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Abstract

Despite the improved clinical outcomes resulting from the use of sorafenib, the
development of resistance mechanisms continues to undermine its treatment
efficacy. Recent studies have implicated the role of a phospholipid mediator,
platelet-activating factor receptor (PAFR) pathway, and extracellular vesicles known
as microvesicle particles (MVP) in influencing cellular behavior and the efficacy of
therapeutic agents. In this study, we determined the impact of the PAFR pathway
and the acid sphingomyelinase (aSMase), which is required for the biogenesis of
MVP, on sorafenib-induced effects on lung cancer growth and MVP release. Using
A549 and H1299 non-small cell lung cancer (NSCLC) cell lines, we showed that
sorafenib treatment reduced cell viability in a dose and time-dependent manner.
Notably, sorafenib also enhanced MVP formation in both NSCLC cell lines. This
MVP release was significantly attenuated by pharmacologic inhibition of the PAFR
pathway through the WEB2086 compound and the aSMase inhibitor, imipramine,
indicating the involvement of the PAFR and aSMase in sorafenib-induced MVP
biogenesis. Moreover, co-treatment with imipramine enhanced the cytotoxic
effects of sorafenib, suggesting that targeting MVP-associated pathways may
improve sorafenib response. Collectively, these findings offer mechanistic insight
into how sorafenib modulates MVP release and supports the therapeutic potential
of combining tyrosine kinase inhibitors with agents that disrupt MVP biogenesis in
NSCLC.

Keywords: Non-small cell lung cancer; Tyrosine kinase inhibitors; Sorafenib; Platelet-
activating factor-receptor; Acid sphingomyelinase; Microvesicle particles

1. Introduction

Lung cancer is the leading cause of cancer-related mortality in the United States and
worldwide.! It is estimated that 234,580 new cases and 125,070 deaths (~20% of all
cancer-related deaths) are attributed to lung cancer.? Of the two subtypes, non-small
cell lung cancer (NSCLC) accounts for about 80 — 85% of all lung cancer cases.” The
management of NSCLC includes chemotherapy, immunotherapy, and targeted treatments
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that have enhanced survival outcomes, particularly in
patients with early-stage or resectable disease.” Notably,
advances in immune checkpoint inhibitors and targeted
therapies have provided tailored options based on tumor
characteristics such as programmed cell death ligand 1
(PD-L1) expression and specific genetic mutations (i.e.,
epidermal growth factor receptor [EGFR] and anaplastic
lymphoma kinase) leading to better disease control and
prolonged survival’ Despite these advances, emergence
of resistance mechanisms remains a significant challenge,
which includes on-target mutations, bypass pathways, and
histological transformation.?

Among targeted therapies, tyrosine kinase inhibitors
(TKIs), including sorafenib, have been used to treat
NSCLC.>*  Sorafenib, a multikinase inhibitor, has
emerged as a promising agent targeting multiple
pathways involved in tumor progression, angiogenesis,
and resistance mechanisms.* Notably, reactive oxygen
species (ROS) generation is one of the key mechanisms
through which TKIs induce cytotoxic effects; however,
elevated ROS levels activate resistance mechanisms
enabling the tumor to evade therapy and continue to
grow.” For example, oxidative modifications of EGFR and
associated downstream signaling pathways enhance tumor
progression and resistance to EGFR TKIs.® These findings
highlight the paradoxical nature of ROS in NSCLC therapy.
While ROS generation is critical for the effectiveness of
TKIs, the adaptive responses of NSCLC cells to oxidative
stress underscore the need for combination strategies
that both amplify ROS cytotoxicity and inhibit resistance
pathways to improve therapeutic outcomes. Among these
signaling pathways, ROS non-enzymatically cleaves lipid
membranes to produce oxidized glycerophosphocholines
(Ox-GPCs) that exhibit platelet-activating factor (PAF)
agonistic properties, which mediate angiogenesis, tumor
growth, metastasis, and immune modulation.”*® In
addition, PAF-like molecules are often upregulated in
response to radiation and chemotherapy, exacerbating
immune suppression and therapy resistance.’*** Our
group has shown that in NSCLC models, both tumor
and its environment are modulated by PAF and platelet-
activating factor-receptor (PAFR) signaling.”'*'> Moreover,
PAFR plays a significant role in vesicular formation and is
dependent on pathways such as mitogen-activated protein
kinase (MAPK), nuclear factor kappa B (NF-kB), and acid
sphingomyelinase (aSMase).'*"* Notably, formed vesicles
have been shown to contain PAF-like agonists and serve as
bioactive molecules.'**

Mounting evidence points to these large extracellular
vesicles, also referred to as microvesicle particles (MVP),
as critical mediators of treatment resistance, including

NSCLC.#* By sequestering and exporting oncogenic
proteins, nucleic acids, and even chemotherapeutic agents,
MVP can diminish drug accumulations in tumor cells and
modulate the surrounding microenvironment to favor
cancer progression.”?* It has been demonstrated that
PAF and related lipid mediators can be packaged within
MVP, enabling inflammatory and immune-modulating
responses that further compromise treatment efficacy.'$2%
These findings underscore that in addition to targeting
primary oncogenic pathways, strategies that disrupt MVP
release may aid in overcoming drug resistance.

Imipramine, a tricyclic antidepressant, has garnered
attention as an effective aSMase inhibitor that disrupts
ceramide biosynthesis, a key lipid mediator in MVP
formation and NSCLC pathophysiology.”’** By reducing
ceramide production, imipramine decreases the budding
of vesicles, thus curtailing MVP release.”** Therefore,
imipramine and other sphingolipid-targeted drugs have
been of interest as adjunct therapies.”***” For example,
studies by Irep et al.,”” have demonstrated enhanced
inhibitory effects on cisplatin/etoposide by targeting
small extracellular vesicles (also referred to as exosomes)
synthesis and trafficking in a small cell lung cancer model.
In NSCLC, sorafenib’s efficacy has also been shown to
significantly improve with dual-therapy approaches.****
However, no approach to aSMase inhibition, such as with
imipramine, has been investigated.

2. Materials and methods
2.1. Reagents

Culture media was obtained from GE Healthcare
Biosciences (Marlborough, MA, USA), with fetal bovine
serum (FBS) from Corning (Corning, NY, USA). Penicillin-
streptomycin was acquired from Hyclone (Logan, UT,
USA) and antibiotic-antimycotic solution was purchased
from Gibco (Gaithersburg, MD, USA). The PAFR agonist
carbamoyl-PAF (CPAF), the antagonist WEB2086, and
the aSMase inhibitor imipramine were all obtained from
Cayman Chemicals Co. (Ann Arbor, MI, USA). Sorafenib
tosylate was procured from Millipore Sigma (St. Louis,
MO, USA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Cell lines

Human NSCLC lines, A549 and H1299, were used for
all experiments as both express PAFR at similar levels."
These cell lines were a kind gift from Dr. Weiwen Long
(Department of Biochemistry and Molecular Biology
at Wright State University). A549 cells were maintained
in F-12K medium supplemented with 10% FBS, 2.5 mL
penicillin-streptomycin, 2.5 mL antibiotic-antimycotic,
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and 15 uL of 2 M magnesium chloride. H1299 cells were
grown in RPMI-1640 medium containing 10% FBS, 2.5 mL
penicillin-streptomycin, 2.5 mL antibiotic-antimycotic,
2.25 mL of 40% glucose, and 5 mL of 100 mM sodium
pyruvate. All cell cultures were maintained at 37°C with
95% humidity and 5% CO,.

2.3. Cell survival assay

As per our previous reports, sulforhodamine-B (SRB) assay
was used to assess cell survival.'** H1299 and A549 cells
were plated into 96-well plates at a seeding density of 5 x
10° cells per well and treated with 0.1% dimethyl sulfoxide
(DMSO) as control, or with sorafenib at concentrations
ranging from 1 to 16 uM. In separate experiments,
sorafenib was used at a concentration of 4 uM, imipramine
at 20 uM, and their co-treatment at given concentrations.
After 24, 48, and 72 h, cells were fixed with 100 uL of 10%
trichloroacetic acid followed by incubation at 4°C for 1 h.
Fixed cells were gently rinsed with distilled water three
times and stained using 100 uL 0.4% (w/v) SRB (prepared
in 1% acetic acid), followed by 15-min incubation at room
temperature in the dark. Excess dye was removed by triple
rinsing with distilled water containing 1% glacial acetic acid
and then allowed to air dry. Bound SRB dye was solubilized
using 150 uL of 10 mM Tris base (tris(hydroxymethyl)
aminomethane) while placing the plates on a shaker for
10 min. Absorbance was measured at 570 nm using a
Synergy H1Mf plate reader. Cell viability for each group
was normalized to its respective vehicle-treated control
(0.1% DMSO).

2.4. MVP isolation and quantification

Isolation and quantification of MVP were performed using
methods previously described by our group.'***** Briefly,
A549 and HI1299 cells were grown to approximately
80-90% confluency, after which cultures were rinsed three
times with serum-free Hanks Balanced Salt Solution
(HBSS, Cytiva, USA). Cells were then incubated with
0.1% DMSO for negative control, or 100 nM CPAF and
phorbol myristate acetate (PMA) for positive controls,
and sorafenib at various concentrations (4, 8, and 16
uM) in HBSS containing 1% free fatty acid. Similarly,
combination experiments used pre-treatments with the
PAFR antagonist, WEB2086 (10 uM), and imipramine
(20 uM) for 1 h, followed by treatment with or without
sorafenib (8 uM). After 4 h of incubation, the conditioned
medium was centrifuged at 2,000 xg for 20 min at 4°C to
remove residual cells and debris. The clarified supernatant
was centrifuged at 20,000 xg for 70 min at 4°C to pellet
MVP. Pellets were then resuspended with 100 uL of sterile-
filtered phosphate-buffered saline (PBS) to prepare for
nanoparticle tracking analysis. MVP concentration was

assessed using the NanoSight NS300 instrument (Malvern
Instruments, UK). MVP counts were normalized with the
cell number as per previous reports.'*!#"

2.5. Statistical analysis

All statistical analyses were conducted using GraphPad
Prism software version 10 (GraphPad Software, San Diego,
CA, USA). Each in vitro experiment was performed
independently at least three times using biological
replicates. Data were analyzed by unpaired Student’s t-test
or one-way analysis of variance (ANOVA) with post hoc
Dunnets multiple comparison tests. The p<0.05 was
considered statistically significant.

3. Results

3.1. Sorafenib inhibits the survival of NSCLC cell
lines in a time- and dose-dependent manner

Our first studies tested the dose- and time-response effects
of sorafenib treatment on the survival of A549 and H1299
NSCLC cell lines through the SRB assay. These cell lines
have been widely used as NSCLC models to determine the
mechanisms and cellular responses of sorafenib alone or its
combination with other agents.**** It was observed that
the survival of A549 and H1299 cell lines was inhibited
by sorafenib in a dose- and time-dependent manner
(Figure 1A and B).

Interestingly, despite both A549 and HI1299 cells
lacking EGFR mutations and being inherently resistant to
EGFR-TKIs,* A549 cells demonstrated greater sensitivity
to sorafenib compared to H1299 cells. This observation is
consistent with previous report showing that A549 cells,
which harbor a KRAS G128 mutation, are more susceptible
to sorafenib’s effects, likely due to its inhibition of RAF-
dependent signaling.* Given that sorafenib also targets
vascular endothelial growth factor receptor (VEGFR)
and platelet-derived growth factor receptor (PDGFR), its
anti-proliferative effect on A549 cells may also involve
angiogenic signaling pathways.*”

Despite being p53-null and KRAS wild-type, H1299 cells
also exhibited a significant reduction in cell viability with
sorafenib treatment. However, the degree of inhibition was
lower than in A549 cells at comparable doses. This suggests
that sorafenib’s mechanism of action may be more effective
in KRAS-mutant NSCLC models, aligning with findings
from previous studies utilizing A549 and PC-9 cells.*

3.2. PAFR and aSMase pathways mediate sorafenib-
induced MVP release

Given that exposure to EGFR-TKIs induces MVP release,
which have been shown to carry PAF agonists and serve
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as mediator of PAFR-induced effect,’® our next studies
evaluated if sorafenib treatment can induce MVP release.
Furthermore, as MVP release is an earlier event, which
significantly peaks at 4 — 8 h time points," and could
impact tumor cell behavior in responses to therapeutic
agents, we tested three different doses (4, 8, and 16
uM) of sorafenib from the cell viability assay shown in
Figure 1A and 1B, that resulted in differential cytotoxic
response. To that end, A549 and H1299 cell lines were
separately treated with vehicle (0.1% DMSO) as a negative
control, CPAF (a known PAFR agonist, 100 nM) and PMA
(PAFR-independent agonist, 100 nM) as positive controls,
and various doses of sorafenib. After 4 h, we extracted and
analyzed MVP as per our published reports.'*'®" The data
demonstrated that sorafenib induces MVP release from

both cell lines in a dose-dependent manner as compared
to vehicle control (Figure 2A and B). In addition, we found
that sorafenib-mediated MVP release was comparable to
CPAF and PMA treatments (Figure 2A and B).

As PAFR activation mediates MVP release, and the
aSMase is a key mediator of MVP biogenesis,'"* our
next studies determined the underlying mechanisms,
particularly, the roles of the PAFR signaling and an
aSMase using the optimal dose (8 uM) of sorafenib. To
that end, A549 and H1299 cell lines were pre-treated
with a well-known PAFR antagonist, WEB2086 (10
UM)," or an aSMase inhibitor, imipramine (20 uM),*
followed by the treatments with or without CPAF, PMA,
or sorafenib. After 4 h, we extracted and analyzed MVP.
Our studies demonstrated that the WEB2086 compound
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Figure 1. Effects of sorafenib on cell survival. (A) Dose response curve of sorafenib effect on A549 cells. (B) Dose response curve of sorafenib effect on
H1299 cell lines. Data are presented as mean + scanning electron microscope of four independent biological replicates.
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Figure 2. Dose-response effect of sorafenib treatment on MVP release. A549 (A) and H1299 (B) cell lines were treated with vehicle (0.1% DMSO), CPAF
(100 nM), PMA (100 nM), and various doses of sorafenib. After 4 h of incubation, MVP extraction and analyses were performed. Data are presented as
mean + scanning electron microscope of three independent biological replicates, normalized per 1 x 10° cells. Statistically significant differences were

observed between control and other groups.
Notes: *p<0.05, **p<0.01, ***p<0.001.

Abbreviations: CPAF: Carbamoyl-platelet-activating factor; MVP: Microvesicle particle; PMA: Phorbol myristate acetate; SF: Sorafenib.

Volume 4 Issue 3 (2025)

84

doi: 10.36922/TD025110019


https://dx.doi.org/10.36922/TD025110019

Tumor Discovel”y Sorafenib induces MVPs in NSCLC

significantly blocked CPAF and sorafenib-induced, but cell viability by imipramine alone at the 48-h time point
not PMA-induced MVP release in both the cell lines (Figure 4B and D), indicating a chemopreventive ability
(Figure 3A and B), indicating the involvement of the PAFR of this repurposed drug, providing a rationale for it to be
signaling in MVP release. On the other hand, imipramine explored in combination with other therapeutic agents.
significantly blocked CPAF-, PMA-, and sorafenib-induced
MVP release, indicating that involvement of an aSMase in
MVP release (Figure 3A and B). These data also indicate
that regardless of the nature of the stimuli used, inhibiting
aSMase l?locks MYP release. These data' are consistent with shown in Figure 5. These findings highlight the potential
our previous findings,'*'®'* demonstrating that other ROS- implicati £ imi . h he off ¢
. . © . implication of imipramine to enhance the ethcacy o
generating stimuli induce MVP release in a PAFR and sorafenib in NSCLC.
aSMase-dependent manner.

Taken together, these results suggest that imipramine
enhances the antiproliferative effects of sorafenib, through
its ability to inhibit aSMase-mediated pathways, thereby
reducing ceramide production and MVP release, as

3.3. Imipramine enhances the antiproliferative 4. Discussion

effect of sorafenib As NSCLC continues to pose challenges,'” sorafenib,
a multikinase inhibitor, has demonstrated variable
antitumor effects in NSCLC models by targeting multiple
signaling pathways, including those associated with
angiogenesis and ROS generation.** Although ROS can
mediate cytotoxicity in tumors, elevated levels of ROS may
paradoxically enhance survival and promote resistance
through  compensatory  pathways.>®  Consequently,
combination approaches that both exploit sorafenibs
cytotoxic potential and suppress parallel pro-survival
pathway have garnered significant attention in efforts to
improve NSCLC outcomes.*

1-3

Given that aSMase inhibitors block MVP release and have
been evaluated in cancer patients,*** the next studies
tested if blocking aSMase could increase the efficacy of
sorafenib. To evaluate the synergy of an aSMase inhibitor
on sorafenib-mediated growth inhibition in NSCLC cells,
A549 and H1299 cells were pre-treated with imipramine
(20 uM for 1 h),"* followed by treatment with or without
sorafenib at a lower concentration (4 uM), consistent with
prior studies utilizing lower micromolar concentrations of
sorafenib in combination strategies.**** The cell survival was
assessed using the SRB assay at 24- and 48-h time points. As

shown in Figure 4A-D, imipramine enhanced the cytotoxic A growing body of evidence implicates MVP as a
effect of sorafenib resulting in a significant reduction mediator of therapy resistance, tumor progression, and
in cell viability compared to sorafenib monotherapy. immune evasion in multiple cancer models, including
We also noticed a modest but significant inhibition of NSCLC.#* By encapsulating pro-survival factors,
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Figure 3. Effects of PAFR antagonist and aSMase inhibitor on sorafenib-induced MVP release. A549 (A) and H1299 (B) cells were pre-treated with
WEB2086 (a PAFR antagonist, 10 uM, 1 h) or imipramine (an aSMase inhibitor, 20 uM, 1 h) followed by the treatments with or without CPAF (100 nM),
PMA (100 nM), or sorafenib (8 uM). These cell lines were also treated with vehicle (0.1% DMSO), WEB2086 (10 uM) and imipramine (20 uM) alone.
After 4 h of incubation, MVP were isolated and analyzed. Data are presented as mean + scanning electron microscope of three independent biological
replicates, normalized per 1 x 10° cells. The statistically significant differences were observed between control and CPAF, PMA, and sorafenib alone
groups; CPAF and WEB+CPAF; SF and WEB+SF; CPAF and IMI+CPAF; PMA and IMI + PMA; and SF and IMI + SE.

Notes: **p<0.01, **p<0.001 compared with control; ’p<0.001 compared with CPAF; *p<0.001 compared with SF; ¥p<0.001 compared with CPAF; ¥p<0.05
compared with PMA; *p<0.001 compared with PMA; *p<0.001 compared with SE

Abbreviations: aSMase: Acid sphingomyelinase; CPAF: Carbamoyl-platelet-activating factor; IMI: Imipramine; MVP: Microvesicle particles;

PAFR: Platelet-activating factor-receptor; PMA: Phorbol myristate acetate; SF: Sorafenib; WEB: WEB2086.
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Figure 4. Effect of an aSMase inhibitor on sorafenib cytotoxicity. A549 cells (A, B) and H1299 cells (C, D) were pre-treated with imipramine (an
aSMase inhibitor, 20 uM for 1 h) followed by treatment with or without sorafenib (4 uM). After 24 and 48 h, cell viability was assessed through
sulforhodamine-B assay. Data are presented as mean + scanning electron microscope of three independent biological replicates. Statistically significant
differences were observed between control and imipramine or sorafenib alone, as well as sorafenib and sorafenib with imipramine co-treatment.
Notes: **p<0.01, ***p<0.001 compared with control; Pp<0.05 compared with SF; ¥p<0.001 compared with SE.

Abbreviations: aSMase: Acid sphingomyelinase; IMI: Imipramine; SF: Sorafenib.

oncogenic proteins, or even chemotherapeutic agents,
MVP can attenuate the intracellular accumulation of
drugs and facilitate communications within the tumor
microenvironment that favor cancer cell survival.*** Our
findings indicate that sorafenib treatment increases MVP
release in NSCLC cell lines, aligning with prior work
demonstrating that other anticancer agents also elevate
MVP shedding.'* This phenomenon may represent
an adaptive mechanism by which cancer cells reduce
intracellular drug toxicity and exchange signals conducive
to tumor growth.

Notably, PAFR signaling and aSMase activity both
emerged as critical players in mediating MVP generation.
In line with previous reports, PAFR activation appears

to drive MVP release across various cancers, including
NSCLC.>"*! Similarly, aSMase catalyzes the hydrolysis
of sphingomyelin to ceramide, a lipid known to promote
membrane budding and MVP formation.””?*** Our data
confirm that pharmacological blockade of PAFR (via
WEB2086) or inhibition of aSMase (via imipramine)
substantially diminishes sorafenib-induced MVP release
in NSCLC cell lines. These results underscore a therapeutic
opportunity, indicating that targeting the MVP production
pathways may enhance the efficacy of established anticancer
drugs by reducing the vesicular export of survival signals
and other resistance factors.

Importantly, imipramine, a tricyclic antidepressant,
has garnered attention for its potent aSMase-inhibiting
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Figure 5. Schematic representation of PAFR and aSMase-dependent MVP release. Created in BioRender. Gladkiy, Y. (2025) https://BioRender.com/

al6ul6s.

Abbreviations: aSMase: Acid sphingomyelinase; CPAF: Carbamoyl-platelet-activating factor; MVP: Microvesicle particles; PAFR: Platelet-activating
factor-receptor; PKC: Protein kinase C; PMA: Phorbol myristate acetate; WEB: WEB2086.

properties,  restricting  ceramide-dependent MVP
biogenesis.”” In our experiments, co-treatment with
imipramine significantly attenuated MVP generation
triggered by sorafenib, reinforcing the concept that MVP
blockade might resensitize tumor cells to therapy. As
PAFR-mediated MVP release is dependent on pathways,
such as MAPK and NF-kB, which crosstalk with aSMase,
and sorafenib targets MAPK and NF-xB pathways,'**** we
anticipate that these downstream signaling cascades could
be involved in mediating sorafenib-induced MVP release.
Notably, imipramine also enhanced the antiproliferative
effect of sorafenib on both A549 and H1299 cell lines,
echoing prior studies in other lung cancer models
where combined extracellular vesicle inhibition and
chemotherapy improved therapeutic outcomes.”” Given
that MVPs contain PAF-like agonists and serve as bioactive
molecules,'®** these findings point to a potential synergy
wherein sorafenib disrupts key oncogenic pathways, while
imipramine obstructs MVP-mediated drug efflux and
paracrine signaling. Such a combination strategy may thus
counteract adaptive resistance more effectively than either
agent alone.

27

Sorafenib has previously been shown to exhibit
synergistic or additive effects when combined with
other agents, including gemcitabine, pemetrexed, and
erlotinib. % In each case, multi-target inhibition
or blockade of complementary pathways amplified the
overall antitumor response. Our data on the sorafenib-
imipramine partnership extend this notion by focusing
on MVP-mediated resistance, highlighting a novel

mechanism that can be exploited to improve therapeutic
outcomes (Figure 5). Although further in vivo investigation
is warranted, these findings contribute to the broader
literature advocating for rationally designed combination
regimens in NSCLC.

Despite these promising insights, several limitations
must be addressed. First, our work is primarily based on
in vitro models using A549 and H1299 cell lines, which
do not fully represent the complexities of human tumors.
Second, the specific downstream signaling events by which
sorafenib-induced MVP promotes resistance remain
to be fully characterized. Third, while imipramine has
demonstrated its efficacy as an aSMase inhibitor, its clinical
repurposing requires careful consideration of known
dose-dependent toxicities, including anticholinergic side
effects.””>* Further research may benefit from evaluating
more selective aSMase inhibitors and novel drug delivery
systems to improve safety profiles and efficacy.* Finally, the
optimal dosing, timing, and safety profile for combining
imipramine with sorafenib have yet to be delineated,
highlighting the need for rigorous in vivo studies and
ultimately, clinical trials. Identifying patients most likely
to benefit from such a combination — potentially through
biomarkers such as high basal MVP release or elevated
aSMase expression - also represents an important area for
future research.**

5. Conclusion

Overall, our findings underscore the importance of
targeting MVP production to overcome adaptive resistance
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in NSCLC. By combining sorafenib with imipramine, our
studies demonstrated successfully reduced MVP release
and enhanced sorafenibs cytotoxic activity in NSCLC
cells. These observations build on accumulating evidence
that MVP-focused interventions can potentiate the efficacy
of conventional and targeted therapies. Going forward,
additional in vivo validation and clinical exploration
are warranted to determine whether this dual-targeting
strategy can translate into improved outcomes for patients
with NSCLC.

Acknowledgments

None.

Funding

The financial support from the BSOM Medical Student
Research Grant (Y.G. and M.H. with A.T. and R.PS. as
mentors) and the NIH R21 grant ES033806 (R.P.S.) are
greatly appreciated.

Conflict of interest

Ravi P. Sahu is an Editorial Board Member of this journal,
but was not in any way involved in the editorial and
peer-review process conducted for this paper, directly or
indirectly. Separately, other authors declared that they
have no known competing financial interests or personal
relationships that could have influenced the work reported
in this paper.

Author contributions

Conceptualization: Anita Thyagarajan, Ravi P. Sahu

Data curation: Yevgeniy Gladkiy, Anita Thyagarajan

Formal analysis: Yevgeniy Gladkiy

Investigation: Yevgeniy Gladkiy, Anita Thyagarajan

Methodology: Yevgeniy Gladkiy, Anita Thyagarajan, Ravi P.
Sahu

Supervision: Anita Thyagarajan, Ravi P. Sahu

Writing - original draft: Yevgeniy Gladkiy

Writing - review & editing: All authors

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data

All datasets generated for this study are available from the
corresponding authors on reasonable request.

Further disclosure

Part of the findings have been presented in the Ohio Valley
Chapter of the Society of Toxicology Annual Meeting, West
Lafayette, Indiana, USA (2023); Annual Boonshoft School
of Medicine Research Symposium, Dayton, Ohio, USA
(2023); and 16" Annual Meeting of the Korean Society of
Medical Oncology, Seoul, Korea (2023).

References

1. BrayE Laversanne M, Sung H, et al. Global cancer statistics
2022: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer ] Clin.
2024;74(3):229-263.

doi: 10.3322/caac.21834

2. Society AC. Lung Cancer; 2024. Available from: https://www.
cancer.org/cancer/types/lung-cancer.html [Last accessed on
2024 Dec 18].

3. Hendriks LEL, Remon J, Faivre-Finn C, et al. Non-small-cell
lung cancer. Nat Rev Dis Primers. 2024;10(1):71.

doi: 10.1038/s41572-024-00551-9

4. Hendrixson M, Gladkiy Y, Thyagarajan A, Sahu RP. Efficacy
of sorafenib-based therapies for non-small cell lung cancer.
Med Sci (Basel). 2024;12(2):20.

doi: 10.3390/medsci12020020

5. Lin W, Wang X, Diao M, et al. Promoting reactive oxygen
species accumulation to overcome tyrosine kinase inhibitor
resistance in cancer. Cancer Cell Int. 2024;24(1):239.

doi: 10.1186/s12935-024-03418-x

6. Weng MS, Chang JH, Hung WY, Yang YC, Chien MH.
The interplay of reactive oxygen species and the epidermal
growth factor receptor in tumor progression and drug
resistance. ] Exp Clin Cancer Res. 2018;37(1):61.

doi: 10.1186/s13046-018-0728-0

7. Tsoupras A, Adamantidi T, Finos MA, et al. Re-assessing
the role of platelet activating factor and its inflammatory
signaling and inhibitors in cancer and anti-cancer strategies.
Front Biosci (Landmark Ed). 2024;29(10):345.

doi: 10.31083/j.tb12910345

8. Haak VM, Huang S, Panigrahy D. Debris-stimulated
tumor growth: A pandoras box? Cancer Metastasis Rev.
2021;40(3):791-801.

doi: 10.1007/s10555-021-09998-8

9. Hackler PC, Reuss S, Konger RL, Travers JB, Sahu RP.
Systemic platelet-activating factor receptor activation
augments experimental lung tumor growth and metastasis.
Cancer Growth Metastasis. 2014;7:27-32.

doi: 10.4137/cgm.S14501

Volume 4 Issue 3 (2025)

doi: 10.36922/TD025110019


https://dx.doi.org/10.36922/TD025110019
http://dx.doi.org/10.3322/caac.21834
http://dx.doi.org/10.1038/s41572-024-00551-9
http://dx.doi.org/10.3390/medsci12020020
http://dx.doi.org/10.1186/s12935-024-03418-x
http://dx.doi.org/10.1186/s13046-018-0728-0
http://dx.doi.org/10.31083/j.fbl2910345
http://dx.doi.org/10.1007/s10555-021-09998-8
http://dx.doi.org/10.4137/cgm.S14501

Tumor Discovery

Sorafenib induces MVPs in NSCLC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sahu RP, Konger RL, Travers JB. Platelet-activating
factor-receptor and tumor immunity. JSM Cell Dev Biol.
2014;2(1):1008.

doi: 10.47739/2379-061X/1008

Sahu RP, Harrison KA, Weyerbacher J, et al. Radiation
therapy generates platelet-activating factor agonists.
Oncotarget. 2016;7(15):20788-20800.

doi: 10.18632/oncotarget.7878

Sahu RP, Turner MJ, DaSilva SC, ef al. The environmental
stressor ultraviolet B radiation inhibits murine antitumor
immunity through its ability to generate platelet-activating
factor agonists. Carcinogenesis. 2012;33(7):1360-1367.

doi: 10.1093/carcin/bgs152

Sahu RP, Ocana JA, Harrison KA, et al. Chemotherapeutic
agents subvert tumor immunity by generating agonists of
platelet-activating factor. Cancer Res. 2014;74(23):7069-7078.

doi: 10.1158/0008-5472.Can-14-2043

Chauhan §J, Thyagarajan A, Chen Y, Travers JB, Sahu RP.
Platelet-activating factor-receptor signaling mediates
targeted therapies-induced microvesicle particles release in
lung cancer cells. Int ] Mol Sci. 2020;21(22):8517.

doi: 10.3390/ijms21228517

Chauhan SJ, Thyagarajan A, Sahu RP. Effects of miRNA-
149-5p and platelet-activating factor-receptor signaling on
the growth and targeted therapy response on lung cancer
cells. Int ] Mol Sci. 2022;23(12):6772.

doi: 10.3390/ijms23126772

Travers JB, Rohan JG, Sahu RP. New insights into the
pathologic roles of the platelet-activating factor system.
Front Endocrinol (Lausanne). 2021;12:624132.

doi: 10.3389/fend0.2021.624132

Bihl JC, Rapp CM, Chen Y, Travers JB. UVB generates
microvesicle particle release in part due to platelet-activating
factor signaling. Photochem Photobiol. 2016;92(3):503-506.

doi: 10.1111/php.12577

Liu L, Awoyemi AA, Fahy KE, et al. Keratinocyte-derived
microvesicle particles mediate ultraviolet B radiation-
induced systemic immunosuppression. J Clin Invest.
2021;131(10):e144963.

doi: 10.1172/jci144963

Thyagarajan A, Kadam SM, Liu L, et al. Gemcitabine
induces microvesicle particle release in a platelet-activating
factor-receptor-dependent manner via modulation of the
MAPK pathway in pancreatic cancer cells. Int ] Mol Sci.
2018;20(1):32.

doi: 10.3390/ijms20010032

Patel KD, Zimmerman GA, Prescott SM, McIntyre TM. Novel
leukocyte agonists are released by endothelial cells exposed to

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

peroxide. ] Biol Chem. 1992;267(21):15168-15175.
doi: 10.1016/S0021-9258(18)42161-8

Smiley PL, Patel KD, Stremler KE, Zimmerman GA,
Prescott SM, McIntyre TM. Novel neutrophil agonists:
Oxidatively-fragmented phosphatidylcholines. In:
Bailey JM, editor. Prostaglandins, Leukotrienes, Lipoxins, and
PAF: Mechanism of Action, Molecular Biology, and Clinical
Applications. Boston, MA: Springer US; 1991. p. 269-279.

Fahy K, Liu L, Rapp CM, et al. UVB-generated microvesicle
particles: A novel pathway by which a skin-specific
stimulus could exert systemic effects. Photochem Photobiol.
2017;93(4):937-942.

doi: 10.1111/php.12703

Maacha S, Bhat AA, Jimenez L, et al. Extracellular vesicles-
mediated intercellular communication: Roles in the tumor
microenvironment and anti-cancer drug resistance. Mol
Cancer. 2019;18(1):55.

doi: 10.1186/s12943-019-0965-7

Muralidharan-Chari V, Kohan HG, Asimakopoulos AG,
et al. Microvesicle removal of anticancer drugs contributes
to drug resistance in human pancreatic cancer cells.
Oncotarget. 2016;7(31):50365-50379.

doi: 10.18632/oncotarget.10395

Yang Q, XuJ, GuJ, et al. Extracellular vesicles in cancer drug
resistance: Roles, mechanisms, and implications. Adv Sci.
2022;9(34):2201609.

doi: 10.1002/advs.202201609

Yang Y, Li S, Wang Y, Zhao Y, Li Q. Protein tyrosine kinase
inhibitor resistance in malignant tumors: Molecular
mechanisms and future perspective. Signal Transduct Target
Ther. 2022;7(1):329.

doi: 10.1038/s41392-022-01168-8

Catalano M, O’Driscoll L. Inhibiting extracellular vesicles
formation and release: A review of EV inhibitors. J Extracell
Vesicles. 2020;9(1):1703244.

doi: 10.1080/20013078.2019.1703244

Bianco F, Perrotta C, Novellino L, et al. Acid sphingomyelinase
activity triggers microparticle release from glial cells. EMBO
J. 2009;28(8):1043-1054.

doi: 10.1038/embo;j.2009.45

Deng L, Peng Y, Jiang Y, et al. Imipramine protects against
bone loss by inhibition of osteoblast-derived microvesicles.
Int ] Mol Sci. 2017;18(5):1013.

doi: 10.3390/ijms18051013

Kosgodage US, Trindade RP, Thompson PR, Inal JM,
Lange S. Chloramidine/bisindolylmaleimide-i-mediated
inhibition of exosome and microvesicle release and
enhanced efficacy of cancer chemotherapy. Int | Mol Sci.

Volume 4 Issue 3 (2025)

doi: 10.36922/TD025110019


https://dx.doi.org/10.36922/TD025110019
http://dx.doi.org/10.47739/2379-061X/1008
http://dx.doi.org/10.18632/oncotarget.7878
http://dx.doi.org/10.1093/carcin/bgs152
http://dx.doi.org/10.1158/0008-5472.Can-14-2043
http://dx.doi.org/10.3390/ijms21228517
http://dx.doi.org/10.3390/ijms23126772
http://dx.doi.org/10.3389/fendo.2021.624132
http://dx.doi.org/10.1111/php.12577
http://dx.doi.org/10.1172/jci144963
http://dx.doi.org/10.3390/ijms20010032
http://dx.doi.org/10.1016/S0021-9258(18)42161-8
http://dx.doi.org/10.1111/php.12703
http://dx.doi.org/10.1186/s12943-019-0965-7
http://dx.doi.org/10.18632/oncotarget.10395
http://dx.doi.org/10.1002/advs.202201609
http://dx.doi.org/10.1038/s41392-022-01168-8
http://dx.doi.org/10.1080/20013078.2019.1703244
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.3390/ijms18051013

Tumor Discovery

Sorafenib induces MVPs in NSCLC

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

2017;18(5):1007.
doi: 10.3390/ijms18051007

Goldkorn T, Chung S, Filosto S. Lung cancer and lung
injury: The dual role of ceramide. Handb Exp Pharmacol.
2013;216:93-113.

doi: 10.1007/978-3-7091-1511-4-5

Irep N, Inci K, Tokgun PE, Tokgun O. Exosome inhibition
improves response to first-line therapy in small cell lung
cancer. J Cell Mol Med. 2024;28(4):e18138.

doi: 10.1111/jcmm.18138

Xiang H, Jin S, Tan E Xu Y, Lu Y, Wu T. Physiological
functions and therapeutic applications of neutral
sphingomyelinase and acid sphingomyelinase. Biomed
Pharmacother. 2021;139:111610.

doi: 10.1016/j.biopha.2021.111610

Companioni O, Mir C, Garcia-Mayea Y, LLeonart ME.
Targeting sphingolipids for cancer therapy. Front Oncol.
2021;11:745092.

doi: 10.3389/fonc.2021.745092

Hoshi A, Kanzawa F, Kuretani K. Enhancement of antitumor
activity of cyclophosphamide with imipramine. Chem
Pharm Bull (Tokyo). 1969;17(8):1694-1697.

doi: 10.1248/cpb.17.1694

Wang Y, Wang X, Wang X, et al. Imipramine impedes
glioma progression by inhibiting YAP as a hippo pathway
independent manner and synergizes with temozolomide.
J Cell Mol Med. 2021;25(19):9350-9363.

doi: 10.1111/jcmm.16874

Chryplewicz A, Scotton ], Tichet M, et al. Cancer cell
autophagy, reprogrammed macrophages, and remodeled
vasculature in glioblastoma triggers tumor immunity.
Cancer Cell. 2022;40(10):1111-1127.€9.

doi: 10.1016/j.ccell.2022.08.014

Li J, Pan YY, Zhang Y. Synergistic interaction between
sorafenib and gemcitabine in EGFR-TKI-sensitive and
EGFR-TKI-resistant human lung cancer cell lines. Oncol
Lett. 2013;5(2):440-446.

doi: 10.3892/01.2012.1017

Martinelli E, Troiani T, Morgillo E, et al. Synergistic antitumor
activity of sorafenib in combination with epidermal growth
factor receptor inhibitors in colorectal and lung cancer cells.
Clin Cancer Res. 2010;16(20):4990-5001.

doi: 10.1158/1078-0432.Ccr-10-0923

Wang J, Ma S, Chen X, Zhang S, Wang Z, Mei Q. The novel
PI3K inhibitor S1 synergizes with sorafenib in non-small
cell lung cancer cells involving the Akt-S6 signaling. Invest
New Drugs. 2019;37(5):828-836.

doi: 10.1007/s10637-018-0698-2

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Kim YS, Jin HO, Seo SK, et al. Sorafenib induces apoptotic
cell death in human non-small cell lung cancer cells by
down-regulating mammalian target of rapamycin (mTOR)-
dependent survivin expression. Biochem Pharmacol.
2011;82(3):216-226.

doi: 10.1016/j.bcp.2011.04.011

LiY, Yan H, Xu X, Liu H, Wu C, Zhao L. Erastin/sorafenib
induces cisplatin-resistant non-small cell lung cancer cell
ferroptosis through inhibition of the Nrf2/xCT pathway.
Oncol Lett. 2020;19(1):323-333.

doi: 10.3892/01.2019.11066

Lei C, Liu D, Zhou Q, Ma S, Qian H. RETRACTED:
Engineering of dopamine conjugated with bovine serum
albumin and zeolite imidazole framework: A promising
drug delivery nanocarrier on lung cancer cells. Heliyon.
2024;10(17):¢36580.

doi: 10.1016/j.heliyon.2024.e36580

Bow YD, Ko CC, Chang WT, et al. A novel quinoline
derivative, DFIQ, sensitizes NSCLC cells to ferroptosis by
promoting oxidative stress accompanied by autophagic
dysfunction and mitochondrial damage. Cancer Cell Int.
2023;23(1):171.

doi: 10.1186/s12935-023-02984-w

Sharma SV, Bell DW, Settleman ], Haber DA. Epidermal
growth factor receptor mutations in lung cancer. Nat Rev
Cancer. 2007;7(3):169-181.

doi: 10.1038/nrc2088

Wilhelm SM, Carter C, Tang L, et al. BAY 43-9006 exhibits
broad spectrum oral antitumor activity and targets the
RAF/MEK/ERK pathway and receptor tyrosine kinases
involved in tumor progression and angiogenesis. Cancer
Res. 2004;64(19):7099-7109.

doi: 10.1158/0008-5472.Can-04-1443

Escudier B, Eisen T, Stadler WM, et al. Sorafenib in
advanced clear-cell renal-cell carcinoma. N Engl ] Med.
2007;356(2):125-134.

doi: 10.1056/NEJMo0a060655

Zingone A, Brown D, Bowman ED, et al. Relationship
between anti-depressant use and lung cancer survival
Cancer Treat Res Commun. 2017;10:33-39.

doi: 10.1016/j.ctarc.2017.01.001

Chen C, Ju R, Shi ], et al. Carboxyamidotriazole synergizes
with sorafenib to combat non-small cell lung cancer through
inhibition of NANOG and aggravation of apoptosis.
J Pharmacol Exp Ther. 2017;362(2):219-229.

doi: 10.1124/jpet.117.240986

Chen JC, Chuang HY, Hsu FT, Chen YC, Chien YC,
Hwang JJ. Sorafenib pretreatment enhances radiotherapy
through targeting MEK/ERK/NF-xB pathway in human

Volume 4 Issue 3 (2025)

doi: 10.36922/TD025110019


https://dx.doi.org/10.36922/TD025110019
http://dx.doi.org/10.3390/ijms18051007
http://dx.doi.org/10.1007/978-3-7091-1511-4-5
http://dx.doi.org/10.1111/jcmm.18138
http://dx.doi.org/10.1016/j.biopha.2021.111610
http://dx.doi.org/10.3389/fonc.2021.745092
http://dx.doi.org/10.1248/cpb.17.1694
http://dx.doi.org/10.1111/jcmm.16874
http://dx.doi.org/10.1016/j.ccell.2022.08.014
http://dx.doi.org/10.3892/ol.2012.1017
http://dx.doi.org/10.1158/1078-0432.Ccr-10-0923
http://dx.doi.org/10.1007/s10637-018-0698-2
http://dx.doi.org/10.1016/j.bcp.2011.04.011
http://dx.doi.org/10.3892/ol.2019.11066
http://dx.doi.org/10.1016/j.heliyon.2024.e36580
http://dx.doi.org/10.1186/s12935-023-02984-w
http://dx.doi.org/10.1038/nrc2088
http://dx.doi.org/10.1158/0008-5472.Can-04-1443
http://dx.doi.org/10.1056/NEJMoa060655
http://dx.doi.org/10.1016/j.ctarc.2017.01.001
http://dx.doi.org/10.1124/jpet.117.240986

Tumor Discovery

Sorafenib induces MVPs in NSCLC

51.

52.

hepatocellular carcinoma-bearing mouse model. Oncotarget.
2016;7(51):85450-85463.

doi: 10.18632/oncotarget.13398

Giovannetti E, Labots M, Dekker H, et al. Molecular
mechanisms and modulation of key pathways underlying
the synergistic interaction of sorafenib with erlotinib in
non-small-cell-lung cancer (NSCLC) cells. Curr Pharm Des.
2013;19(5):927-939.

doi: 10.2174/1381612811306050927

LiJ, Wang S, Su ZE, Yuan Y. Synergistic effects of sorafenib in
combination with gemcitabine or pemetrexed in lung cancer
cell lines with K-ras mutations. Contemp Oncol (Pozn).
2016;20(1):33-38.

doi: 10.5114/w0.2016.58499

53.

54.

55.

Riess JW, Jahchan NS, Das M, et al. A phase iia study
repositioning desipramine in small cell lung cancer and
other high-grade neuroendocrine tumors. Cancer Treat Res
Commun. 2020;23:100174.

doi: 10.1016/j.ctarc.2020.100174

Kachler K, Bailer M, Heim L, et al. Enhanced acid
sphingomyelinase activity drives immune evasion and
tumor growth in non-small cell lung carcinoma. Cancer Res.
2017;77(21):5963-5976.

doi: 10.1158/0008-5472.Can-16-3313

Hasan H, Sohal IS, Soto-Vargas Z, et al. Extracellular vesicles
released by non-small cell lung cancer cells drive invasion
and permeability in non-tumorigenic lung epithelial cells.
Sci Rep. 2022;12(1):972.

doi: 10.1038/s41598-022-04940-6

Volume 4 Issue 3 (2025)

91

doi: 10.36922/TD025110019


https://dx.doi.org/10.36922/TD025110019
http://dx.doi.org/10.18632/oncotarget.13398
http://dx.doi.org/10.2174/1381612811306050927
http://dx.doi.org/10.5114/wo.2016.58499
http://dx.doi.org/10.1016/j.ctarc.2020.100174
http://dx.doi.org/10.1158/0008-5472.Can-16-3313
http://dx.doi.org/10.1038/s41598-022-04940-6



