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Pinocembrin inhibits migration and invasion of nonsmall
cell lung cancer cells by inhibiting STAT3 signaling
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Abstract

Background: In cancer treatment, targeting the activation of signal transducer and activator of tran-
scription 3 (STAT?3) is crucial as it promotes tumor progression and metastasis through the process of
epithelial-mesenchymal transition (EMT). Pinocembrin, a dihydroxyflavanone found naturally in prop-
olis and honey, is known for its antioxidant and vasodilating properties. The objective of this study is
to explore the potential of pinocembrin in regulating the STAT3 signaling pathway to inhibit migration
and invasion of nonsmall cell lung cancer (NSCLC) cells.

Methods: Hematoxylin staining was used to determine the migration and invasion of A549 cells. The
relative expression of EMT-related proteins and invasive proteins in A549 cells was determined by West-
ern blot analysis. STAT3 activity was evaluated using a luciferase assay. Overexpression of STAT3 was
utilized to assess the role of pinocembrin in regulating STAT3.

Results: Pinocembrin treatment (50 uM) significantly reduced the number of migrating and invasive
cells. Pinocembrin upregulated the protein level of E-cadherin and downregulated the protein levels of
N-cadherin and vimentin. Additionally, pinocembrin blocked the phosphorylation and activation of
STATS3. Overexpression of STAT3 reversed the inhibitory effects of pinocembrin on cell migration and
invasion.

Conclusion: Our study demonstrates that pinocembrin can inhibit the activation of STAT3, which is

associated with EMT and thereby attenuate migration and invasion in NSCLC cells.
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ung cancer is a leading cause of mortality world-
I wide (1), with nonsmall cell lung cancer (NSCLC)
accounting for approximately 80-85% of cases (2).
Unfortunately, about 80% of patients with NSCLC prog-
ress to stage I'V disease, which carries a significant risk of
mortality (3). Despite this, the pathophysiological mech-
anisms of NSCLC are not fully understood, and there
are no effective pharmacological treatments, resulting in
prolonged hospital stays and financial burden. While che-
motherapy remains a primary management strategy for
patients with lung cancer, it carries unavoidable toxicity
and detrimental side effects on normal and healthy tissues
(4). Therefore, there is an urgent need for an effective and
safe targeted therapy to manage this preventable disease.
To develop such therapy, a better understanding of the
molecular mechanisms and pathophysiological processes
of NSCLC is required.

Signal transducer and activator of transcription 3
(STAT?3) has been shown to play a critical role in several
types of cancer, including brain and intestinal cancer
(5-7). In lung cancer, STAT3 activation strongly promotes
cancer cell progression and metastasis by transcriptionally
regulating genes associated with cell proliferation, angio-
genesis, and resistance to apoptosis (8, 9). Studies have
found higher expression levels of STAT3 and phosphor-
ylated STAT3 (pSTAT3) in tumors from patients with
NSCLC compared to normal patients, with the pSTAT3
expression level being correlated with the survival rate of
patients (10). Moreover, studies have demonstrated that
inhibitors of c-Scr and JAK could reactivate STAT3 in
both NSCLC cell lines and human tumors, leading to
the unwanted survival of cancer cells (11, 12). Taken
together, these findings suggest that phosphorylation of
STAT3 negatively regulates NSCLC proliferation and
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progression, and therefore STAT3 could be considered as
a targeted marker for controlling tumor progression and
metastasis in NSCLC.

Epithelial-mesenchymal transition (EMT), which is
characterized by the transformation of epithelial cells into
mesenchymal stem cells leading to the loss of cell polar-
ity and adhesion, ultimately results in cell migration and
invasion. E-cadherin is highly expressed in epithelial cells
and serves as an EMT marker, whereas N-cadherin and
vimentin are highly expressed in mesenchymal stem cells
(13, 14). It has been reported that STAT3 activation, along
with transcription factors, regulates tumorigenesis that is
specifically related to EMT, thereby promoting cell pro-
liferation, metastasis, and invasion (15). Conversely, the
inhibition of STAT3 by treating with anti-sense oligonu-
cleotides leads to a reduction in tumor transmission, lung
metastasis, and suppression of MMP2 and MMP9, which
are well-documented invasive proteins. Although the role
of STATS3 in regulating EMT-mediated cell migration and
invasion is well documented, the development of a ther-
apeutic approach targeting STAT3 to manage NSCLC
remains unaccomplished.

Methods

Cell culture

Human lung adenocarcinoma cells (A549 cells, TCHu150,
Cell Bank of the Chinese Academy of Sciences, Shanghai,
China) and DDP-resistant cells (A549/DDP cells, JL10093,
Cell Bank of the Chinese Academy of Sciences) were
grown in RPMI-1640 medium (Cyclone, GE Healthcare,
UT, USA) supplemented with 10% fetal bovine serum
(FBS) (HyClone) and Penicillin/Streptomycin (1:100,
Sigma Aldrich, St. Louis, MO, USA) in a humidified
atmosphere of 5% CO2 at 37°C. Pinocembrin (S3941,
Selleck, Shanghai, China) and TGF-p1 (10804-HO8H,
Sino Biological, Shanghai, China) were dissolved in
dimethyl sulfoxide (DMSO) and RPMI-1640, respectively,
and then stored at —80°C.

Western blot analysis

Antibodies used in Western blot analyses included
E-Cadherin Rabbit mAb (#3195), N-Cadherin Rabbit
mAb (#13116), Vimentin Rabbit mAb (#5741), Stat3
Rabbit mAb (#9139), p-Stat3 Rabbit mAb (#9145), MMP9
Rabbit mAb (#13667), MMP2 Rabbit mAb (#40994), and
B-actin mouse mADb (#60008-1-Ig) from Cell Signaling
(Shanghai, China) and Proteintech (Beijing, China). Total
protein was extracted from A549 and A549/DDP cells,
which were treated with or without pinocembrin.

Cell migration and invasion analysis
To assess cell migration and invasion, 24-well Transwell

chambers with §-um pore size inserts (Costar, Washington,
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DC, USA) were used. For invasion assays, inserts were
coated with 100 pL of a 1:9 dilution of matrigel (BD
Biosciences). After 24 h of transfection, 5 X 104 cells
were collected, resuspended in 100 pL of medium
supplemented with 2% FBS, and added to the upper
Transwell chamber. The lower chamber was filled with
600 pL of medium supplemented with 10% FBS. The
cells were incubated for 24 h, after which those on the
upper membrane were removed with a cotton tip. The
cells that had migrated or invaded through the mem-
brane were fixed with polyformaldehyde and stained
with hematoxylin. The number of migrated/invaded
cells was counted in 10 randomly selected fields under
a microscope. The experiments were independently
repeated three times.

Luciferase reporter assay

To investigate the effect of STAT3 3'-UTR sequence
on gene expression, wild-type (WT-3'-UTR STAT3)
(NM_003150) (cat. no. SC218770) and its mutated
sequence (MUT-3"-UTR STATS3) (cat. no. CW304411)
were cloned downstream of the Renilla luciferase gene
in the pMirTarget vector (Origene Technologies, Wuxi,
China). Co-transfection of the reporter plasmids or
negative control with HEK293T cells was performed
using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA). Luciferase activity was measured
48 h after incubation using the Dual-Luciferase Reporter
Assay System (cat. no. E1910; Promega, Madison, W1,
USA) and GloMax 20/20 luminometer (cat. no. E5311;
Promega). HEK293 cells luciferase activity was normal-
ized to Renilla luciferase activity as per the manufactur-
er’s instructions. All experiments were repeated at least
three times.

Plasmids and stable cell lines

The full-length STAT3 plasmid, pcDNA3-STAT3, was
confirmed via DNA sequencing. To optimize transfection
efficiency, pEGFP-C1 (Clontec, Mountain View, CA,
USA) was used. Cells were transfected with 2.5 pg/well of
plasmids or the control vector pcDNA3 (Thermo Fisher)
using Lipofectamine LTX Reagent (10 puL/well) and Plus
Reagent (2.5 puL/well) (Thermo Fisher). Following a 6-h
incubation in serum- and antibiotic-free medium, the
medium was replaced with RPMI 1640 supplemented
with 10% FBS. The cells were then cultured for 48 h and
subjected to a 2-week selection in medium containing
G418 (600 pg/mL).

Statistical analysis

The significant difference was analyzed using a two-
tailed r-test or one-way ANOVA with Tukey’s multiple-
comparisons test in GraphPad Prism 7 as described in the
figure legends. The data represent the mean * SEM.
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Results

Pinocembrin inhibited A549 cells migration and invasion

To investigate the impact of pinocembrin on the migra-
tion and invasion of A549 cells, the cells were exposed
to various concentrations of pinocembrin (10, 20, 50,
and 100 uM) for a period of 24 h. Treatment with 10
UM pinocembrin did not lead to a significant reduction
in cell migration and invasion. However, when treated
with 20 uM pinocembrin, the number of migration and
invasion cells was significantly reduced compared to the
vehicle group (P < 0.0001 and P < 0.05, respectively), and
this effect was further amplified with increasing doses of
50 and 100 uM (P < 0.0001 for both) (Fig. 1A and B).
There was no significant difference between treatment
with 50 and 100 uM pinocembrin. Thus, a concentration
of 50 uM pinocembrin was chosen for further analysis.
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Fig 1. Effect of pinocembrin on the migration and inva-
sion of A549 cells. A549 cells were treated with pinocembrin
(PIN) at the indicated concentration. Cell migration (A) and
invasion (B) were analyzed. Migrating and invasive cells were
stained with hematoxylin and counted. Four wells per group.
The significant difference vs control group was analyzed
using one-way ANOVA test. Data represents Mean + SEM.
*P < 0.05, ¥*** P < 0.0001, ns, not significant.

Citation: STEMedicine 2023, 4(2): e| 73 - http://dx.doi.org/10.37 1 75/stemedicine. v4i2.173

Pinocembrin inhibits nonsmall cell lung cancer cells

Pinocembrin altered the expression of EMT-related proteins in
A549 cells

In order to determine the effect of pinocembrin on the
EMT marks, we evaluated E-Cadherin, N-Cadherin,
Vimentin, matrix metalloproteinase-2 (MMP2), and
matrix metalloproteinase-9 (MMP9) by western blot.
Results showed that treatment with 50 mM pinocem-
brin significantly increased protein levels of E-Cadherin
(P < 0.001, Fig. 2A and B) when compared to vehicle
treatment. In contrast, the protein levels of N-Cadherin
and Vimentin were notably inhibited by the treatment
with pinocembrin (P < 0.0001, P < 0.0001, respec-
tively, Fig. 2A and B). Correspondingly, we found that
pinocembrin significantly reduced the protein levels of
MMP2 and MMP9 at a dose of 50 uM when compared
to the vehicle group (P < 0.0001, P < 0.001, respectively,
Fig. 2A and C). Taken together, our results indicated
that pinocembrin reduced A549 proliferation, invasion,
and migration.

Pinocembrin inhibited TGF-f [-induced EMT in A549 cells

In order to evaluate the role of pinocembrin in regu-
lating TGF-Bl-induced alteration of EMT proteins,
A549 cells were pretreated with TGF-B1 along with or
without pinocembrin for 24 h. Protein levels of EMT
markers were determined by western blot. E-Cadherin
was significantly reduced after treatment with TGF-p1.
Notably, pinocembrin restored the E-Cadherin protein
level to that of the control (vehicle) (P < 0.0001, Fig. 3A
and B). Corresponding with the E-Cadherin results,
our findings showed that N-Cadherin and vimentin
were remarkably elevated after treatment with TGF-
B1, which were significantly reduced by pinocembrin
(P < 0.0001, respectively, Fig. 3A, C, and D). These
results confirmed that TGF-B1 induces alteration of
EMT proteins. More importantly, these findings indi-
cated that pinocembrin significantly inhibited TGF-B1-
induced EMT markers, thereby inhibiting cell migration
and invasion.

Pinocembrin inhibited the activation of STAT3

The activation of STAT3 has been recognized as a main
contributor to lung cancer (16). To further evaluate
whether pinocembrin inhibits cell migration and inva-
sion through regulating STAT3, we measured STAT3
activity and protein expressions in A549 cells. We found
that the protein expression level of pSTAT3 was signifi-
cantly reduced after 6 h of treatment with pinocembrin at
a dose of 50 uM and maintained until 24 h (P < 0.0001,
Fig. 4A and B). Furthermore, to evaluate the effect of
pinocembrin in activating STAT3 at different doses, A549
cells were treated with 20 or 50 uM of pinocembrin. The
results showed that pSTAT3 was remarkably reduced
when treated with 20 uM pinocembrin compared to

3
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Fig. 2. Pinocembrin altered the expression of epithelial-mesenchymal transition related proteins in A549 cells. A549 cells were
treated with 50 uM pinocembrin (PIN) for 24 h, and the protein levels of epithelial-mesenchymal transition proteins were deter-
mined by western blot. Four wells per group. The significant difference vs control group was analyzed using two-tailed z-test.
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Fig. 3. Pinocembrin inhibited TGF-B1-induced EMT in A549 cells. A549 cells were treated with 10 ng/ml TGF-B1 and with or
without 50 uM pinocembrin (PIN) for 24 h, and the protein levels of E-Cadherin (A and B), N-Cadherin (A and C), and Vimentin
(A and D) were determined by western blot. Four wells per group. The significant difference was analyzed using one-way ANOVA

test. ¥***P < (.0001.

the vehicle (P < 0.05), and a greater decrease was observed
when treated with 50 uM pinocembrin (P < 0.0001,
Fig. 4C and D). In parallel, the activity of pSTAT3 was
significantly inhibited by pinocembrin at a dose of 20 uM
when compared to the vehicle (P < 0.001) and was further
reduced by the treatment with pinocembrin at a dose of
50 uM (P < 0.0001, Fig. 4E). Taken together, these find-
ings suggest that pinocembrin inhibits cell migration and
invasion potentially by inhibiting the phosphorylation
and activation of STAT3.
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Overexpression of STAT3 reversed the effect of pinocembrin on
A549 cells

To further confirm the regulatory role of pinocembrin
in STAT3 activation, EMT proteins were determined in
A549 cells overexpressed with STAT3. Overexpression
of STATS3 significantly reversed the number of migrat-
ing and invasive cells to that of the control (P < 0.0001,
respectively, Fig. 5A and B). EMT markers, N-Cadherin,
Vimentin, and MMP9 were strikingly upregulated in cells
overexpressed with STAT3 compared with transfection
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Fig. 4. Pinocembrin inhibited the activation of STAT3. (A-B) A549 cells were treated with 50 uM pinocembrin (PIN) for the
indicated time, and the protein levels of pSTAT3 and STAT3 were determined by western blot. (C—E) A549 cells were treated
with pinocembrin (PIN) at the indicated concentration for 12 h, and the protein levels of pSTAT3 and STAT3 were determined
by western blot (C and D), and the activity of pSTAT3 was analyzed by luciferase assay (E). Four wells per group. The significant
difference was analyzed using one-way ANOVA test. *P < 0.05, ***P < 0.001, ****P < (.0001.

with vector (P < 0.0001, respectively, Fig. SC-F). These
results confirmed that pinocembrin reduced cell migra-
tion and invasion, which may be through inhibiting the
activation of STAT3 signaling.

Discussion

NSCLC contributes to 80-85% of lung cancer and is
associated with a high risk of mortality (1). The develop-
ment of an effective and safe reagent for the treatment of
NSCLC is required to improve NSCLC outcomes. In this
study, we demonstrated that pinocembrin, a dihydroxyfla-
vanone found in propolis and honey, attenuated NSCLC
cell migration and invasion by inhibiting the activation of
STATS3 signaling.

Pinocembrin has been reported to reduce the migra-
tion and invasion of ovarian and colorectal cancer cells
(17, 18). In this study, we revealed that pinocembrin
inhibited the migration and invasion of A549 cells at a
dose of 20 uM. This inhibitory effect was significant at
doses of 50 and 100 pM. Several studies have reported

Citation: STEMedicine 2023, 4(2): e| 73 - http://dx.doi.org/10.37 1 75/stemedicine. v4i2.173

that EMT markers, including E-cadherin, N-cadherin,
and vimentin, are associated with cell adhesion and pro-
liferation in NSCLC (13). Accordingly, the protein level
of E-cadherin was significantly upregulated, whereas the
protein levels of N-cadherin and vimentin were down-
regulated by pinocembrin. These results suggest that
pinocembrin significantly reduced A549 cell adhesion
and proliferation, thereby inhibiting EMT-mediated cell
migration and invasion. MMP2 and MMP9 are known
to play a role in promoting tumor metastasis and are
highly expressed in NSCLC (19, 20). We found that
pinocembrin significantly reduced the elevated levels of
MMP2 and MMP9 in A549 cells, indicating an inhibi-
tory effect of pinocembrin on NSCLC metastasis and
invasion. E-cadherin, N-cadherin, vimentin, MMP2,
and MMP9Y are recognized as key factors in predicting
the clinical outcome of patients with NSCLC (21, 22).
Taken together, our results suggest that pinocembrin
could potentially serve as a therapeutic strategy for the
treatment of NSCLC in clinical settings.
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Fig. 5. Overexpression of STAT3 reversed the effect of PIN on A549 cells. A549 cells were transfected with vector or plasmid
coding STAT3 and treated with 50 uM pinocembrin (PIN). Cell migration (A) and invasion (B) were analyzed. And the protein
levels of N-Cadherin (C and D), Vimentin (C and E) and MMP9 (C and F) were determined by western blot. Four wells per
group. The significant difference was analyzed using one-way ANOVA test. ****P < (.0001.

EMT is a reversible process of loss of cell adhe-
sion, resulting in cell migration and invasion. TGF-B1-
induced EMT is characterized by the downregulation of
E-cadherin and upregulation of N-cadherin and vimentin
(23, 24). In agreement with published work, our results
showed that pinocembrin remarkably reversed the alter-
ation of protein expressions caused by TGF-B1 treatment
in A549 cells.

STAT3 plays a pivotal role in EMT transformation
and tumor metastasis. A few studies have shown that
STATS3 is continuously activated in tumor cells, includ-
ing breast cancer and prostate cancer (25— 27). In paral-
lel, we found that STAT3 was highly phosphorylated in
A549 cells without treatment. In contrast, the protein
level of pSTAT3 was significantly reduced by treatment
with pinocembrin. Consistently, the activity of STAT3
showed a striking decrease in the pinocembrin group in
A549 cells. To link STAT3 activation to EMT, A549 cells
were overexpressed with STAT3. Consistent with pre-
vious results, we found that the protein expressions of
EMT-related proteins, including N-cadherin, Vimentin,
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and MMP9, were significantly reduced in A549 cells
treated with pinocembrin. Notably, overexpression of
STAT3 reversed the protective effect of pinocembrin, and
the protein levels of N-cadherin, Vimentin, and MMP9
returned to the level of control. Studies have demon-
strated that constant STAT3 activation induces the pro-
cess of EMT, which could occur through STAT3 nuclear
translocation and upregulation of Twist-1 in breast can-
cer (27). A recent study showed that a traditional Chinese
medicine, Fuzheng Kang-Ai, effectively inhibits lung can-
cer cell metastasis by blocking the STAT3/MMP9 path-
way (28). Xie et al. showed that STAT3 upregulates the
transcription of MMP2 by directly binding to the MMP2
promoter in melanoma cells (29). Blocking STAT3 acti-
vation inhibits melanoma cell invasion and metastasis,
highlighting STAT3 as a novel target to manage tumor
invasion and metastasis. Here, our findings showed a clear
correlation between the activation of STAT3 and EMT-
related proteins, indicating that targeting STAT3 could
be an effective approach for inhibiting tumor migration
and invasion, especially in NSCLC. Our results provide
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evidence that pinocembrin inhibits NSCLC migration
and invasion mechanistically by inhibiting the phosphor-
ylation and activation of STAT3, which promotes EMT
transformation in NSCLC.

The excessive activation of STAT3 contributing to
tumor migration, metastasis, and invasion is well recog-
nized as a novel approach for the management of NSCLC
progression and metastasis. The excessive activation of
STAT3, contributing to tumor migration, metastasis,
and invasion, is well recognized as a novel approach for
the management of NSCLC progression and metasta-
sis. Dephosphorylating STAT3 or blocking its activation
has shown to exhibit an antitumor effect in lung cancer
in vivo and in vitro. The mechanisms of STAT3 activa-
tion-induced EMT program are complicated and still need
further research. Pinocembrin is a flavonoid compound
naturally found in propolis, honey, flowers, red wine, and
fruits. Pinocembrin has been approved by the China Food
and Drug Administration (CFDA) for the treatment of
cerebral ischemia and is undergoing phase I clinical trials.
Studies have shown that pinocembrin, as a strong antiox-
idant, has properties including antiapoptosis, anti-inflam-
mation, and vasodilation. A recent study showed that
pinocembrin effectively downregulates invasive protein
MMP2 and EMT marker N-cadherin in colorectal carci-
noma by upregulating LACTB (18). Moreover, pinocem-
brin has been reported to inhibit the proliferation and
migration of ovarian carcinoma by suppressing the mRNA
expressions of N-cadherin and GABAB (17). However, the
role of pinocembrin in lung carcinoma remains unclear.
In the present study, we demonstrated that pinocembrin
inhibited NSCLC migration and invasion by blocking the
phosphorylation of STAT3, thereby downregulating inva-
sive proteins and EMT-related proteins.

Conclusion

Pinocembrin inhibits lung cancer cell migration and inva-
sion by upregulating E-cadherin and downregulating
EMT markers, N-cadherin and vimentin, and invasive
proteins such as MMP2 and MMP9. Our results show
that pinocembrin inhibits the activation of STAT3 in the
lung cancer cells, thereby exhibiting antitumor effect.
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