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Background: Both salinomycin (SAL) and sulforaphane (SFN) exert their antitumorigenic

effects in various types of cancer We investigated whether combining salinomycin (SAL, an

antibiotic ionophore) with sulforaphane (SFN, a phytochemical) exerted synergistic antipro-

liferative and proapoptotic activities in colorectal cancer (CRC) cells in vitro and in vivo by

evaluating the proliferative and apoptotic responses of two CRC cell lines.

Materials and Methods: The combination index (CI) was calculated using the Chou-

Talalay method, and the effects of the synergistic combination (CI<1) of lower doses of SAL

and SFN were selected for further studies. Anti-tumor effect of the combination of SAL and

SFN was tested both in vitro and in vivo.

Results: Cotreatment effectively inhibited proliferation, migration and invasion and

enhanced apoptosis. The xenograft model also showed similar results. Furthermore, we

evaluated the molecular mechanism behind SAL- and SFN-mediated CRC cell apoptosis.

The combination treatment induced apoptosis in Caco-2 and CX-1 cells by inhibiting the

PI3K/Akt pathway, which increased the expression of the tumor suppressor protein p53. The

treatment also decreased the expression of the survival protein Bcl-2 and increased the

expression of the proapoptotic protein Bax, which increased the Bax/Bcl-2 ratio, as well as

enhanced poly ADP-ribose polymerase (PARP) cleavage. Upon inhibiting the PI3K/Akt

pathway with LY294002 prior to cotreatment, we detected enhanced PARP cleavage com-

pared to that in the cotreatment only group.

Conclusion: We investigated whether the combination of SAL and SFN had antiprolifera-

tive and proapoptotic effects in CRC cells both in vitro and in vivo. Cotreatment also

significantly decreased migration and invasion compared to that of the control and SAL or

SFN monotherapies. This novel combination of SAL and SFN might provide a potential

strategy to treat CRC.

Keywords: salinomycin, sulforaphane, colorectal cancer, synergism, apoptosis, PI3K/Akt

pathway

Introduction
For both sexes combined, colorectal cancer (CRC) is the third most commonly

diagnosed cancer (10.2% of all cases) and the second most common cause of

cancer-related death (9.2% of all cancer-related deaths).1 Most patients are in the

middle and late stages of the disease when they are first diagnosed. Despite the

availability of many chemotherapeutic drugs, the development of resistance to those
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drugs poses a major challenge for the treatment of CRC.

Therefore, there is a constant demand for new treatments

or combination therapies.

Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane,

SFN), a phytochemical, is a compound found in cruciferous

vegetables, such as broccoli and cauliflower. It is well known

in cancer therapy for its anticarcinogenic, antiproliferative,

proapoptotic, antimetastatic, and antiangiogenic effects. The

protective effects of SFN against oxidative damage induced by

toxic drugs have been demonstrated and were shown to be

mediated by NF-E2-related factor 2 (Nrf2); therefore, it is an

indirect antioxidant.2 The same SFN concentration was

demonstrated to be protective in normal cells and harmful to

tumor cells, suggesting a potential for its use in

chemotherapy.3 Many studies have shown the anticancer

potential of SFN in several types of cancers.4–6 Additionally,

our previous study demonstrated that SFN could induce apop-

tosis in the human colon cancer cell line Caco-2.7 Numerous

reports have stated that the combination of SFN and a classic

chemotherapeutic drug (eg, cisplatin or doxorubicin) results in

enhanced apoptosis. SFN combined with cisplatin increased

apoptosis and inhibited cell proliferation in many kinds of

cancers, such as cervical cancer, epidermal squamous cell

carcinoma, prostate cancer and pancreatic cancer.8–10 Based

on these observations, we suggest SFN as a novel anticancer

agent for the treatment of CRC in humans.

Salinomycin (SAL) is a 751-Da monocarboxylic poly-

ether antibiotic that was isolated from the Streptomyces

albus strain and is produced by tank fermentation

technology.11 It has been reported that salinomycin can

selectively kill human breast cancer stem cells (CSCs)

and is 100-fold more potent than paclitaxel.12 Various

studies have demonstrated that salinomycin exerts antic-

ancer effects in many types of cancer, including colorectal,

prostate, ovarian, lung and breast cancer.13–17 SAL also

sensitizes drug-resistant cancer cells to chemotherapeutic

agents and targets the CSC population in tumors. There are

multiple reports stating that SAL enhances the cytotoxic

effects of many conventional chemotherapeutic agents,

such as cisplatin, gemcitabine, gefitinib and 5-FU.18–20 In

addition, SAL also decreases malignant traits (ie, migra-

tion and invasion). Based on the above studies, both SAL

and SFN exert their antitumorigenic effects in various

types of cancer, and SFN has been demonstrated to be

protective against normal cells. Thus, we decided to inves-

tigate the antiproliferative and proapoptotic effects of SAL

and SFN in CRC cells.

In the present study, the combination of SAL and SFN

synergistically inhibited proliferation, induced apoptosis

and decreased migration and invasion to greater extents

than either the control treatment or either drug alone.

Materials and Methods
Cell Culture Conditions and Reagents
The human colorectal adenocarcinoma cancer cell lines

Caco-2 and CX-1 were purchased from Shanghai Zhong

Qiao Xin Zhou Biotechnology Co., Ltd. Caco-2 and CX-1

cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) and RPMI 1640 (Gibco, Thermo Fisher

Scientific), respectively, supplemented with 10% fetal

bovine serum (BI, Israel) and 1% penicillin/streptomycin

(PEN/STREP 100×, MILLIPORE, USA). Cells were cul-

tured at 37°C in a 5% CO2 and 95% air humidified

incubator. Stocks of SAL (S4526, Sigma-Aldrich, USA)

and SFN (S4441, Sigma-Aldrich, USA) were prepared via

dissolution in dimethyl sulfoxide (DMSO, D2650, Sigma-

Aldrich, USA) at concentrations of 50 mM and 100 mM,

respectively, and the solutions were stored at −20°C. The
final concentration of DMSO was less than 0.1%.

Antibodies against PI3K (1:1000 dilution), Akt (1:1000

dilution), phosphorylated Akt (Ser473) (1:1000 dilution),

p53 (1:1000 dilution), cleaved poly ADP-ribose polymer-

ase (PARP) (1:1000 dilution), and β-actin (1:1000 dilu-

tion) as well as the PI3K inhibitor LY294002 were

purchased from Cell Signaling Technology. Antibodies

against Bcl-2 (1:100 dilution) and Bax (1:100 dilution)

were obtained from Santa Cruz Biotechnology.

Cell Viability Assay
Cell viability was determined by using the 3-(4,5

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay. Caco-2 and CX-1 cells were trypsinized,

seeded in a 96-well plate (5×103 cells/well) and allowed to

adhere overnight. The cells were treated with different con-

centrations either SAL (0, 2.5, 5, 10, 20, 40, 80 μM) or SFN

(0, 5, 10, 20, 40, 60, 80, 100 μM) alone for 24, 48 and 72

h. Some cells were treated with a mixture of both compounds

for 24 and 48 h at concentrations detailed in Figure 1G.

Various concentrations of DMSO were added as a negative

vehicle control. Then, 20 μL of MTT (thiazolyl blue tetra-

zolium bromide, 5 mg/mL, M2128, Sigma-Aldrich, USA)

was added to each well, and the plates were incubated for

another 4 h at 37°C. After removal of the MTT-containing

medium, the formazan crystals were dissolved in 100 μL of
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Figure 1 Cytotoxic effects of salinomycin (SAL) and sulforaphane (SFN) both separately and in combination on two colorectal cancer (CRC) cell lines (Caco-2 and CX-1) in vitro.

(A and B) Effects of different concentrations of SAL (0, 2.5, 5, 10, 20, 40, 80 μM) on the viability of CRC cells after 24, 48 and 72 h of treatment. (C and D) Effects of different

concentrations of SFN (0, 5, 10, 20, 40, 60, 80, 100 μM) on the viability of colorectal cancer cells after 24, 48 and 72 h of treatment. (E,F andG) The combination index (CI) values were

calculated according to Chou-Talalay’s method byCompuSyn software at the 24-h point and plotted with the percent of inhibition as the fraction affected (Fa) cells. Fa-CI plot analysis of

the effect of the SAL and SFN combination treatment on Caco-2 andCX-1 cell viability was conducted. Each symbol was assigned a CI value for each Fa at twelve different combination

ratios. CI values < 1 indicate drug synergism, CI values = 1 indicate an additive effect, and CI values > 1 indicate antagonism. A normalized isobologram for the combination of SAL and

SFNwas created. Each symbol represents a different combination ratio. A point above the line is antagonistic, a point on the line is additive, and a point below the line is synergistic. (H and

I) Effects of 5 μMSAL, 10 μMSFN and the combination of both treatments onCaco-2 andCX-1 cell viability after 24 h (H) and 48 h (I) of treatment, as measured by theMTTassay. *P <

0.05, **P < 0.01, ***P < 0.001 (compared to control); ###P < 0.001 (compared to SFN treatment alone); &&P< 0.01, &&&P < 0.001 (compared to SAL treatment alone).
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DMSO per well, and the plates were agitated at 37°C for 10

min before the absorbance of the colored solution was mea-

sured at 550 nm using a microplate reader. The half maximal

inhibitory concentration (IC50) values were calculated using

GraphPad 8.0.1. The viability rate was calculated as follows:

(ODtest–ODblank)/(ODcontrol–ODblank)×100%. The

effect of SAL and SFN was analyzed by the combina-

tion index (CI) obtained using Calcusyn software

based on Chou-Talalay’s method. An Fa-CI plot (Fa,

fraction affected) and isobologram determined whether

there were interactions between the two drugs when

combined; the Fa-CI plot is effect-oriented, while the

isobologram is dose-oriented.21–23

EdU Assay
A5-ethynyl-20-deoxyuridine (EdU) DNAProliferation in vitro

Detection kit (C10310-1, GuangzhouRibobio, China) was used

according to the manufacturer’s instructions. Caco-2 and CX-1

cells (1×104 cells/well) were seeded in 96-well plates and

incubated overnight. Then, the cells were treated with DMSO

(the control group was treated with an equal volume of

DMSO), 5 μM SAL, 10 μM SFN or a combination of SAL

and SFN for 48 h. Next, the cells were incubatedwith 100 μL of

medium containing 50 μM EdU for 4 h, fixed, permeabilized

and stained. Finally, cell nuclei were stained with 1× Hoechst

33342 nuclear dye for 30 min before fluorescence microscopy

images were captured.

Apoptosis Assessment by Flow

Cytometry (FCM)
Caco-2 and CX-1 cells (1×106 cells/dish) were seeded in

60 mm dishes and treated for 48 h with drugs as previously

described. Apoptosis was detected with a FITC Annexin

VApoptosis Detection Kit I (556547, BD Biosciences, USA)

following the manufacturer’s instructions. Cells were collected,

incubatedwith 5 μLofAnnexinV-FITC and 5 μL of propidium

iodide (PI) for 15 min at room temperature and analyzed on

a FACSCalibur flow cytometer (BD Biosciences, USA) within

1 h of staining. Data were analyzed using CellQuest Pro

software.

Transwell Assay
The migration and invasion abilities were assessed with 24-well

transwell chambers (8.0 μm pore size, 3422, Corning Costar,

USA). For the invasion assay, the surface of the upper chambers

was coated with 60 μL of diluted Matrigel matrix (1:9 dilution in

serum-freemedium,356234,CorningCostar,USA)and incubated

for 1 h at 37°C. After treatment with the respective treatments for

48h,Caco-2 andCX-1cellswere digested and suspended inFBS-

free medium. Then, 20×104 cells in 200 μL of FBS-free medium

were added to the upper chamber, and the lower chamber was

filled with 750 μL of medium containing 10% FBS. After the

transwells were incubated for 24 h, noninvading cells in the upper

chamber were removedwith a cotton swab, whereas the cells that

invaded the membrane were fixed with methanol for 5 min and

stainedwith crystal violet for 30min. Images offive randomfields

of the stained cells were acquired through a Nikon Ti-E inverted

microscope. For the migration assay, 10×104 cells in 200 μL of

FBS-free medium were added to the upper chamber, which were

not surface-coated with Matrigel matrix; all other aspects of the

procedures were the same.24

Western Blotting
Total protein was isolated from the samples after 48 h of

treatment as previously described. For the LY294002 + com-

bination treatment group, cells were pretreated with 10 μM
LY294002 for 90 min, and then SAL and SFN were added to

the medium of the CRC cells.25 The cells were lysed with

RIPA buffer containing protease inhibitor cocktail, and protein

concentrations were measured using a BCA protein assay kit.

Equal amounts (30 μg) of protein were subjected to sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) through 6–12%gels and electrophoretically transferred

to polyvinylidene fluoride (PVDF) membranes (Millipore,

USA). The membranes were blocked with 5% skimmed milk

in TBS-Tween (0.1%) for 2 h and then incubated with the

primary antibodies overnight at 4°C. Then, the blots were

washed three times and incubated with specific secondary

antibodies.26 The bands were visualized using enhanced che-

miluminescence (ECL) detection reagent and quantified by

ImageJ software. The β-actin band served as a control.

Real-Time Reverse Transcription

Quantitative Polymerase Chain Reaction

(Real-Time RT-qPCR)
Total RNA from CRC cells cultured with drugs for 48 h was

extracted using TRIzol reagent (Invitrogen, Thermo Fisher

Scientific) and subsequently transcribed into cDNA using

Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific).

Quantitative RT-PCR (10-μL reaction volume) was performed

using SYBR Premix Ex Taq (TaKaRa, Shiga, Japan).24 β-Actin
expression was used as an internal control. The gene-specific
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primers (BioSune, Shanghai, China) used in this study are listed

in Table 1.

Immunofluorescence Assay
CRC cells (4×104 cells/well) were seeded in 24-well plates

and divided into four groups: control group, 5 μM SAL

group, 10 μM SFN group and combination (SAL and

SFN) group. After 48 h of treatment, the cells were fixed

with cold methanol for 15 min and washed three times

with cold phosphate-buffered saline (PBS). Cells were

permeabilized, washed, blocked with 3% bovine serum

albumin (BSA), and incubated with primary antibody

(anti-p-Akt, 1:200 dilution) at 4°C overnight. Then, they

were washed and incubated with Cy3-conjugated goat

anti-rabbit IgG for 1 h. Finally, cell nuclei were stained

with DAPI staining solution for 3 min, and the fluores-

cence was detected by fluorescence microscopy.27

Xenografted Colorectal Cancer Cells in

Nude Mice
Athymic BALB/c nude mice (male, 4–5 weeks old) were

obtained from Beijing Sipeifu Biotechnology Co., Ltd. and

housed in SPF breeding units. A Caco-2 cell suspension

(1×107 cells in 100 μL) was subcutaneously implanted into

the right flanks of each mouse. After the transplanted tumors

became palpable (~14 days), 20 successfully generated model

mice were randomly divided into four groups (five mice per

group): control group, SAL group (5 mg/kg), SFN group

(5 mg/kg) and combination (5 mg/kg SAL and 5 mg/kg

SFN) group. The drugs were administered to mice via intra-

peritoneal injection every two days a total of eight times.

Tumor volume was monitored every four days using calipers

and calculated with the formula width2×length/2.28

Statistical Analysis
All the data are expressed as the means ± standard deviation, and

the results were statistically significant at p<0.05. One-way

analysis of variance (ANOVA)was used to compare the statistical

significance between the control and experimental groups.

Comparisons between twogroupswere performed using unpaired

Student’s t-test. Drug synergism and the CI were calculated using

CompuSyn software (by Ting-Chao Chou and Nick Martin

Biosoft, Cambridge, UK). The rest of the data were analyzed

using GraphPad Prism version 8.0.1. The results from all studies

were confirmed in at least three independent experiments.

Results
SAL in Combination with SFN

Synergistically Inhibited the Viability of

Caco-2 and CX-1 Cells
Our first goal was to examine the effects of SAL and SFN in

colorectal cancer cells inmonotherapy aswell as in combination

treatment by MTT assay. Initially, colorectal cancer cells were

treated with different doses of the respective drug for 24 h, 48

h and 72 h.We found that SAL and SFN significantly inhibited

the viability of Caco-2 cells (Figure 1A and C) and CX-1 cells

(Figure 1B and D) in a dose- and time-dependent manner. We

calculated the IC50 of each drug alone, as shown in Table 2.

Next, doses for the combination treatment were chosen

based on the cytotoxic effects of the drugs when added alone,

andwe selected concentrations lower than the IC50 at the 24-

h point in the study. The twelve different combination ratios

are shown in Figure 1G. SAL and SFN cotreatment in Caco-

2 and CX-1 cells showed synergistic cytotoxic effects (the CI

value for each combination ratio was <1, indicating drug

synergism), which are represented by a CI plot (Figure 1E)

and an isobologram (Figure 1F). Lower doses of SAL and

SFN at synergistic combinations (CI<1) were selected for

further studies. The combination of 5 μM SAL and 10 μM
SFN effectively inhibited cell viability at 24 h (Figure 1H)

and 48 h (Figure 1I). As illustrated in Figure 1H and I, the

effect of the combination was significantly stronger than that

of either 5 μM SAL or 10 μM SFN alone in the Caco-2 and

CX-1 cells (p < 0.01).

Table 1 Real-Time PCR Primer Sequences

Gene Name Primer Sequence (5ʹ-3ʹ)

Bcl-2 F GTGAACTGGGGGAGGATTGT

R GCCCAGACTCACATCACCAAG

Bax F CTGACGGCAACTTCAACTGG

R AGGAAGTCCAATGTCCAGCC

β-actin F CATGTACGTTGCTATCCAGGC

R CTCCTTAATGTCACGCACGAT

Table 2 Effects of SAL and SFN as Single Drugs in Colorectal

Cancer Cells

Colorectal

Cancer Cells

IC50 (μM) of SAL IC50 (μM) of SFN

24h 48h 72h 24h 48h 72h

Caco-2 15.67 7.715 3.536 55.27 45.31 20.23

CX-1 13.39 5.977 2.043 50.48 43.59 16.97
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SAL and SFN Synergistically Inhibited

Colorectal Cancer Cell Proliferation and

Induced Cell Apoptosis
A similar result was obtained by EdU staining with the MTT

assay. The combination of SAL and SFN produced a synergistic

effect with decreased cell proliferation after 48 h of treatment in

CRC cells compared to that of cells treated with control or either

monotherapy (Figure 2A, B and D). As shown in Figure 2C and

E, cotreatment effectively increased apoptotic cell populations.

The Combination of SAL and SFN

Decreased Migration and Invasion
The migration and invasion abilities of Caco-2 and CX-1 cells

were measured with transwell chambers after the respective

treatments for 48 h (Figure 3A–C). Then, we used transwell

chambers coated with Matrigel to detect cell invasion. We

found that the number of invading cells in the cotreatment

group was significantly decreased compared to that in the

control and monotherapy groups. The number of migrated

Figure 2 SAL and SFN cotreatment efficiently inhibited cell proliferation and induced apoptosis of CRC cells. (A and B) We determined that compared with treatment with DMSO,

treatmentwith SAL, SFN and a combination of both drugs inhibited proliferation, as demonstrated by EdU (5-ethynyl-2’-deoxyuridine) staining after 48 h of treatment. Red indicates EdU

staining, and blue indicates Hoechst staining of nuclei; the rate of EdU staining was calculated as follows: positive rate=number of posititotal number of c/total number of cells×100%. (C)

Caco-2 and CX-1 cells were treated with DMSO, 5 μM SAL, 10 μM SFN or a combination of the two drugs for 48 h, and apoptosis was measured by fluorescence-activated cell sorting

(FACS) based on annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) double staining. (D andE) Statistical analysis of the inhibition of proliferation and percentage of
apoptosis induction among the control, monotherapy and cotreatment groups in Caco-2 and CX-1 cells. ***P < 0.001 (compared to the control); ###P < 0.001 (compared to SFN

treatment alone); &&P < 0.01, &&&P < 0.001 (compared to SAL treatment alone).
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cells was also markedly decreased in the combination groups

compared to the control and monotherapy groups.

The Combination of SAL and SFN

Induced Apoptosis by Inhibiting the PI3K/

Akt Pathway in Colorectal Cancer Cells
To determine the possible role of the PI3K/Akt pathway in

apoptosis induced by the combined treatment, we detected

the expression levels of phosphorylated Akt (p-Akt),

PI3K, p53 (a tumor suppressor protein), Bax, Bcl-2 and

cleaved PARP (Figure 4A and B). The expression levels of

PI3K, p-Akt and Bcl-2 (Figure 4C–E) were decreased,

whereas those of Bax, p53 and cleaved PARP

(Figure 4F–H) were significantly increased in the cotreat-

ment groups compared with the control and monotherapy

groups. Using the immunofluorescence assay, we found

that p-Akt preferentially accumulated in the cytoplasm in

the combined treatment group compared to the other treat-

ment groups (Figure 5A and B). In addition, we also

detected the Bcl-2 and Bax mRNA expression levels

(Figure 5C and D), which showed opposing trends. The

results were similar to those of Western blotting.

To further confirm that the PI3K/Akt pathwaywas involved

in apoptosis induced by the combined treatment, cells were

pretreated with 10 μM LY294002 (a PI3K inhibitor). The

protein levels and cell viability were detected by Western blot

analysis and MTT assay, respectively (Figure 6A and B).

Pretreatment of cells with LY294002 obviously enhanced the

apoptosis induced by the combined treatment, which was asso-

ciated with growth inhibition, inactivation of p-Akt and PARP

Figure 3 The combination treatment suppressed the migration and invasion of CRC cells as indicated by the transwell assay. (A) The effects of the control treatment, either

monotherapy and cotreatment on the migration and invasion of Caco-2 and CX-1 cells (magnification ×200). The combination of SAL and SFN effectively decreased the

number of migrated and invaded cells. (B and C) Quantification of Caco-2 and CX-1 cells migrating and invading through the collagen membrane. ***P < 0.001 (compared to

the control); ##P < 0.01, ###P < 0.001 (compared to SFN treatment alone); &&P <0.01, &&&P < 0.001 (compared to SAL treatment alone).
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cleavage (Figure 6B–D). These results indicated that the com-

bined effects of SAL and SFN on inducing apoptosis and

inhibiting growth were influenced by the PI3K/Akt pathway.

Combination Therapy with SAL and SFN

Caused a Strong Cytotoxic Effect in vivo
To evaluate the antitumor effects of SAL, SFN and the combined

treatment in vivo, we subcutaneously inoculated Caco-2 cells into

the right flanks of nude mice and initiated treatment when the

tumors (mean diameter of 2–4 mm) were palpable (~14 days).

Administration of SAL or SFN alone reduced tumor growth, but

the combined treatment of SAL and SFN completely blocked

tumor growth (Figure 7B) and significantly reduced both tumor

volume (Figure 7A,B andF) andweight (Figure 7E) compared to

those of the control and monotherapy groups. There was no

significant change in the body weight (Figure 7C and D) of nude

mice in the different treatment groups, which indicated that there

was no toxicity of the combination treatment.

Figure 4 SAL and SFN cooperated to inhibit the PI3K/Akt pathway and modulate the expression of apoptotic markers. Caco-2 and CX-1 cells were treated for 48 h with the indicated

concentrations of SAL and SFN either alone or in combination. (A and B) We performed a western blotting analysis of PI3K, Akt, p-Akt (Ser473), p53, Bcl-2, Bax and cleaved PARP protein

expression in the two cell lines. (C,D,E,F,G andH) The relative expression of the above proteins was quantifiedwith Image J software. The β-actin band served as a loading control. *P < 0.05,

**P < 0.01, ***P < 0.001 (compared to the control); ##P < 0.01, ###P < 0.001 (compared to SFN treatment alone); &P < 0.05, &&P < 0.01, &&&P < 0.001 (compared to SAL treatment alone).
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Discussion
The isothiocyanate SFN has been identified as an effective

chemotherapeutic agent and may prevent or treat CRC.

Various studies have demonstrated via many molecular

mechanisms that SFN induces apoptosis and inhibits pro-

liferation and migration in human colon cancer.29–32 SFN

can also activate the Nrf2 signaling pathway and protect

against H2O2-mediated oxidative damage in normal colo-

nic cells.33 SAL exhibits antitumor, antibacterial, antifun-

gal, antiparasitic, antiviral and anti-inflammatory

activities.34 Several studies have demonstrated that SAL

inhibits the migratory and invasive potential of cancer

cells,35,36 and the anticancer activity of SAL has been

shown in multiple cancers. Various mechanisms of action

and molecular targets have been reported in which SAL

exerts its antitumorigenic effects, including causing DNA

damage, inducing autophagy, targeting molecular path-

ways (Wnt signaling pathway and PI3K/Akt pathway),

inhibiting mitochondrial function and acting as an inhibi-

tor of the ATP-binding cassette (ABC) transporter. SAL

plays a crucial role in sensitizing cancer cells to many

chemotherapeutic agents; thus, the combination of SAL

and SFN might be an effective therapeutic strategy against

human CRC while exhibiting lower toxicity. In the present

study, we demonstrated that cotreatment with SAL and

SFN synergistically enhanced the induction of apoptosis

Figure 5 (A andB) Immunofluorescence staining showing endogenous expression of p-Akt inCaco-2 andCX-1 cells after treatmentwithDMSO, 5μMSAL, 10 μMSFNor both drugs

for 48h. Immunofluorescent images of p-Akt (red) andDAPI-stained nuclei (blue)were obtained using a fluorescencemicroscope (magnification×200). (C andD) The levels of Bcl-2 and

BaxmRNAwere detected by RT-qPCR. *P < 0.05, **P < 0.01, ***P < 0.001 (compared to the control); ###P < 0.001 (compared to SFN treatment alone); &&&P < 0.001 (compared to SAL

treatment alone).
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and the inhibition of proliferation in CRC cells both

in vitro and in vivo.

First, we found that these two drugs had dose- and

time-dependent effects on Caco-2 and CX-1 cells. Chou-

Talalay analysis showed that the two drugs acted syner-

gistically (CI<1). We selected 5 μM SAL and 10 μM

SFN for subsequent experiments. Then, we found that

the combination treatment resulted in enhanced apopto-

sis and inhibited proliferation compared with those of

the other groups. The transwell assay showed that

cotreatment with SAL and SFN synergistically

decreased the migration and invasion of CRC cells.

Indeed, this effect seems especially important because

more than 90% of cancer-related mortality comes from

cancer invasion and metastasis.

Next, we investigated the possible mechanism of the

synergistic cytotoxic activity of SAL and SFN. The PI3K/

Akt pathway is a classical signaling pathway, and its

activation leads to cell growth, EMT and tumor metastasis.

Using Western blotting, we determined the expression

levels of PI3K, Akt and p-Akt (Ser473) and found that

the PI3K/Akt pathway was inhibited by the cotreatment.

The p53 protein is an important downstream site of the

PI3K/Akt signaling pathway;37,38 activation of Akt can

inhibit p53 activation through MDM2 and therefore inhibit

mitochondrial p53-dependent apoptosis.39 Inhibition of

Akt phosphorylation by the combination of SAL and

SFN in the present study resulted in increased p53 protein

levels. It has been demonstrated that inactivation of the

p53 protein is associated with an increase in the antiapop-

totic protein Bcl-2.40 In this study, we observed the same

result: p53 protein expression was increased, while Bcl-2

expression was decreased.

The proapoptotic protein Bax is an important tran-

scriptional target of p53. p53 activates monomeric Bax

by inducing its homo-oligomerization, which is followed

Figure 6 Inactivation of the PI3K/Akt pathway led to increased apoptosis and growth inhibition. (A) Cells were pretreated with 10 μM LY294002 for 90 min prior to receiving the

combined treatment. The levels of p-Akt (Ser473) and cleaved PARP were detected by western blotting. (B) Effects of LY294002 on Caco-2 and CX-1 cells subjected to cotreatment.

Cell viability was determined by the MTTassay. (C andD) The relative expression levels of p-Akt and cleaved PARP were quantified with Image J software. $$P < 0.01, $$$P < 0.001.
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by the translocation of Bax to the mitochondria.41 In

addition, activation of Akt led to phosphorylation of

Bax at Ser184, which inhibits its proapoptotic

abilities.42 In our study, we demonstrated using

Western blotting and RT-qPCR assays that Bax expres-

sion was increased in the cotreatment group compared

with the control and monotherapy groups. The conco-

mitant increase in Bax and decrease in Bcl-2 led to

a change in the Bax/Bcl-2 ratio. This results in Bax

translocation from the cytosol to mitochondria, leading

to the efflux of cytochrome c from mitochondria, assem-

bly of the apoptosome and caspase-9 activation, fol-

lowed by the activation of effector caspases. Cell death

induced through the p53 pathway is executed by caspase

proteinases, which, by cleaving their substrates, lead to

the characteristic apoptotic phenotype.43 Caspase-3

cleaves the 116-kDa PARP into 85-kDa fragments

(cleaved PARP). This process during apoptosis facili-

tates cellular disassembly and ensures the completion

and irreversibility of the process; cleaved PARP has

been used extensively as a marker of apoptosis.44 In

the present study, we performed Western blotting and

detected increased cleaved PARP levels after

cotreatment.

Moreover, inactivation of the PI3K/Akt pathway by the

PI3K-specific inhibitor LY294002 enhanced the effects of

the cotreatment on apoptosis and PARP cleavage. These

results indicated that SAL and SFN induced apoptosis by

inhibiting the PI3K/Akt pathway.

Finally, to validate our in vitro results, we also investi-

gated the effects of combining SAL and SFN in vivo using

nude mice. Consistent with our in vitro findings, our in vivo

data showed that cotreatment was superior to the control

and both monotherapy treatments.

Taken together, the data of our in vitro and in vivo

experiments indicate that the combined treatment of SAL

and SFN synergistically inhibited CRC proliferation and

promoted apoptosis; therefore, this novel combination

could be a promising potential therapeutic approach for

CRC treatment.

Figure 7 Regression of human colorectal cancer xenografts following combined treatment. (A) Tumor mass images of Caco-2 model mice on day 34. (B) The tumor sizes

were measured every four days. The average tumor volume of each group of mice on different days is presented here. (C and D) Body weight of the mice from the indicated

treatment groups at the start and end points of treatment. There was no significant difference among the four groups. (E) Bar graph representing the average tumor weight

of each group of mice at the end of the experiment when the mice were killed on day 34. (F) Average tumor volume of each group of mice on day 34. The combined

treatment significantly reduced tumor volume compared to that of the control and monotherapy treatments. **P < 0.01, ***P < 0.001 (compared to the control group); #P <

0.05, ##P < 0.01 (compared to SFN treatment alone); &P < 0.05, &&P < 0.01 (compared to SAL treatment alone).
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