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Non-small  cell  lung  cancer  (NSCLC),  the  most
common type of lung cancer,  is  frequently linked to
mutations,  and  there  is  a  critical  need  to  develop
novel  anticancer  therapies  that  can  circumvent
resistance  to  existing  targeted  treatments.  Co-
targeting  epidermal  growth  factor  receptor  (EGFR)
and  mesenchymal-epithelial  transition  factor  (MET)
may  provide  an  effective  approach  to  overcome
genetic alterations in either pathway[1]. We aimed to
explore  an  alternative  approach  for  treating  NSCLC
cells  that  exhibit  resistance  to  targeted  therapy.
HCC827GR  cells,  which  are  derived  from  HCC827
cells  cultured  in  the  presence  of  gefitinib  (GEF)[2],
serve  as  a  cellular  model  for  investigating  GEF
resistance  in  cancer.  The  resistance  mechanisms  of
HCC827GR  cells  involve  amplification  of  the  gene
encoding  MET  kinase  and  are  linked  to  elevated
reactive  oxygen  species  (ROS)  levels  as  well[3].
Cynaropicrin  (Cyn)  is  a  sesquiterpene  lactone
compound  isolated  from  the  artichoke[4],  and  we
have  recently  documented  its  anticancer  effects  in
colorectal  cancer  cells[5].  Evidence  indicates  that
additional forms of programmed cell death may also
contribute to the cytotoxicity induced by Cyn. In this
study,  we evaluated the anticancer  potential  of  Cyn
against  HCC827  NSCLC  cells  both  with  and  without
GEF-resistance. Our findings suggest that Cyn is able
to induce both apoptosis  and ferroptosis  in  HCC827
cells.

To investigate the potential cytotoxicity of Cyn in
NSCLC  cells,  HCC827  and  HCC827GR  cells  were
incubated with increasing doses of Cyn (0.2, 0.4, and
0.8  μg/mL)  for  24  and  48  h.  The  MTT  cell  viability
assay  showed  that  Cyn  diminished  the  viability  and
proliferation  of  NSCLC  cells  in  a  dose-dependent

fashion.  In  contrast,  Cyn  did  not  elicit  significant
effects on the viability of HEKa cells (Figure 1A). The
half  inhibitory  concentration  (IC50)  values  for  Cyn
after  48  h  treatment  in  HCC827,  HCC827GR,  and
HEKa  cells  were  1.67  μmol/L  (0.58  μg/mL),
1.29  μmol/L  (0.45  μg/mL),  and  4.18  μmol/L
(1.45  μg/mL),  respectively.  The  selectivity  indices  of
Cyn,  non-cancer  cells  vs.  cancer  cells,  were  2.5  for
HCC827  and  3.3  for  HCC827GR cells,  demonstrating
notable  selectivity.  The  cancer-selective  cytotoxicity
of  Cyn  was  shown  in  the  soft-agar  assay  as  well
(Supplementary  Figure  S1).  To  examine  whether
Cyn-induced  cytotoxicity  was  involved  with  the
inhibition of  the kinase activities  of  EGFR,  MET,  and
AKT,  we  performed  an  in  vitro  kinase  assay  using
recombinant kinases. Cyn exhibited potent inhibitory
effects  on  EGFR  and  MET  activity,  whereas  no
inhibition  was  detected  for  AKT1  and  AKT2
(Figure  1B).  The  IC50  values  of  Cyn  for  inhibition  of
EGFR  and  MET  were  1.35  μmol/L  (0.47  μg/mL)  and
1.46  μmol/L  (0.58  μg/mL),  respectively.  The  in  vitro
ATP-competitive binding assay clearly demonstrated
that  the  interaction  between Cyn  and EGFR or  MET
kinases  could  be  displaced  by  ATP  (Figure  1C).
Moreover,  Cyn  treatment  reduced  the
phosphorylation  of  EGFR,  MET,  and  AKT  kinases  in
HCC827  and  HCC827GR  cells  (Figures  1D–1F,  and
Supplementary Figure 2). The inhibition of EGFR and
MET kinases by Cyn is consistent with the molecular
docking  simulations  performed  with  AutoDock
Vina[6],  which  predicts  that  Cyn  occupies  the  ATP
binding  sites  of  EGFR  and  MET  kinases
(Supplementary  Figure  S2B).  Our  findings  suggest
that  Cyn  treatment  reduces  the  phosphorylation  of
EGFR  and  MET  and  subsequently  influences  the
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Figure 1. NSCLC  cell  growth  inhibition  and  kinase  inhibition  induced  by  Cynaropicrin.  (A)  HCC827,
HCC827GR,  and  HEKa  cells  were  exposed  to  Cyn  (0.2,  0.4,  or  0.8  µg/mL),  gefitinib  (GEF,  1  µmol/L),  or
savolitinib (SAV, 2 nmol/L) for either 24 h (closed bars) or 48 h (open bars). Cell viability was assessed via
the MTT assay, and IC50 values were determined following 48 h of incubation; for HEKa cells, additional
experiments  were  performed  to  obtain  the  IC50  value.  Data  are  reported  as  the  mean  ±  standard
deviation (n = 3, biological triplicate). *P < 0.05, **P < 0.01, and ***P < 0.001 versus the vehicle control.
(B) The in vitro ADP-Glo kinase assay was used to measure the activities of EGFR, MET, AKT1, and AKT2
kinases.  The reactions  were performed with  various  concentrations  of  Cyn (0.2,  0.4,  and 0.8  µg/mL)  or
respective  inhibitors  (GEF,  SAV,  or  AZD5363)  as  indicated.  Results  are  shown  as  the  mean  ±  standard
deviation  (n  =  3,  biological  triplicate).  *P  <  0.05  and  ***P  <  0.001  compared  to  vehicle  control.
(C)  Cyn–EGFR  or  Cyn–MET  protein  interaction  in  vitro.  Active  EGFR  or  MET  kinases  (100  ng)  were
incubated  with  ATP  (0,  10,  and  100  µmol/L),  followed  by  incubation  with  Sepharose  4B  or
Cyn–Sepharose  4B  beads.  The  beads  were  then  washed  and  analyzed  by  Western  blotting  to  detect
bound  EGFR  or  MET  proteins.  Bead:  Sepharose  4B;  Cyn–Bead:  Cyn–Sepharose  4B.  (D–F)  HCC827  and
HCC827GR  cells  were  treated  with  Cyn  (0.2,  0.4,  or  0.8  µg/mL)  for  48  h,  collected,  and  subjected  to
Western blot analysis. Graphs show densitometric analysis of p-EGFR/EGFR, p-MET/MET, and p-AKT/AKT
ratios normalized against β-actin. Data are expressed as the mean ± standard deviation (n = 3, biological
triplicate). **P < 0.01 and ***P < 0.001 versus vehicle control. See Supplementary Figure S2A for Western
blotting. IC50, half inhibitory concentration.
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phosphorylation status of AKT.
Flow  cytometric  analysis  using  PI  staining

demonstrated  a  pronounced  elevation  in  the
proportion of  cells  in  the G2/M phase following Cyn
treatment  (Supplementary  Figure  S3).  At  the  same
time,  the  expression  levels  of  cyclin  B1  and  cdc2
were  reduced  in  Cyn-treated  cells  compared  to
the  control  cells,  whereas  the  expression  level  of
p27  was  upregulated  with  Cyn  treatment

(Supplementary  Figure  3E).  These  results  support
that Cyn induces G2/M phase cell cycle arrest.

Next,  we  assessed  the  production  of  ROS  in
NSCLC  cells  exposed  to  Cyn  by  performing  flow
cytometry  with  the  CellROX  Green.  The  proportion
of  ROS-positive  cells  increased  after  Cyn  treatment
in both HCC827 and HCC827GR cells  (Figure 2A).  To
examine whether  ROS generation is  critical  for  Cyn-
induced  cytotoxicity,  NSCLC  cells  were  pretreated
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Figure 2. Induction  of  ROS  following  Cyn  treatment  in  NSCLC  cells.  HCC827  and  HCC827GR  cells  were
exposed  to  Cyn  (0.2,  0.4,  or  0.8  µg/mL)  for  48  h  and  subjected  to  flow  cytometry  with  CellROX  Green
staining.  (A)  Histogram  analyses  of  ROS  production  and  quantification  of  ROS-positive  cells  in  HCC827
(closed  bars)  and  HCC827GR  (open  bars)  lines.  (B  and  C)  NSCLC  cells  were  preincubated  with  NAC
(4 mmol/L) for 3 h, followed by treatment with Cyn (0.8 µg/mL). (B) MTT assay results for cell viability in
HCC827 and HCC827GR cells following the specified treatments. (C) Western blot evaluation of p-EGFR,
p-MET,  p-AKT,  full-length  Caspase-3,  and  cleaved  PARP  (c-PARP),  with  β-actin  serving  as  the  loading
control.  (D)  GSH/GSSG  ratios  are  shown.  Data  are  expressed  as  mean  ±  standard  deviation  (n  =  3,
technical triplicate). *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding controls. ##P < 0.01 and
###P  <  0.001  compared  with  the  Cyn  (0.8  µg/mL)  group  (Tukey’s  post  hoc  test).  ROS,  reactive  oxygen
species; Cyn, cynaropicrin; NSCLC, non-small cell lung cancer.
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with N-Acetylcysteine (NAC, 4 mmol/L)  for 3 h prior
to  Cyn  exposure.  The  viability  of  cells  treated  with
Cyn (0.8 µg/mL), measured by MTT assay, decreased
to 33.3% and 31.1% in HCC827 and HCC827GR cells,
respectively,  but  was  restored  to  95.2%  and  91.0%
following  NAC  pretreatment  (Figure  2B).  Western

blotting  demonstrated  that  the  phosphorylated
forms  of  EGFR,  MET,  and  AKT  persisted  in  being
suppressed by  Cyn regardless  of  NAC pretreatment.
However,  NAC  pretreatment  mitigated  apoptosis-
associated  alterations:  the  reduction  of  caspase-3
and elevation of cleaved PARP induced by Cyn were
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Figure 3. Ferroptosis of NSCLC cells  following Cyn treatment.  HCC827 and HCC827GR cells  were treated
with either Cyn (0.2, 0.4, or 0.8 µg/mL) or erastin (9 µmol/L for HCC827 and 3 µmol/L for HCC827GR) for
48  h  and  analyzed  via  flow cytometry  with  BODIPY-C11  staining  or  FerroOrange  staining,  and  Western
blotting  analysis.  (A)  Lipid  peroxidation,  determined  by  BODIPY-C11  staining,  is  depicted  in  histogram
format. (B) Percentage of cells displaying lipid peroxidation in HCC827 and HCC827GR cells. (C) MTT assay
data evaluating cell  viability  in  HCC827 and HCC827GR cell  lines  under the indicated treatments.  Fer-1:
ferrostatin-1  preincubation  was  conducted  for  12  h  prior  to  Cyn  administration.  Data  are  depicted  as
mean ± standard deviation (n = 3, technical triplicate). *P < 0.05, **P < 0.01, and ***P < 0.001 versus the
control  group.  ###P  <  0.001  compared  with  the  Cyn  (0.8  µg/mL)  group  (Tukey’s  post  hoc  test).
(D)  Histograms  demonstrate  FerroOrange  staining.  (E)  Quantitative  analysis  of  Fe2+-positive  cells  in
HCC827 (closed  bars)  and HCC827GR (open bars).  (F)  Relative  expression  ratios  of  SLC7A11,  GPX4,  and
ACSL4  normalized  to  β-actin  based  on  Western  blotting  analysis.  See  Supplementary  Figure  S5  for
Western blotting.  Data are shown as mean ± standard deviation (n =  3,  biological  triplicate).  *P <  0.05,
**P < 0.01, and ***P < 0.001 relative to the control group. Cyn, cynaropicrin; NSCLC, non-small cell lung
cancer.
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both  reversed  after  NAC  pretreatment  (Figure  2C).
The ratio of reduced glutathione (GSH) to its oxidized
form  (GSSG),  expressed  as  GSH/GSSG,  is  an
established  marker  for  cellular  antioxidant  capacity
(7).  We  determined  the  GSH/GSSG  ratio  using  the
GSH/GSSG-Glo Assay kit  (Promega).  In  both HCC827
and  HCC827GR  cells,  the  relative  GSH/GSSG  ratio
decreased  to  0.66  and  0.57,  respectively;  however,
after NAC pretreatment, this ratio increased to 0.92
and  0.87  (Figure  2D).  Notably,  the  decrease  in  the
phosphorylation  levels  of  EGFR,  MET,  and  AKT  was
not  restored,  suggesting  that  excessive  ROS
generation  occurs  downstream  of  these  kinase
pathways.

To  evaluate  whether  Cyn  induces  apoptosis  in
NSCLC  cells,  flow  cytometry  was  used  with  annexin
V/PI double staining. In both HCC827 and HCC827GR
cells,  the  proportion  of  cells  undergoing  early
apoptosis  (annexin  V-positive  and  PI-negative)  and
late  apoptosis  (annexin  V-positive  and  PI-positive)
increased  following  Cyn  exposure  (Supplementary
Figure  S4).  To  assess  whether  Cyn  promotes  lipid
peroxidation  in  NSCLC  cells,  flow  cytometry  using
BODIPY  581/591  C11  staining  was  carried  out.  In
HCC827  cells,  lipid  peroxidation  levels  rose  from  a
baseline  of  9.2%  to  49.1%  after  treatment  with  0.8
μg/mL  Cyn.  Likewise,  in  HCC827GR  cells,  this
parameter  increased  from  11.1%  to  59.4%
(Figure  3A).  Erastin,  a  recognized  inducer  of
ferroptosis in various cancer cell  types via inhibition
of  system  xc

-  (8),  elevated  lipid  peroxidation  to
65.7%  in  HCC827  and  61.1%  in  HCC827GR  cells
following treatment with 3 or 9 μmol/L, respectively
(Figure  3B).  To  examine  whether  Cyn-induced
cytotoxicity  in  NSCLC  cells  is  dependent  on
ferroptosis,  cells  were  pre-incubated  with  Fer-1  for
12 h before Cyn treatment. Cell viability, assessed by
MTT assay,  declined to 33.8% and 30.2% in HCC827
and  HCC827GR  cells,  respectively,  compared  to  the
vehicle  control,  but  was  recovered  to  88.4%  and
87.8% with Fer-1 pretreatment (Figure 3C). Elevated
iron  levels,  along  with  lipid  peroxidation,  are
recognized  as  key  determinants  of  ferroptosis.  To
clarify  whether  the  cytotoxic  effect  of  Cyn  involves
ferroptosis,  intracellular  ferrous  iron  levels  were
measured in NSCLC cells treated with Cyn using flow
cytometry  and  FerroOrange  staining  (Figure  3D).  In
HCC827  cells,  the  proportion  of  Fe2+-positive  cells
increased  from  5.00%  in  control  to  14.3%,  23.8%,
and  42.6%  with  rising  Cyn  concentrations;
corresponding  levels  in  HCC827GR  cells  increased
from  6.0%  to  17.6%,  27.9%,  and  50.7%.  Treatment
with  erastin  also  produced  an  increase  in  Fe2+-

positive  cell  ratios  in  NSCLC  cells  (Figure  3E).
Furthermore,  western  blot  analysis  indicated  that
Cyn  decreased  the  protein  abundance  of  SLC7A11
and  GPX4,  while  upregulating  ACSL4  expression
(Figure  3F  and  Supplementary  Figure  S5).  ACSL4
selectively channels long-chain polyunsaturated fatty
acids  to  pathways  leading  to  lipid  peroxidation-
associated cell death, while SLC7A11 and GPX4 act to
inhibit ferroptosis[9].

To  determine  whether  Cyn-induced  cytotoxicity
involves  a  reduction  in  mitochondrial  membrane
potential,  NSCLC  cells  exposed  to  Cyn  were
subjected  to  flow  cytometry  analysis  with  JC-1
staining.  The  percentage  of  HCC827  and  HCC827GR
cells  displaying  JC-1  green  fluorescence  increased
following  exposure  to  Cyn  (Supplementary  Figure
S6A).  To  evaluate  whether  the  reduction  in
mitochondrial  membrane  potential  results  in
caspase  activation,  cells  were  additionally  analyzed
by  flow  cytometry  using  a  multi-caspase  assay  kit
(Supplementary  Figure  S6B).  The  proportion  of
NSCLC  cells  in  the  quadrant  positive  for  both  multi-
caspase  and  7-AAD  increased  after  treatment  with
0.8 μg/mL Cyn (Supplementary Figure S6C). Western
blot  analysis  demonstrated  that  Cyn  treatment
reduced  the  expression  of  Bcl-2  and  full-length
caspase-3 and increased Bax and cleaved PARP levels
(Supplementary  Figure  S6D).  Furthermore,
pretreatment  with  Z-VAD-FMK  (12  μmol/L)  for  3  h
restored the viability of HCC827 and HCC827GR cells
to  72.4%  and  65.2%,  respectively,  contrasted  with
the  reductions  to  26.5%  and  15.9%  after  Cyn
treatment alone (Supplementary Figure S6E).

To evaluate whether the antiproliferative activity
of  Cyn  extends  across  NSCLC  cells  with  diverse
genetic  backgrounds,  the  IC50  values  of  Cyn  were
determined  in  additional  NSCLC  cell  lines
(Supplementary  Table  S1;  Supplementary  Figures
S7A  and  S7B).  We  noticed  the  relatively  lower  IC50
values  in  EGFR-mutant  NSCLC  cell  lines  compared
with  other  NSCLC  cell  lines,  which  may  reflect  their
greater  dependence  on  constitutively  active  EGFR
signaling.  Although  EGFR-mutant  NSCLC  cells
generally  showed  greater  sensitivity  to  Cyn,  H1299
cells,  which  express  wild-type  EGFR,  also  exhibited
marked  sensitivity.  This  suggests  that  mechanisms
beyond constitutive EGFR signaling contribute to the
anticancer  activity  of  Cyn.  Further  investigation  is
warranted  to  identify  additional  molecular
determinants  that  influence  the  responsiveness  of
NSCLC  cells  to  Cyn.  Cyn  did  not  exhibit  cytotoxicity
against  HEKa,  a  non-cancerous  epidermal
keratinocyte  (Figure  1A),  suggesting  its  potential
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selectivity  for  inhibiting  the  growth  of  malignant
cells. Although Cyn exhibits lower overall potency in
terms of cytotoxicity and kinase inhibition compared
to  GEF  or  SAV,  it  showed  reduced  toxicity  toward
HEKa cells compared to GEF or SAV.

In  addition,  Cyn-induced  apoptosis  and  lipid
peroxidation  were  further  observed  in  other  NSCLC
cell  lines  (H1650,  H1975,  and H1299)  using  Annexin
V/PI  double  staining  and  BODIPY  581/591  staining
(Supplementary  Figures  S7C–S7E).  These  results
suggest  that  Cyn  treatment  may  induce  lipid
peroxidation  across  a  variety  of  NSCLC  cells.
Compared  with  other  natural  EGFR  or  MET
inhibitors,  such  as  3-acetyl-O-rubiarbonol[10],  Cyn
exhibited  comparable  inhibitory  potency  and
multitarget  activity,  suggesting  its  potential  as  a
dual-action  anticancer  compound.  It  remains  to  be
determined how dual targeting of EGFR and MET by
Cyn  differs  mechanistically  from  that  of  other
phytochemicals. Furthermore, whether and how the
dual  inhibition  of  EGFR  and  MET  contributes  to  the
ferroptotic  process  remains  to  be  elucidated.
Additionally,  the  relative  contributions  of  the
apoptotic  and  ferroptotic  pathways  to  Cyn-induced
cytotoxicity  remain  to  be  determined.  The  present
study was limited by the absence of pharmacokinetic
analyses,  which  would  provide  important  insights
into  the  bioavailability  of  Cyn.  In  addition,  future
studies  should  examine  GPX4  expression  at  the
mRNA level  to clarify  its  regulatory mechanism. The
current  study  is  limited  by  the  lack  of  in  vivo
validation.  To  advance  the  development  of  Cyn-
based  therapeutics,  its  bioavailability,  stability,  and
safety  must  be  systematically  evaluated  in  animal
models.

In  summary,  our  findings  establish  that  Cyn
inhibits the proliferation of NSCLC HCC827 cells even
in  the  presence  of  GEF  resistance.  Cyn  treatment
suppressed  the  kinase  activities  of  EGFR,  MET,  and
AKT,  induced  cell  cycle  arrest,  and  enhanced  ROS
generation,  facilitating  both  ferroptosis  and
apoptosis.  These  results  indicate  that  Cyn  exhibits
therapeutic promise for the treatment of NSCLC with
GEF resistance and merits further investigation.
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