J. Biol. Regul. Homeost. Agents. 2024; 38(5): 41854196

Article https://doi.org/10.23812/j.biol.regul.homeost.agents.20243805.332

Resveratrol Exerts Inhibitory Effects on the Growth and
Metastasis of Lung Cancer and Modulates the
Polarization of Tumor-Associated Neutrophils

Guanbiao Liang', Huajian Peng', Shuyu Lu!, Yongpeng Li', Nuo Yang!:*

I Department of Cardiothoracic Surgery, The First Affiliated Hospital of Guangxi Medical University, 530000 Nanning, Guangxi, China

*Correspondence: yangnuo@gxmu.edu.cn (Nuo Yang)
Published: 1 May 2024

Background: The resveratrol (RES) exhibits inhibitory effects against lung cancer through various targets. However, the exact
underlying mechanism remains unclear. This study aims to investigate the effect of RES on the growth and metastasis of lung
cancer and its impact on polarization of tumor-associated neutrophils (TANs) and epithelial-mesenchymal transition (EMT).
Method: The A549 lung cancer cell line was treated with varying concentrations (0, 5, 10, 20, 40, and 60 nM) of RES. The impact
of RES on cellular proliferation was assessed using Cell Counting Kit-8 (CCK-8) assay, and the optimal dosage was selected for
subsequent analysis. Furthermore, the effects of RES treatment on the apoptosis, invasion, and migration of the cells, along
with its impact on the EMT process, were examined. Neutrophils were isolated from the blood of the health individuals and
were co-cultured with A549 cells to investigate the TANs polarization. Additionally, we established a nude mouse model of the
subcutaneous tumor. The lung cancer growth, tumor tissue pathology, and tumor cell metastasis were evaluated.

Results: We observed that RES effectively suppressed A549 cell growth in a concentration-dependent manner within the dosage
range of 1040 pM (p < 0.001). Furthermore, RES promoted A549 cell apoptosis while limiting invasion and migration (p <
0.001). Moreover, RES was observed to regulate the EMT pathway in A549 cells, thereby limiting its progression (p < 0.01).
Notably, RES restricted lung cancer by inducing TANs to polarize toward type N1 while impeding type N2 polarization (p
< 0.001). In the nude mouse model, RES demonstrated the above-mentioned effects and considerably reduced lung cancer
growth, improved tumor tissue pathology, and limited tumor growth (p < 0.01), as well as reduced the expression of Matrix
Metalloproteinase-2 (MMP2) and MMP9 (p < 0.05).

Conclusion: Overall, RES effectively reduces lung cancer growth and tumor cell metastasis by boosting N1 polarization of TAN,
suppressing N2 polarization, and reducing EMT.
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Introduction pathway. Previous research has indicated the efficacy of
resveratrol in suppressing various cancer cell lines, includ-

Lung cancer, one of the most prevalent types of malig- ing those associated with lung cancer.

nancies, offers substantial challenges in treatment because
of its ability to spread extensively and the formation of dis-
tant metastases. Resveratrol (RES), a polyphenolic com-
pound, has drawn attention in cancer research due to its
significant antioxidant, anti-inflammatory, and anti-cancer
properties. A study conducted by Zhang et al. [1] identified
that RES (10 mg/kg) effectively inhibits the development of
colon cancer by activating the ROS-dependent ferroptosis
pathway. Another study found that oral administration of
RES (20 mg/kg) is linked with increased oxidative activ-
ity, decreased glycolysis, and reduced lactate production at
the sites of ovarian cancer, potentially helping in restoring
anti-tumor immunity [2]. Xie et al. [3] suggested that RES
(120 mg/kg) exerts inhibitory effects on lung cancer growth
by modulating tumor microenvironment (TME), explicitly
targeting Interleukin-6 (IL-6) and Wnt/3-catenin signaling

Furthermore, additional study conducted on mice with
mammary tumors has demonstrated that RES can affect
specific immune cells, such as T cells, tumor-associated
neutrophils (TANs), and tumor-associated macrophages
(TAMs) within the TME. These effects can stimulate im-
munological activation, thereby boosting anti-tumor immu-
nity [4]. TANSs, a subgroup of neutrophils and a signifi-
cant component of the TME, are recognized for their role
in modulating immunological responses and promoting tu-
mor progression [5]. Hu Q et al. [6] performed a single-cell
transcriptomic analysis on patients with non-small cell lung
cancer (NSCLC) utilizing a publicly available database.
They indicated that pro-tumor TAN clusters, characterized
by elevated expression of HMGBI, could serve as indica-
tors for clinical outcomes and efficacy of immunotherapy
in NSCLC. External stimulation of the TME may prompt
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the accumulation of TAN in the locoregional area and tran-
sition between anti-tumor and pro-tumor phenotypes, i.e.,
the polarized state of TANs (N1 and N2 types) [5]. The
presence of N1 TANs leads to the establishment of an im-
munological response to the tumor, thereby restricting the
development of the tumor, but the presence of N2 TANs
may be involved with phenomena such as tumor evasion of
immune surveillance and resistance to therapy [7]. Chung
JY et al. [8] found that reducing the expression levels
of SMAD3 may improve the anticancer properties of neu-
trophils against NSCLC by improving the maturation of N1
TANs. Consequently, modulating the polarization state of
TANs might be a novel strategy to intervene in the progres-
sion of lung cancer [8]. In summary, TANs play a crucial
role in the development of lung cancer, whereas RES ex-
hibits anti-tumor properties by regulating the TME in lung
cancer. Additionally, studies have shown that RES may
also regulate TAN in breast cancer. Therefore, we postu-
lated that RES might potentially modulate the polarization
of TAN, thereby exerting anti-lung cancer effects.

This study aims to thoroughly investigate the thera-
peutic effects of RES in lung cancer and its underlying
molecular mechanism, focusing on its regulatory impacts
on TANs. Utilizing a systematic experimental design, we
intend to elucidate the mechanism of action of RES in the
growth and metastasis of lung cancer and to interpret its ef-
fects on the polarization state of TANs. This study will help
enhance our understanding of the role of RES in the treat-
ment of lung cancer. It will also provide a theoretical and
experimental basis for developing more effective and inno-
vative anti-lung cancer treatment strategies. Considering
the significant challenges in developing effective lung can-
cer therapy, this research offers promising clinical applica-
bility. By investigating this novel therapeutic strategy, we
expect to optimize the prognosis and treatment outcomes
for patients with lung cancer.

Materials and Methods

The Extraction of Neutrophils

A peripheral blood sample was obtained from a
healthy individual and diluted with phosphate-buffered
saline (PBS) before being carefully added to the upper layer
of the human peripheral blood lymphocyte separation solu-
tion (C0025, Beyotime, Shanghai, China). The sample was
then centrifuged at 1200 xg for 25 minutes, and the super-
natant was removed. The red blood cell lysate was then
added to resuspend the cells at a volume ratio of 3:1 and in-
cubated on ice for 30 minutes. After centrifugation at 400
x g, the supernatant was carefully discarded, and the cell
pellet was re-suspended in PBS. This process was repeated
with another centrifugation at 400 x g, discarding the su-
pernatant to leave behind the neutrophil pellet.

Journal of

BIOLOGICAL REGULATORS

and Homeostatic Agents

All the study participants provided written informed
consent, and the study protocol adhered to the principles
outlined in the Declaration of Helsinki. Furthermore, the
study design was approved by the ethics committee of the
First Affiliated Hospital of Guangxi Medical University,
China (GXMU2023010). The isolated neutrophils under-
went mycoplasma testing, and no mycoplasma infection
was found. Finally, the viability of neutrophils was veri-
fied using flow cytometry analysis.

Cell Culture and Treatment

A549 lung cancer cells (CL-0016, Pricella, Wuhan,
China) were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (MBS555798, MyBioSource, San Diego, CA,
USA), penicillin (100 U/mL, B21110, R&D Systems, Min-
neapolis, MN, USA), and streptomycin (100 g/L, B21110,
R&D Systems, Minneapolis, MN, USA) and incubated at
37 °C and 5% CO3. The cells were then passaged using
0.25 percent trypsin-EDTA (MBS2564393, MyBioSource,
San Diego, CA, USA) digestion. For all the following
experiments, the cells at their logarithmic growth phase
were collected. The cells were randomly categorized into
three groups, where each group received a different RES
(R408711, Aladdin, Shanghai, China) treatment. These
groups included the control group (no RES treatment), the
20 uM RES group, and the 40 uM RES group.

Co-culture system: The Transwell insert was utilized
to establish a co-culture system of TAN cells and A549
cells. The experiment was divided into three groups. A
Control group, where A549 cells were cultured under stan-
dard growth conditions; a Model group, in which A549
cells were placed at the lower chamber of the Transwell in-
serts, while TAN cells were placed at the upper chamber of
the Transwell inserts; and a RES group, in which both the
A549 cells and RES (40 uM) were positioned at the lower
chamber, whereas, the TAN cells were placed at the upper
chamber of the Transwell insert. Following a 24-hour incu-
bation, A549 cells were isolated from all the experimental
groups and were utilized for further experimentation.

All the cells utilized in the experiment were STR-
identified and mycoplasma-tested.

Cell Counting Kit-8 (CCK-8)

A549 cells were categorized into distinct groups based
on the treatment with varying concentrations of RES (0, 5,
10, 20, 40, and 60 uM). Following RES treatment, the cells
were subsequently cultured, and their proliferative capabil-
ities were assessed using the CCK-8 assay. For this assay,
a CCK-8 reagent (C0037, Beyotime, Shanghai, China) was
added to each well containing the cells. After thorough mix-
ing, the cells were incubated, and the optical density (OD) at
450 nm was calculated using an enzyme-linked immunosor-
bent assay (ELISA) reader.
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Fig. 1. Effects of resveratrol (RES) dosages on the proliferation of A549 cells. (A) The structure of RES. (B) Impact of varying
concentrations of RES (0, 5, 10, 20, 40, and 60 uM) on A549 cell proliferation (n = 3). *** means p < 0.001, and ns means no statistical

difference. The findings were expressed as the mean =+ standard deviation (SD).

Transwell and Scratch Experiments

Transwell assay: A complete medium (500 puL) was
added to the lower chamber of a Transwell insert (CLS3422,
Merck, Darmstadt, Germany). After 48 hours, A549 cells,
which were in the logarithmic growth phase, were seeded
into the upper chamber of the Transwell inserts at a density
of2.5 x 10° cells/mL. Before the experiments, the chamber
was precoated with Matrigel gel (356255, Corning Life Sci-
ences, Corning, NY, USA) at a volume of 100 pL per well.
To fix the cells, they were treated with 4% paraformalde-
hyde at room temperature for ten minutes. The cell inva-
sion rate was determined by counting the number of invaded
cells using microscopy after performing hematoxylin and
eosin (H&E) staining.

Scratch assay: A549 cells were seeded in a 6-well
plate as a single-cell suspension. Once the cells success-
fully adhered to the walls of the wells, a vertical incision
was made along the line on the well’s back using a 200
puL pipette tip (EA-007, Creative BioMart, Shirley, NY,
USA). After washing with PBS, cells were cultivated in the
serum-free medium. Finally, the healing of scratches was
observed and noted using a microscope (CX43, Olympus,
Tokyo, Japan), and images were captured using a camera at
0- and 48-hour post-scratching period.

Flow Cytometry

Co-cultured cells were seeded into 24-well plates. The
medium was aspirated, and the cells were digested, cul-
tured, and rinsed twice. Following the instructions provided
by AnnexinV-FITC/PI kit (MBS2557014, MyBioSource,
San Diego, CA, USA), the cells were collected, the bind-
ing solution was added, and they were suspended through

gently pipetting. Subsequently, 10 uL of Annexin V-FITC
(MBS668896, MyBioSource, San Diego, CA, USA) was
added, and the cells were incubated. In the next step, 5 uL
of PI (MBS668896, MyBioSource, San Diego, CA, USA)
was added, followed by incubation. Finally, the apoptosis
rate was assessed by flow cytometry.

To determine the proportion of Inducible Nitric Ox-
ide Synthase (iNOS)/Cluster of Differentiation (CD)206™
CD16b™ labeled neutrophils in each group, 1 mL of neu-
trophil suspension was transferred to a sterile centrifuge
tube and centrifuged at 1500 r/min for 10 min. After
discarding the supernatant, the cells were resuspended in
PBS. After this, 1 uL FC Block (564765, Becton Dickin-
son and Company, Franklin Lakes, NJ, USA) was added,
and the mixture was incubated. In the next step, 1
pL of APC-labeled iNOS (ab115819, abcam, Shanghai,
China) or CD206 (E-AB-F1161C, Elabscience, Wuhan,
China) antibody was added sequentially, along with PE-
labeled CD16b antibody (FHB05710, AntibodySystem,
Strasbourg, France). The samples were protected from
light, washed, resuspended, and analyzed utilizing flow
cytometry to determine the proportion of iNOS/CD206+
CD16b™ labeled neutrophils.

Animals and Model

All experimental procedures involving animals were
approved by the Animal Experimentation Ethics Commit-
tee of the First Affiliated Hospital of Guangxi Medical Uni-
versity, China (GXMUD2023008). Male BALB/CA nude
mice aged 8—10 weeks (20 £ 1 g, Vital River) were housed
in an SPF-grade environment. A549 cells (5 x 10%/200 pL)
were subcutaneously injected into the right side of the nude
mouse. After seven days of the injection, an obvious lump
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Fig. 2. RES can accelerate A549 cells’ apoptosis and inhibit their invasion and migration. Apoptosis (A), invasion (B), and migration
(C) of A549 cells following RES treatment (n = 3), scale bar: (B) 200 pm, (C) 500 um. ** means p < 0.01 and *** means p < 0.001.

The findings are expressed as the mean £ SD.

emerged, indicating a suitable model for subsequent exper-
imentations. At this stage, the size of the tumors was as-
sessed and weighed. After five weeks, tumor volume was
computed, and statistical analysis was conducted to com-
pare the tumor growth at both time points. Tumor volume
was computed using the formula: V (mm?) = 1/6 x 7 x
length x width?.

Naked mice were randomly placed into a model group
and a RES treatment group (five naked mice for each
group). The RES group was administered intraperitoneally
with 10 mg/kg of resveratrol, whereas the model group re-
ceived the same volume of normal saline once daily for 28
days.

After the experiment, the mice were euthanized using
a CO, small animal euthanasia system (LAT-10-0090, Lab
Anim Sci-Tech, Beijing, China).

H&E Staining

The tissue was fixed in 4% paraformaldehyde and sub-
sequently dehydrated, paraffin-embedded, sectioned, and
subjected to H&E staining (C0105S, Beyotime, Shanghai,
China). The morphological changes in the tumor tissue
were observed using a light microscope.

TUNEL Staining

Tumor tissues were fixed, embedded in paraffin, and
subsequently sectioned into slices. Terminal deoxynu-
cleotidyl transferase-mediated dUTP-biotin nick end la-
beling assay (TUNEL) staining was performed using the
TUNEL Assay Kit (C1088, Beyotime, Shanghai, China),
following the manufacturer’s instructions. Finally, the
apoptotic rate was assessed employing a fluorescence mi-
croscope (BX63, Olympus, Tokyo, Japan).
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Fig. 3. RES modulates the epithelial-mesenchymal transition (EMT) process in A549 cells. The expression levels of Epithelial-

cadherin (E-cadherin), Neuronal-cadherin (N-cadherin), and Vimentin proteins in A549 cells were assessed using Western blotting (WB)

analysis following RES treatment (n = 3). ** means p < 0.01 and *** means p < 0.001. The findings are expressed as mean + SD.

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Western Blotting (WB)

The cells supernatant and tissues were lysed utiliz-
ing the Radio Immunoprecipitation Assay Lysis (RIPA)
buffer (PO013B, Beyotime, Shanghai, China), followed
by quantification of the proteins using a Bicinchoninic
Acid Assay (BCA) Protein Assay Kit (P0012S, Bey-
otime, Shanghai, China). The proteins were separated
on 12% SDS-PAGE (B7021S, New England Biolabs, Ip-
swich, MA, USA) and transferred onto PVDF membranes.
The membranes were incubated overnight with primary
antibodies against Epithelial-cadherin (E-cadherin, 1:500,
A3044, ABclonal, Wuhan, China), Neuronal-cadherin (N-
cadherin, 1:1000, A3045, ABclonal, Wuhan, China), Vi-
mentin (1:500, A11423, ABclonal, Wuhan, China), Matrix
Metalloproteinase-2 (MMP2, 1:1000, A6247, ABclonal,
Wuhan, China), and Matrix Metalloproteinase-9 (MMP9,
1:500, A25299, ABclonal, Wuhan, China) at 4 °C. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH, 1:10,000,

ACO001, ABclonal, Wuhan, China) was utilized as an in-
ternal control. The membranes were washed to elimi-
nate the unbound antibodies, and incubated with the HRP
Goat Anti-Rabbit IgG (H+L) (1:2000, AS014, ABclonal,
Wuhan, China) secondary antibody. The immunoblots
were developed, images of the protein bands were cap-
tured, and the grayscale values of the protein bands were
assessed using ImagelJ software (V1.8.0.112, NIH, Madi-
son, WI, USA).

Immunofluorescence Staining

The treated tumor tissues were initially fixed, rinsed,
and permeabilized with 0.5% TritonX-100. They were
blocked with 10% goat serum at room temperature for 2
hours. After this, the tissues were treated with Inducible
Nitric Oxide Synthase (iNOS, 1:20, LS-B12375, LSBio,
Seattle, WA, USA), Cluster of Differentiation 206 (CD206,
1:50, bsm-52791R, Bioss Inc., Beijing, China), Lympho-
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Fig. 4. RES promotes tumor-associated neutrophil (TAN) polarization towards N1. (A) The double positive rate of Inducible Nitric
Oxide Synthase (iNOS)™, Cluster of Differentiation (CD)16b™ of co-cultured A549 cells and neutrophils following RES treatment
was determined using FCM (n = 3). (B) The levels of intercellular cell adhesion molecule-1 (ICAM-1) and fatty acid synthase (FAS)
associated with N1 TAN phenotype of co-cultured A549 cells and neutrophils after RES treatment were determined utilizing enzyme-
linked immunosorbent assay (ELISA) (n = 5). (C) Double positive rate for CD206* CD16b™ of co-cultured A549 cells and neutrophils
following RES treatment was evaluated using FCM (n = 3). (D) The levels of Transforming Growth Factor-Beta (TGF-g3), C-C motif
chemokine ligand 5 (CCL-5), and CCL-2 associated with N2 TAN of co-cultured A549 cells and neutrophils following RES treatment

were assessed employing ELISA (n = 5).
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means p < 0.001. The findings are expressed as the mean £ SD.
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the RES and Model groups (n = 3). ** means p < 0.01 and *** means p < 0.001. The findings are expressed as the mean + SD. H&E,

hematoxylin and eosin.

cyte antigen 6 complex, locus G (Ly6G, 1:50, NB600-
1387, Novus Biologicals, Beijing, China) and incubated
overnight. The next day, the tissue underwent a PBS wash,
followed by dropwise addition of fluorescent FITC Goat
Anti-Rabbit IgG (H+L) (1:200, AS011, ABclonal, Wuhan,
China), and incubation at room temperature in the dark.

After washing, tissue sections were incubated with DAPI
staining solution at room temperature for 10 minutes. In
the next step, they were washed, mounted with neutral
gum, and observed using a fluorescence microscope (BX63,
Olympus, Tokyo, Japan).
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Fig. 6. RES impedes EMT and metastasis of lung cancer cells in tumor-bearing mice. Nude mice were inoculated with A549 cells

and then administered with RES (the RES group) or normal saline (the Model group). The expression levels of E-cadherin, N-cadherin,
Vimentin, Matrix Metalloproteinase-2 (MMP2), and MMP9 protein in tumor tissues within the RES group and the Model group (n = 3).
* p < 0.05and ** p < 0.01. The findings are expressed as the mean + SD.

Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse tumor tissues were extracted and prepared for
further analysis. Corresponding ELISA kits were em-
ployed to detect Transforming Growth Factor-Beta (TGF-
B) (ELH-TGFb1-1, RayBiotech, Beijing, China), C-C mo-
tif chemokine ligand 2 (CCL-2) (CKERS-CCL2-145H,
Creative Diagnostics, Shanghai, China), CCL-5 (CKERS-
CCL5-197H, Creative Diagnostics, Shanghai, China), fatty
acid synthase (FAS) (EH0126, Wuhan Fine Biotech Co.,
Ltd., Wuhan, China), and intercellular cell adhesion
molecule-1 (ICAM-1) (EK0370, ScienCell Research Lab-
oratories, San Diego, CA, USA), following the guidelines
provided by assay Kkits.

Statistical Analysis

Statistical analysis was conducted using GraphPad
Prism software (V8.0, Dotmatics, Boston, MA, USA). The
data were presented as the mean =+ standard deviation (SD).
Multiple group comparisons were performed using one-
way ANOVA. Moreover, the difference between the two
groups was assessed using the ¢-test. Furthermore, Image-
J was utilized to evaluate the histological investigation of
tumor tissue.

Results

Association of Various RES Dosages with Tumor
Proliferation

Initially, A549 lung cancer cells were treated with
varying concentrations of RES (0, 5, 10, 20, 40, and 60
pM). Subsequently, CCK-8 reagent was added, followed
by evaluation of OD450 values. The RES at a concentra-
tion over 10 uM effectively inhibited the proliferation of
A549 cells (p < 0.001, Fig. 1). It was observed that the
inhibitory effects of RES increase with elevation in their
dosage. However, when the concentration exceeds 60 pM,
it indicates no further increase in its inhibitory effects.

RES Treatment Accelerates A549 Cells’ Apoptosis
and Inhibits Their Invasion and Migration

Subsequently, we determined the impact of RES on
the biological behavior of the A549 cells by treating them
with doses of 20 and 40 pM. We observed a significant in-
crease in apoptosis among A549 cells at both 20 uM (p <
0.001) and 40 uM concentrations of RES (p < 0.01), as
shown in Fig. 2A. Furthermore, treatment with 20 pM of
RES was significantly associated with a decrease in the in-
vasion and migration of A549 cells, evidenced by a substan-
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tial reduction in the number of invasive cells and the rate of
wound healing compared to the control group (p < 0.001,
Fig. 2B,C).

RES Treatment Modulates the EMT in A549 Cells

We assessed the impact of RES treatment on the
expression of epithelial-mesenchymal transition (EMT)-
related proteins. As proven in Fig. 3, the administration
of 40 uM RES significantly elevated the expression of E-
cadherin protein while reducing N-cadherin and Vimentin
expression (p < 0.01). These findings imply that RES treat-
ment suppresses the mechanism of EMT.

RES Treatment Promotes TAN Polarization towards
NI

Healthy human neutrophils were isolated and co-
cultured with A549 cells to investigate the precise mech-
anism underlying the anti-lung cancer impacts of RES.
The findings revealed that co-cultivation potentially stim-
ulated the polarization of neutrophils towards the N2 type.
The N2 TANs-related chemokines TGF-3, CCL-5, CCL-
2, CD206T, and CD16b™ double positive rates were sig-
nificantly higher in the Model group (co-culture group) (p

< 0.001), as shown in Fig. 4C,D. However, this N2 polar-
ization was effectively reversed following RES treatment.
Furthermore, a significant increase in the double positive
rate of ICAM-1, FAS, and iNOS™ CD16b™ was observed
in the N1 phenotype, suggesting TAN polarization towards
N1 (p < 0.001, Fig. 4A-D). These findings indicate that
RES enhances TAN N1 polarization while inhibiting TAN
N2 polarization.

RES Treatment Suppresses the Development of Lung
Tumors and Modifies Their Pathological
Morphology

To further explore the anti-tumor efficacy of RES, we
established a nude mouse model of subcutaneous tumor im-
plantation, as depicted in Fig. 5SA. Our findings demon-
strated that RES significantly suppressed tumor develop-
ment, as evidenced by the considerable reduction in both
the volume and mass of tumors in mice following RES treat-
ment (p < 0.01). Furthermore, we observed that RES ame-
liorated the pathological morphology of tumor tissues and
boosted apoptosis of tumor cells (p < 0.001, Fig. 5A,B).
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RES Impedes EMT and Metastasis of Lung Cancer
Cells in Tumor-Bearing Mice

Furthermore, we observed that RES significantly re-
stricted EMT in tumor cells, as evidenced by alterations
in the expression levels of E-cadherin (upregulated), N-
cadherin, and Vimentin protein (downregulated) following
RES treatment (p < 0.05). Additionally, RES repressed the
expressions of MMP2 and MMP?9 proteins in tumor tissues
(p < 0.05). These findings indicate that RES can impede
EMT and metastasis in tumor cells (Fig. 6).

RES Limits TAN N2 Polarization and Promotes N1
Polarization in Tumor-Bearing Mice

The polarization state of TAN plays a crucial role in
tumor metastasis. As depicted in Fig. 7A,B, the colocal-
ization (Merge) of iNOS and Ly6G increases (p < 0.01),
whereas the colocalization of CD206 and Ly6G decreases
(p < 0.001) in the RES group. This demonstrates that RES
can limit TAN N2 polarization while promoting TAN N1
polarization, which is favorable for inhibiting tumor metas-
tasis.

RES Downregulates N2 TAN Polarization Markers
and Upregulates N1 TAN Polarization Markers

RES treatment significantly elevated ICAM-1 and
FAS levels (p < 0.001) while lowering TGF-3, CCL-5,
and CCL-2 levels (p < 0.01), which are vital signaling
molecules for N1 and N2 TANS, respectively (Fig. 8).

Discussion

In this study, we utilized A549 cells due to their rel-
atively strong invasion and migration capabilities to inves-
tigate the therapeutic effectiveness of RES in lung cancer
and elucidate the underlying molecular mechanisms. We
observed that RES exerts several impacts on lung cancer,
including decreasing lung cancer cell growth, increasing
apoptosis, preventing invasion and migration, and modu-
lating the polarization state of TANS.

Initially, we observed that within a specific concentra-
tion range, RES effectively suppressed the growth of A549
cells, induced apoptosis, and inhibited invasion and mi-
gration. These observations align with earlier research in-
dicating that RES possesses anti-tumor effects. Through
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co-culture experiments with A549 cells, we uncovered
RES’s capability to foster iNOS™ CD16b™ while alleviat-
ing CD206™ CD16b* double positive rate. Similarly, tu-
mor tissue immunofluorescence analysis from RES-treated
lung cancer tumor-bearing mice indicated decreased colo-
calization of CD206 and increased colocalization of iNOS
and Ly6G. Among them, CD16b and Ly6G proteins are re-
ceptors on the surface of neutrophils [9], and their detec-
tion helps identify neutrophils, thus facilitating the analysis
of the number and status of neutrophils in lung cancer [4].
iNOS (N1) and CD206 (N2) are critical predictors for dis-
tinguishing the polarization of TANs [4]. Furthermore, our
in vivo and in vitro experiments revealed that RES enhances
the upregulation of ICAM-1 and FAS while concomitantly
downregulating TGF-3, CCL-5, and CCL-2. Neutrophils
polarized towards N1 exhibit a pro-inflammatory pheno-
type, characterized by elevated levels of ICAM-1 [10] and
FAS [11]. Findings have demonstrated that elevated levels
of ICAM-1 in plasma are associated with prolonged sur-
vival and the activation of cytotoxic T cells, thereby en-
hancing the efficacy of anti-PD-1 therapy [12]. Further-
more, Sato et al. [13] reported that the high responsiveness
of FasL-induced cell apoptosis depends on FAS expression
levels. Additionally, TGF-3 secreted by HCC cells acti-
vates the ERK1/2 signaling pathway, thereby accelerating
the progression of HCC. Moreover, the upregulation of the
CLCF1-CXCL6/TGF-g axis demonstrates a considerable
correlation with the emergence of “N2” polarized TANs
[14]. Chemokines such as CCL-5 and CCL-2 play a cru-
cial role in regulating the migration and directional move-
ment of immune cells [15,16]. In summary, RES can induce
a shift in TANs from an N2 to an N1 phenotype. Avail-
able evidence suggests that during the initial stages of tu-
mor development, TANs predominantly exhibit an N1 phe-
notype, exerting anti-tumor effects. However, in the ad-
vanced stages of tumor progression, TANs primarily func-
tion as an N2 phenotype, thereby promoting tumorigene-
sis, invasion, and metastasis [17]. This implies that RES
may potentially impact lung cancer growth and metastasis
by modifying TANs’ immunological phenotypes and influ-
encing the TME. However, additional research is required
to elucidate the exact molecular mechanisms and signaling
pathways underlying this phenomenon.

We further investigated the regulatory effect of RES
on the EMT process in lung cancer cells. EMT is closely
correlated with immunosuppression and drug resistance,
crucial in tumor metastasis [18]. Yun ef al. [19] found
through experiments that in response to (NH4)2SOy4, N-
acetylcysteine (NAC) can inhibit EMT, thereby suppress-
ing the invasion and migration of A549 cells. Our find-
ings suggest that the inhibitory effect of RES may involve
the modulation of EMT pathways, providing new insights
for a deeper understanding of the anti-tumor mechanisms
of RES. Moreover, studies have demonstrated that TGF-8
can induce the EMT process [20], and it is also considered
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one of the markers of the N2 phenotype [21]. Li et al. [22]
reported a significant interaction between EMT and tumor-
associated neutrophils (TANs) in gastric cancer, wherein
TANSs secrete IL-17a to promote the EMT process. Our
experimental findings indicate that RES can inhibit EMT
while also influencing the polarization of TANs. In sum-
mary, we propose that RES might exert inhibitory effects
on EMT in lung cancer by modulating the polarization of
TANS.

Although our study provides preliminary insights into
the potential mechanisms of RES in lung cancer treatment,
there are still some limitations that need to be acknowl-
edged. For instance, while we focused on the effects of
RES on TANs and EMT, further research is needed to elu-
cidate the specific immunoregulatory mechanisms and the
interaction between TANs and EMT within the lung cancer
microenvironment.

Conclusion

This study investigated the mechanism by which RES
functions in lung cancer treatment. The findings revealed
that RES has the potential to inhibit the growth and metas-
tasis of lung cancer by modulating the polarization state of
TANSs and influencing the process of EMT. In summary,
RES might exert its anti-lung cancer effects by regulating
the immunophenotype and polarization of TANs, conse-
quently suppressing EMT. These findings suggest that RES
holds promise as a potential therapeutic agent for lung can-
cer and can target TANs and modulate EMT.
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