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Te clinical efcacy of non-small-cell lung cancer (NSCLC) treatment is signifcantly hindered by Taxol resistance, demanding the
exploration of novel approaches to overcome this challenge. Natural products, renowned for their diverse anticancer potential,
ofer hope, with allicin emerging as a captivating contender. However, the intricate role and underlying mechanisms of allicin in
NSCLC Taxol resistance remain largely unexplored. In this extensive investigation, we delve into the impact of allicin on Taxol
resistance, meticulously examining both in vitro and in vivo scenarios. Remarkably, allicin efectively curbs the proliferation and
migration of A549/Taxol cells while inducing apoptosis. Unraveling the regulatory potential of genes like CDK1 in the cell cycle
pathway, allicin demonstrated the ability to arrest cells in the G2/M phase, thus disrupting the cell cycle and heightening Taxol
sensitivity. Strikingly, when combined with Taxol, allicin showed the ability to promote Taxol to inhibit tumor growth and reduce
lung nodules in tumor-bearingmice, all without signifcant toxicity. Importantly, allicin’s prowess in reversing Taxol resistance via
cell cycle regulation sheds light on its potential as a resistance-reversing agent in NSCLC, marking a vital milestone in the quest for
natural source therapies.

1. Introduction

Non-small cell lung cancer (NSCLC) is one of the most
common cancers globally and has the highest mortality rate
among all cancer types [1, 2]. Taxol is a diterpene alkaloid
chemical that is derived from natural sources and exhibits
strong anticancer properties. It serves as the frst-line che-
motherapeutic treatment for NSCLC. Taxol has a powerful
ability to kill tumor cells, but as primary or acquired drug
resistance develops in tumor cells, its efectiveness as
a treatment is severely compromised [3, 4]. Tis puts patient
survival and treatment rates at risk and severely restricts the
use of Taxol in clinical settings. Terefore, before the

development of new and more potent chemotherapy
medications, increasing the sensitivity of currently available
chemotherapy treatments and combating drug resistance to
chemotherapy drugs are the primary strategies to increase
the efcacy of chemotherapy.

Natural products have chemical diversity, rich biological
activity, multi-target action ability, low side efects, and good
safety. In addition, the sustainability and accessibility of
natural products also make them a strong candidate for
fnding new drug resistance reversal drugs. Allicin is a sulfur
compound extracted from garlic, which has a variety of
active ingredients [5]. It has a wide range of biological ac-
tivities, including antibacterial, anti-infammatory, and
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antitumor efects [5–7]. Tis makes allicin a potential
compound for reversing paclitaxel resistance research. In
recent years, allicin has been found to increase drug sen-
sitivity in combination with cisplatin, 5-fuorouracil, and
other antitumor drugs, but the mechanism is still unclear
[8, 9].

In this study, high-throughput sequencing was used to
compare the transcriptome information of drug-resistant
cells and sensitive cells, which can fnd possible changes in
gene expression during drug resistance, to identify potential
drug-resistant genes; furthermore, by analyzing the mRNA
sequencing data of drug-resistant cells treated with allicin,
a new reversal targets can be discovered. Te study aims to
explore the efects of allicin in reversing Taxol resistance in
NSCLC through in vitro and in vivo experiments. It is of
great signifcance in the study of natural products reversing
drug resistance, which is conducive to identifying drug
resistance genes, discovering new reversal targets, and re-
vealing the reversal mechanism, and provides an experi-
mental basis and theoretical basis for an in-depth
understanding of natural products reversing drug resistance.

2. Materials and Methods

2.1. Materials and Chemicals. Allicin injection (10mL:
30mg) was sponsored by Cisen Pharmaceutical Co., Ltd.
(Shandong, China). Taxol injection (5mL: 30mg) was ob-
tained from Beijing SL Pharmaceutical Co., Ltd. (Beijing,
China). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) and TRIzol reagent (Ambion) were
obtained from Sigma-Aldrich (Shanghai) Trading Co., Ltd.
(Shanghai, China). RPMI 1640 and fetal bovine serum (FBS)
were obtained from Biological Industries Ltd. and IATI
(Israel Advanced Technology Industries). PBS bufer was
obtained from Solarbio (Beijing, China). Trypsin was ob-
tained from Gibco Life Technologies (New York, USA).
Penicillin-streptomycin solution was purchased from
HyClone Co. (Utah, USA). All other chemicals and reagents
were purchased locally and were of analytical grade.

2.2. Cell Culture. Human non-small-cell lung cancer cells
(A549 cells) and Taxol-resistant A549 (A549/Taxol) cells
were obtained from Shanghai Meixuan Biotechnology Co.,
Ltd. (Shanghai, China), and they were cultured in T25 fasks
at 37°C in a 5% CO2 atmosphere. According to our previous
study, the IC50 of Taxol on A549 and A549/Taxol cells was
1.20 nM and 470.60 nM, respectively, and the drug-
resistance index (RI) of A549/Taxol cells was 403.4. All
cells were maintained in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100U/
mL of penicillin, and 100 μg/mL of streptomycin.

2.3. MTT Assay. MTT assay was conducted to assess cell
viability [3]. A549/Taxol cells were cultured in 96-well plates
at 8×103 cells/well density and treated with various allicin
concentrations (1–1000 μM) for 48 hours. Te nontoxic
concentration of allicin, inhibiting cell growth by less than
10%, was determined. Subsequently, A549/Taxol cells were

cotreated with allicin (IC10) and 300 nM Taxol for 48 hours.
Te absorbance reading was measured at 490 nm, and the
reversal fold (RF) was calculated as RF� (IC50 of Taxol)/
(IC50 of combination). Tis study aimed to explore the
potential of allicin in reversing Taxol resistance in A549/
Taxol cells.

2.4. Cell Colony Formation Assay. A549/Taxol cells in the
logarithmic growth phase were seeded in 6-well plates with
1.0×103 cells per well [1]. Te cells were treated with half of
IC10, IC10, and twice IC10 allicin for 24 h, and then the cells
were replaced with drug-free medium and incubated for
another 10 days.Ten, the colonies were fxed withmethanol
for 20min and then stained with 0.1% (w/v) crystal violet for
30min. Finally, the colonies were washed three times with
PBS, dried naturally, and photographed. ImageJ software
was used to count the number of clones.

2.5. Wound-Healing Assay. Te wound-healing assay was
used to evaluate the efect of allicin combined with Taxol on
the migration ability of A549/Taxol cells [1]. Cells were
seeded into six-well plates at a density of 2.0×105 and in-
cubated overnight. A 200 μL pipette tip was used to scrape
a straight line across the monolayer of cells at the bottom of
the six-well plate. Cells were treated with 5, 10, and 20 μM
allicin and 300 nM Taxol. Images were acquired at 0, 24, and
48 h, respectively. Te average scratch width was calculated
and compared with the scratch width at 0 h. Te relative
mobility of cells in each group at 24 and 48 h was calculated
to evaluate the scratch repair ability.

2.6. Hoechst 33342 Staining. Hoechst 33342 staining was
used to evaluate the efect of allicin combined with Taxol on
the apoptosis of A549/Taxol cells [4]. Te cells were washed
twice with precooled PBS, then stained in the dark with
Hoechst 33342 solution for 15minutes, and then imaged
using a fuorescence inversion microscope (Olympus Corp.,
Tokyo, Japan). After Hoechst 33342 staining, normal and
necrotic cells showed weak blue fuorescence, while apo-
ptotic cells showed strong blue fuorescence.

2.7. RNA Sequencing. Te experiment included three
groups: A549 sensitive cells, A549/Taxol-resistant cells, and
A549/Taxol cells treated with allicin (at IC10 concentration).
Total RNA was extracted using the TRIzol method, and its
integrity was verifed with the RNANano 6000 test kit on the
Agilent 2100 Bioanalyzer [10]. Te transcriptome se-
quencing was carried out by Shanghai Personalbio Bio-
technology Co., Ltd. Te mRNA was enriched using oligo
(dT) magnetic beads, fragmented to approximately 300 bp,
and used for cDNA synthesis with random primers and
reverse transcriptase. Te library was constructed, and PCR
amplifcation enriched the fragments. Library quality was
checked using the Agilent 2100 Bioanalyzer, and libraries
with diferent index sequences were mixed accordingly. Te
mixed library was diluted to 2 nM, and single-strand li-
braries were formed through alkali denaturation. Samples

2 Journal of Food Biochemistry



were sequenced using the Illumina sequencing platform and
Next Generation Sequencing (NGS). Raw data underwent
fltering to ensure data quality and minimize interference
from invalid data during information analysis.

2.8. GO and KEGG Enrichment Analysis. Te diferences in
gene expression between two diferent groups were analyzed
using DESeq2 software package: |log2FoldChange|>1, P value
<0.05, FDR<0.05. Te Gene Ontology (GO) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used to
analyze DEGs’ molecular function, cell composition, biological
process, and related signal pathways [11]. Fisher test assessed
pathway enrichment with P<0.05 as the threshold for signif-
icant enrichment compared to the whole genome background.

2.9. Allicin Reversed Taxol Resistance in A549/Taxol Cells
through G2/M Phase Arrest. PPI network showed that
CDK1, CCNA2, CCNB1, CCNB2, CDC20, and other genes
were essential in allicin reversal of Taxol resistance, and these
genes were closely related to the cell cycle. GO enrichment
and KEGG pathway analysis also revealed the importance of
cell cycle. Terefore, fow cytometry and western blotting
were used to investigate the efect of allicin at IC10 con-
centration on the cell cycle of A549/Taxol cells.

2.9.1. Cell Cycle Assay. Cells were seeded in 6-well plates at
a density of 1× 106 cells/well. When the degree of cell
confuence was 60–70%, the cells were treated with allicin (5,
10, and 20 μM) combined with Taxol (300 nM) for 24 h [12].
Te cells were collected and prepared into a single cell
suspension according to the manufacturer’s instructions,
fxed in 70% cold ethanol at −20°C overnight, washed twice
with precooled PBS, and stained with PI for 15min.Te fow
cytometry analysis was performed using a FACS Verse fow
cytometer (BD Biosciences, San Jose, CA) with cell counts of
10,000. FlowJO software (Treestar, Ashland, OR) was used to
analyze data.

2.9.2. Western Blotting. Prepared cell lysates and determined
the protein content using the BCA protein assay kit [3]. After
blocking with 5% BSA, the membrane was incubated with
primary antibodies against β-actin, CDK1, cyclin B1, and p21 at
4°C overnight.Ten, themembrane was incubated with an IgG
secondary antibody (1 : 5000) at room temperature for 1hour.
Ultrasensitive ECL chemiluminescence reagent was used to
display protein bands, and an enhanced chemiluminescence
system (Bio-Rad imaging system, USA) was used for obser-
vation.Te loading control was β-actin. Densitometric analysis
was performed using the ImageJ software (National Institute of
Health, MD).

2.10. Te Activity of Allicin in Reversing Taxol-Resistance In
Vivo

2.10.1. Establishment of the Nude Mouse Orthotopic Tumor
Model of Taxol-Resistant Human Non-Small-Cell Lung
Cancer. Male BALB/c nude mice (4–6weeks, 18–22 g) from

Beijing Weitong Lihua Laboratory Animal Technology Co.,
Ltd., were housed in an SPF environment. A549/Taxol cells
(1.0×107/mL) were injected (50 μL) into the tail vein of each
mouse. After 7 days, tumor-bearing mice were divided into
fve groups: blank, negative control (saline), Taxol (10mg/
kg), allicin (5mg/kg), and allicin +Taxol (5mg/kg + 10mg/
kg). Drugs were administered every two days via in-
traperitoneal injection. Body weight was measured daily.
After 15 days, mice were sacrifced, lung tissue was fxed with
Bouin solution, and it was stored for subsequent
experiments.

2.10.2. Hematoxylin-Eosin (H&E) Staining. H&E staining
(using the Beyotime C0105S kit) was performed to evaluate
allicin’s efect on reversing Taxol resistance in A549 cells
[13]. Parafn sections were dewaxed twice with xylene for
10minutes each time, then gradually rehydrated with
100–70% ethanol, and then immersed in deionized water.
Furthermore, nuclei were stained with 10% hematoxylin for
5minutes, and the cytoplasm was counterstained with eosin
for 2minutes. After dehydration and sealing with neutral
gum, the slices were observed and photographed under an
inverted microscope, carefully avoiding bubbles in the
process.

2.10.3. Immunohistochemistry Analysis. Parafn sections of
tumor tissue were prepared as mentioned earlier. Antigen
repaired was performed by boiling the sections in 10mM
sodium citrate bufer (pH 6.0). To reduce nonspecifc
background staining, sections were treated with hydrogen
peroxide block and 10% goat serum. CDK1, cyclin B1, and
p21 antibodies were incubated overnight, followed by biotin-
labeled secondary antibodies. DAB chromogenic Kit was
used for visualization, andMayer’s hematoxylin was used for
counterstaining. Digital images were captured using Key-
ence BZ-X700 microscopes and BZ-X analyzer software
(Osaka, Japan).

2.11. Statistical Analysis. All data were represented as
mean± SD. Data analysis were performed using one-way
ANOVA followed by a Dunnett test in GraphPad prism
software (Version 5). An unpaired Student’s t-test was used
to compare the diference between the two experimental
groups. P< 0.05 were considered statistically signifcant.

3. Results

3.1. Efect of Allicin on Proliferation and Migration of A549/
Taxol Cells. In our previous study [4], the drug resistance
index of A549/Taxol cells was 403.4, indicating signifcant
Taxol resistance.MTTassay, cell colony formation assay, and
cell wound-healing assay were used to evaluate the efect of
allicin on the proliferation and migration of A549/Taxol
cells. Allicin showed concentration- and time-dependent
inhibition of A549/Taxol cell proliferation (Figure 1(a)).
Te IC50 values at 24 h, 48 h, and 72 h were 94.83 μM,
60.02 μM, and 38.28 μM, respectively, while the IC10 values
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Figure 1: Efects of allicin on proliferation and migration of A549/Taxol cells. (a)Te inhibition rate of allicin at diferent concentrations on
A549/Taxol cells was detected byMTTassay at 24, 48, and 72 hours of treatment; (b) the inhibition rates of diferent concentrations of Taxol
combined with allicin (IC10) on A549/Taxol cells was detected by MTTassay at 24, 48, and 72 h; (c) representative Images (A) and statistical
analysis (B) of colony formation in A549/Taxol cells with diferent concentrations of allicin combined with Taxol (300 nM); (d) wound
healing assay was performed in A549/Taxol cells with diferent concentrations of allicin combined with Taxol (300 nM) at for 0, 24, and 48 h,
respectively; representative images (A) and statistical analysis (B, C). (e) Hoechst 33342 staining results for 48 h in A549/Taxol cells. Strong
blue fuorescence indicated apoptotic cells, scale bar� 100 µm. Te data were expressed as mean± SD, compared with the negative control
group, P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.001.
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at these time points were 10.09 μM, 6.17 μM, and 3.49 μM.
When treated with IC10 allicin combined with 300 nM Taxol
for 24 h, 48 h, and 72 h, the IC50 of Taxol decreased to
119.36 nM, 72.31 nM, and 61.95 nM, respectively, indicating
a signifcant reversal of drug resistance with fold values of
3.94, 6.51, and 7.60 (Figure 1(b)).

Te long-term inhibitory efect of allicin on Taxol-
induced proliferation of A549/Taxol cells was assessed by
colony-forming assay. In the negative control group (NC),
418 cell colonies were formed after 10 days of culture.
Treatment with allicin (5, 10, and 20 μM) led to a signifcant
reduction in the number of cell colonies: 389, 165, and 55
colonies, respectively. Te decrease in cell colony formation
was more pronounced with higher allicin concentrations,
indicating allicin’s ability to enhance Taxol inhibition and
reverse Taxol resistance in A549/Taxol cells (Figure 1(c)).

Te invasion and metastasis of lung cancer is a complex
biological process in clinic. Terefore, we investigated the
efects of allicin combined with Taxol on the migration
ability of A549/Taxol cell line at diferent concentrations and
times. As shown in Figure 1(d), cell migration can be ob-
served through wound-healing assay [14]. Te relative mi-
gration rates of A549/Taxol cells in the negative control
group and 5, 10, and 20 μM allicin combined with 300 nM
Taxol group at 24 h were 35.52%, 20.93%, −1.21%, and
−8.93%, respectively. Te relative mobility at 48 h was
52.80%, 27.59%, 3.17%, and −20.15%. Previous results have
shown that allicin combined with Taxol can promote apo-
ptosis in NSCLC cells. Terefore, Hoechst 33342 staining
was used to detect cell morphology and apoptosis in each
group. We observed chromatin pyknosis, nuclear reduction,
and intense blue fuorescence in A549/Taxol cells.Te results
suggest that allicin combined with Taxol may inhibit the
invasion andmetastasis of tumor by inhibiting the migration
of tumor cells (Figure 1(e)).

Te invasion and metastasis of lung cancer is a complex
biological process in clinic. Terefore, we investigated the
efects of allicin combined with Taxol on the migration
ability of A549/Taxol cell line at diferent concentrations and
times. As shown in Figure 1(d), cell migration can be ob-
served through wound-healing assay [14]. Te relative mi-
gration rates of A549/Taxol cells in the negative control
group and 5, 10, and 20 μM allicin combined with 300 nM
Taxol group at 24 h were 35.52%, 20.93%, −1.21%, and
−8.93%, respectively. Te relative mobility at 48 h was
52.80%, 27.59%, 3.17%, and −20.15%. Previous results have
shown that allicin combined with Taxol can promote apo-
ptosis in NSCLC cells. Terefore, Hoechst 33342 staining
was used to detect cell morphology and apoptosis in each
group. We observed chromatin pyknosis, nuclear reduction,
and intense blue fuorescence in A549/Taxol cells.Te results
suggest that allicin combined with Taxol may inhibit the
invasion andmetastasis of tumor by inhibiting the migration
of tumor cells (Figure 1(e)).

3.2. Efects of Taxol and Allicin on Gene Expression in
A549Cells or A549/Taxol Cells. Te gene expression was
standardized using the counts per million algorithm, and

DESeq2 was used to identify DEGs based on |log2 (fold
change, FC)|> 1 and FDR< 0.05 [15]. Genes with log2
FC> 1 and FDR< 0.05 were considered “Up” (upregulated),
while those with log2 FC< 1 and FDR< 0.05 were consid-
ered “Down” (downregulated). Te remaining data were
classifed as “Not DEG” (not signifcantly diferentially
expressed genes). Te statistical results of DEG between
diferent groups are as follows: A (A549 group) vs. AT
(A549/Taxol group): 5866 genes (3313 up, 2553 down); A vs.
ATA (A549/Taxol treated with allicin group): 6170 genes
(3412 up, 2764 down); AT vs. ATA: 480 genes (123 up, 357
down).

In addition, the volcano plot could directly show the
diference of genes between diferent groups [16]. As shown
in Figures 2(a)∼2(c), Te two dotted lines indicated the log2
(FC) positions, with blue points representing downregulated
genes and red points representing upregulated genes
compared to the control. Te closer the point to the end, the
greater the diference. Hierarchical clustering was performed
on DEGs, and the results were presented as heat maps
(Figures 2(d)–2(g)). Genes with similar expression patterns
likely share common functions and participate in common
metabolic and signaling pathways.

Venn diagrams and UpSet diagrams were used to display
the sets of DEGs compared between groups [17]. Te
overlapping part represented gene sets jointly regulated
across diferent treatments, while the separate parts repre-
sented genes specifcally regulated under certain treatments.
In Figures 2(h)∼2(i), there were 310 common DEGs in the
three groups, which were considered the core genes of
allicin-reversing Taxol resistance in A549/Taxol cells.
Among them, 38 genes were commonly upregulated, 176
were commonly downregulated, and 96 showed diferent
regulatory patterns in diferent groups. ComparingWITH to
ATA, there were 53 upregulated genes and 257
downregulated genes.

3.3.BiologicalFunctionofTargetandTargetPathwayAnalysis.
GO enrichment analysis was performed using FDR< 0.05 as
the signifcant enrichment threshold [18]. Figures 3(a)∼3(b)
displays the partial results of GO enrichment analysis for
common DEGs in AT and ATA groups. Among the 610
signifcantly enriched GO entries (P< 0.05), 102 were related
to cell composition (CC), 66 to molecular function (MF),
and 442 to biological process (BP). Notably, cell cycle, cell
cycle process, mitotic cell cycle, mitotic cell cycle process,
and other biological processes played crucial roles in the
allicin-induced reversal of Taxol resistance in A549/
Taxol cells.

In order to further understand the metabolic pathways
and specifc biological functions of DEGs, OmicShare tools
were used for KEGG enrichment analysis [19]. P< 0.05 and
FDR< 0.05 were statistical thresholds of signifcance, which
indicated the pathways were signifcantly enriched in DEGs.
Te top 20 pathways were enriched in the analysis of dif-
ferential gene expression between AT and ATA
(Figures 3(c)∼3(d)). Cell cycle, Fanconi anemia pathway,
oocyte metabolism, homologous recombination,

Journal of Food Biochemistry 5



A vs AT

Control: A
Case: AT

Down (2553)
No Diff (11165)
Up (3313)

-10 0 10
log2 (Fold Change)

-lo
g1

0 
(p

-v
al

ue
)

300

200

100

0

(a)

A vs ATA

Control: A
Case: ATA

Down (2764)
No Diff (10930)
Up (3412)

-10 0 10
log2 (Fold Change)

-lo
g1

0 
(p

-v
al

ue
)

300

200

100

0

(b)

AT vs ATA

Control: AT
Case: ATA

Down (357)
No Diff (16433)
Up (3412)

log2 (Fold Change)
-4 -2 0 2 4

-lo
g1

0 
(p

-v
al

ue
)

30

20

10

0

(c)

A vs AT

group
2
1
0
-1
-2

group
A
AT

A
3

A
1

A
2

AT
2

AT
1

AT
3

(d)

A vs ATA

group
2
1
0
-1
-2

group
A
ATA

A
1

A
2

A
3

AT
A

3

AT
A

1

AT
A

2

(e)

AT vs ATA

group
2
1
0
-1
-2

group
AT
ATA

A
TA

3

A
TA

1

A
TA

2

AT
3

AT
1

AT
2

(f)

group
2
1
0
-1
-2

group
A
AT
ATA

A
3

A
1

A
2

AT
A

3

AT
A

1

AT
A

2

AT
2

AT
1

AT
3

(g)

4000

2000

0

N
um

be
r o

f e
ac

h 
in

te
rs

ec
t

AT vs ATA

A vs AT

A vs ATA

6000 2000 1000 0
Number in each set

4900

885 608
310 810 48 41

(h)
Figure 2: Continued.
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progesterone-mediated oocyte formation, microRNAs in
cancer, p53 signaling pathway, and other signal pathways are
enriched, among them, the cell cycle signal pathway was the
most signifcant in the reversal of Taxol resistance by allicin.

3.4. Protein-Protein Interaction (PPI) Network of DEGs.
PPI analysis was conducted using the STRING database, and
the PPI network was visualized in Cytoscape [11]. In the PPI
analysis of diferential genes betweenATandATA, PPI pairs
with a score> 0.95 and P< 1.0×10−16 were screened. Te
resulting PPI network had 277 nodes, a mean degree of 54.6,
and an average local clustering coefcient of 0.667. Te top
15 genes based on the degree value included CDK1, CCNA2,
BuB1, CCNB1, KIF11, PLK1, CCNB2, CDC20, BUB1B,
NDC80, TOP2A, AURKB, ASPM, DLGAP5, and KIF20A
(Figure 4). Tese 15 genes were downregulated in the ATA
group compared to the AT group. Biological function
evaluation revealed that these genes were mainly involved in
cell cycle, oocyte meiosis, and other pathways.

3.5. Reversal of Taxol Resistance in Non-Small-Cell Lung
Cancer with Allicin In Vitro and In Vivo

3.5.1. Allicin Reverses Taxol Resistance in A549/Taxol Cells by
Arresting G2/M Phase. According to the analysis results of
AT and ATA DEGs, allicin could reverse Taxol resistance by
regulating the cell cycle of A549/Taxol cells. Flow cytometry
and western blot were used to detect the cell cycle, the results
showed that compared with the NC group, A549/Taxol cells
treated with 5 μM of allicin combined with Taxol (300 nM)
did not have a signifcant efect on the cell cycle, but 10 and
20 μM of allicin combined with Taxol (300 nM) treatment
for 24 h could signifcantly decrease the proportion of cells in

S phase (P< 0.05) and increase the proportion of cells in G2/
M phase (P< 0.05) with a concentration-dependent manner
(Figure 5(a)). A549/Taxol cells treated with allicin (10,
20 μM) and Taxol (300 nM) exhibited G2/M phase arrest,
which prevented mitosis and inhibited cell proliferation.

In order to further clarify the potential mechanism of cell
cycle arrest induced by allicin combined with Taxol, we
examined the expression level of G2/M phase-related pro-
teins by western blot analysis. CDK1 and cyclin B1 form
active heterodimers and participate in the transition of the
cell cycle from G2 phase to M phase, after DNA damage,
CDK1 activity is regulated by p21, which is the key for cancer
cells to enter G2/M phase [20]. Among these CDKs, CDK1
and cyclin B1 could form an active heterodimer, which was
involved in the transition of the cell cycle from G2 phase to
M phase. After DNA was damaged, CDK1 activity was
regulated by p21, which was the key for cancer cells to enter
G2/M phase. As shown in Figure 5(b), the expression levels
of CDK1 and cyclin B1 in A549/Taxol cells treated with
allicin (10, 20 μM) combined with Taxol were signifcantly
decreased, and the expression levels of p21 were increased in
a concentration-dependent manner (P< 0.05). Tese results
indicated that G2/M phase arrest of A549/Taxol cells was
helpful to induce cell death.

3.5.2. Allicin Could Signifcantly Reverse Taxol Resistance in
the Orthotopic A549/Taxol Tumor Bearing Nude Mouse
Model. Te nude mouse orthotopic tumor model of Taxol-
resistant human non-small-cell lung cancer was used to
verify the reversal of drug resistance of allicin in vivo. During
the administration, the changes of body weight and activity
ability were observed and recorded daily in each group of
mice.Te results showed that, as shown in Figures 6(a)–6(c),
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Figure 3:TeGO and KEGG analysis. (a) Classifcation of identifed genes based on functional annotations using GO analysis are shown for
comparisons between ATand ATA; (b) GO enrichment bubble chart of DEGs; (c) functional path analysis of diferentially expressed genes
between AT and ATA represented by histograms; (d) top 20 pathway enrichment in KEGG pathway analysis.
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the lung tissue of the normal group mice was smooth and
had no pathological changes. Compared with the normal
group, the lung tumor of the model, Taxol, or allicin group
was signifcantly enlarged and protruding, and the whole
lung surface was uneven, and there were many tumor
nodules of diferent sizes visible to the naked eye on the
surface of the lung tissue. However, the tumor growth of
allicin combined with the Taxol group was signifcantly
inhibited, and the surface of lung tissue was relatively
smooth, and the number of lung tumor nodules was sig-
nifcantly reduced. During the treatment period, the activity
and mental state of the tumor-bearing nude mice were
observed every day. Te mice in each group were normal,
and there was no malaise or abnormal behavior. At the same
time, according to the body weight of nude mice recorded
every day during the treatment period and the body weight
change curve drawn, compared with the model group, the
body weight of the nude mice in the blank control group and

allicin combined with Taxol showed the steady increase
trend, and the body weight of other groups decreased after
9 days of treatment. Te results showed that after allicin
combined with Taxol treatment, the survival status of mice
was improved, and allicin increased the therapeutic efect of
Taxol in vivo.

To observe the pathological changes in the lung tissues of
tumor-bearing mice, HE staining was performed. Compared
with the blank group, the alveoli of the model group and
Taxol group were covered by nodules, while the formation
rate of pulmonary nodules in the allicin group and the
intended combination of Taxol group was slower than that of
the model group and Taxol group (Figure 6(e)). It is worth
noting that we observed sparse pink cytoplasm and densely
stained circular or elliptical vesicular nuclei in tumor cells of
the model and Taxol groups. Furthermore, to validate the
role of allicin in reversing resistance by blocking the G2/M
phase of the cell cycle in vivo, we examined the expression

Figure 4: Te PPI protein interaction network of DEGs in AT group compared with AA group.
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Figure 5: Te efect of allicin combined with Taxol on cell cycle arrest in A549/Taxol cells (a) Analysis of cell cycle distribution of A549/
Taxol after 24 h treatment with allicin and Taxol by fow cytometry; (b) the expression level of cell cycle related proteins was detected by
western blot. Te results of relative protein expression were expressed by histogram. Single factor analysis of variance (ANOVA) was used
for statistical comparison, and then Dunnett’s posttest was used for multiple comparisons (n� 3). Te data were expressed as mean± SD, ∗
compared with the control group, P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.001.
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levels of cyclin B1, CDK1, and p21 through IHC. Following
allicin treatment, there was a downregulation of cyclin B1
and CDK1 expression, while p21 expression was upregulated
(Figure 6(f )).Tis indicates that allicin can reverse resistance
by blocking the cell cycle, which is consistent with the
in vitro results.

4. Discussion

Chemotherapy remains a crucial systemic therapy for pre-
venting tumor metastasis in NSCLC, with Taxol being
a commonly used drug. However, drug resistance poses
a signifcant challenge to its efcacy in clinical practice.
Increasing drug dosage can lead to severe side efects,
prompting research into drug resistance reversal agents and
combination therapies to enhance treatment outcomes.

Natural products, such as garlic, have shown promise as
potential sources of anticancer agents. Allicin, the main
component of garlic, has demonstrated signifcant anti-
proliferative efects on various tumor cells. Studies have
revealed that allicin can reduce resistance to 5-Fu in gastric
cancer cells, increase sensitivity to 5-Fu in HCC cells, and
inhibit resistance to cisplatin in A549 and NCI-H460 cells
through diferent molecular pathways [21]. In our study, we
explored the potential of allicin to sensitize and reverse drug
resistance to Taxol in A549 cells. We observed that treatment
with allicin at IC10 concentration combined with Taxol
signifcantly inhibited the proliferation of A549/Taxol cells.
Furthermore, A549/Taxol cells regained their sensitivity to
Taxol in a concentration-time-dependent manner,

indicating that allicin could enhance Taxol’s efectiveness
and reverse drug resistance. Overall, these fndings suggest
that allicin holds promise as a potential adjuvant therapy to
improve the efcacy of Taxol and overcome drug resistance
in NSCLC, contributing to better treatment outcomes for
patients.

In order to fnd the key regulatory genes of Taxol-
resistance reversal by allicin, A549 cells, A549/Taxol cells,
and A549/Taxol cells treated with allicin for 24 hours were
used as the research objects in this study. Te gene ex-
pression profles of these cells were analyzed by RNA-Seq
technology, and the possible genes and related pathway
mechanisms involved in allicin reversal of Taxol resistance in
A549 cells were discussed. Te study found that the number
of common DEGs in the three groups was 310, among them,
the top 15 genes CDK1, CCNA2, BuB1, CCNB1, KIF11,
PLK1, CCNB2, CDC20, BUB1B, NDC80, TOP2A, AURKB,
ASPM, DLGAP5, and KIF20A were the key genes for allicin
to reverse Taxol resistance in A549/Taxol cells. Te GO
enrichment results of DEGs showed that there were 422, 66,
and 102 GO enrichment items for BP, MF, and CC, re-
spectively. Te enriched entries were mainly related to cell
cycle regulation and mitotic cycle regulation. Based on NGS
sequencing technology, this study screened DEGs before and
after allicin treatment on A549/Taxol cells, and found four
major signal pathways: cell cycle pathway, homologous
recombination pathway, microRNA pathway in cancer, and
p53 signal pathway. Te cell cycle pathway with the most
signifcant changes in biological function has been further
studied.
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Figure 6: Allicin combined with Taxol inhibits tumor growth in an orthotopic A549/Taxol nude mice model by tail vein. (a) Te schematic
fgure of tumor modeling nude mice and drug administration. (b)Te images of orthotopic A549/Taxol lung samples in nude mice based on
the Bouin’s staining (n� 3). (c) Statistical analysis of the number of lung nodules in mice in each group (n� 3). (d) Body weight change curve
of nude mice after drug administrations. (e) Hematoxylin and eosin (HE) staining of lung tissues in each group (400×). (f ) Te expressions
of cyclin B1, CDK1, and p21 in lung tissues were detected by immunohistochemistry. Scale bar� 100 µm. Te data were expressed as
mean± SD, ∗compared with the blank control group,P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.001; #compared with the Taxol group,P< 0.05, ##P< 0.01,
###P< 0.001.
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Cyclins, protein-dependent kinases, and kinase in-
hibitors can regulate the cell cycle together, and their ab-
normal expression will lead to the imbalance of cell cycle
[22].Te cell cycle consists of G0/G1 phase, S phase, and G2/
M phase. Cyclin B1 is a M phase cyclin, which is expressed
from S phase and gradually disappears after reaching the
peak in G2/M phase; the activation of CDK1 depends on
cyclin B1, and the activated CDK1 can promote cells to enter
M phase from G2 phase. In many studies, CDK1 has been
overexpressed in many malignant tumors and found to be
closely related to the drug resistance of 5-Fu, oxaliplatin,
sorafenib, cisplatin and other chemotherapy drugs [23–25].
In addition, cyclin B1, as one of the main regulatory genes of
G2/M restriction point of the cell cycle, inhibition of cyclin
B1 could reduce the production of cyclin B1/CDK1 complex,
arrest cells in G2/M phase, and reverse drug resistance or
increase drug sensitivity. As a cyclin kinase inhibitor, p21
can play a negative regulatory role in the cell cycle after
binding to CDKs, and participate in the biological processes
of tumor genesis, development and drug resistance [26]. In
our study, it showed that allicin could induce apoptosis in
tumor cells by arresting them at the G2/M phase of the cell
cycle through multiple gene targets. Allicin inhibits the
protein expression of CycE and CycA genes, reducing the
phosphorylation of the Rb protein by cyclins, and preventing
the separation of transcription factors E2F1 and Dp-1, thus
inhibiting the transcription of proteins required for the S
phase. Allicin can also afect the expression of genes such as
E2F1, E2F2, and E2F3. Allicin also reduces the expression of
the cdc gene family, reducing the synthesis of cell division
control proteins, DNA replication licensing factor Mcm5,
origin recognition complex subunits ORC1 and Orc6,
thereby inhibiting S phase DNA activation and indirectly
inhibiting DNA biosynthesis. During the G2 to M phase
transition, allicin afects the cell cycle protein-dependent
kinase CDK1, as well as CycA, CycB, and the checkpoint
serine/threonine kinase Bub1, leading to the arrest of tumor
cell growth and division, inhibiting the proliferation of
Taxol-resistant A549 cells, and inducing apoptosis.

In this study, we observed that the proliferation and
migration of Taxol resistant A549 cells were signifcantly
enhanced; the expression of CDK1 in A549/Taxol cells
was the highest, and the expression of CDK1 in A549/
Taxol cells after allicin treatment was signifcantly re-
duced. It was further found that allicin could induce cell
cycle arrest in the G2/M phase by regulating cyclin B1/
CDK1 and p21 and inhibit A549/Taxol cell proliferation,
migration, and its sensitivity to Taxol. To sum up, this
study screened the DEGs of A549, A549/Taxol, and
A549/Taxol cells treated with allicin based on NGS se-
quencing technology and found that cell cycle pathway,
homologous recombination pathway, microRNA path-
way in cancer, p53 signal pathway, and other signal
pathways were closely related to Taxol resistance. It was
preliminarily concluded that CDK1, CCNA2, BuB1,
CCNB1, PLK1, CCNB2, CDC20, and BUB1B were the
key genes in allicin reversing Taxol resistance in
A549 cells, which provided a theoretical basis for
expanding the application of allicin.

However, the number of samples in this study was small,
and the preliminary verifcation was only conducted through
in vitro experiments. Te conclusions were limited, and the
research conclusions need to be verifed by in vivo and
in vitro experiments; the mechanism of Taxol resistance in
lung cancer is complex, and a single target or signaling
pathway has limitations in the treatment. Terefore, it was
particularly important to explore the relationship between
multiple signaling pathways in reversing drug resistance,
which could provide a novel strategy for the clinical pre-
vention and treatment of non-small-cell lung cancer drug
resistance and improve the cure rate and survival rate of
patients.

5. Conclusions

RNA transcriptome sequencing revealed that the cell cycle
pathway, homologous recombination pathway, microRNA
pathway, p53 signaling pathway, and other signaling
pathways were closely related to Taxol resistance in A549/
Taxol cells. Tis study proved that allicin could reverse the
Taxol resistance in A549/Taxol cells via targeting the cell
cycle pathway. Allicin could induce G2/M phase cycle arrest,
inhibit the proliferation and migration of A549/Taxol cells,
and reverse the resistance of NSCLC cells to Taxol by
downregulating the expression of cyclin B1/CDK1 and
upregulating the expression of p21. Allicin may eventually
serve as a chemotherapeutic treatment for tumors that can
reverse medication resistance, according to the evidence. It is
necessary to continue developing allicin’s therapeutic ap-
proach to overcome Taxol resistance in NSCLC cells.
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