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[ABSTRACT] Gambogenic acid (GNA), a bioactive compound derived from the resin of Garcinia hanburyi, has demonstrated signi-
ficant antitumor properties. However, its mechanisms of action in oral squamous cell carcinoma (OSCC) remain largely unclear. This
study aimed to elucidate the apoptotic effects of GNA on OSCC cell lines CAL-27 and SCC-15. Our results indicated that GNA in-
duced apoptosis  by  upregulating  the  pro-apoptotic  protein  Noxa.  Mechanistic  investigations  revealed  that  GNA treatment  led  to  the
generation of reactive oxygen species (ROS), which activated endoplasmic reticulum (ER) stress, culminating in cell apoptosis. Inhibi-
tion  of  ROS production and ER stress  pathways  significantly  mitigated  GNA-induced Noxa upregulation and subsequent  apoptosis.
Furthermore, in vivo studies using a murine xenograft model demonstrated that GNA administration effectively inhibited the growth of
CAL-27 tumors. Collectively, these findings underscore GNA’s potential as a therapeutic agent for the treatment of OSCC.
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 Introduction

Oral squamous cell  carcinoma (OSCC),  a  prevalent  ma-
lignancy  of  the  head  and  neck,  ranks  as  the  fourth  leading
cause  of  cancer-related  mortality  in  Asia [1]. Although  ad-
vancements in surgery, radiotherapy, and chemotherapy have

improved OSCC  outcomes,  these  treatments  are  often  lim-
ited  by  significant  side  effects  and  the  development  of  drug
resistance,  resulting  in  poor  patient  survival  rates [2]. There-
fore,  there  is  a  critical  need  for  novel  therapeutic  strategies
and more effective anticancer agents to enhance OSCC treat-
ment and prevention.

Noxa,  a  pro-apoptotic  protein  characterized  by  a  Bcl-2
homology  3  domain,  is  activated  by  various  stimuli.  During
apoptosis, Noxa translocates to the mitochondrial membrane,
prompting  cytochrome  C  release,  caspase  activation,  and
eventual  cell  death [3]. Inhibition  of  Noxa  through  knock-
down  or  knockout  significantly  reduces  apoptosis  in  tumor
cells exposed to stimuli such as irradiation, DNA damage, ex-
cessive reactive  oxygen species  (ROS),  and endoplasmic  re-
ticulum (ER) stress [3, 4]. Thus, Noxa is a promising intracellu-
lar target for cancer therapy.

Natural compounds and their derivatives are rich sources
of anticancer drugs. Gambogenic acid (GNA), extracted from
the  traditional  Chinese  medicine  Gamboge,  is  known  for  its
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antioxidant, anti-inflammatory, and anti-infective properties [5].
Recent  research has  highlighted GNA’s potent  antitumor ef-
fects [6-9]. However, the specific effects and molecular mech-
anisms  of  GNA  in  human  OSCC  cells  remain  insufficiently
explored.

Our  study  demonstrated  that  GNA induced  apoptosis  in
OSCC  cells  through  a  Noxa-dependent  mechanism.  We
found  that  GNA upregulated  Noxa,  leading  to  apoptosis via
the induction  of  excessive  ROS  and  ER  stress.  These  find-
ings suggested  that  GNA  has  significant  potential  as  an  ef-
fective therapeutic agent for the treatment of OSCC.

 Material and Methods

 Reagents
GNA was obtained from Shanghai Yuanye Bio-Techno-

logy  Company  (Shanghai,  China). N-acetyl-L-cysteine
(NAC), 4-phenylbutyrate (4-PBA), SP600125, Z-VAD-FMK,
and dimethyl  sulfoxide (DMSO) were purchased from MCE
(Shanghai,  China).  Primary  antibodies  against  poly  ADP-
ribose  polymerase  (PARP),  cleaved  caspase-3,  Noxa,  tumor
necrosis factor  receptor-associated  factor  2  (TRAF2),  phos-
pho-JNK  (Thr183/Tyr185),  JNK,  phospho-inositol-requiring
transmembrane  kinase/endoribonuclease  1α  (p-IRE1α,  Ser-
724), IRE1α, phospho-apoptosis signal-regulating kinase 1 (p-
ASK1, Thr845), and ASK1 were purchased from Cell Signal-
ing  Technology  (CST,  Danvers,  MA,  USA).  Glucose-regu-
lated  protein  78  (GRP78),  activating  transcription  factor  6
(ATF6), and C/-EBP homologous protein (CHOP) were pur-
chased from Santa Cruz Biotechnology (NY, USA). GAPDH
was purchased from Wuhan Servicebio Technology (Wuhan,
China). The  secondary  antibodies  were  obtained  from  Jack-
son Labs (West Grove, PA, USA). Fetal bovine serum (FBS)
was  purchased  from  QmSuero/Tsingmu  Biotechnology
(Wuhan, China).
 Cell culture

Human OSCC cell lines CAL-27 and SCC-15 were cul-
tured  in  Dulbecco’s  Modified  Eagle  Medium  (DMEM;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented  with  10% FBS  and  penicillin/streptomycin  (Thermo
Fisher  Scientific,  Inc.,  Waltham, MA, USA).  The cells  were
maintained in a humidified incubator at 37 °C with 5% CO2.
 Cell proliferation assay

CAL-27  and  SCC-15  cells  were  seeded  at  a  density  of
5 × 103 cells  per  well  in  96-well  plates.  The cells  were then
treated  with  various  concentrations  of  GNA  for  24  or  48  h.
Following  treatment,  10  μL  of  MTT  solution  (Beyotime,
Shanghai, China) was added to each well and incubated for 4
h. Absorbance was measured at a wavelength of 490 nm us-
ing a microplate reader (Bio-Tek Instruments).
 Colony formation assay

CAL-27  and  SCC-15  cells  were  seeded  at  a  density  of
500  cells  per  well  in  12-well  plates.  The  cells  were  treated
with various concentrations of GNA, with the medium being
replaced  with  fresh  medium every  3  days.  After  two weeks,
the colonies were washed,  fixed with 4% paraformaldehyde,

and  stained  with  0.1% crystal  violet  to  facilitate  colony
counting.
 Flow cytometric analysis of apoptosis

The  proportion  of  apoptotic  cells  was  determined  using
an Annexin  V/PI  Apoptosis  Detection Kit  (#BB-4101,  Best-
Bio,  Shanghai,  China)  according  to  the  manufacturer’s in-
structions. Cells  were  treated  with  GNA and  other  interven-
tions for the specified durations, then harvested and resuspen-
ded in the appropriate buffer.  Five microliters of Annexin V
were added to the cell suspension, and the mixture was incub-
ated in the dark for 30 min. Subsequently, 10 μL of PI solu-
tion was added, and the proportion of apoptotic cells was ana-
lyzed using a flow cytometer (Beckman Coulter, USA).
 Measure of ROS

ROS  levels  were  assessed  using  a  ROS  assay  kit
(Beyotime,  China).  Briefly,  2  ×  105 cells  were  treated  with
GNA and  other  interventions  for  12  h.  Following  treatment,
the  cells  were  incubated  with  7-dichlorofluorescin-diacetate
(DCFH-DA) for 30 min at 37 °C. The cells were then washed
with  serum-free  DMEM to  remove any nonspecific  binding.
ROS  levels  were  measured  using  fluorescence  microscopy
(Olympus, Japan).
 Detection of gene expression

Total RNA  was  extracted  from  cells  using  TRIzol  re-
agent (Vazyme Biotech Co., Ltd., Nanjing, China) according
to the manufacturer’s protocol. Cold chloroform was added to
the lysed cells,  followed by a 30-min incubation. The super-
natants were collected and incubated with isopropanol to pre-
cipitate the RNA. Reverse transcription was performed using
the reverse transcription polymerase chain reaction (RT-PCR)
kit (Vazyme Biotech Co., Ltd., Nanjing, China) to synthesize
cDNA. The mRNA levels of target genes were quantified us-
ing SYBR Premix Ex Taq (TaKaRa, Dalian, China), and rel-
ative expression  levels  were  calculated  using  the  comparat-
ive Ct method.
 Western blotting and immunoprecipitation assays

Cells and  tissues  were  lysed  using  RIPA buffer  supple-
mented  with  a  protease  inhibitor  (MCE,  Shanghai,  China).
Protein concentrations were quantified, and equal amounts of
protein were  separated  by  SDS-polyacrylamide  gel  electro-
phoresis.  The  proteins  were  then  transferred  to  polyvinyli-
dene  difluoride  (PVDF)  membranes.  The  membranes  were
blocked with 5% nonfat milk for 1 h and subsequently incub-
ated with  primary  antibodies  overnight  at  4  °C.  The  follow-
ing day, the membranes were incubated with secondary anti-
bodies  and  visualized  using  a  ChemiDoc  Imaging  System
(Bio-Rad, CA, USA). For immunoprecipitation analysis, cell
lysates  were  incubated  with  primary  antibodies  overnight  at
4  °C  with  gentle  rocking.  The  next  day,  the  lysates  were
mixed with  Protein  G Agarose beads  (Invitrogen,  USA) and
incubated  for  an  additional  2  h  at  4  °C.  The  beads  were
washed  with  ice-cold  lysis  buffer  and  boiled  for  7  min.  The
resulting immunoprecipitates were subjected to Western blot-
ting analysis.
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 CAL-27 xenograft model
The animal  experiment  was  conducted  at  the  Experi-

mental  Animal  Center  of  Hubei  University  of  Medicine,
China, and approved by the Ethics Committee of Hubei Uni-
versity of Medicine (approval number: 2020-053). Nude mice
(BALB/c-nu/nu) were purchased from Weitong Lihua Exper-
imental  Animal  Technical  Company  (Beijing,  China).  CAL-
27 cells (1 × 106 cells) were subcutaneously injected into the
flanks of  the  mice.  When  tumor  volume  reached  approxim-
ately  100  mm3,  the  mice  were  randomized  into  four  groups:
vehicle  control,  GNA  treatment  groups  (1  and  2  mg·kg−1),
and a positive control  group receiving paclitaxel  (PTX).  Tu-
mor size was measured, and volume was calculated using the
formula: length × width2 × 0.5. Eighteen days after injection,
the mice were euthanized using isoflurane, and serum and tu-
mor tissues were collected for subsequent analysis.
 Statistical analysis

Experimental data were analyzed using GraphPad Prism
software. Results are presented as mean ± SD. Statistical sig-
nificance was determined with *P < 0.05.

 Results

 GNA suppresses  cell  proliferation  and  triggers  apoptosis  in
human OSCC cells

To evaluate the effect of GNA (Fig. 1A) on cell prolifer-
ation,  OSCC  cell  lines  CAL-27  and  SCC-15  were  treated
with GNA for 24 or 48 h, and cell proliferation was assessed
using MTT assays.  The  results  indicated  that  GNA signific-
antly inhibited the proliferation of CAL-27 and SCC-15 cells
in a concentration- and time-dependent manner (Fig. 1B). To
further  assess  the  impact  of  GNA  on  cell  viability,  trypan
blue staining was performed, which revealed a marked reduc-
tion in cell viability following GNA treatment (Fig. 1C). Ad-
ditionally,  colony  formation  assays  demonstrated  that  GNA
significantly  suppressed  colony  formation  in  both  cell  lines
(Fig. 1D).

To explore  the  relationship  between  cell  growth  inhibi-
tion and apoptosis, we investigated the effect of GNA on ap-
optosis.  CAL-27  and  SCC-15  cells  were  treated  with  GNA,
and  the  levels  of  apoptotic  marker  proteins  were  examined.
Compared to untreated cells, GNA significantly increased the
levels of cleaved PARP and caspase-3 in a concentration- and
time-dependent manner,  while  the  expression  of  PCNA  de-
creased with  GNA treatment  (Figs.  1E and 1F, Supplement-
ary  Figs.  S1A  and  S1B).  Further  analysis  of  GNA-induced
apoptosis in CAL-27 and SCC-15 cells was conducted using
Annexin V-PI double staining and flow cytometry.  The pro-
portion of  Annexin  V/PI  double-stained  cells  was  signific-
antly elevated following GNA treatment (Fig. 1G). Moreover,
the pan-caspase  inhibitor  Z-VAD-FMK  significantly  re-
versed  the  increases  in  cleaved  PARP  and  caspase-3  levels
induced by GNA (Fig.  1H, Supplementary Fig.  S1C).  These
findings suggest that GNA induces apoptosis in CAL-27 and
SCC-15 cells through caspase activation.

 GNA promotes apoptosis via the upregulation of Noxa in OS-
CC cells

Given the  association  of  Noxa  induction  with  the  apop-
totic process,  we  examined  the  effect  of  GNA  on  Noxa  ex-
pression in CAL-27 and SCC-15 cells. Western blotting ana-
lysis  demonstrated  that  GNA  significantly  increased  Noxa
protein  expression  levels  in  a  concentration-  and  time-de-
pendent manner (Figs. 2A and 2B, Supplementary Figs. S1D
and S1E). Additionally, GNA treatment resulted in a signific-
ant  elevation  of  Noxa  mRNA  levels  in  both  cell  lines  (Fig.
2C).

To further investigate the role of Noxa in GNA-induced
apoptosis,  we  generated  Noxa-knockdown  cells  using  a
shRNA system.  GNA  treatment  induced  apoptosis  and  in-
creased the levels of cleaved PARP and cleaved caspase-3 in
control  shRNA  (NC-shRNA)  CAL-27  and  SCC-15  cells.
However, these effects were significantly attenuated in Noxa-
knockdown  (Noxa-shRNA)  cells  (Fig.  2D,  Supplementary
Fig. S1F). Correspondingly, the proportion of apoptotic cells
was  markedly  reduced  in  the  Noxa-shRNA group  compared
to the control group (Fig. 2E). These findings collectively in-
dicate that Noxa is crucial for GNA-induced apoptosis in OS-
CC cells.
 Accumulation of  ROS induced by GNA is  involved in  OSCC
cell apoptosis

ROS, as signaling molecules, play crucial roles in apop-
tosis in  response  to  cellular  stress.  We  investigated  the  ef-
fects of GNA on ROS production using the fluorescent probe
DCFH-DA. The  results  indicated  that  GNA treatment  signi-
ficantly  enhanced  ROS  production  in  CAL-27  and  SCC-15
cells  compared  to  untreated  cells  (Fig.  3A).  To  confirm  the
increase  in  ROS  accumulation,  the  antioxidant  NAC  was
used. NAC effectively  blocked GNA-induced  ROS accumu-
lation in both cell lines (Fig. 3B). Furthermore, GNA expos-
ure  decreased  the  levels  of  antioxidant  enzymes,  including
superoxide dismutases (SODs) and catalase (Fig. 3C, Supple-
mentary  Fig.  S2A),  suggesting  that  GNA  induces  excessive
oxidative stress.

To  further  determine  the  contribution  of  ROS  to  GNA-
induced  cell  growth  inhibition  and  apoptosis,  we  examined
whether  NAC could  antagonize  GNA.  CAL-27  and  SCC-15
cells  were  pretreated  with  NAC  to  inhibit  ROS.  The  results
demonstrated  that  NAC  completely  abolished  GNA-induced
growth inhibition and significantly reduced the proportion of
apoptotic  cells  (Figs.  3D and 3E).  Additionally,  GNA-in-
duced  increases  in  cleaved  PARP  and  cleaved  caspase-3
levels  were  blocked  by  NAC  (Fig.  3F,  Supplementary  Fig.
S2B). Since Noxa activation promotes mitochondrial damage,
which is  regulated  by  excessive  ROS  accumulation,  we  in-
vestigated whether GNA-induced Noxa upregulation is asso-
ciated with ROS production. Our findings revealed that NAC
significantly  attenuated  GNA-induced  Noxa  upregulation
(Fig.  3F, Supplementary  Fig.  S2B).  Collectively,  these  res-
ults indicate that ROS accumulation is essential for GNA-in-
duced Noxa activation and apoptosis in CAL-27 and SCC-15
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cells.
 GNA-induced Noxa upregulation leads to apoptosis by caus-
ing ROS-mediated ER stress

Previous studies have demonstrated that ROS are linked
to ER stress and cell death [10]. In our study, CAL-27 and SCC-
15 cells were treated with GNA, and the levels of ER stress-
related  proteins  were  analyzed.  Western  blotting  results
showed  that  GNA  significantly  increased  the  expression

levels  of  ER  stress  markers,  including  IRE1α,  p-IRE1α,
GRP78,  ATF6,  and CHOP, in  a  concentration-  and time-de-
pendent manner (Figs. 4A and 4B, Supplementary Figs. S2C
and  S2D).  Furthermore,  pretreatment  with  the  antioxidant
NAC inhibited  the  GNA-induced  upregulation  of  ER stress-
related proteins (Fig. 4C, Supplementary Fig. S2E), suggest-
ing  that  GNA induces  ROS-dependent  ER stress.  To  further
investigate the role of ER stress in GNA-induced cell growth
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Fig. 1    GNA inhibits proliferation and induces apoptosis in human OSCC cells. (A) Chemical structure of GNA. (B) CAL-27 and
SCC-15 cells were incubated with various concentrations of GNA for 24 and 48 h. OSCC cell proliferation was examined by MTT
assays. (C)  Trypan  blue  staining  assays  of  CAL-27  and  SCC-15  cells  were  performed.  (D)  Colony  formation  assays  were  per-
formed in CAL-27 and SCC-15 cells. (E, F) CAL-27 and SCC-15 cells were treated with the indicated concentrations of GNA for
24 h (E) or GNA (2.0 μmol·L−1) for 0, 6, 12, and 24 h (F). The levels of cleaved PARP, cleaved caspase-3, and PCNA were meas-
ured by Western blotting. (G) CAL-27 and SCC-15 cells were treated with GNA for 24 h, and the proportion of apoptotic cells
was  measured by flow cytometry.  (H)  CAL-27 and SCC-15 cells  were  incubated with  or  without  GNA (2.0  μmol·L−1)  for  24  h
after 2 h of pretreatment of the caspase inhibitor Z-VAD-FMK (20 μmol·L−1). The levels of cleaved PARP and cleaved caspase-3
were measured by Western blotting. Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs control.
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inhibition and apoptosis, CAL-27 and SCC-15 cells were pre-
treated with the ER stress inhibitor 4-PBA. Treatment with 4-
PBA significantly  attenuated  the  growth  inhibition  and  re-
duced  the  proportion  of  apoptotic  cells  induced  by  GNA
(Figs. 4D and 4E). Additionally, 4-PBA blocked the GNA-in-
duced increase in cleaved PARP and cleaved caspase-3 levels
(Fig. 4F, Supplementary Fig. S2F). Notably, 4-PBA also de-
creased the GNA-induced Noxa protein levels (Fig. 4F, Sup-
plementary Fig. S2F). These findings indicate that GNA pro-
motes  apoptosis  in  OSCC  cells  by  inducing  ROS-mediated
ER stress, which in turn leads to the upregulation of Noxa.

Previous  studies  have  shown  that  ER  stress  is  activated
by  the  formation  of  the  IRE1α-TRAF2-ASK1  complex [11].
Our  results  demonstrated  that  GNA  markedly  increased  the
expression  levels  of  TRAF2  and  phosphorylated  ASK1  (p-
ASK1)  (Fig.  4G, Supplementary  Fig.  S2G).  To  further  ex-

plore  the  effects  of  GNA  on  the  interaction  between  IRE1α
with TRAF2 and ASK1, we performed co-immunoprecipita-
tion  assays.  As  shown in Fig.  4H,  The  results  indicated  that
GNA  enhanced  the  association  of  IRE1α  with  both  TRAF2
and  ASK1  (Fig.  4H,  Supplementary  Fig.  S2H).  To  confirm
the  role  of  ER  stress  in  GNA-induced  apoptosis,  cells  were
transfected  with  IRE1α  siRNA.  Compared  to  control  NC
siRNA,  IRE1α  knockdown  attenuated  GNA-induced  Noxa
upregulation and apoptosis, as evidenced by reduced levels of
cleaved  PARP  and  cleaved  caspase-3  (Fig.  4I, Supplement-
ary Figs.  S2I and S2J).  Since CHOP also plays a significant
role  in  ER  stress  activation [12], and  GNA  significantly  in-
creased the levels of ATF6 and CHOP in a concentration- and
time-dependent manner (Figs. 4A and 4B), we examined the
relationship between CHOP and GNA-induced Noxa upregu-
lation  and  apoptosis.  Notably,  CHOP  knockdown  blocked
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Fig. 2    GNA promotes apoptosis by upregulating Noxa in OSCC cells. (A, B) CAL-27 and SCC-15 cells were incubated with the
indicated concentrations of GNA (0, 0.5, 1.0, and 2.0 μmol·L−1) for 24 h or treated with 2 μmol·L−1 GNA for different times (0, 6,
12, and 24 h). The protein expression of Noxa was examined by Western blotting. (C) Treatment with GNA at the indicated con-
centrations for 24 h resulted in an increase in Noxa mRNA expression. (D) NC-shRNA and Noxa-shRNA cells were treated with 2
μmol·L−1 GNA, and the levels of cleaved PARP, cleaved caspase-3, and Noxa protein were examined by Western blotting assay.
(E) The proportion of apoptotic cells was examined in NC-shRNA and Noxa-shRNA CAL-27 and SCC-15 cells after 2 μmol·L−1

GNA treatment. Data are presented as the mean ± SD (n = 3). **P < 0.01, ***P < 0.001 vs control; #P < 0.05, ###P < 0.001 vs GNA
treatment.
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GNA-induced Noxa upregulation and the increases in cleaved
PARP and cleaved  caspase-3  levels  (Fig.  4J,  Supplementary
Figs. S2K and S2L). Together, these data suggest that excess-
ive ROS and ER stress contribute to GNA-induced Noxa up-
regulation  and  apoptotic  cell  death.  The  activation  of  the
IRE1α-TRAF2-ASK1 complex, as well as the involvement of
CHOP, are critical components in this apoptotic pathway.
 Activation of JNK signaling is critical for GNA-induced Noxa-
dependent apoptosis in OSCC cells

The  activation  of  the  IRE1α-TRAF2-ASK1  axis  is
known to induce JNK activation, which plays a crucial role in
regulating cell  proliferation and differentiation and apoptotic
cell death [13]. In our study, CAL-27 and SCC-15 cells treated
with GNA at various concentrations and time points showed
a significant increase in phosphorylated JNK levels (Figs. 5A
and 5B,  Supplementary  Figs.  S3A and  S3B).  To  investigate

the  relationship  between  ER  stress  and  GNA-induced  JNK
activation,  we  treated  cells  with  the  ER  stress  inhibitor  4-
PBA.  The  results  indicated  that  4-PBA  effectively  blocked
GNA-induced  JNK  activation  (Fig.  5C,  Supplementary  Fig.
S3C).  Moreover,  IRE1α  knockdown  significantly  reversed
the increases in JNK phosphorylation in CAL-27 and SCC-15
cells  after  GNA  treatment  (Fig.  5D,  Supplementary  Fig.
S3D).

To  explore  the  role  of  JNK  in  GNA-induced  apoptosis,
we  examined  whether  blocking  JNK  activity  could  reverse
GNA-induced cell growth inhibition and apoptosis. The JNK
inhibitor SP600125 significantly attenuated the inhibitory ef-
fects of GNA on cell growth (Fig. 5E). Furthermore, our data
demonstrated that  SP600125  abrogated  GNA-induced  apop-
tosis  and  Noxa  upregulation  in  CAL-27  and  SCC-15  cells
(Figs.  5F and 5G,  Supplementary  Fig.  S3E).  Similarly,  the
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Fig. 3    The accumulation of ROS induced by GNA is involved in OSCC cell apoptosis. (A) CAL-27 and SCC-15 cells were incub-
ated with GNA for 12 h, and the level of ROS was examined by fluorescence microscopy. (B) CAL-27 and SCC-15 cells were pre-
incubated with NAC for 2 h and then cocultured with GNA for 12 h. The level of ROS was examined. (C) The antioxidant pro-
teins were determined by Western blotting assay. (D−F) CAL-27 and SCC-15 cells were pretreated with NAC for 2 h and then co-
cultured with GNA for 24 h. Cell proliferation was examined by MTT assays (D), the proportion of apoptotic cells was examined
by flow cytometry (E), and the levels of cleaved PARP, cleaved caspase-3, and Noxa protein expression were examined by West-
ern blotting assay (F). Data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs control. #P < 0.05, ##P <
0.01, ###P < 0.001 vs GNA treatment.
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GNA-induced  increase  in  Noxa  levels  was  suppressed  by
JNK1 and JNK2 knockdown in CAL-27 cells (Fig. 5H, Sup-
plementary Fig.  S3F).  These results  collectively suggest  that
ER  stress-mediated  JNK  activation  is  a  critical  pathway  for
GNA-induced Noxa upregulation and subsequent apoptosis in
OSCC cells.

 GNA upregulates Noxa expression and ER stress/JNK activa-
tion, leading to apoptosis in vivo

To evaluate the antitumor effect of GNA in vivo, we es-
tablished a  xenograft  tumor model  using CAL-27 cells.  Fol-
lowing treatment  with  GNA and a  positive  control  drug,  we
observed  that  GNA  significantly  inhibited  tumor  growth
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Fig. 4    GNA-induced Noxa upregulation leads to apoptosis by causing ROS-mediated ER stress. (A, B) CAL-27 and SCC-15 cells
were treated with the indicated concentrations of GNA for 24 h (A) or 2.0 μmol·L−1 GNA for 0, 6, 12, and 24 h (B). The levels of
ER stress-related proteins were examined. (C) CAL-27 and SCC-15 cells were treated with GNA for 24 h and exposed to NAC.
The levels of ER stress-related proteins (GRP78, p-IRE1α, IRE1α, ATF6, and CHOP) were examined by Western blotting assay.
(D−F) CAL-27 and SCC-15 cells were pretreated with 4-PBA for 2 h and then cocultured with GNA for 24 h. Cell proliferation
was examined by MTT assays (D), the proportion of apoptotic cells was examined by flow cytometry (E), and the levels of cleaved
PARP, cleaved caspase-3, and Noxa protein expression were examined (F). (G) CAL-27 and SCC-15 cells were treated with dif-
ferent concentrations of GNA for 24 h. The protein levels of TRAF2, p-ASK1, and ASK1 were detected by Western blotting ana-
lysis.  (H)  The  IRE1α/TRAF2 and  IRE1α/ASK1 complexes  were  precipitated  by  IRE1α and  then  detected  by  Western  blotting
analysis for TRAF2 or ASK1. (I, J) Cells were transfected with siRNA NC, siRNA IRE1α (I), or siRNA CHOP (J) and then in-
cubated with GNA, and the levels of cleaved PARP, cleaved caspase-3, and Noxa protein were examined by Western blotting as-
say. Data are presented as the mean ± SD (n = 3). **P < 0.01, ***P < 0.001 vs control. ##P < 0.01, ###P < 0.001 vs GNA treatment.
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without causing significant loss of body weight in the treated
mice  (Figs.  6A−6D).  To  confirm  the  pro-apoptotic  effect  of
GNA in  vivo,  we  conducted  Western  blotting  analysis  on
xenograft tumor tissues. The results indicated that GNA treat-
ment  significantly  increased  the  levels  of  cleaved  caspase-3
and Noxa  expression.  Additionally,  the  levels  of  phos-

phorylated  JNK  (p-JNK),  phosphorylated  IRE1α  (p-IRE1α),
and total IRE1α were elevated in the xenograft tumors treated
with GNA (Figs. 6E and 6F). These findings demonstrate that
GNA exerts  potent  antitumor activity against  OSCC in  vivo,
promoting  apoptosis  through  the  upregulation  of  Noxa  and
activation of the ER stress/JNK pathway while maintaining a
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Fig. 5    JNK signaling activation is critical for GNA-induced apoptosis in OSCC cells. (A) CAL-27 and SCC-15 cells were incub-
ated with GNA for 24 h, and the levels of p-JNK and JNK protein expression were examined by Western blotting assay. (B) Cells
were  treated  with  2.0  μmol·L−1 GNA for  the  indicated  time  points.  The  levels  of  p-JNK and  JNK protein  expression  were  ex-
amined. (C) Cells were preincubated with 4-PBA and then treated with GNA for 24 h. The levels of p-JNK and JNK protein ex-
pression  were  examined.  (D)  Cells  were  transfected  with  siRNA  NC  or  siRNA  IRE1α  and  then  incubated  with  GNA,  and  the
levels of p-JNK and JNK protein expression were examined. (E−G) CAL-27 and SCC-15 cells were pretreated with SP600125 for
2 h and then incubated with GNA for 24 h. Cell proliferation was examined by MTT assays (E), and the proportion of apoptotic
cells was measured by flow cytometry (F). Apoptosis was confirmed by measuring the levels of cleaved PARP, cleaved caspase-3,
and Noxa protein under the same conditions (G). (H) Cells were transfected with siRNA NC, siRNA JNK1, or siRNA JNK2 and
then incubated with GNA, and the levels of Noxa protein were examined by Western blotting assay. Data are presented as the
mean ± SD (n = 3). **P < 0.01, ***P < 0.001 vs control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs GNA treatment.
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high safety profile in the animal model.

 Discussion

In the clinical management of OSCC, the standard treat-
ment  involves  surgical  resection  often  supplemented  with
chemotherapeutic drugs [14]. Therefore, there is significant in-
terest  in  identifying  highly  effective  antitumor  agents  with
minimal toxicity  for  treating OSCC. GNA, a  bioactive com-
pound  derived  from  the  resin  of G.  hanburyi, has  demon-
strated antitumor activity across various cancer  types [6, 15-17].
In this study, we investigated the antitumor effects and under-
lying molecular mechanisms of GNA in OSCC. Previous re-
search has  highlighted the  role  of  apoptosis  in  the  tumor-in-

hibitory effects of GNA [7, 8]. However, the specific impact of
GNA  on  OSCC  and  its  detailed  mechanisms  remain  poorly
understood. Here,  we  examined  the  effects  of  GNA  on  OS-
CC both in vitro and in vivo, focusing on the molecular path-
ways involved in GNA-induced apoptosis, particularly the re-
lationship between GNA-mediated ROS/ER stress activation,
Noxa upregulation, and apoptosis.

Inducing apoptosis is a crucial mechanism through which
antitumor  drugs  exert  their  effects [18-22]. Our  results  demon-
strated that  GNA significantly  induced  apoptosis  in  the  OS-
CC  cell  lines  CAL-27  and  SCC-15  in  a  concentration-  and
time-dependent  manner.  This  was  evidenced  by  increased
levels  of  cleaved  PARP and  cleaved  caspase-3,  as  well  as  a
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Fig. 6    GNA upregulates Noxa expression and ER stress/JNK activation, leading to apoptosis in vivo. (A−D) CAL-27 xenografts
were established in BALB/C nude mice, and the mice were treated as indicated. Tumor volumes were measured (A), and the body
weights of the mice were shown (B). Photographs of tumors were captured (C), and the weights of the tumors were recorded (D).
Scale bar, 1 cm. (E, F) The levels of Noxa, cleaved caspase-3, p-IRE1α, IRE1α, p-JNK, and JNK in xenograft tumors were ana-
lyzed after drug administration. (G) The underlying mechanism of GNA’s anticancer activity. Data are presented as the mean ±
SD (n = 6 in A−D; n = 3 in E and F). *P < 0.05, **P < 0.01, ***P < 0.001 vs control.
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higher proportion of Annexin V/PI double-stained cells.  Ad-
ditionally,  GNA  upregulated  Noxa,  a  pro-apoptotic  member
of  the  Bcl-2  homology  3  domain-only  protein  family,  in  a
concentration-  and  time-dependent  manner.  Notably,  Noxa
knockdown significantly inhibited GNA-induced apoptosis in
OSCC cell  lines,  indicating  that  Noxa  activation  is  essential
for  GNA-induced  apoptosis.  Complementary  these in  vitro
findings, GNA treatment in a CAL-27 xenograft tumor mod-
el significantly  suppressed  tumor  growth  and  induced  apop-
tosis without  causing  adverse  effects.  Western  blotting  ana-
lysis  confirmed  increased  levels  of  cleaved  caspase-3  and
Noxa,  along  with  elevated  levels  of  p-JNK,  p-IRE1α,  and
total  IRE1α in  GNA-treated  xenograft  tumors.  Collectively,
these findings  suggest  that  GNA is  a  potent  and safe  antitu-
mor agent for OSCC. Its mechanism of action involves indu-
cing  apoptosis  through  Noxa  upregulation,  mediated  by
ROS/ER stress and JNK activation pathways. This study un-
derscores  the  potential  of  GNA  as  an  effective  therapeutic
strategy for OSCC, warranting further clinical investigation.

ROS  are  biologically  significant  molecules  that  result
from the incomplete reduction of oxygen [23]. While moderate
levels of ROS are essential for cell survival, proliferation, and
differentiation, excessive ROS production is toxic, leading to
oxidative damage and cell death [24, 25]. ROS plays a dual role
in cancer,  being crucial  for tumor initiation and progression,
as  well  as  serving  as  a  target  for  cancer therapy [26].  In  this
study, we observed that GNA treatment led to excessive ROS
accumulation in OSCC cells. Importantly, the use of the ROS
scavenger  NAC  effectively  blocked  GNA-induced  cell
growth inhibition and apoptosis, indicating that ROS are crit-
ical mediators of GNA-induced apoptotic cell death and Noxa
upregulation.

Excessive  ROS  has  been  shown  to  interfere  with  ER
stress [27].  ER  stress  activates  the  unfolded  protein  response
(UPR), which is integral to cell apoptosis [28]. The UPR com-
prises three  main  pathways:  IRE1,  ATF6,  and  PKR-like  en-
doplasmic reticulum kinase (PERK) [29]. Our findings demon-
strated that  GNA  elevated  levels  of  ER  stress-related  pro-
teins in OSCC cells, which could be attenuated by NAC, sug-
gesting that ROS accumulation precedes and regulates GNA-
induced  ER  stress.  IRE1  is  a  crucial  regulator  of  ER  stress,
acting as  a  transmembrane  protein  that,  upon  activation,  re-
cruits TRAF2. TRAF2 subsequently binds to ASK1, forming
the  IRE1α-TRAF2-ASK1  complex  and  activating  the  JNK
signaling  pathway [13].  Our  study  showed  that  GNA-induced
apoptosis and Noxa upregulation in OSCC cells are mediated
through  ER  stress-induced  JNK  activation via the  IRE1α-
TRAF2-ASK1 complex. Additionally, the induction of ATF6
and CHOP, which are sensitive to ER stress, further supports
the  role  of  ER  stress  in  GNA’s  mechanism  of  action [30].
CHOP knockdown attenuated GNA-induced Noxa upregula-
tion and apoptosis, reinforcing the significance of the ATF6-
CHOP  pathway  in  this  process.  Collectively,  these  results
suggest that excessive ROS/ER stress contributes to GNA-de-
pendent Noxa upregulation and apoptotic cell death by activ-

ating  the  IRE1α-TRAF2-ASK1-mediated  JNK  signaling
pathway and the ATF6-CHOP signaling pathway.

In summary, GNA induces apoptotic cell death in OSCC
cells in vitro and in vivo. The induction of apoptosis by GNA
is associated with ROS-mediated ER stress activation, which
in turn leads to Noxa upregulation (Fig. 6G). These findings
provide  a  strong  rationale  for  the  further  development  of
GNA as a therapeutic agent for OSCC, highlighting its poten-
tial efficacy and safety.

 Supporting Information

Supporting information of this paper can be requested by
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