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Abstract

Background: Lung cancer remains a major global public health challenge, with lung adenocarcinoma being the most prevalent histologic
subtype. Rosuvastatin, a widely used lipid-lowering agent, has recently attracted attention for its potential antitumor properties. This study
investigates the underlying mechanisms and therapeutic potential of rosuvastatin in lung cancer. Methods: The effects of rosuvastatin
were evaluated in lung adenocarcinoma cell lines using Cell Counting Kit-8 (CCK-8), 5-ethynyl-2′-deoxyuridine (EdU) incorporation,
Transwell migration and invasion assays, wound-healing assays, and flow cytometry for apoptosis analysis. RNA sequencing identified
cell-cycle signaling pathways as the primary targets of rosuvastatin. Analysis of survival curves and differential gene expression between
tumor and adjacent non-tumor tissues using public databases, including the Human Protein Atlas, Gene Expression Profiling Interactive
Analysis (GEPIA), and Tumor Immune Estimation Resource (TIMER), suggested that polo-like kinase 1 (PLK1) may be a key target
mediating the antitumor effects of rosuvastatin. Western blotting and quantitative reverse transcription polymerase chain reaction (qRT-
PCR) were used to confirm the differential expression of PLK1 and related cell-cycle proteins in lung adenocarcinoma cells following
treatment with different doses of rosuvastatin. Furthermore, rescue experiments with PLK1 knockdown were performed to verify its
role in the mechanism of rosuvastatin. A subcutaneous mouse xenograft model was established in vivo to assess the antitumor activity
of rosuvastatin via PLK1 inhibition. Results: Rosuvastatin exerted significant antitumor effects against lung adenocarcinoma both in
vitro and in vivo. Mechanistic studies indicated that its anticancer activity is mainly mediated by downregulating PLK1 expression.
Conclusions: By suppressing PLK1 expression, rosuvastatin inhibited cancer cell proliferation, migration, and invasion. These findings
support the potential of rosuvastatin as a therapeutic agent for lung cancer, although further studies are needed to confirm its clinical
utility.
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1. Introduction
Lung cancer is one of the most common malignancies

worldwide and a leading cause of cancer-related mortality
[1–3]. About 85% of instances of lung cancer are non-small
cell lung cancer (NSCLC), with lung adenocarcinoma being
the most prevalent subtype. The majority of patients are de-
tected at an advanced stage of lung adenocarcinoma, even
though surgical resection is an effective treatment for early-
stage cases. With a 5-year survival rate of only 24% for
advanced-stage lung adenocarcinoma, the outlook is still
dismal despite advancements in targeted medicines and im-
munotherapies [2,4,5]. Thus, there is an urgent need to elu-
cidate the mechanisms driving disease progression and ex-
plore new therapeutic strategies.

The development of new drugs is a lengthy, complex,
and costly process, often spanning decades with increasing
challenges and high failure rates. The success rate for can-
cer drug development remains remarkably low, at approxi-
mately 5% [6]. Consequently, the strategy of “drug repur-
posing”, identifying new therapeutic indications for exist-
ing drugs, has gained attention to overcome these limita-
tions. This approach accelerates drug development, reduces
costs and risks, and expands treatment options. Drug repur-
posing bypasses many early-stage research hurdles, making
it one of the most efficient and cost-effective strategies for
drug discovery. Notable success stories include disulfiram,
a long-used alcohol deterrent, which was shown to reduce
cancer-related mortality by 34% in a large study of 240,000
cancer patients in Denmark [7]. Similarly, Tan et al. [8]
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reported that desloratadine, a common antihistamine, sig-
nificantly suppressed hepatocellular carcinoma growth in
vitro and in vivo, suggesting its potential as an anti-cancer
agent.

Rosuvastatin calcium, the calcium salt form of ro-
suvastatin, enhances the drug’s stability and solubility,
thereby improving its bioavailability. Rosuvastatin is
a third-generation hydrophilic statin with strong protein-
binding affinity and minimal lipophilicity. Its primary
method is to reduce endogenous cholesterol synthesis
by competitively inhibiting 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase [9]. Statins have
been demonstrated to have extensive anti-inflammatory,
immunomodulatory, and anti-tumor activities in addition to
their everyday use as lipid-lowering medications. Research
has shown that rosuvastatin inhibits several malignancies,
including pancreatic, and liver cancer [10,11]. However,
its potential anti-cancer role in lung adenocarcinoma re-
mains largely unexplored. Preliminary studies from our
research group suggest that rosuvastatin may suppress the
progression of lung adenocarcinoma, although the underly-
ing mechanisms remain unclear.

Serine/threonine protein kinase polo-like kinase 1
(PLK1) is a crucial regulator of cell division andmitosis, ac-
cording to mounting data [12]. PLK1 plays a major role in
tumor growth and is aberrantly activated in several cancers,
including lung cancer. Because of its function in promot-
ing metastasis and carcinogenesis, it has emerged as a ther-
apeutic target in numerous malignancies [13–16]. The acti-
vation of the epithelial-mesenchymal transition (EMT) and
the metastatic progression of NSCLC are linked to PLK1
signaling [17].

As a repurposed clinical drug, the precise anti-tumor
mechanisms of rosuvastatin in lung adenocarcinoma remain
undefined. Based on preliminary findings, we hypothesize
that rosuvastatin exerts its anti-cancer effects bymodulating
PLK1 expression. The present study aimed to investigate
this hypothesis systematically.

2. Materials and Methods
2.1 Cell Culture and Reagents

Procell Life Science & Technology Co., Ltd. (Wuhan,
China) supplied the lung cancer cell lines A549, H1299,
and H838. All cell lines were validated by STR pro-
filing and tested negative for mycoplasma. These cells
were cultured at 37 °C with 5% CO2 in RPMI 1640 (lot:
WH0021A021, Procell, Wuhan, China) supplemented with
10% fetal bovine serum (FBS; Lot. No. 2364724, Gibco,
Carlsbad, CA, USA) and 1% penicillin-streptomycin (Lot.
No. 080421211115, Beyotime, Shanghai, China). Cell vi-
ability was assessed using a Cell Counting Kit-8 (CCK-8;
Lot. No. 23002K1018, APExBIO, China). Rosuvastatin
calcium was obtained from Shanghai Yuanye Technology
Co., Ltd. (Shanghai, China) with a purity of >98%.

2.2 CCK-8 Assay
Each well of a 96-well plate received 100 µL of com-

plete RPMI 1640 medium with 10% FBS, and each well
was seeded with 3× 103 lung adenocarcinoma cells (A549,
H1299, and H838). The plate was incubated at 37 °C in a
cell culture incubator for 24 h to allow the cells to adhere
and stabilize. Following stabilization, the cells were treated
and incubated for an additional 72 h. Subsequently, 10 µL
of CCK-8 reagent was added to each well, and the plate
was incubated for 2 h. Absorbance was measured at 450 or
630 nm using amicroplate reader (SpectraMaxM5, Thermo
Fisher Scientific, Waltham, MA, USA).

2.3 EdU Assay
An EdU kit was acquired from RiboBio (C10310-1,

Lot. No. V1104, Guangzhou, China). After 24 h of treat-
ment with varying concentrations of rosuvastatin, A549,
H1299, and H838 cells were harvested. To ensure a density
of 3 × 103 cells per well, a cell suspension (100 µL) was
added to each well of a 96-well plate. After EdU was di-
luted to 20 µM, 100 µL of this working solution was added
to each well to reach a final concentration of 10 µM. For
2 h, the cells were incubated at 37 °C. Following incuba-
tion, the culture medium was discarded, and fixation of the
cells was carried out with 100 µL of 4% paraformaldehyde
for 15 minutes. Following fixation, the cells were rinsed
three times with a wash solution and then permeabilized
with 100 µL of permeabilization solution for 15 minutes
at room temperature. The cells underwent three rounds of
washing after the permeabilization solution was removed.
Each well was then filled with 50 µL of the reaction solu-
tion, followed by incubation for 30 minutes at room tem-
perature in the dark. After discarding the reaction fluid, the
cells underwent three rounds of washing. Nuclear staining
was performed with 100 µL of 1× Hoechst 33342 solution,
and the cells were incubated for 10 minutes in the dark at
room temperature. The cells were photographed and exam-
ined using a Leica SP8 confocal fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) after removal of
the staining solution and three additional washes.

2.4 Transwell Assay
A 24-well Transwell plate was used for the migration

assay. The lower chamber received 800 µL of complete
RPMI 1640 supplemented with 10% FBS, while the up-
per chamber received serum-free RPMI 1640 medium (200
µL). After treating with rosuvastatin after 48 h, lung adeno-
carcinoma cells (A549, H1299, or H838) were seeded in the
upper chamber at 4 × 104 cells per well, followed by incu-
bation at 37 °C for 24 h. An inverted microscope (CKX41,
Olympus Corporation, Tokyo, Japan) was used to photo-
graph the fixed and stained migrated cells on the lower sur-
face after the non-migrated cells in the upper chamber were
removed.
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Table 1. Interference sequences of human PLK1 gene.
Interference sequence (Sense 5′-3′) (Anti-sense 5′-3′)

Si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
Si-PLK1-1 CCUCCGGAUCAAGAAGAAUTT AUUCUUCUUGAUCCGGAGGTT
Si-PLK1-2 GGUAUCAGCUCUGUGAUAATT UUAUCACAGAGCUGAUACCTT
Si-PLK1-3 GCGUGCAGAUCAACUUCUUTT AAGAAGUUGAUCUGCACGCTT
Si-PLK1-4 GGUGUAUCAUGUAUACCUUTT AAGGUAUACAUGAUACACCTT

For the invasion assay, 50 µL of Matrigel diluted 1:4
with serum-free RPMI 1640 medium was added to the up-
per chamber, and allowed to solidify for 2 h at 37 °C. After
that, 50 µL of serum-free RPMI 1640 was used to hydrate
the Matrigel-coated chamber for 30 min. The subsequent
procedures were identical to those described for the migra-
tion assay.

2.5 Wound-Healing Assay
Using a sterile 10 µL pipette tip, a straight-line scratch

was made in a six-well plate once the cells attained ap-
proximately 80% confluence. After aspirating the medium,
unattached cells were removed from the wells by washing
them with phosphate-buffered saline (PBS). After adding
2 mL of fresh serum-free medium, the plate was incu-
bated for 15 min at 37 °C with 5% CO2. Images were ac-
quired at 200×magnification using an inverted microscope
(CKX41, Olympus Corporation, Tokyo, Japan), which was
designated the 0-hour time point. The plate was returned to
the incubator and observed at subsequent time points (e.g.,
24 h and 48 h), with images captured for analysis.

2.6 Flow Cytometric Analysis of Apoptosis
Cell apoptosis was assessed using a Cell Apoptosis

Detection Kit (C1065L, Lot. No. 090921211105, Be-
yotime, China) according to the instructions outlined by
the manufacturer. Briefly, cells (4 × 105) were seeded
in six-well plates and cultured overnight. Cells were then
treated with rosuvastatin or dimethyl sulfoxide (DMSO)
for 48 h. Following treatment, the cells were trypsinized,
washed with PBS, and then resuspended in annexin V bind-
ing buffer. After the addition of propidium iodide (PI) and
fluorescein isothiocyanate (FITC)-annexin V, the samples
were left in the dark for 20 min at room temperature. Flow
cytometric analysis was conducted using a FACSCalibur
flow cytometer (Beckman Coulter, USA).

2.7 ROS Detection
A Reactive Oxygen Species Assay Kit (ID3130, Lot.

No. 320A011, Solarbio, Beijing, China) was used to mea-
sure intracellular reactive oxygen species (ROS) levels.
Cell seeding and drug treatment were performed using the
same procedures as described for the apoptosis assay. Af-
ter treatment, the culture medium were removed, and cells
were incubated with 1 mL of serum-free medium contain-
ing DCFH-DA (diluted 1:1000, final concentration 10 µM)

at 37 °C for 20 min in a CO2 incubator. Before flow cy-
tometric analysis, the cells were washed three times with
serum-free medium.

2.8 RNA Sequencing
For 48 h, H838 cells were exposed to DMSO or 30

µM rosuvastatin. Following treatment, 1 mL of TRIzol
reagent was used to lyse the samples. RNA sequencing was
performed by Metware Biotechnology Co., Ltd. (Wuhan,
China).

2.9 Cell Transfection
SiRNA sequences that target PLK1 were synthesized

by GenePharma Co., Ltd. (Suzhou, China). Lipofectamine
2000 reagent (Invitrogen, MA, USA) was used for transfec-
tion according to the manufacturer’s instructions. Before
transfection, A549, H1299, and H838 cells were seeded
to achieve 50–60% confluence on the day of transfection.
For transfection, two 1.5 mL Eppendorf tubes were pre-
pared: 250 µL of Opti-MEMI and 5 µL of Lipofectamine
2000 were in Tube A, and 250 µL of Opti-MEMI and 5
µL of siRNA were in Tube B. After 5 min of room tem-
perature incubation, both tubes were mixed and allowed to
stand for a further 20 min. Next, 500 µL of the transfec-
tion mixture was added to 1.5 mL of medium (serum-free)
and carefully mixed. After removing the culture medium
from the six-well plate and performing two PBS washes, 2
mL of the prepared transfection mixture was added. Before
the subsequent studies, the cells were cultured for an addi-
tional 48 h after the medium were changed to a complete
serum-containing medium at 6 h. The specific interfering
sequences employed for PLK1 knockdown are listed in Ta-
ble 1.

2.10 Western Blotting
Following a 48 h treatment with different doses of

rosuvastatin in A549, H1299, and H838 cells, total pro-
tein was extracted, and Western blotting was performed.
The following antibodies were employed in this investi-
gation: anti-CDK1 (abs159273, rabbit, 1:1000, Absin);
anti-CDK2 (10122-1-AP, rabbit, 1:1000, Proteintech); anti-
cyclin B1 (55004-1-AP, rabbit, 1:5000, Proteintech); anti-
cyclin A2 (18202-1-AP, rabbit, 1:5000, Proteintech); anti-
GAPDH (60004-1-Ig, mouse, 1:5000, Proteintech); anti-
cyclin D1 (AF0931, rabbit, 1:1000, Affinity); anti-P21
(S0B2351, rabbit, 1:1000, Starter); anti-PLK1 (S0B0035,
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Fig. 1. Rosuvastatin inhibits the proliferation of lung adenocarcinoma cells. (A) Chemical structure of rosuvastatin. (B) The effect
of rosuvastatin on the proliferation of the A549, H1299, and H838 human lung adenocarcinoma cell lines was assessed using the CCK-
8 assay. (C–E) EdU uptake was used to assess the frequency of EdU-positive cells with or without rosuvastatin treatment. The drug
concentrations for each cell line were as follows: A549 (0, 50, and 100 µM); H1299 (0, 40, and 80 µM); and H838 (0, 15, and 30 µM).
A 48-hour treatment time point was used for all cell lines. Scale bar = 200 µm. *p < 0.05, **p < 0.01, ***p < 0.001.

rabbit, 1:10,000, Starter); anti-Bcl-2 (S0B2181, rabbit,
1:1000, Starter); anti-survivin (S0B6183, rabbit, 1:1000,
Starter); anti-rabbit secondary antibody (98164S, goat,
1:5000, Cell Signaling Technology); anti-mouse secondary
antibody (91186S, goat, 1:5000, Cell Signaling Technol-
ogy).

2.11 Mouse Subcutaneous Xenograft Model Establishment

Male BALB/c nude mice (3–5 weeks old, weigh-
ing 18–20 g) were purchased and kept in a specified
pathogen-free (SPF) environment. A549 cells (2.5 × 106
cells/mouse) were subcutaneously injected into the left ax-
illary region, slightly dorsal, to establish a lung cancer
xenograft model. Once tumors reached approximately 200
mm3, the mice were randomly assigned to three groups:
control, low-dose treatment, and high-dose treatment, each
consisting of five mice. Intraperitoneal injections of 10
mg/kg or 20 mg/kg of rosuvastatin were administered to
treatment groups. On the other hand, an equivalent vol-

ume of vehicle solution (10% DMSO, 40% PEG300, 5%
Tween 80, and 45% normal saline, ~0.1 mL/mouse) was
given to the control group. Using the formula V = (L ×
W2) × 0.5, where L stands for tumor length and W for
width, the tumor volume was measured every other day.
Throughout the experiment, body weight was also tracked.
The mice were put to death after the tumor volume reached
about 2000 mm3. In this trial, no anesthetics were em-
ployed. The mice were put to death by cervical dislocation,
which involved fastening the head and neck with one hand
while holding the base of the tail with the other. The cervi-
cal vertebrae were then quickly and forcefully separated by
backward traction. To verify death, the absence of sponta-
neous breathing and heartbeat was then observed for a min-
imum of five minutes. Tumors were removed and weighed
once the mice’s deaths were confirmed. Half of the tissue
was kept in formalin for immunohistochemistry and hema-
toxylin and eosin (H&E) staining. On the other hand, West-
ern blot analysis and protein extraction were performed on
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Fig. 2. Rosuvastatin inhibits the migration and invasion of lung adenocarcinoma cells. (A–C) Transwell migration and invasion
assays assessing the changes in the migration and invasion abilities of A549, H1299, and H838 cells after treatment with different
concentrations of rosuvastatin. The drug concentrations for each cell line were as follows: A549 (0, 50, and 100 µM); H1299 (0, 40,
and 80 µM); and H838 (0, 15, and 30 µM). A 48-hour treatment time point was used for all cell lines. Scale bar = 200 µm. (D–F)
Wound-healing assay-based evaluation of the effects of different concentrations of rosuvastatin on the migration and invasion of A549,
H1299, and H838 cells. The drug concentrations and treatment timing were the same as in (A–C). Scratch wounds were imaged and
measured at defined time points for each cell line: A549 (0, 48, and 72 h); H1299 (0, 24, and 48 h); and H838 (0, 24, and 48 h). Scale
bar = 200 µm. ***p < 0.001.

the other half. The Animal Ethics Committee of Soochow
University (202312A016) approved and oversaw all animal
procedures.

2.12 Bioinformatics Analysis
The Human Protein Atlas, GEPIA, and TIMER

databases were used to validate differential PLK1 expres-
sion between tumor and adjacent normal tissues in patients
with human lung adenocarcinoma. Additionally, survival
analysis was performed using these platforms.

2.13 Statistical Analysis
Every experiment was conducted three times. The sta-

tistical significance between the two groups was evaluated
using an unpaired Student’s t-test. The mean ± SD was
used to express the results. GraphPad Prism 8.0 (GraphPad
Software, Inc., San Diego, CA, USA) was employed for the
statistical analyses, and p < 0.05 was deemed statistically
significant.
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Fig. 3. Rosuvastatin promotes apoptosis in lung adenocarcinoma cells. (A–C) Flow cytometry-based quantification of the frequencies
of apoptotic A549, H1299, and H838 cells following treatment with various rosuvastatin concentrations for 48 h. (D–F) Changes in
apoptosis-related Bcl-2 and survivin protein expression in lung adenocarcinoma cells following treatment with various concentrations of
rosuvastatin for 48 h, as detected by Western blotting. (G–I) Effects of treatment with different concentrations of rosuvastatin for 48 h
on reactive oxygen species (ROS) levels in A549, H1299, and H838 cells. ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results
3.1 Rosuvastatin Inhibits the Proliferation of Lung
Adenocarcinoma Cells

The chemical structure of rosuvastatin is shown in
Fig. 1A. A549, H1299, and H838 lung adenocarcinoma
cells were treated with rosuvastatin at various doses, and
cell viability, cytotoxicity, and growth inhibition were as-
sessed using the CCK-8 assay. The results demonstrated
that rosuvastatin reduced cell viability in a dose-dependent
way. Following treatment for 72 h, the IC50 values for
A549, H1299, and H838 cells were 159.1 µM, 150.4 µM,
and 47.5 µM, respectively (Fig. 1B). To further evaluate
its effect on proliferation, an EdU assay was performed.
The results showed that rosuvastatin treatment significantly
decreased the number of EdU-positive A549, H1299, and
H838 cells (Fig. 1C–E). Collectively, these findings indi-
cate that rosuvastatin effectively suppresses the prolifera-
tion of lung adenocarcinoma cells.

3.2 Rosuvastatin Inhibits the Migration and Invasion of
Lung Adenocarcinoma Cells

Transwell migration and invasion assays revealed that
rosuvastatin significantly suppressed the migratory and in-
vasive abilities of A549, H1299, and H838 cells in a dose-
dependent manner (Fig. 2A–C). The wound-healing as-
say demonstrated that as the drug concentration increased,
wound closure was significantly delayed in A549, H1299,
and H838 cells, further confirming the anti-migratory ef-
fects of rosuvastatin (Fig. 2D–F). These results show that
rosuvastatin suppressed lung adenocarcinoma cell invasion
and migration.

3.3 Rosuvastatin Promotes Apoptosis in Lung
Adenocarcinoma Cells

The pro-apoptotic effects of rosuvastatin were eval-
uated by flow cytometry (Fig. 3A–C), and Western blot-
ting was used to assess apoptosis-related protein expres-
sion. The findings demonstrated that in A549, H1299,
and H838 cells, rosuvastatin administration resulted in
the dose-dependent downregulation of Bcl-2 and survivin
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(Fig. 3D–F). Moreover, rosuvastatin treatment significantly
increased ROS levels in these cells (Fig. 3G–I). This sug-
gests that rosuvastatin may induce apoptosis in lung ade-
nocarcinoma cells, at least in part, by promoting oxidative
stress. Overall, our data show that rosuvastatin can trigger
apoptosis and inhibit the progression of lung adenocarci-
noma.

3.4 Rosuvastatin Modulates the Cell Cycle in Lung
Adenocarcinoma Cells to Exert Anti-Tumor Effects

RNA sequencing (RNA-seq) analysis of H838 cells
treated with 30 µM rosuvastatin for 48 h was conducted
further to explore the molecular mechanisms underlying
rosuvastatin’s effects. A total of 1700 differentially ex-
pressed genes (DEGs) were discovered using a criterion of
FDR<0.05 and |log2FC| ≥1, with 761 upregulated and 939
downregulated (Fig. 4A). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were used to evaluate the functions of these DEGs.
The results revealed that cell cycle-related pathways were
the most significantly enriched (Fig. 4B), indicating that ro-
suvastatin may primarily modulate the cell cycle to exert its
anti-tumor effects. After 48 h of rosuvastatin treatment, cell
cycle-related marker proteins were measured by Western
blotting in A549, H1299, and H838 cells. The cell cycle-
related CDK1, CDK2, cyclin A2, cyclin B1, and cyclin D1
proteins were all downregulated in response to treatment in
H1299 and H838 cells, while P21 was increased, as seen
in Fig. 4C,D. These findings imply that rosuvastatin may
primarily affect lung cancer cell growth by preventing pro-
gression through the cell cycle.

3.5 PLK1 May Be a Key Target for the Anti-Cancer Effects
of Rosuvastatin

We then examined the transcriptional patterns of
rosuvastatin-treated H838 cells using these RNA-seq re-
sults to find DEGs associated with the cell cycle. Fig. 5A
displays the heatmap that was produced. This conclusion
was further supported by immunohistochemical data from
the Human Protein Atlas, which showed elevated PLK1 ex-
pression levels in lung cancer tissues (Fig. 5B). Further-
more, analysis using the GEPIA and TIMER databases re-
vealed that PLK1 was significantly overexpressed in lung
adenocarcinoma tissues and negatively correlated with pa-
tient survival (Fig. 5C–E). We treated A549, H1299, and
H838 cells with varying concentrations of rosuvastatin for
48 h to further explore its impact on PLK1. Next, we col-
lected protein and total RNA for Western blot and qRT-
PCR analysis, respectively. The findings demonstrated that
rosuvastatin significantly reduced PLK1 expression at the
mRNA and protein levels (Fig. 5F–I).

3.6 PLK1 Knockdown Reduces the Proliferation,
Migration, and Invasion of Lung Adenocarcinoma Cells

To investigate whether PLK1 is a key mediator of
rosuvastatin’s anti-cancer actions, we used RNA interfer-
ence to inhibit PLK1 expression in A549 and H838 cells.
Western blotting and qRT-PCR were used to confirm the
knockdown’s effectiveness (Fig. 6A–D). Two highly ef-
fective siRNA sequences were selected for PLK1 knock-
down in A549 and H838 cells. PLK1 knockdown signif-
icantly reduced the growth of these lung adenocarcinoma
cells, as shown by EdU staining. Furthermore, rosuvastatin
and PLK1 knockdown showed synergistic effects, result-
ing in an even greater reduction in proliferation (Fig. 6E,
F). Compared with the control group, the PLK1-silenced
lung adenocarcinoma cells showed a significant decrease
in their ability to migrate and invade in Transwell assays.
Although rosuvastatin treatment further inhibited migration
and invasion, its effects were partially attenuated in PLK1-
knockdown cells, suggesting a potential additive interaction
(Fig. 6G,H). Taken together, these findings demonstrate ro-
suvastatin inhibits lung adenocarcinoma cell proliferation,
migration, and invasion by downregulating PLK1. This
demonstrates that PLK1 is an essential mediator of rosu-
vastatin’s anti-cancer effects.

3.7 Rosuvastatin Inhibits Lung Adenocarcinoma Xenograft
Tumor Growth In Vivo

To evaluate rosuvastatin’s in vivo anti-tumor activities,
a BALB/c nude mouse xenograft model was established
(Fig. 7A). After the tumors grew to a volume of around
200mm3, themicewere randomly divided into three groups
(n = 5 per group) and given daily intraperitoneal injections
of vehicle control, 10 mg/kg rosuvastatin, or 20 mg/kg ro-
suvastatin. The xenograft tumors were removed, and the
mice were euthanized after 12 days of treatment. The re-
sults demonstrated that rosuvastatin significantly inhibited
lung adenocarcinoma cell growth in vivo (Fig. 7B–D), with
no significant changes in body weight observed among the
treated mice (Fig. 7E). Western blotting and immunohis-
tochemical staining analyses of the excised tumor tissues
were conducted to further investigate the effect of rosuvas-
tatin on PLK1 expression in xenograft tumors. Both studies
confirmed the significant downregulation of PLK1 at the
protein level following rosuvastatin treatment (Fig. 7F,G).

4. Discussion
Lung adenocarcinoma is a primary source of cancer-

related morbidity and mortality, despite the availability
of many therapeutic methods, including chemotherapy,
molecular targeted therapy, surgical resection, radiation,
and immunotherapy. More efficient treatment options are
desperately needed to enhance patient outcomes because of
their high prevalence and poor prognosis.

Rosuvastatin, a commonly used lipid-lowering drug,
has revealed potential anti-cancer benefits in several ma-
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Fig. 4. Rosuvastatin modulates the cell cycle in lung adenocarcinoma cells to exert anti-tumor effects. (A) A volcano plot highlight-
ing the differentially expressed genes (DEGs) identified by RNA sequencing (RNA-seq) in the transcriptional profiling of rosuvastatin-
treated H838 cells. (B) Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses
of DEGs identified by RNA-seq. (C,D) CDK1, CDK2, cyclin A2, cyclin B1, cyclin D1, and P21 protein levels were detected in H1299
and H838 cells by Western blotting before and after rosuvastatin treatment. **p < 0.01, ***p < 0.001.

lignancies. Clinical studies have reported that rosuvastatin
enhances survival outcomes when used concurrently with
chemoradiotherapy or as postoperative treatment for can-
cers such as nasopharyngeal carcinoma [18], breast cancer
[19], and esophageal squamous cell carcinoma [20]. Fur-

thermore, rosuvastatin has been shown to inhibit lung ade-
nocarcinoma progression by downregulating cyclin A2 and
enhancing sensitivity to chemotherapy drugs such as cis-
platin and gemcitabine [21].
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Fig. 5. PLK1 may be a key target for rosuvastatin’s anti-cancer effects. (A) Heatmap showing DEGs related to the cell cycle
identified by RNA-seq analysis of H838 cells treated with rosuvastatin. (B) Immunohistochemical staining from the Human Protein
Atlas showing PLK1 expression in lung adenocarcinoma and adjacent normal tissues. (C,D) GEPIA database analysis results show that
PLK1 is significantly overexpressed in lung adenocarcinoma patients (C) and is negatively correlated with survival (D). (E) TIMER
database analysis results show differential PLK1 expression between lung adenocarcinoma tissues and adjacent normal tissues. (F) qRT-
PCR analysis of PLK1 mRNA levels in A549, H1299, and H838 cells treated with increasing concentrations of rosuvastatin for 48 h. The
concentrations used were 0, 50, and 100 µM for A549; 0, 40, and 80 µM for H1299; and 0, 15, and 30 µM for H838. (G–I) Western blot
analysis of PLK1 protein expression in A549 (G), H1299 (H), and H838 (I) cells treated with the indicated concentrations of rosuvastatin
for 48 h. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. PLK1 knockdown reduces the proliferation, migration, and invasion of lung adenocarcinoma cells. (A–D) qRT-PCR and
Western blot validation of PLK1 knockdown efficiency in A549 and H838 cells transfected with PLK1-targeting siRNA. (E,F) An EdU
assay-based analysis of the effect of PLK1 knockdown and rosuvastatin treatment on the proliferation of lung adenocarcinoma cells. Scale
bar = 200 µm. (G,H) Transwell migration and invasion assays of A549 (G) and H838 (H) cells after PLK1 knockdown, rosuvastatin
treatment, or their combination. Scale bar = 200 µm. ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 7. Rosuvastatin inhibits lung adenocarcinoma tumor growth in vivo. (A) Schematic overview of the establishment of a xenograft
tumor model in nude mice. Created using Adobe Illustrator 2024. (B) Images of excised tumors after treatment (n = 5). (C) Endpoint
tumor weights. (D) Tumor volume was monitored every 2 days during the treatment period. (E) Changes in murine body weight
were measured every 2 days during the treatment period. (F) Western blotting analysis of PLK1 protein expression levels in tumors
from the control (DMSO), low-dose treatment (rosuvastatin, 10 mg/kg), and high-dose treatment (rosuvastatin, 20 mg/kg) groups. (G)
Immunohistochemical staining of PLK1 protein expression in tumors from different treatment groups and hematoxylin and eosin (H&E)
staining of lung adenocarcinoma tissue. Scale bar = 100 µm. ns, no significance. **p < 0.01, ***p < 0.001.

The results of our study demonstrated that rosuvas-
tatin effectively inhibited lung adenocarcinoma cell pro-
liferation, migration, and invasion in vitro while also pro-
moting apoptosis by increasing ROS levels and downreg-
ulating Bcl-2 and survivin expression. In addition, rosu-
vastatin inhibited tumor growth in xenograft models with-

out causing significant adverse effects, according to in vivo
studies. These findings reveal that rosuvastatin may be
a useful treatment for lung cancer, although the under-
lying mechanisms remain unclear. PLK1, PLK2, PLK3,
PLK4, and PLK5 are members of the highly conserved ser-
ine/threonine kinase family, of which PLK1 has been the
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subject of themost research. PLK1 demonstrates cell cycle-
dependent expression and activity and regulates mitosis. In
the G0, G1, and S phases, PLK1 expression is compara-
tively low; it rises in the G2 phase and peaks in the M
phase [22–24]. PLK1 is abnormally regulated in several
human malignancies, and its overexpression is frequently
linked to a poor prognosis for patients. For example, PLK1
increased cancer stemness and induced EMT in colorectal
cancer, according to Poyil et al. [25]. Similarly, Wang et
al. [26] demonstrated that inhibiting PLK1 expression in
hepatocellular carcinoma cells induced G2/M phase arrest
and promoted tumor cell apoptosis.

Furthermore, PLK1 has been identified as a crucial
factor in lung adenocarcinoma development through bioin-
formatics and machine learning analyses [27]. PLK1 is
highly expressed in lung cancer and has a negative cor-
relation with patient prognosis, according to our analysis
of the Human Protein Atlas, GEPIA, and TIMER public
databases. According to our experiments, rosuvastatin re-
duces PLK1 mRNA and protein levels in the cell lines
A549, H1299, and H838. To confirm PLK1’s functional
role as a mediator of rosuvastatin’s anti-cancer actions,
we performed PLK1 knockdown experiments in A549 and
H838 cells. The findings showed that in both cell lines,
PLK1 knockdown significantly lowered invasion, migra-
tion, and proliferation. These results provide compelling
evidence that PLK1 mediates the therapeutic effects of ro-
suvastatin in lung cancer.

The cell cycle signaling pathway was the most signif-
icantly enriched pathway by GO and KEGG enrichment
analyses of our RNA-seq data. This suggests that rosu-
vastatin primarily exerts its effects on lung adenocarci-
noma cells by disrupting cell cycle progression. Cyclin-
dependent kinases (CDKs) and cyclins play direct regula-
tory roles in cell cycle control. Their abnormal expression
can disrupt the initiation, progression, and termination of
the cell cycle, potentially leading to excessive cell prolifer-
ation and reduced apoptosis, thereby accelerating tumorige-
nesis. CDKs are key regulators that drive the eukaryotic cell
cycle in a precise and orderly manner. Among them, CDK1
has shown to be an important regulator of the G2/M phase
transition, and its overexpression has been shown to pro-
mote G2/M progression and accelerate tumor cell growth
[28,29]. CDK2, another essential member of the CDK fam-
ily, regulates the G1/S and S/G2 phase transitions. How-
ever, CDK2 itself is not intrinsically active; its protein lev-
els remain relatively stable throughout the cell cycle, and
the periodic fluctuations in cyclin levels control its activity.
CDK2 interacts with cyclin E to facilitate G1/S transition
and with cyclin A to promote entry into the G2 phase [30].

Cyclin A2 is a highly conserved cyclin expressed in
nearly all human tissues [31]. According to research, cy-
clin A2 is overexpressed in several malignancies and could
be a useful prognostic and diagnostic indicator for breast,
lung, esophageal, and colorectal cancers (CRC). It is be-

lieved to bind to CDK2, controlling the G2/M transition and
S-phase progression, thereby promoting tumor cell growth
[32–34]. Similarly, cyclin B1 overexpression enhances
the G2/M transition, which can lead to uncontrolled cell
proliferation and malignant transformation [35]. Yuan et
al. [36] reported that inhibiting cyclin B1 expression in-
duced G2/M phase arrest, suppressed tumor growth, and
promoted apoptosis. Cyclin D1 is another critical posi-
tive regulator of the cell cycle. It interacts with CDKs to
drive G1/S transition by forming a cyclin D1-CDK4 com-
plex, which regulates CDK4-mediated phosphorylation of
the retinoblastoma protein. This phosphorylation event re-
leases E2F transcription factors, which enter the nucleus
and activate the transcription of genes required for cell cy-
cle progression. Dysregulation of this pathway contributes
to uncontrolled cell proliferation andmalignant transforma-
tion, playing a significant role in tumor development [37–
41]. In addition to its role as a cell cycle inhibitor, P21 func-
tions as a broad-spectrum regulator [42] and is involved in
senescence induction, tumor suppression, apoptosis, differ-
entiation, DNA repair, transcriptional regulation, and cell
migration [43]. P21 induction has been implicated in both
cancer cell proliferation and tumorigenesis [44]. To learn
more about rosuvastatin’s effects on cell cycle regulation,
we conducted Western blot analysis on H1299 and H838
cells treated with different concentrations of the drug for
48 h. The findings showed that P21 expression was sig-
nificantly elevated, while CDK1, CDK2, cyclin A2, cyclin
B1, and cyclin D1 expression levels were significantly de-
creased. These results suggest that rosuvastatin inhibits the
growth of lung cancer cells by disrupting their cell cycle.

To assess rosuvastatin’s anti-tumor properties in vivo,
a subcutaneous tumor model in male BALB/c nude mice
was established while employing A549 cells. The findings
showed that the tumor weight and size in the rosuvastatin-
treated groups were considerably lower than those in the
control group. In particular, during treatment, there were no
significant differences in body weight between the treated
and control groups, indicating that rosuvastatin did not have
any harmful side effects. PLK1 protein levels were con-
siderably lower in the rosuvastatin-treated group, according
to Western blot examination of PLK1 expression in tumor
tissues from the control and rosuvastatin-treated groups.
Moreover, the reduction in PLK1 expression was dose-
dependent, with higher drug concentrations leading to a
more pronounced decrease. Immunohistochemical staining
further confirmed these findings, supporting the hypothesis
that rosuvastatin exerts its anti-tumor effects by downregu-
lating PLK1 expression.

5. Limitations
Several limitations of this study should be noted for

the correct interpretation of the results. First, although our
findings confirmed that rosuvastatin exerts anti-tumor ef-
fects by downregulating PLK1 and interfering with cell
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cycle progression, the present study only focused on the
PLK1–cell cycle signaling axis as the core mechanism. As
a multi-functional repurposed drug, rosuvastatin also exerts
important regulatory effects on lipid metabolism, inflam-
mation, oxidative stress, and tumor immune microenviron-
ment. Whether these biological processes are also involved
in its anti-lung adenocarcinoma activity and whether there
is crosstalk between different pathways remain unclear.
Therefore, the comprehensive molecular network underly-
ing the anti-tumor effects of rosuvastatin needs to be further
explored and supplemented. Second, this study lacks sys-
tematic pharmacokinetic and pharmacodynamic (PK/PD)
evaluations in vivo. Consequently, the translatability of
these preclinical doses to clinical medication regimens re-
mains uncertain, and the optimal therapeutic window and
safety threshold of rosuvastatin in the treatment of lung ade-
nocarcinoma have not been established. Third, the present
study only explored the monotherapy effect of rosuvas-
tatin, without evaluating its combination value with main-
stream clinical treatments for lung adenocarcinoma. At
present, advanced lung adenocarcinoma is mainly treated
with targeted therapy, immune checkpoint inhibitors, and
chemotherapy. Whether rosuvastatin can synergize with
these therapies to enhance anti-tumor efficacy, reduce toxic
side effects, or overcome drug resistance has not been in-
vestigated. This missing evidence limits the formulation
of clinical combination strategies and the practical applica-
tion prospects of rosuvastatin as a repurposed drug. Taken
together, these limitations suggest that further mechanism
exploration, standardized PK/PD research, and combina-
tion therapy verification are needed to promote the clinical
transformation and application of rosuvastatin in lung ade-
nocarcinoma.

6. Conclusion
In conclusion, this study provides initial evidence of

rosuvastatin’s anti-lung adenocarcinoma properties in both
in vitro and in vivomodels. Our findings reveal, for the first
time, that rosuvastatin suppresses the proliferation, migra-
tion, and invasion of lung adenocarcinoma cells by down-
regulating PLK1 expression. Furthermore, by inducing cell
cycle arrest and promoting apoptosis, rosuvastatin effec-
tively inhibited the growth of lung adenocarcinoma. Col-
lectively, these results suggest that rosuvastatin may be a
therapeutic option for patients with lung adenocarcinoma.
To fully understand the molecular mechanisms underlying
its anti-cancer properties and to investigate its potential for
clinical applicability, further research is needed.
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