway; -, no interaction. Abbreviations:
w, weak; m, moderate; s, strong.

In order to clarify this topic, we retrospectively investigated the prevalence of DDIs
during EGFR-TKIs treatment and the need of a medical intervention using Drug-PIN for
the first time. This is a medical tool capable of identifying unfavorable drug interactions by
analyzing patients’ medical profiles.

2. Materials and Methods
2.1. Study Design

We conducted a real world multicenter retrospective data collection with the purpose
of evaluating the prevalence of DDIs in aNSCLC patients under EGFR-TKIs. The primary
objective was to assess the potential association between the onset of at least one DDI
requiring medical intervention and the patient’s baseline clinical features. The secondary
objective was to evaluate the possible impact of the clinical features and concomitant
therapies taken in the first three months on the efficacy of the treatment in terms of survival
and response. This study included consecutive patients with a confirmed diagnosis of
aNSCLC in the 24 months prior to the start of the study. The clinical and biological char-
acteristics, and information about cycles and dosage of anticancer therapies, concomitant
pharmacological therapies (pharmacotherapy) and ADRs reported, have been extrapolated
from the clinical record. The collected data (age, gender, BMI, liver and kidney function
and concomitant drugs) have been entered anonymously in the software Drug-PIN. The
study was conducted in accordance with the Declaration of Helsinki and the protocol
was submitted to the Ethics Committee of the Coordinating Center, Policlinico Umberto
I—Sapienza University of Rome and other participating centers.

Ninety-two NSCLC patients were followed at the Policlinico Umberto I of Rome and
were enrolled at Istituto Nazionale dei Tumori of Milan between April 2018 and April 2020.
The following inclusion criteria were required: (1) patients with histological or cytological
diagnosis of non-small-cell lung cancer already treated or candidates to receive treatment
with EGFR-TKIs, in any line; (2) age ≥ 18 years; (3) Eastern Cooperative Oncology Group
(ECOG) performance status 0–2; (4) informed consent, signed and dated; (5) patients in
physical and mental condition to comply with scheduled visits, treatment plan, laboratory
tests and other necessary procedures; (6) taking at least 1 concomitant drug before starting
anti-tumor treatment. The exclusion criteria were: (1) patients diagnosed with other
inadequately controlled conditions that could compromise participation in the study;



J. Pers. Med. 2021, 11, 424 4 of 14

(2) patients deprived of freedom or under the authority of a legal guardian; (3) patients
with a psychological, family, social or geographical condition that could compromise the
study protocol.

Toxicities associated with anti-cancer treatment have been evaluated according to the
parameters provided by the National Cancer Institute Common Toxicity Criteria, version 5.
The survival parameters considered were the objective response rate (ORR), median PFS
and median OS. Patients were evaluated with radiological investigations in accordance
with clinical practice with a frequency ranging between 12 and 16 weeks. The evaluation of
the images was performed using the RECIST criteria (v. 1.1). The ORR was defined as the
portion of patients who experienced an objective response (complete or partial response)
as the best response to treatment. The PFS was defined as the time from the beginning
of treatment to disease progression or death. OS has been defined as the time from the
beginning of treatment to death. For PFS and OS, patients without events were considered
censored at the time of the last follow-up. Data cut-off period was September 2020.

2.2. Concomitant Medications

Each drug taken by the patient at baseline and during the first three months of
treatment was considered and collected in categories as shown below:

• gastric acid suppressant, classified according to their indication as no vs. gastri-
tis/gastroesophageal reflux disease (GERD) versus prophylaxis (e.g., to prevent gastri-
tis due to other concomitant medication), no versus H2 antagonists (such as ranitidine)
vs. proton-pump inhibitors;

• statins (yes vs. no);
• other lipid-lowering agents (fibrates, ezetimibe and similar) (yes vs. no);
• aspirin (considered as low-dose daily assumption of aspirin for cardiovascular pre-

vention) (yes vs. no);
• anticoagulants (including new oral anticoagulants, low-molecular weight heparin and

cumarinic anticoagulant drugs) (yes vs. no);
• NSAIDs, including COX-2 inhibitors (including both chronic and PRN administration)

(yes vs. no);
• ACE inhibitors/angiotensin II receptor blockers (ARBs) (yes vs. no), calcium antago-

nists (yes vs. no), β-blockers (yes vs. no);
• metformin (yes vs. no) and other oral antidiabetics (yes vs. no);
• opioids (yes vs. no);
• antidepressants/antipsychotics (yes vs. no).

2.3. Drug-PIN

Drug-PIN® (Personalized Interactions Network) is a software capable of evaluating the
pharmacological effectiveness and interactions between drugs. It considers the following
data: age, gender, smoking habit, alcohol consumption, laboratory data related to liver and
kidney function, pharmacogenomics data and concomitant therapies. Drug-PIN, through
semantic analysis algorithms and machine learning, performs a multi-pass analysis and
increases the polynomial order of calculation for each element added to the patient’s record.
Drug-PIN uses official data from the European Agency of Medicines, FDA, CPIC/Pharm
GKB and Open Data. The software provides a score of DDIs based on multiple patients’
drug interactions and also classifies the single drug’s grade of interaction as either low,
medium or high. In addition, it calculates a total score that also considers the clinical and
laboratory characteristics and genomic data of 110 SNPs of the patient.

2.4. Statistical Analysis

Clinical and demographic characteristics, treatment information and types of DDIs are
summarized in a descriptive manner. The categorical variables are presented as frequencies
and percentages. The continuous variables are presented as mean and standard deviations,
medians and interquartile range and 95% confidence interval, depending on the nature of
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the distribution. The PFS and OS have been evaluated using the Kaplan–Meier method
and have been represented graphically. The toxicities of the treatments were evaluated
by collecting biochemical parameters and reported symptoms. The collected data were
entered in the data collection form and reported in a specific database. Fisher’s exact
test was used to evaluate the association between the dichotomous variables. Univariate
and multivariate logistic regression models were used to identify variables associated
with survival (dependent variable); predictive variables included were: baseline clinical
characteristics, concomitant drugs and the total score provided by Drug-PIN. Predictive
variables with values of p < 0.05 to univariate were included in the multivariate analysis.
Based on literature data, it was estimated that DDIs and ADRs are detectable in 18% of
thoracic malignancies. The sample was estimated according to available literature data,
based on the expected enrollment and the descriptive intent of the study. Considering the
number of advanced EGFR mutated NSCLC treated in two years with TKIs (90) in the
involved centers, and an expected prevalence of DDIs of 0.054%, assuming a 95% confidence
level and an estimated accuracy of +/− 5%, at least 80 patients had to be enrolled, with a
minimum median follow-up of 24 months. Statistical analysis was performed using SAS
version 9.4, SAS Institute, Cary, NC, USA.

3. Results
3.1. Patients’ Characteristics

A total of 92 patients were enrolled. The baseline characteristics of patients and data
related to concurrent treatments are listed in Table 2. The median age was 68.5 years
(range 43–89) with a male/female ratio of 31/61; all patients were taking at least one
concomitant drug to the main cancer therapy, of which 14 patients were taking between
one and two, and 78 patients three or more concomitant drugs. In total 74 patients had up to
two comorbidities and 18 patients had three or more comorbidities requiring concomitant
medical therapy. The median PFS and median OS were 16 months (IC 95% range 11–20)
and 16 months (IC 95% range 14–23), respectively (Supplementary Material, Figure S1).

Table 2. Patients’ characteristics. No patients were taking other hypolipidemic therapies or NSAIDs
as concomitant therapies.

Study Population N◦ %

Age
<70 50 54
≥70 42 46
Sex

Male 31 34
Female 61 66

ECOG PS
0–1 82 89
≥2 10 11

BMI (kg/m2)
Median 22

(16.4–36.5)
Treatments

Gefitinib 6 6
Afatinib 13 14

Osimertinib 73 80
Disease burden

0–2 sites 34 37
3 and more than 3 58 63

* including primitive lesion
Concomitant medications

Up to 2 14 15
3 and more than 3 78 85
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Table 2. Cont.

Study Population N◦ %

Comorbidities
Up to 2 60 65

3 and up 18 20
Statins

Yes 15 16
No 77 84

ACE inhibitors
Yes 13 14
No 79 86

Sartans
Yes 14 15
No 78 85

Calcium antagonists
Yes 10 11
No 82 89

B-blockers
Yes 24 26
No 68 74

Anticoagulants/aspirin
Si 35 38

No 57 62
Gastric acid suppressant

Yes 64 70
No 28 30

Metformin
Yes 7 8
No 85 92

Insulinotherapy
Yes 1 1
No 0 99

Other oral antidiabetics
Yes 3 3
No 89 97

Antidepressants/antipsychotics
Yes 23 25
No 69 75

Oppioids
Yes 18 20
No 74 80

3.2. Drug–Drug Interactions and Toxicities

Three hundred forty-two DDIs have been identified by Drug-PIN® in the total pop-
ulation and all have been assessed for the need of a medical intervention. Among them,
20 DDIs, occurring in a total of fourteen patients (15%), were considered potentially clin-
ically relevant and in need of medical intervention; 14 of these DDIs (70%) involved the
main cancer therapy. The main drugs involved in an interaction with the TKIs used were:
selective serotonin reuptake inhibitors—SSRIs (citalopram, escitalopram and fluoxetine),
the antipsychotic quetiapine, the antiepileptic carbamazepine, the H2-receptor antagonist
ranitidine and the calcium antagonists ivabradine. Sixty-seven patients showed at least
one toxicity of any grade, of which seventeen were grade ≥ 3. The median scores provided
by the Drug-PIN system of DDIs and total interaction were 73% and 14%, respectively. All
potential drug–drug interactions involving antineoplastic therapies are listed in Table S2
(Supplementary Material).



J. Pers. Med. 2021, 11, 424 7 of 14

3.3. Potential Risks Factors

In our population, age above or equal to 70 years was statistically associated with the
presence of a DDI requiring medical intervention with a p-value of 0.04 (odds ratio (OR)
3.594, 95% confidence interval (CI) 1.035–12.47). No association was found with gender,
comorbidity number, the kind of TKI (first/second generation versus third generation),
number of concomitant drugs, disease burden, ECOG performance status, ORR and onset
of toxicity of any grade or severe grade. At the univariate analysis, assessing the relation
between baseline clinical features, concomitant drugs and scores provided by Drug-PIN
with survival parameters, statistically significant associations between PFS reduction and
statin intake (p = 0.0002), ACE inhibitors (p = 0.002) and antiaggregant/anticoagulant drugs
(p = 0.006) were identified. Moreover, OS was negatively associated with statin intake
(p = 0.0030) and the use of antiaggregant/anticoagulant drugs (p = 0.0066). Correcting
for significant variables found in univariate analysis, only the association between statin
intake and PFS was confirmed (p = 0.02; HR 0.281, 95%CI 0.096–0.825) at the multivariate
analysis stage. Figures 1–3 show the Kaplan–Meier curves of PFS and OS in relation to
statins, ACE inhibitors, and antiaggregant/anticoagulant drugs.

4. Discussion

This is the first study that retrospectively assessed the prevalence of DDIs and the
clinical need for medical intervention in patients with advanced NSCLC in treatment
with EGFR-TKIs. In total, 20 DDIs were considered as potentially clinically relevant. An
incidence of 15% of DDIs in our population is consistent with available literature data [5–7].
The main interactions found were in patients treated with the third generation TKI os-
imertinib, which is also the most prescribed treatment in our cohort. For osimertinib,
the most common ADRs (almost all grade 1 or 2) are diarrhea (41%), rash (34%), dry
skin (23%) and paronychia (22%). Although not frequent, QT prolongation is one of the
known ADRs, occurring in about 4% of patients (almost all grade 1 or 2) [18]. In case
of grade 3 QT prolongation, temporary discontinuation of treatment is recommended as
there is an increased risk of sudden cardiac death due to ventricular tachycardia or torsade
de pointes. The concomitant use of osimertinib with SSRIs such as fluoxetine or citalo-
pram/escitalopram, or with the antipsychotic drug quetiapine or calcium antagonist drugs,
may lead to heart rhythm alterations and increase the risk of QTc interval prolongation.
This risk increases with the concomitant use of multiple drugs that can prolong QTc and/or
with the use of CYP3A4/3A5 inhibitors. Especially antiemetic drugs (e.g., domperidone
and 5HT3-antagonists) and some anticancer drugs (tamoxifen, tyrosine-kinase inhibitors
and anthracyclines) can elongate the QTc interval [19]. Cardiological monitoring with ECG
is recommended 24 to 48 h before and one week after the possible initiation of a concomi-
tant drug that prolongs QTc [20]. Carbamazepine is an inducer of CYP3A4; therefore, its
concomitant use may reduce osimertinib blood levels.

The number of comorbidities and the number of concomitant drugs have been previ-
ously identified as potential determinants for the onset of a DDI [6,7]. In our study, these
parameters are not correlated with increased risk of DDIs. This may have been caused by
the fact that only the absolute number of drugs used and comorbidities were correlated
in multivariate analyses in previous studies. In patients treated with EGFR-TKIs, age
over 70 years was found to be associated with the presence of a DDI requiring medical
intervention; these data may reflect the fact that elderly patients are generally affected
by multiple comorbidities requiring specific drugs. Furthermore, this population may
experience a reduction in renal and/or hepatic function with consequent alteration of
pharmacokinetic pathways.
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AAg antiaggregant; ACT anticoagulant; + censored; * statistically significant.

It has been shown that, in cancer patients, increased cholesterol synthesis correlates
with a worse prognosis; moreover, cholesterol levels play a role in the development of
drug resistance since overexpression of genes involved in its pathway has been observed
in tumors refractory to active treatments [19–24]. Statins inhibit the synthesis of endoge-
nous cholesterol by acting on the enzyme hydroxymethylglutaryl-CoA reductase, which
converts the molecule of 3-hydroxy-3-methylglutaryl-CoA into mevalonic acid, a precursor
of cholesterol. They are the most used drugs for the treatment of hypercholesterolemia and
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have been proven to reduce both morbidity and mortality of cardiovascular events [25,26].
Preclinical studies on lung cancer cell lines have seen how statins induce apoptosis and
inhibit tumor growth and angiogenesis [27–29]. Recent clinical data have shown how the
prolonged use of statins reduces the risk of mortality in patients with lung cancer [30,31].
Hung MS and colleagues have demonstrated, in a cohort of 1707 NSCLC patients treated
with gefitinib or erlotinib and concomitant statins, a reduction in the risk of death and
a significant increase in PFS and OS [32]. However, the authors used the TKI anti-EGFR
response as a surrogate for the mutational status of EGFR. In addition, the use of statins has
been shown to overcome resistance to EGFR-TKIs in preclinical and clinical models [33,34].
In particular, Ali et al. demonstrated, in induced EGFR mutated TKI-resistant NSCLC
cell lines, a major tumor growth inhibition and reduction in cholesterol levels with the
concomitant use of atorvastatin and gefitinib [35]. Cholesterol, as a component of the
plasma membrane and lipidic rafts, plays a very important role in regulating the transduc-
tion pathway of EGFR intracellular signal [36,37]. In addition, anti-EGFR-TKIs mediate
cell death via the intrinsic pathway of apoptosis, therefore high levels of mitochondrial
cholesterol in tumor cells may be able to protect against cell death through changes in the
permeability of the mitochondrial membrane itself [38,39]. Our study showed that the use
of statins was negatively associated with PFS in patients treated with EGFR-TKIs but not
with OS; this suggests a negative statin drug interaction with TKIs rather than a worse
performance status in patients on statin treatment. Our sample was mostly composed of
patients treated with osimertinib; this is a third generation irreversible EGFR-TKI with
high sensitivity to both activating EGFR mutations and T790M resistance. Considering
that there are no literature data on the effect of statins in patients with NSCLC treated with
osismertinib, these results are not yet clear.

The limitations of the study are its retrospective nature, the small sample size, the un-
available enzymatic gene polymorphisms data and no information about over-the-counter
medications or any other complementary or alternative therapies that may have affected
cancer therapy [40]. However, it constitutes the first attempt to evaluate drug interac-
tions with tyrosine-kinase inhibitors, particularly with osimertinib, using an innovative
medical tool.

5. Conclusions

There is a need to conduct a prospective double cohort study in which DDIs are
identified and corrected in one cohort and identified but not corrected in the other, in order
to better explore the effects on the onset of ADRs. Patients with lung cancer are treated
in a multidisciplinary manner and there is not always a comprehensive view of all new
drugs prescribed. Therefore, the use of a medical tool that documents all of a patient’s
drugs, including over-the-counter drugs, and the close collaboration between oncologists
and clinical pharmacologists, are necessary to facilitate the identification of the interaction
between drugs. The combination of DDIs and individual genetic polymorphisms, called
drug–drug–gene interaction (DDGI), is a new fascinating concept of personalized medicine.
Drug-PIN® or similar software could be very useful in the new era of personalized medicine
to prevent severe adverse events, decrease hospitalizations, and improve survival in cancer
patients. Despite being preliminary, the results of this study could help physicians and
clinical pharmacologists to be more aware of DDIs in oncology and should lead to closer
collaboration to identify and manage DDIs before and during cancer treatment. Further
investigations are needed to confirm our data and better investigate the utility of Drug-PIN®

in the new era of personalized medicine.
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EGFR tyrosine-kinase inhibitors.

https://www.mdpi.com/article/10.3390/jpm11050424/s1
https://www.mdpi.com/article/10.3390/jpm11050424/s1


J. Pers. Med. 2021, 11, 424 12 of 14

Author Contributions: Conceptualization, M.O. and P.M.; methodology, M.O., G.G., M.S. and P.M.;
validation, G.L.R., M.S., M.C.G. and P.M.; formal analysis, M.O., M.B., R.P. and G.G.; investigation,
M.O., M.B., S.M., M.G., A.P., R.P. and R.F.; data curation, M.O., A.D.T., C.P., T.B., E.Z. and A.J.G.;
writing—original draft preparation, M.O., M.B., G.G. and P.M.; writing—review and editing, M.O.,
G.G., S.M., M.G., R.P. and P.M.; software, R.P.; supervision, M.S., R.P., M.C.G., F.D.B. and P.M.; project
administration, M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of Policlinico Umberto I—Sapienza
University of Rome (protocol code 0720/2020 and date of approval 7 October 2020) and by the Ethics
Committee of Istituto Nazionale dei Tumori of Milan (protocol code INT 15/21 and date of approval
26 January 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent has been obtained from the patient(s) to publish this paper if applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: MCG declares personal financial interests with the following organizations:
AstraZeneca, MSD International GmbH, BMS, Boehringer Ingelheim Italia S.p.A, Celgene, Eli Lilly,
Ignyta, Incyte, Inivata, MedImmune, Novartis, Pfizer, Roche, Takeda; she also declares Institutional
financial interests with the following organizations: Eli Lilly, MSD, Pfizer (MISP), AstraZeneca,
MSD International GmbH, BMS, Boehringer Ingelheim Italia S.p.A, Celgene, Ignyta, Incyte, Inivata,
MedImmune, Novartis, Pfizer, Roche, Takeda, Tiziana, Foundation Medicine; at the end, she has
received research funding from the following organizations: AIRC, AIFA, Italian Moh, TRANSCAN.
MCG declares personal fees from MSD, AstraZeneca, Eli Lilly and BMS, outside the submitted work.
GLR declares personal fees from Eli Lilly, BMS and AstraZeneca, outside the submitted work. CP
declares personal fees from BMS and MSD, outside the submitted work. The other authors declare
no conflict of interest.

Abbreviations

DDI drug-drug interaction
aNSCLC advanced non-small-cell lung cancer
EGFR epidermal growth factor receptor
TKIs tyrosine-kinase inhibitors
NSCLC non-small cell lung cancer
ADRs adverse drug reactions
OS overall survival
PFS progression free survival
ECOG Eastern Cooperative Oncology Group
ORR objective response rate
GERD gastroesophageal reflux disease

References
1. Tatro, D. Drug Interaction Facts; J.B. Lippincott: St Louis, MO, USA, 1992.
2. Van Leeuwen, R.W.; Van Gelder, T.; Mathijssen, R.H.; Jansman, F.G. Drug-drug interactions with tyrosine-kinase inhibitors: A

clinical perspective. Lancet Oncol. 2014, 15, e315–e326. [CrossRef]
3. Palleria, C.; Di Paolo, A.; Giofrè, C.; Caglioti, C.; Leuzzi, G.; Siniscalchi, A.; De Sarro, G.; Gallelli, L. Pharmacokinetic drug-drug

interaction and their implication in clinical management. J. Res. Med. Sci. 2013, 18, 601–610. [PubMed]
4. Doucet, J.; Chassagne, P.; Trivalle, C.; Landrin, I.; Pauty, M.D.; Kadri, N.; Ménard, J.F.; Bercoff, E. Drug-drug interactions related

to hospital admissions in older adults: A prospective study of 1000 patients. J. Am. Geriatr. Soc. 1996, 44, 944–948. [CrossRef]
[PubMed]

5. Van Leeuwen, R.W.; Brundel, D.H.; Neef, C.; Van Gelder, T.; Mathijssen, R.H.J.; Burger, D.M.; Jansman, F.G.A. Prevalence
of potential drug-drug interactions in cancer patients treated with oral anticancer drugs. Br. J. Cancer 2013, 108, 1071–1078.
[CrossRef] [PubMed]

6. Van Leeuwen, R.W.; Swart, E.L.; Boven, E.; Boom, F.A.; Schuitenmaker, M.G.; Hugtenburg, J.G. Potential drug interactions in
cancer therapy: A prevalence study using an advanced screening method. Ann. Oncol. 2011, 22, 2334–2341. [CrossRef]

http://doi.org/10.1016/S1470-2045(13)70579-5
http://www.ncbi.nlm.nih.gov/pubmed/24516494
http://doi.org/10.1111/j.1532-5415.1996.tb01865.x
http://www.ncbi.nlm.nih.gov/pubmed/8708305
http://doi.org/10.1038/bjc.2013.48
http://www.ncbi.nlm.nih.gov/pubmed/23412102
http://doi.org/10.1093/annonc/mdq761


J. Pers. Med. 2021, 11, 424 13 of 14

7. Riechelmann, R.P.; Tannock, I.F.; Wang, L.; Saad, E.D.; Taback, N.A.; Krzyzanowska, M.K. Potential drug interactions and
duplicate prescriptions among cancer patients. J. Natl. Cancer Inst. 2007, 99, 592–600. [CrossRef]

8. Van Leeuwen, R.W.; Jansman, F.G.; Van den Bemt, P.M.; De Man, F.; Piran, F.; Vincenten, I.; Jager, A.; Rijneveld, A.W.; Brugma,
J.D.; Mathijssen, R.H.; et al. Drug-drug interactions in patients treated for cancer: A prospective study on clinical interventions.
Ann. Oncol. 2015, 26, 992–997. [CrossRef]

9. Van Oijen, B.; Janknegt, R.; De Wit, H.; Peters, F.; Schouten, H.; Van der Kuy, H. Medication surveillance on intravenous cytotoxic
agents: A retrospective study. Int. J. Clin. Pharm. 2013, 35, 554–559. [CrossRef]

10. Bulsink, A.; Imholz, A.L.T.; Brouwers, J.R.B.J.; Jansman, F.G.A. Characteristics of potential drug-related problems among oncology
patients. Int. J. Clin. Pharm. 2013, 35, 401–407. [CrossRef]

11. Voll, M.L.; Yap, K.D.; Terpstra, W.E.; Crul, M. Potential drug–drug interactions between anti-cancer agents and community
pharmacy dispensed drugs. Pharm. World Sci. 2010, 32, 575–580. [CrossRef]

12. Lopez-Martin, C.; Siles, M.G.; Alcaide-Garcia, J.; Felipe, V.F. Role of clinical pharmacists to prevent drug interactions in cancer
outpatients: A single-centre experience. Int. J. Clin. Pharm. 2014, 36, 1251–1259. [CrossRef]

13. Rompelman, F.M.; Smit, A.A.; Franssen, E.J.; Crul, M. Drug–drug interactions of cytostatics with regular medicines in lung cancer
patients. J. Oncol. Pharm. Pr. 2016, 23, 483–490. [CrossRef]

14. Peters, S.; Zimmermann, S.; Adjei, A.A. Oral epidermal growth factor receptor tyrosine kinase inhibitors for the treatment of
non-small cell lung cancer: Comparative pharmacokinetics and drug–drug interactions. Cancer Treat. Rev. 2014, 40, 917–926.
[CrossRef]

15. Xu, Z.-Y.; Li, J.-L. Comparative review of drug-drug interactions with epidermal growth factor receptor tyrosine kinase inhibitors
for the treatment of non-small-cell lung cancer. OncoTargets Ther. 2019, 12, 5467–5484. [CrossRef]

16. Chen, Y.-M.; Lai, C.-H.; Chang, H.-C.; Chao, T.-Y.; Tseng, C.-C.; Fang, W.-F.; Wang, C.-C.; Chung, Y.-H.; Wang, Y.-H.; Su, M.-C.;
et al. Antacid use and de novo brain metastases in patients with epidermal growth factor receptor-mutant non-small cell lung
cancer who were treated using first-line first-generation epidermal growth factor receptor tyrosine kinase inhibitors. PLoS ONE
2016, 11, e0149722. [CrossRef] [PubMed]

17. Kumarakulasinghe, N.B.; Syn, N.; Soon, Y.Y.; Asmat, A.; Zheng, H.; Loy, E.Y.; Pang, B.; Soo, R.A. EGFR kinase inhibitors and
gastric acid suppressants in EGFR-mutant NSCLC: A retrospective database analysis of potential drug interaction. Oncotarget
2016, 7, 85542–85550. [CrossRef] [PubMed]

18. Mok, T.S.; Wu, Y.L.; Ahn, M.J.; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, F.A.; He, Y.; Akamatsu, H.; Theelen, W.S.;
et al. Osimertinib or platinum–pemetrexed in EGFR T790M–positive lung cancer. N. Engl. J. Med. 2017, 376, 629–640. [CrossRef]

19. Credible Meds Website. Available online: http://crediblemeds.org (accessed on 19 February 2021).
20. Zhang, Y.; Xu, J.; Lou, Y.; Hu, S.; Yu, K.; Li, R.; Zhang, X.; Jin, B.; Han, B. Pretreatment direct bilirubin and total cholesterol are

significant predictors of overall survival in advanced non-small-cell lung cancer patients with EGFR mutations. Int. J. Cancer
2017, 140, 1645–1652. [CrossRef] [PubMed]

21. Sweeney, C.J.; Takimoto, C.H.; Latz, J.E.; Baker, S.D.; Murry, D.J.; Krull, J.H.; Fife, K.; Battiato, L.; Cleverly, A.; Chaudhary, A.K.;
et al. Two drug interaction studies evaluating the pharmacokinetics and toxicity of pemetrexed when coadministered with aspirin
or Ibuprofen in patients with advanced cancer. Clin. Cancer Res. 2006, 12, 536–542. [CrossRef] [PubMed]

22. Frenia, M.L.; Long, K.S.; Hartshorn, E.A. Methotrexate and non steroidal anti-inflammatory drug interactions. Ann. Pharmacother.
1992, 26, 234–237. [CrossRef]

23. Kuzu, O.F.; Noory, M.A.; Robertson, G.P. The role of cholesterol in cancer. Cancer Res. 2016, 76, 2063–2070. [CrossRef] [PubMed]
24. Gorin, A.; Gabitova, L.; Astsaturov, I. Regulation of cholesterol biosynthesis and cancer signaling. Curr. Opin. Pharmacol. 2012,

12, 710–716. [CrossRef] [PubMed]
25. Cholesterol Treatment Trialists’ (CTT) Collaborators. The effects of lowering LDL cholesterol with statin therapy in people at low

risk of vascular disease: Meta-analysis of individual data from 27 randomised trials. Lancet 2012, 380, 581–590.
26. Mills, E.J.; Rachlis, B.; Wu, P.; Devereaux, P.J.; Arora, P.; Perri, D. Primary prevention of cardiovascular mortality and events

with statin treatments: A network meta-analysis involving more than 65,000 patients. J. Am. Coll. Cardiol. 2008, 52, 1769–1781.
[CrossRef]

27. Hwang, K.-E.; Na, K.-S.; Park, D.-S.; Choi, K.-H.; Kim, B.-R.; Shim, H.; Jeong, E.-T.; Kim, H.-R. Apoptotic induction by simvastatin
in human lung cancer A549 cells via Akt signaling dependent down-regulation of survivin. Investig. N. Drugs 2010, 29, 945–952.
[CrossRef] [PubMed]

28. Hanai, J.-I.; Doro, N.; Sasaki, A.T.; Kobayashi, S.; Cantley, L.C.; Seth, P.; Sukhatme, V.P. Inhibition of lung cancer growth:
ATP citrate lyase knockdown and statin treatment leads to dual blockade of mitogen-activated protein Kinase (MAPK) and
Phosphatidylinositol-3-kinase (PI3K)/AKT pathways. J. Cell. Physiol. 2011, 227, 1709–1720. [CrossRef] [PubMed]

29. Chen, J.; Liu, B.; Yuan, J.; Yang, J.; Zhang, J.; An, Y.; Tie, L.; Pan, Y.; Li, X. Atorvastatin reduces vascular endothelial growth
factor (VEGF) expression in human non-small cell lung carcinomas (NSCLCs) via inhibition of reactive oxygen species (ROS)
production. Mol. Oncol. 2012, 6, 62–72. [CrossRef]

30. Huang, W.-Y.; Li, C.-H.; Lin, C.-L.; Liang, J.-A. Long-term statin use in patients with lung cancer and dyslipidemia reduces the
risk of death. Oncotarget 2016, 7, 42208–42215. [CrossRef] [PubMed]

31. Cardwell, C.R.; Mc Menamin, Ú.; Hughes, C.M.; Murray, L.J. Statin use and survival from lung cancer: A population- based
cohort study. Cancer Epidemiol. Biomark. Prev. 2015, 24, 833–841. [CrossRef]

http://doi.org/10.1093/jnci/djk130
http://doi.org/10.1093/annonc/mdv029
http://doi.org/10.1007/s11096-012-9723-2
http://doi.org/10.1007/s11096-012-9747-7
http://doi.org/10.1007/s11096-010-9410-0
http://doi.org/10.1007/s11096-014-0029-4
http://doi.org/10.1177/1078155216664200
http://doi.org/10.1016/j.ctrv.2014.06.010
http://doi.org/10.2147/OTT.S194870
http://doi.org/10.1371/journal.pone.0149722
http://www.ncbi.nlm.nih.gov/pubmed/26894507
http://doi.org/10.18632/oncotarget.13458
http://www.ncbi.nlm.nih.gov/pubmed/27907909
http://doi.org/10.1056/NEJMoa1612674
http://crediblemeds.org
http://doi.org/10.1002/ijc.30581
http://www.ncbi.nlm.nih.gov/pubmed/28006834
http://doi.org/10.1158/1078-0432.CCR-05-1834
http://www.ncbi.nlm.nih.gov/pubmed/16428497
http://doi.org/10.1177/106002809202600219
http://doi.org/10.1158/0008-5472.CAN-15-2613
http://www.ncbi.nlm.nih.gov/pubmed/27197250
http://doi.org/10.1016/j.coph.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22824431
http://doi.org/10.1016/j.jacc.2008.08.039
http://doi.org/10.1007/s10637-010-9450-2
http://www.ncbi.nlm.nih.gov/pubmed/20464445
http://doi.org/10.1002/jcp.22895
http://www.ncbi.nlm.nih.gov/pubmed/21688263
http://doi.org/10.1016/j.molonc.2011.11.003
http://doi.org/10.18632/oncotarget.9906
http://www.ncbi.nlm.nih.gov/pubmed/27283991
http://doi.org/10.1158/1055-9965.EPI-15-0052


J. Pers. Med. 2021, 11, 424 14 of 14

32. Hung, M.-S.; Chen, I.-C.; Lee, C.-P.; Huang, R.-J.; Chen, P.-C.; Tsai, Y.-H.; Yang, Y.-H. Statin improves survival in patients with
EGFR-TKI lung cancer: A nationwide population-based study. PLoS ONE 2017, 12, e0171137. [CrossRef]

33. Hwang, K.-E.; Kwon, S.-J.; Kim, Y.-S.; Park, D.-S.; Kim, B.-R.; Yoon, K.-H.; Jeong, E.-T.; Kim, H.-R. Effect of simvastatin on the
resistance to EGFR tyrosine kinase inhibitors in a non-small cell lung cancer with the T790M mutation of EGFR. Exp. Cell Res.
2014, 323, 288–296. [CrossRef]

34. Fiala, O.; Pesek, M.; Fínek, J.; Minarik, M.; Benesova, L.; Bortlíček, Z.; Topolčan, O. Statins augment efficacy of EGFR-TKIs in
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