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ABSTRACT: Curcuma aromatica Salisb (Cur), a well-known /

herbal medicine, has a wide spectrum of anti-inflammatory, m\
anticarcinogenic, and antioxidant activities. However, the roles of ---——-———————- ) —— e
its active compounds and potential mechanisms in colorectal
cancer remain unknown. This research utilized network
pharmacology and experimental validation to explore the possible
mechanisms by which Cur protects against colorectal cancer. The
active compounds of Cur and related genes for colorectal cancer | t*memmie -
were obtained from public databases. The DrugBank database was o

used to search for anticolorectal cancer drugs licensed through the W('y

FDA and their targets, and a “drug-component-target” relationship

network was created using the Cytoscape program. The String

database produced the PPI network. The ability of these active ingredients to bind to core targets was confirmed by molecular
docking using AutoDock Vina. Cell and animal experiments were then carried out. A total of 274 targets were obtained from Cur, 49
of which were potential therapeutic targets. Four key targets, PTGS2, AKT1, TPS3, and estrogen receptor 1 (ESR1), were screened
via the PPI network and the FDA drug-target network. Molecular docking results revealed that Cur had strong binding abilities to
these targets. In vivo and in vitro experiments demonstrated that Cur suppressed the development of colorectal cancer by regulating
its targets (PTGS2, AKT1, TPS3, and ESR1), which play crucial roles in promoting apoptosis and suppressing cell proliferation,
migration, and invasion. Collectively, Cur protects against colorectal cancer by regulating the AKT1/PTGS2/ESRI and P53
pathways, which lays the groundwork for further research and clinical applications of Cur in colorectal cancer therapy.

Curcuma aromatica

H INTRODUCTION cells.* " Unlike traditional chemotherapy and radiotherapy,
immunotherapy circumvents the issue of nonspecificity,
sparing normal cells devoid of cancer antigens from harm.
While some cases have witnessed remarkable outcomes with
cancer immunotherapy, its effectiveness varies depending on
the individual’s immune system status. Patients who respond
favorably to immunotherapy generally experience improved
prognoses and enhanced quality of life. Thus, it is essential to
create alternative treatments with low toxicity in order to
reduce side effects and improve clinical therapy.

Traditional herbal medicine has gained widespread accept-
ance as an essential alternative and supplementary medicine
that benefits cancer patients."' Many studies have found that
traditional medicinal plants, when taken as adjuvant treatment
with radiotherapy, immunotherapy or chemotherapy, can

The third most prevalent cancer, colorectal cancer, is one of
the major reasons for cancer-associated deaths worldwide."”
Particularly in middle- and low-income nations, colorectal
cancer incidence and mortality are rising quickly. The
incidence of colorectal cancer is projected to increase by
60%, with an estimated 2.2 million new cases and 1.1 million
cancer-related deaths expected globally by 2030.”* Conven-
tional approaches to colorectal cancer treatment typically
involve a combination of surgical procedures, chemotherapy,
and radiotherapy. Nonetheless, the adverse effects of these
treatments stem from their lack of specificity, leading to
cytotoxicity against all rapidly dividing cells, including healthy
ones, resulting in numerous side effects. More than half of
patients had an advanced diagnosis, and it has been found that
the S-year survival rate for those with colorectal cancer is
14%.>~" Moreover, despite undergoing multiple treatments,
many patients face the distressing challenge of relapse.
Therefore, the development of alternative and efficacious
therapies for colorectal cancer becomes imperative. Immuno-
therapy emerges as a promising contender in cancer care,
harnessing the body’s immune system to combat malignant
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increase quality of life, lengthen survival time, lessen side
effects, and boost therapeutic effects.'”™"* Owing to its
efficiency and lack of negative side effects, the vital medicinal
plant Curcuma aromatica Salisb (Cur) has been extensively
utilized in traditional medicine.””~"” Several studies have
showed the beneficial anticancer benefits of Cur. According to
studies, Cur significantly reduces the risk of developing
esophageal cancer via halting the reduction of manganese
superoxide dismutase in the esophageal epithelium.'® More-
over, extracts of the Cur significantly reduce the number of
hepatocellular carcinoma cells and promote tumor cell death.'
In addition, oral administration of Cur suppresses colorectal
cancer progression in mice with CT26 tumors via regulating
the gut microbiota.”” Cur also contains numerous components,
targets, and pathways to combat tumors, just like other
traditional herbal medicine formulations. However, the
majority of its bioactive components and pharmacological
molecular mechanisms against colorectal cancer remain poorly
understood. In this paper, we explored and validated the
molecular processes and pathways by which Cur inhibited
colorectal cancer through its primary active components using
network pharmacology and biological experiments. This study
will help lay the theoretical groundwork for the clinical use of
Cur in colorectal cancer therapy.

B METHODS AND MATERIALS

Active Ingredients of Cur. Cur compounds were
obtained from the TCMSP database (https://tcmspas-e.
com/), and the active components of Cur were screened
with drug-like (DL) > 0.18 and oral bioavailability > 30%. The
bioactive ingredients that do not meet the above conditions
but have obvious pharmacodynamic effects were supplemented
by a literature search. The molecular weight of Cur in this
study is 368.38. Cur rhizome extracts were provided by the
School of Pharmacy, Guangxi University of Traditional
Chinese Medicine, for further in vivo and in vitro experiments.

Prediction of Target of Active Ingredients. These
active ingredients are imported into TargetNet (http://
targetnetddss.scbdd.com/home/index/), SwissTargetPredic-
tion (http://www.swisstargeyutprediccction.ch/), and
TCMSP for target prediction. In order to improve the
confidence of the result, the SwissTargetPrediction Web site
selected the first 15 items, and the TargetNet Web site selected
the results with Prob >0.9. The predicted targets were entered
in the UniProtKB database (https://www.unuyiprot.org/) and
given standard gene names.

Target Collection Related to Colorectal Cancer.
Colorectal cancer-related targets were searched from the
GeneCards database (https://www.genyuecayurds.org/), the
PharmGKB database (https://www.pharyujmgkb.org/), the
DisGeNET database (https://www.disgenet.org/), and the
CTD database (http://ctdbase.cccorg/). The colorectal
cancer-related targets obtained from these databases were
summarized and deduplicated. Cur’s potential targets in
colorectal cancer therapy were chosen from the intersection
of active ingredient targets and colorectal cancer-related
targets.

FDA-Approved Anticolorectal Cancer Drugs and
Targets. The DrugBank database (https://go.drugbank.
com/) was used to obtain FDA-approved drugs and targets
for colorectal cancer therapy, and the data were then imported
into the Cytoscape software to build a drug-target network.

PPl Network Construction. A protein—protein interac-
tion (PPI) network was created through the STRING
database. The species was set to “Homo sapiens” and the
confidence level to “medium confidence (0.400),” and the
potential targets of Cur were entered for colorectal cancer
therapy in the “many proteins” column. Finally, the collected
data were loaded into the Cytoscape software for visualization
and analysis of key targets.

Functional Enrichment Analysis. Using RStudio, the
“clusterProfiler” R package was selected, a p-value of 0.01 was
specified, and the ggplot2 package was used to plot the
significant enrichment data for the KEGG and GO pathways.

Molecular Docking. In molecular docking tests, the
interaction between the important targets and their corre-
sponding ligands was verified using the docking tool
“AutoDock Vina”. The protein crystal structures were obtained
from the RCSB PDB database, and the compounds were
downloaded from the TCMSP database. The protein crystal
and compound structure were processed using AutoDock
Tools, which also removed the protein structure’s original
ligand, charged the structure, added charges, and converted it
to “PDBQT” format. The outcomes of the docking and
mapping analysis modes were then retrieved using Vina
docking.

Cell Culture. Human normal colonic cells NCM-460 and
colorectal cancer cells HCT116 and DLD-1 were purchased
from the American type culture collection (American). The
1640 medium, which contains 10% fetal bovine serum (FBS),
1% penicillin, and 1% streptomycin, was used to cultivate
HCT116 and DLD-1 cells. The incubator (Thermo Forma
3111, Thermo Fisher Scientific, Inc.,, Waltham, MA, USA) is
designed to operate at 37 °C with 5% CO,.

Cell Activity Detection. Once the cell density was
increased to 4 X 10°/well in 6-well plates, HCT116 and
normal colonic cells (NCM-460) at the logarithmic growth
stage were plated on 96-well plates. After cell adhesion, the
cells were then cultured with various concentrations of Cur
extract (provided by the School of Pharmacy, Guangxi
University of Traditional Chinese Medicine) for 24 h, and
counting kit-8 (CCKS8) reagent (Beyotime, China) was added.
After that, the OD value at 450 nm wavelength was detected
by an enzyme labeling instrument according to CCK-8
instructions.

Scratch Test. Cells at the logarithmic growth stage were
inoculated in 6-well plates until the cells grew to 80—90%. A
line was marked in the middle with a 200 yL gun head and
rinsed with phosphate-buffered saline (PBS) for postdosing
treatment. 24 h later, they were observed again and
photographed.

Cell Invasion and Migration Experiment. The ability of
cells to migrate and invade was examined using the Transwell
assay. Migration experiments: A serum-free medium was used
to collect logarithmic growth cells and adjust the cell density of
digestive cells to 2 X 10°/mL. The lower chamber received 700
UL of medium containing 20% FBS, whereas the upper
chamber received 200 pL of cell suspension. After 48 h of
incubator culture, the upper compartment cells were fixed after
being cleaned with PBS and cotton swabs. 0.1% of crystal
violet was used to stain the cells for observation and statistics.
Invasion experiments: Matrigel glue was mixed with serum-free
medium and spread in a cold chamber. The chamber was
placed in an orifice plate and solidified into a gel overnight in a
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Table 1. Active Ingredients of Curcuma aromatica Salisb

MOL_ID molecule name ob dl
MOL000358 beta-sitosterol 36.91390583 0.75123
MOL000359 sitosterol 36.91390583 0.7512
MOLO000908 beta-elemene 25.63362343 0.060519
MOL004237 S-elemene 25.99022265 0.060207
MOL004241 curcolactone 51.50981617 0.19615
MOL004244 (4aR,SR,8R,8aR)-5,8-dihydroxy-3,5,8a-trimethyl-6,7,8,9-tetrahydro-4aH-benzo[f]benzofuran-4-one 59.51959947 0.19518
MOL004253 curcumenolactone C 39.70086781 0.18868
MOL004260 (E)-1,7-diphenyl-3-hydroxy-1-hepten-S-one 64.66064017 0.18319
MOL004262 deta-elemene 23.56025572 0.060299
MOL004263 (E)-5-hydroxy-7-(4-hydroxyphenyl)-1-phenyl-1-heptene 46.89753325 0.19423
MOL004291 oxycurcumenol 67.06408444 0.18343
MOL004305 zedoalactone A 111.4268876 0.18825
MOL004306 zedoalactone B 103.5929022 0.21754
MOL004309 zedoalactone E 85.16477434 0.19062
MOL004311 zedoarolide A 87.96501883 0.29704
MOL004313 zedoarolide B 135.5563917 0.21409
MOL004316 1,7-diphenyl-3-acetoxy-6(E)-hepten 48.47077905 022242
MOL004328 naringenin 59.29389773 0.21128

constant-temperature incubator. The subsequent experimental
operation is consistent with the transfer experiment.

Plate Clone Formation Assay. After cell density was
adjusted to 2 X 10%/well in 6-well plates, HCT116 and DLD-1
cells were inoculated into 96-well plates at logarithmic growth
stages. Then, different concentrations of Cur extract were
added and incubated for 7 days. Crystal violet 0.1% was used
to dye the cells after they were fixed with 4% paraformalde-
hyde. The number of stained colonies was counted to detect
clonal formation.

Flow Cytometry Experiment. HCT116 and DLD-1 cells
were inoculated into 6-well plates (cell density was 1 X 10°).
After the cells adhered to the wall, the original medium was
discarded, and different concentrations of Cur extract were
added and incubated for 48 h. After the cells were collected,
they were washed with PBS and resuspended in 1 X annexin V
binding solution (cell density adjusted to 1 X 10°/well). Cell
suspension (100 pL) was taken into the flow tube, and S L of
PI and Annexin V-FITC were added and cultured for 15 min at
room temperature. After adding 500 uL of PBS, the cell
apoptosis rate was detected by a flow cytometer (Multiskan Go
1510, Beckman, USA).

Western Blot. Cells and tissues were lysed using radio
immunoprecipitation assay (RIPA) lysate, which contains a
protease inhibitor, in order to extract total protein. The
proteins from the colorectal cancer cells and tissue were
extracted by a protein extraction kit. The protein sample was
boiled after the BCA kit had been used to quantify the protein.
After SDS-PAGE, the samples were transferred to a PVDF
membrane, sealed with 5% skim milk, and then exposed to the
primary antibody at 4 °C for an overnight incubation. The
secondary antibody was incubated at room temperature after
being rinsed with TBS with Tween-20 (TBST), and the ECL
chemiluminescence developer was uniformly applied for
detection on the gel imaging device. Primary antibodies
include AKT1 (dilution ratio of 1:1000, ab81283, Abcam),
pAKT1 (dilution ratio of 1:1000, ab183556, Abcam), PTGS2
(dilution ratio of 1:200, ab255420, Abcam), p53 (dilution ratio
of 1:200, ab32049, Abcam), estrogen receptor 1 (ESRI)
(dilution ratio of 1:200, ab108398, Abcam), Bcl-2 (dilution
ratio of 1:1000, ab32124, Abcam), Bax (dilution ratio of

1:1000, ab32503, Abcam), and f-actin (dilution ratio of
1:2000, sc-8432, Santa Cruz Biotechnology). Secondary
antibodies were HRP-labeled goat antimouse IgG (H + L)
(dilution ratio of 1:1000, ab150116, Abcam) and HRP-labeled
goat antirabbit IgG (H + L) (dilution ratio of 1:1000, ab6721,
Abcam). The protein bands were visualized by the Tanon 5500
Imaging System (Tanon Technology Co. Ltd., Shanghai,
China).

B REAL-TIME QUANTITATIVE PCR

TRIzol extraction kits (Invitrogen, America) were used to
extract RNA from cells. A high-capacity cDNA reverse

Curcuma aromatica Colorectal cancer

Figure 1. Intersection of active component targets of Cur and
colorectal cancer-related targets.

transcription kit (Takara, Kyoto, Japan) was used to create
the first strand of complementary DNA. qRT-PCR was then
done on an ABI7900HT fast real-time PCR system (Applied
Biosystems, Foster City, CA, USA) for 40 cycles (60 °C for 1
min, 90 °C for 15 s, and 95 °C for 3 min). The primer
sequences for real-time PCR were as follows: AKT1-forward
sequence, 5'-GACGGGCACATTAAGATCAC-3'; reverse se-
quence, 5-TGAGGATGAGCTCAAAAAGC-3'. PTGS2-for-
ward sequence, 5'-GCTACAAAAGCTGGGAA-3’; reverse
sequence, 5'-CTGATGCGTGAAGTGCTG-3'. TP53-forward
sequence, 5'-TAACAGTTCCTGCATGGGCGGC-3’; reverse
sequence, 5'-AGGACAGGCACAAACACGCACC-3'. ESRI-
forward sequence, 5'-TTACTGACCAACCTGGCAGA-3;
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Figure 2. Intersection of active ingredient targets in Cur and drug targets approved by the FDA.
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Figure 3. Protein—protein interaction (PPI) network.

reverse sequence, 5'-ATCATGGAGGGTCAAATCCA-3'. Bcl-
2-forward sequence, 5-GTTCGGTGGGGTCATGTGTGT-
GGAGAGCG-3'; reverse sequence, 5'-TAGCTGATTC-
GACGTTTTGCCTGA-3'". Bax-forward sequence, 5'-CTGA-
CATGTTTTCTGACGGC-3'; reverse sequence, 5'-
TCAGCCCATCTTCTTCCAGA-3’'. p-Actin-forward se-
quence, 5-GACCTCTATGCCAACACAGT-3’; reverse se-
quence, 5'-AGTACTTGCGCTCAGGAGGA-3'. For mRNA,

the internal control of qRT-PCR was f-actin. Melting curve
analysis was used to assess the specificity of all PCR products.
The 2722 method was used to determine relative gene
expression.

Animal Experiments. Ten female BALB/c-nu nude mice
at 5 weeks of age and weighing 18—22 g were purchased from
Hunan SJA Laboratory Animal Co., Ltd. They were housed in
a barrier environment at the SPF level and allowed to
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Table 2. Screening of Key Targets in the PPI Network

top 10 in network ppi.txt ranked by the degree

top 10 in network ppi.txt ranked by the betweenness

top 10 in network ppi.txt ranked by the closeness

method method method
rank name score rank name score rank name score
1 AKT1 35 1 AKT1 281.68 1 AKT1 41.33
2 TPS3 34 2 ESR1 244.17 2 TPS3 40.67
3 ESR1 33 3 PPARG 215.98 3 ESR1 40.33
4 PTGS2 28 4 CYP1A2 187.94 4 PTGS2 37.67
S JUN 27 S TPS3 180.84 S JUN 37.17
6 PPARG 25 6 PTGS2 152.48 6 MAPK1 36.17
7 MAPK1 25 7 MAPK1 126.28 7 PPARG 35.83
8 MMP9 23 8 HNF4A 91.24 8 MMP9 35.17
9 CASP8 21 9 GSTP1 62.08 9 CASP8 34.00
10 RELA 20 10 JUN 56.00 10 RELA 33.50

acclimatize for 1 week. The mice were then randomly divided
into two groups: a model group (n = 5) and a Cur group (n =
S) for the experiment. The HCT116 colorectal cancer cell line
was cultured, and logarithmic growth phase cells were
collected. The cells were prepared as a single-cell suspension
using PBS and adjusted to a concentration of 1 X 10 cells/mL.
The cells were then subcutaneously injected into the armpits of
BALB/c-nu mice at a dose of 0.2 mL per mouse. Beginning on
the second day after injection, the mice were orally
administered Cur (100 mg/kg) once a day for 27 days. Of
note, we systematically administered the extract to mice at 100
mg/kg, which is reasonable and consistent with previous
literature reports as safe and effective.®*"** During the
experiment, the weight and tumor volume of the mice were
measured every 3 days until the end of the study. The formula
for calculating tumor volume was V = 0.5 LW"?, where L is the
longest diameter of the tumor (mm) and W is the shortest
diameter of the tumor (mm). At the end of the experiment, the
mice were euthanized with pentobarbital sodium anesthesia,
and the subcutaneous tumors were removed and weighed. The
transplanted tumors were observed by an inverted microscope
(BX51, Olympus Corporation, Japan). All procedures were
carried out in accordance with the University of South China
Animal Care Guidelines and the Institutional Animal Ethics
Committee for the Use of Experimental Animals (approval
number: SYXK (Hunan) 2020-0002).

HE Assays. The transplanted subcutaneous tumors were
fixed with paraformaldehyde, embedded in paraffin, and
sectioned. After deparaffinization and dehydration, the sections
were stained with hematoxylin for S min, washed, differ-
entiated with hydrochloric acid alcohol, counterstained with
eosin, and then dehydrated and mounted for observation.

Immunohistochemistry. For paraffin sections, deparaffi-
nization and dehydration were first carried out, followed by
antigen retrieval to eliminate the influence of endogenous
peroxidase. The sections were then blocked, and the
corresponding primary antibody was incubated overnight at
4 °C. After incubation with the secondary antibody, DAB
staining was performed. Finally, the sections were counter-
stained with hematoxylin, mounted with neutral resin, and
observed.

Data Analysis. The mean and standard deviation of the
data from three distinct experiments are shown (SD). A one-
way ANOVA was used to assess how different the groups were
from one another, and the Student’s t-test was used to compare
the means of the two groups. GraphPad software (version
8.0.1) and SPSS 24.0 were used to conduct all statistical

21430

analyses. Statistics were considered significant when the P
value was <0.0S.

B RESULTS

Results of Query on Active Ingredients of Cur. The
results of the literature supplement and TCMSP database

Degree Betweenness

Closeness

Figure 4. Screening of key targets.

searches yielded a total of 18 active substances, as shown in
Table 1.

Prediction Results of Target of Active Ingredients.
The obtained active ingredients were imported into the Web
sites TCMSP, SwissTargetPrediction, and TargetNet for target
prediction. After the gene names were standardized through
the UniProtKB database, a total of 274 active ingredient targets
were obtained.

Colorectal Cancer-Related Targets. The PharmGKB,
CTD, DisGeNET, and GeneCards databases were respectively
searched to obtain relevant targets for colorectal cancer. To
improve the reliability of results, only targets with “marker/
mechanism (M)” or “therapeutic” markers were selected in the
CTD database, and results with a relevance score >20 were
selected in the GeneCards database. By summing and
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Figure 5. GO enrichment analysis.
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Figure 6. Enrichment analysis of KEGG biological pathways.
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Figure 7. Enrichment analysis of KEGG disease pathways.

deweighting the targets acquired from each database, a total of
813 colorectal cancer-related targets were found. As shown in
Figure 1, the intersection of the active ingredient targets of Cur
and targets associated with colorectal cancer resulted in the

selection of 49 targets as possible targets for Cur in colorectal
cancer therapy.

FDA-Approved Anticolorectal Cancer Drugs and
Targets. A search of the DrugBank database yielded 3 FDA-
approved small-molecule medications for colorectal cancer,

https://doi.org/10.1021/acsomega.4c01759
ACS Omega 2024, 9, 21426—21439


https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01759?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Docking Results of Key Target Molecules

AKT1 ESR1 PTGS2 TPS3
MOL000358 -3.8 —6.4 —4.7 —6.3
MOL000359 —0.8 =S5.5 -3.1 =55
MOLO000908 -6.5 -7.3 =7.1 —4.7
MOL004237 -5.6 =72 =7.1 —4.3
MOLO004241 =52 =79 =5.5 =53
MOL004244 =74 -7.6 —6.5 =5.7
MOLO004253 —6.6 -7.8 -9 -53
MOL004260 -7.8 =71 —8.4 —6.7
MOLO004262 —4.6 =7.5 —6.7 —4.5
MOL004263 -8 =7.5 -84 -6
MOL004291 =59 =77 —5.8 =53
MOL00430S -7 -8 —6.3 -6
MOL004306 —4 -6.9 —6.6 =5.5
MOLO004309 -4.6 =73 -8 -5.6
MOL004311 —-4.9 -8.2 —4 =5.7
MOL004313 —4 —-8.2 —4.7 =54
MOL004316 -7.8 -8.5 —8.6 —6.4

which correspond to a total of 36 validated targets, 7 of which
were shared targets between Cur and FDA-approved drugs. To
create the drug-target network, FDA-approved therapeutic
drugs and their matching targets are entered into the
Cytoscape program. As shown in Figure 2, diamonds represent
targets, circles represent drugs, and red nodes are common
targets of Cur and FDA-approved drugs. The results suggest
that Cur has the same or similar effects as these drugs with
overlapping targets. It is important to note that the presence of
a common target does not necessarily imply the same
mechanism of action. In our analysis, we aimed to identify
common targets between our extracts and drugs marketed on
the market to gain insight into potential similarities in their
pharmacological effects. However, it needs to be acknowledged
that the degree of overlap of targets for different drugs may
vary, and our results do show variations in the number of
common targets. In addition, we recognize that our study
provides a snapshot of potential target interactions based on
data available in DrugBank’s database. Further experimental
validation and in-depth analysis are needed to confirm the

Table 4. Content of 13 Active Components in Cur Root
Extract and the Total Dry Extract Yield

name alcohol extract
gallic acid/(mg-g™") 17.99 + 0.10c
geniposide/(mg-g™") 98.33 + 0.21c

188.60 + 0.20c
160.60 + 0.69¢

paeoniflorin/(mg-g™")
chebulinic acid/ (mg.gfl)

coptisine/(mg-g™*) 26.70 + 0.10c
baicalin/(mg-g™") 118.27 + 0.3¢c
berberine hydrochloride/(mg-g™") 11147 + 0.06¢
wogonoside/(mg-g™") 22.50 + 0.52¢
baicalein/ (mg-g™") 31.80 + 0.03¢
wogonin/(mg-g™") 11.80 + 0.01c
curcumin/(mg-g~") 1.50 + 0.01c
emodin/(mg-g™") 41.80 + 0.02¢
chrysophanol/(mg-g™") 0.05 + 0.003¢
total proportion/% 83.141 £ 0.003c
otal dry extract yield/% 31.39 = 0.05c

functional relevance of these target interactions and their
impact on anticolorectal cancer activity.

Core Targets Were Obtained by Constructing
Protein—Protein Interaction Networks. A visualization
tool called Cytoscape was used to import the PPI network of
possible therapeutic targets. There are 325 interactions among
49 targets (Figure 3). The color of the nodes in the diagram
changes from light to dark, indicating that the node’s degree
value increases from small to large. The key targets (Topl0)
were determined according to degree, betweenness, and
closeness using the plugin cytoHubba to calculate the
topological properties of the network’s nodes. The intersection
of targets obtained by three methods was taken as the key
target of the PPI network. As shown in Table 2 and Figure 4,
AKT serine/threonine kinase 1 (AKT1), tumor protein pS3
(TPs3), ESRI, prostaglandin-endoperoxide synthase 2
(PTGS2), Jun, peroxisome proliferator-activated receptor
gamma, and mitogen-activated protein kinase 1 may be the
pivotal targets of Cur in the treatment of colorectal cancer.

Functional Enrichment Analysis. Enrichment analysis of
potential therapeutic targets using RStudio yielded 1358 GO
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Figure 8. Schematic diagram of molecular docking.
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Figure 9. Effects of Cur on the proliferation, invasion, and migration of human colorectal cancer cells. (A) Cell activity was detected by the CCK-8
assay. (B) Cell proliferation was determined by the scratch assay. (C) Cell migration was measured by the transwell experiment. (D) Cell invasion
was detected by the transwell experiment. *p < 0.05 vs control.
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Figure 10. Effects of Cur on the expression of AKT1, ESR1, and PTGS2. (A) Cell colony formation. (B) AKT mRNA, (C) AKT protein, and p-
AKT phosphorylation expression were detected by WB and qRT-PCR. (D) ESR1 and PTGS2 mRNA and (E) protein expressions were detected
by qRT-PCR and WB, respectively. *p < 0.05 vs control.

items, 760 of which were biological process (BP), 7 pieces of to bacterial molecules, and regulation of smooth muscle cell
cellular component, and 50 pieces of molecular function. proliferation (Figure S). These findings suggest that Cur
These items cover biological roles such as response to protects against colorectal cancer by the regulation of cell
xenobiotic stimuli, response to lipopolysaccharide, response proliferation and migration.
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Figure 11. Effects of curcuma aromatica on proliferation- and apoptosis-related protein expressions in DLD-1 colon cancer cell lines. (A) p-AKT
phosphorylation and AKT protein expressions were detected by WB. (B) PTGS2 and ESR1 protein expressions were detected by WB. (C)
Apoptosis-related protein expressions were detected by WB. *p < 0.05 vs control.
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Figure 12. Effects of AKT1 agonist on Cur-regulated expression of TP53, ESR1, and PTGS2. (A) p-AKT phosphorylation, AKT protein, and (B)
AKT mRNA expression were detected by WB and qRT-PCR. TPS3 (C) protein and (D) mRNA expressions were detected by qRT-PCR and WB,
respectively. PTGS2 and ESR1 (E) protein and (F) mRNA expressions were detected by qRT-PCR and WB, respectively. *p < 0.05 vs control.

The study of the KEGG enrichment of possible therapeutic
targets was carried out using RStudio. The pathway of the
fundamental BP was established using the KEGG pathway
enrichment data. Five sections of the KEGG database yielded a
total of 77 significantly enriched pathways. The TNF, IL-17,
VEGF, and PI3K-Akt signaling pathways may be the key
pathways of Cur in colorectal cancer therapy (Figure 6). As
shown in Figure 7, Cur, according to KEGG enrichment
results, primarily intervenes in prostate cancer, endocrine
resistance, chemical carcinogenesis-receptor activation, and
colorectal cancer.
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Molecular Docking Results. According to the above-
mentioned results, key proteins PTGS2, ESR1, TPS3, and
AKT1 were chosen for molecular docking experiments with
Cur to confirm their interactions. As shown in Table 3,
molecular docking results had binding energies that were
significantly lower than —5 kcal/mol, suggesting that the target
proteins and ingredients have a high affinity for binding. As
shown in Figure 8, the docking mode was investigated in
conjunction with the outcomes of strong docking activities.
This result showed that the active components of Cur entered
the active site and connected with essential amino acid
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Figure 13. Effects of Cur on the apoptosis of human colorectal cancer cells. (A) Cell apoptosis was detected by the flow cytometry experiment.
Apoptosis-related (B) protein and (C) mRNA expressions were detected by WB and qRT-PCR, respectively. *p < 0.05 vs control.

residues via polar or nonpolar connections to stabilize the
ligand—receptor interaction. These results further demonstrate
that PTGS2, ESR1, TP53, and AKT1 screened by the network
pharmacology of Cur play a key role in the treatment of
colorectal cancer.

Cur Inhibits the Proliferation, Invasion, and Migra-
tion of Human Colorectal Cancer Cells. To explore the in
vitro effect of Cur on colorectal cancer, HCT116 and DLD-1
cells were treated with different concentrations of Cur extract.
The contents of 13 active components in Cur extract and the
yield of total dry extract are shown in Table 4. The CCK-8
assay showed that the extract markedly suppressed the
proliferative activity of HCT116 cells, and the IC50 was
21.57 uM (Figure 9A). The cytotoxicity of Cur to NCM-460
human normal colonic epithelial cells was detected (supple-
mentary Figure S1), which showed that treatment with Cur at
2.5 uM, S uM, 10 uM, and 20 pug/mL did not significantly
attenuate the viability of NCM-460 cells. Therefore, 10 and 20
UM Cur root extracts were selected for subsequent experi-
ments. Furthermore, cell scratch and transwell experiments
also showed that Cur inhibited the proliferation, invasion, and
migration of HTC116 cells (Figure 9B—D). Moreover, the
cloning experiment showed that, compared with the untreated
group, Cur significantly inhibited cell colony formation (Figure
10A). Network pharmacology and molecular docking experi-
ments showed that the active components of Cur had a good
affinity with AKT1, TPS3, ESR1, and PTGS2. Also, numerous
studies have shown that AKT1, ESR1, and PTGS2 are involved
in the proliferation and migration of colorectal cancer
cells.”*™*° Thus, WB assays were carried out to further verify
the effect of Cur on the expression of these core targets. The
results showed that Cur significantly inhibited AKT phosphor-
ylation and decreased ESR1 and PTGS2 levels (Figures 10B—
E and 11A,B). It has been reported that the activation of AKT
signaling promotes the expression of ESR1, driving liver cancer
progression.”” Downstream of Akt, PTGS2 (also known as
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COX2) has also been demonstrated to be involved in
carcinogenesis.”® These results suggest that AKT acts as a
crucial upstream factor regulating gene expression involved in
tumor progression. To explore the in-depth mechanism
underlying the inhibitory effects of Cur on colorectal cancer,
we treated colorectal cancer cells with 20 M Cur followed by
an AKT1 agonist. Then, pAKT1, PTGS2, and ESRI
expressions were detected. As shown in Figure 12A,B,EF,
the AKT1 agonist could revise the effects of Cur on the
expression of pAKT1, PTGS2, and ESRI, suggesting that
AKT1 serves as an important regulator of PTGS2 and ESR1,
mediating the inhibitory effects of Cur on colorectal cancer.
Collectively, these data suggest that Cur suppresses the
proliferation, migration, and invasion of human colorectal
cancer cells through decreasing AKT phosphorylation and
downregulating ESR1 and PTGS2 expression.

Cur Facilitates the Apoptosis of Human Colorectal
Cancer Cells. The results of network pharmacology and
molecular docking suggest that Cur is involved in the
modulation of apoptosis and colorectal cancer. The flow
cytometry experiment was used to determine the effect of Cur
on the apoptosis of HTC116 cells. As shown in Figure 134,
Cur significantly promoted the apoptosis of HTC116 cells. It
has been reported that TPS3, Bcl-2, and Bax are key proteins
regulating tumor apoptosis.”” ' The effects of Cur on
apoptosis-related proteins were further detected by WB and
gqRT-PCR. As shown in Figures 13B,C and 11C, Cur markedly
inhibited Bcl-2 expression and increased the expression of pro-
apoptotic proteins Bax and P53. Moreover, numerous studies
have demonstrated that AKT is a key negative regulator of
TP53, which plays an important role in the development of
tumors.>**® As shown in Figure 12C,D, our results showed
that Cur could promote TPS3 expression by inhibiting AKT.
These data indicate that Cur facilitates the apoptosis of
colorectal cancer cells, suppressing the development of
colorectal cancer.
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Figure 14. Effects of Cur on the growth of colorectal cancer in BALB/c-nu mice. Image of tumor (A,B) volume and (C) weight on day 27. (D)
PTGS2, ESRI, (E) p-AKT phosphorylation, AKT, and (F) PS3 expressions were detected by WB (1 = S mice/group). (G) H&E staining of tumor
tissues and immunohistochemistry staining of p-AKT1, ESR1, PTGS2, and TPS3 were performed using tumor slides from different groups (n = §

mice/ group). *p < 0.05 vs control.

Cur Inhibits the Growth of Colorectal Cancer in
BALB/C-Nu Mice. To investigate the anticolorectal cancer
effect of Cur in vivo, we chose BALB/c-nu nude mice for
tumor modeling and oral administration. The results showed
that, compared with the model group, Cur significantly
reduced the tumor volume and weight (Figure 14A—C),
suggesting that Cur has an inhibitory effect on the growth of
colorectal cancer in nude mice. Also, Cur inhibited AKT
phosphorylation, decreased ESR1 and PTGS2 protein levels,
and increased PS3 expression in colorectal cancer tissue
(Figure 14D—F). Furthermore, after fixation, sectioning, and
HE staining, the transplanted tumors were observed under an
inverted microscope. The results showed that the cell nuclei of
the tumor tissue in the model group were closely arranged and
blood vessels were visible, while the tumor cells in the treated
group showed shrinkage, apoptosis, and obvious necrosis. The
results showed that Cur could promote the apoptosis of tumor
cells and inhibit their proliferation. Based on molecular
docking and cell experiments, we verified the key targets in
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BALB/c-nu mice. Immunohistochemical results showed that
the expression of AKT, ESR1, and PTGS2 was decreased and
the expression of P53 was up-regulated after treatment with
Cur (Figure 14G). These results indicated that Cur could
inhibit colorectal cancer by promoting apoptosis and inhibiting
the proliferation and migration of cancer cells.

B DISCUSSION

The current study revealed bioactive ingredients and the
molecular mechanism of Cur in the therapy of colorectal
cancer by using in vitro experimental validation, molecular
docking, and network pharmacology-based techniques. Our
findings showed that the active ingredients of Cur displayed
high affinity for AKT1, TP53, ESR1, and PTGS2, according to
network pharmacology and molecular docking assays.
Furthermore, our results showed that Cur significantly
suppresses the growth of colorectal cancer by promoting
apoptosis and inhibiting the proliferation and migration of
cancer cells. Also, we found that Cur decreased the
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phosphorylation of AKT, downregulated PTGS2 and ESR1
expression, and increased TPS3 levels in colorectal cancer
tissue and cells.

Colorectal cancer is the third most commonly diagnosed
malignancy worldwide, with significant geographic hetero-
geneity in incidence and mortality.”* The combination of
network pharmacology and molecular docking technology is
gradually forming a systematic paradigm, providing an
unprecedented opportunity for the systematic study of
traditional medicinal plants in cancer, and becoming a Frontier
research field in drug discovery and development.”> >’ It has
been reported that Mufangji decoction, a famous traditional
Chinese medicine formula, can treat lung cancer by multiple
pathways, multiple targets, and multiple components based on
network pharmacology and experimental validation.”® Gao et
al. also reported that aloin protects against gastric cancer by
regulating the PI3K-AKT signaling pathway through integrat-
ing network pharmacology and experimental verification.”” Cur
is an important traditional medicinal plant that has gained
popularity due to its beneficial health properties, including
antitumor activity.'”*' In this study, our findings showed that
the active ingredients of Cur have the same targets as the drug
acetylsalicylic acid, suggesting that Cur exerts the same or
similar antitumor pharmacological effects as acetylsalicylic acid
to treat or improve colorectal cancer. Also, our results showed
that these targets are involved in the modulation of cell
apoptosis, migration, and proliferation. We found that Cur
promotes the apoptosis of human colorectal cancer cells and
inhibits the proliferation, migration, and invasion of tumor
cells. Of note, a number of studies have revealed that PTGS2,
AKT, and ESR1 are key proteins involved in cancer cell
proliferation, migration, and invasion,”™** while pS3 and its
downstream genes Bcl-2 and Bax play crucial roles in the
apoptosis of tumor cells.”*~* Importantly, we found that Cur
markedly decreases AKT phosphorylation and subsequently
inhibits PTGS2 and ESRI expression, reducing the prolifer-
ation, migration, and invasion of colorectal cancer cells. In
contrast, Cur induces cancer cell apoptosis by increasing P53
expression and decreasing the Bax/Bcl-2 ratio. Of note,
immunotherapy has made significant advances in the treatment
of colorectal cancer in recent years, such as targeting immune
checkpoints, such as programmed cell death 1 (PD-1) and
cytotoxic T lymphocyte antigen 4, chimeric antigen receptor-
modified T cells, or cancer vaccines, which have greatly
contributed to the development of immunotherapy for
colorectal cancer.** ™" It has been reported that traditional
Chinese medicine, such as Gegen Qinlian decoction®’ and
Pien-Tze-Huang,” can enhance the antitumor efficacy of anti-
PD-1/PD-L1 immunotherapy. Thus, given that Cur signifi-
cantly inhibits the growth of colorectal cancer, the synergistic
enhancement effect of Cur on immunotherapy deserves further
study. In addition, it is also important to explore the effects of
isolated compounds on colorectal cancer in vivo. Taken
together, these studies suggest that Cur has great therapeutic
potential and benefits for colorectal cancer.

B CONCLUSIONS

In conclusion, we used molecular docking, in vitro experi-
ments, and a network pharmacology-based approach to
confirm the targets of Cur and the potential mechanisms by
which its primary active components suppress colorectal
cancer effectively. Our results showed that Cur inhibits the
development of colorectal cancer by regulating its targets,

which play crucial roles in promoting apoptosis and
suppressing cell proliferation, migration, and invasion. This
comprehensive approach served as the foundation for the
current investigation, which offered a viable alternative
therapeutic method with low toxicity that can be used alone
or in combination with other medications for the treatment of
colorectal cancer.
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