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Abstract. Although the reduction of oxaliplatin doses may 
alleviate deleterious side effects of gastrointestinal and 
gynecological cancer treatment, it also limits the anticancer 
therapeutic effects. As a high‑efficient and low‑priced herbal 
medicine ingredient, luteolin is an agent with a broad spec‑
trum of anticancer activities and acts as a potential enhancer of 
therapeutic effects of chemotherapy agents in cancer treatment. 
This study focused on the antitumor effects and mechanism of 
combined treatment with luteolin and oxaliplatin on a mouse 
forestomach carcinoma (MFC) cell line. The study used 
CCK‑8 assay, flow cytometry, Annexin V‑FITC/PI double 
staining assay, reactive oxygen species testing assay, mito‑
chondrial membrane potential testing assay, and western blot 
assay. The results showed that luteolin and oxaliplatin exerted 
synergistic effects on inhibiting MFC cell proliferation by 

inducing G2/M cell cycle arrest and apoptosis. Inhibiting the 
tumor necrosis factor receptor‑associated protein 1/phosphor‑
ylated‑extracellular‑regulated protein kinases1/2/cell division 
cycle 25 homolog C/cyclin‑dependent kinase‑1/cyclin B1 
pathway was indispensable to the combined treatment with 
luteolin and oxaliplatin to induce G2/M cell cycle arrest. In 
addition, luteolin increased oxidative stress in MFC cells 
treated with a low dose of oxaliplatin. The combined therapy 
damaged mitochondrial membrane potential and regulated 
BCL‑2‑associated X protein and B‑cell lymphoma 2 protein 
expression, leading to apoptosis. Findings of the present 
study suggest that luteolin may be a qualified chemotherapy 
enhancer to potentiate the anticancer effects of low‑dose 
oxaliplatin in MFC cells. This work provides a theoretical 
foundation for future research on applications of luteolin in 
clinical chemotherapy.

Introduction

Cancer is a major health issue across the globe (1,2). 
Chemotherapy is an important step in the systemic therapy 
for cancer, especially for metastatic cancer (3,4). Oxaliplatin 
is one of the platinum‑based anticancer chemotherapy drugs 
approved by the Food and Drug Administration for the treat‑
ment of digestive cancer, including gastric and colon cancer (5). 
Its anticancer effect is attributed to the formation of intra‑ or 
inter‑strand crosslinks with nuclear DNA, which breaks the 
double bond of DNA strands, leading to the failure in DNA 
translation and transcription (6). Oxaliplatin has widely 
been applied for the treatment of various types of tumors for 
many years (7). However, one of the limitations associated 
with platinum‑based chemotherapy is the development of 
dose‑limiting toxicities that prevent continuation of the treat‑
ment (8). Therefore, there is a need to make improvements in 
its use in clinical practice. At present, strategies to limit the 
chemotherapy of toxicity, such as neurotoxicity, include the 
co‑administration of antioxidants, such as thiols, particularly 
glutathione (GSH), or vitamin E, together with the platinum 
agent (9). Thus, we were interested to explore whether herbal 
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medicine might be a feasible add‑on to oxaliplatin cancer 
treatment.

The combined herbal medicine and Western medical treat‑
ment has been used in many patients for a long time. Owing 
to the poor prognosis of some cancer types when treated 
with Western medicine, many patients prefer the option of 
herbal medicine as the adjuvant therapy, expecting to enhance 
therapeutic efficiency, reduce adverse effects, and improve 
quality of life (10,11). Based on the patient‑tailored diagnosis 
and treatment, such a combined therapy has attracted more 
attention in the clinical setting. The physical functions were 
significantly improved in participants with non‑small‑cell lung 
cancer treated with the combined herbal‑Western medicine 
than in those treated with Western medicine only (12). In 
addition, nature‑derived products have recently attained a lot 
of interest due to their potentiation of anticancer effects by 
modulating the signaling pathways involved in cancer prolif‑
eration, and owing to their protective potential in radiotherapy 
and chemotherapy (13). For example, some in vitro and in vivo 
tests confirmed that alteronol, a herbal medicine‑extracted 
ingredient, could potentiate the therapeutic effects of 
Adriamycin on breast cancer cells and reduce toxicities to 
major organs in mice (14). Thus, introducing novel bioactive 
components with natural origins could be considered to treat 
different types of human cancer on the basis of their selective 
molecular targets (1).

Luteolin (3',4',5,7‑tetrahydroxyflavone) is a natural 
f lavonoid, widely existing in medical plants, such as 
Lonicera japonica Thunb and Ajuga nipponensis Makino (1). 
Luteolin possesses various pharmacological effects, including 
anticancer, antioxidant, anti‑inflammatory, immunoregula‑
tory, and cardioprotective ones (15). Luteolin is compatible 
with various drugs and enhances their therapeutic effects in 
the treatment of many diseases, such as Alzheimer disease, 
diabetic cystopathy, and sciatic nerve ligation‑induced neurop‑
athy (16‑18). Moreover, luteolin can be utilized as an agent 
that both improves the therapeutic effects on various types of 
cancer and decreases toxicity in the host. Furthermore, luteolin 
is known to effectively act in combination with silibinin (19), 
sorafenib (20), 5‑flurouracil (21), and lycopene (22) against 
hepatocellular carcinoma cells, glioblastoma cells, ovarian 
cancer cells, and Solid Ehrlich Carcinoma (SEC). Research 
on the use of the combined chemotherapy in clinical setting 
is of even higher interest. Normally, chemotherapeutic drugs 
exhibit antitumor activities along with deleterious effects, 
which has been the challenge in the cancer treatment. The dose 
reduction of these drugs may alleviate their side effects, and it 
can also limit their efficiency of inhibiting tumor growth (23). 
Therefore, further studies on potential chemotherapeutic prop‑
erties of luteolin in cancer treatment are needed, including 
studies of the underlying mechanism.

In the present study, mouse forestomach carcinoma 
(MFC) cells were used as the cell model to identify the 
anticancer effects of the combined treatment with luteolin 
and oxaliplatin. The MFC cell line with high metastasis is 
prone to blood‑born metastasis to lung. The aim of the present 
study was to investigate the enhancing effects of luteolin on 
low‑dose oxaliplatin‑induced proliferation inhibition in MFC 
cells. The difference between the combined and monotherapy 
were demonstrated, supporting the potential of luteolin to 

enhance the therapeutic effects of oxaliplatin. And this work 
was also conducted to confirm the key signaling pathway 
involved in the enhanced effects of the combined treatment 
with luteolin and oxaliplatin. Therefore, findings of the present 
study may provide a theoretical foundation for further clinical 
chemotherapy research on the use of luteolin.

Materials and methods

Reagents. Luteolin (purity, ≥98%) was purchased from 
Sigma‑Aldrich (cat. no. L9283). DMSO (cat. no. D8371; 
Beijing Solarbio Science & Technology Co., Ltd.) was used 
to dissolve with luteolin as the mother solution. Oxaliplatin 
was purchased from Tai‑Tianqing Pharmaceutical Co., Ltd. 
(cat. no. H20143263). Oxaliplatin was dissolved with PBS 
(P1020; Beijing Solarbio Science & Technology Co., Ltd.). 
Luteolin and/or oxaliplatin were diluted to the required 
concentration (luteolin: 10, 20, 30, 40, 50, 60, 70 and 80 µM; 
and oxaliplatin: 5, 10, 20, 30, 40, 50, 60, 70 and 80 µM) with 
RPMI‑1640 complete medium. RPMI‑1640 complete medium 
(cat. no. 31800; Beijing Solarbio Science & Technology Co., 
Ltd.) containing 0.1% DMSO was used as a control.

Cell culture. The MFC cell line was purchased from 
the National Infrastructure of Cell Line Resource 
(cat. no. 1101MOU‑PUMC000143). The cells were cultured 
with RPMI‑1640, containing 10% fetal bovine serum 
(cat. no. REF10091‑48; Gibco; Thermo Fisher Scientific, Inc.), 
and incubated in an incubator (HF90/HF240; Heal Force) at 
5% CO2 at 37˚C. The cells were treated with different concen‑
trations of luteolin and/or oxaliplatin for 24 h in the subsequent 
experiments.

CCK‑8 cell viability assay and Chou‑Talalay combination index 
(CI) method analysis. The effect of luteolin and/or oxaliplatin on 
MFC cell viability was determined by CCK‑8 assay (24). Briefly, 
MFC cell suspension (100 µl/well) was seeded at a density of 
6,000‑7,000 cells/well in a 96‑well plate. After incubation for 
24 h, the supernatant was discarded, and the cells were treated 
with luteolin (10, 20, 30, 40, 50, 60, 70, and 80 µM) and oxali‑
platin (5, 10, 20, 30, 40, 50, 60, 70, and 80 µM) (total volume 
200 µl/well) for 24 h. Based on the CCK‑8 cell proliferation 
and cytotoxicity assay kit (cat. no. CA1210; Beijing Solarbio 
Science & Technology Co., Ltd.) protocol, 100 µl testing solution 
(CCK‑8: Complete RPMI‑1640, 1:10) was added to each well. 
After incubation at 37˚C in 5% CO2 in the dark for 1 h, the absor‑
bance at a wavelength of 450 nm was detected via a Thermo 
3001 multi‑function microplate reader (Infinite 200 PRO; Tecan 
Austria GmbH). IC50 indicated the drug concentration resulted 
in 50% reduction in cell survival. The Chou‑Talalay CI method 
and Compusyn 2.0 software were used to calculate the CI 
and the dose reduction index (DRI). The CI was calculated as 
(D)1/(Dx)1 + (D)2/(Dx)2, where (Dx)1 and (Dx)2 were the doses 
of drug 1 and 2 alone that inhibit x%, while (D)1 and (D)2 were 
the portions of drug 1 and 2 in combination to achieve x%. This 
equation was used to quantitatively depict the synergism (CI <1), 
additive effect (CI=1), and antagonism (CI >1) (25).

DNA contents analysis. DNA contents analysis was conducted 
by PI staining and flow cytometry (26). MFC cells were seeded 
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in a 6‑well plate at 2.5x105 cells/well and incubated at 37˚C in 
a 5% CO2 incubator for 24 h. After treatment with luteolin 
(20 µM) and/or oxaliplatin (5 µM) (total volume 3 ml/well) for 
one day, the cells were collected and fixed in 75% ethanol at 4˚C 
for 4‑5 h. In accordance with the manufacturer's instructions 
of the DNA content quantitation assay kit (cat. no. CA1510; 
Beijing Solarbio Science & Technology Co., Ltd.), the 
fixed cells were stained by PI staining solution (50 ng/ml) 
and RNase A (0.1 mg/ml) at 37˚C in the dark for 30 min. 
FACSCanto II flow cytometer (BD Biosciences) recorded 
the DNA content in MFC cells. The data were analyzed by 
FACSDiva software (version 6.1.3; BD Biosciences).

Hoechst‑33258 staining. MFC cells were seeded in a 6‑well 
plate at 2.0x105 cells/well. The cells were treated with luteolin 
(20 µM) and/or oxaliplatin (5 µM) (total volume 3 ml/well) for 
24 h. Based on Hoechst‑33258 stain solution (cat. no. C0021; 
Beijing Solarbio Science & Technology Co., Ltd.) instruc‑
tions (14), the cells were incubated with 500 µl staining 
working solution at room temperature in the dark for 5 min 
and soaked in PBS three times for 5 min. Inverted fluorescence 
microscopy (DMI3000; Leica Microsystems GmbH) was used 
to detect blue nuclei.

Annexin V‑FITC/PI double staining assay. Apoptosis induced 
by luteolin was examined by fluorescein isothiocyanate 
(Annexin V‑FITC) and propidium iodide (PI) double‑staining 
assay (27). MFC cells were seeded in a 6‑well plate at 
2.5x105 cells/well and incubated at 37˚C in 5% CO2 for 24 h. 
The cells were treated with luteolin (20 µM) and/or oxaliplatin 
(5 µM) (total volume 3 ml/well) for 24 h. After the treatment, the 
supernatant was discarded. In line with the instructions of the 
Annexin V‑FITC/PI apoptosis detection kit (cat. no. CA1020; 
Beijing Solarbio Science & Technology Co., Ltd.), the cells 
were pre‑processed and stained using Annexin V‑FITC/PI in 
the dark for 30 min. The fluorescence intensity was measured 
using FACSCanto II flow cytometer (BD Biosciences), and 
the apoptotic rates were analyzed using FACSDiva software 
(version 6.1.3, BD Biosciences).

Reactive oxygen species (ROS) levels testing. Subsequent to the 
indicated drug treatment for 24 h, the supernatant was discarded. 
The cells were rinsed with PBS, and stained with 10 µM 
DCFH‑DA solution in the dark for 30 min in accordance with 
the reactive oxygen species assay kit (cat. no. CA1410; Beijing 
Solarbio Science & Technology Co., Ltd.) protocol (28). Inverted 
fluorescence microscopy (DMI3000, Leica) was used to record 
the morphological changes. The stained cells were analyzed by 
FACSCanto II flow cytometer (BD Biosciences). The fluores‑
cence mean value in P2 from the flow cytometer was collected 
using FACSDiva software (version 6.1.3, BD Biosciences), which 
was used for quantitative analysis. The data were presented as 
fold increase normalized to the control group.

Measurement of mitochondrial membrane potential (MMP). 
MMP was measured using a mitochondrial membrane potential 
assay kit with JC‑1 (cat. no. M8650; Beijing Solarbio Science 
& Technology Co., Ltd.) (29). The treated MFC cells were 
stained with JC‑1 fluorescence working solution in accordance 
with the protocol. MMP of stained cells was measured by 

FACSCanto II flow cytometer (BD Biosciences) and analyzed 
by FACSDiva software (version 6.1.3, BD Biosciences). The 
relative ratio of P2 (red fluorescence) to P3 (green fluores‑
cence) was used for quantitative analysis of MMP change in 
MFC cells.

Protein extraction and quantification. A total of 3x106 MFC 
cells were inoculated into 100‑mm culture dishes. After over‑
night culture, the cells were incubated with luteolin (20 µM) 
and/or oxaliplatin (5 µM) (total volume 7 ml/well) for 24 h. 
Then, the cells were rinsed with PBS and lysed on ice for 30 min 
with RIPA buffer (cat. no. R0010; Beijing Solarbio Science & 
Technology Co., Ltd.) containing 0.1 M PMSF (cat. no. P0100; 
Beijing Solarbio Science & Technology Co., Ltd.) and protease 
phosphatase inhibitor (cat. no. P1261; Beijing Solarbio Science 
& Technology Co., Ltd.). The cell lysate was centrifuged 
at 12,000 x g (Thermo Scientific™ Sorvall™ Legend™ 
Micro 21R Microcentrifuge; Thermo Fisher Scientific, Inc.) 
for 15 min at 4˚C, and the supernatant was collected for the 
subsequent tests. The protein quantification was performed 
using the BCA protein assay kit (cat. no. PC0020; Beijing 
Solarbio Science & Technology Co., Ltd.) (30). The data were 
obtained at the absorbance of 562 nm by a microplate reader 
(Infinite 200 PRO, Tecan, Tecan Austria GmbH). The amount 
of protein was calculated in accordance with the prescribed 
computational formula of the kit's protocol.

Western blot assay. In total, 50 µg cell lysates from each group 
were loaded per lane and separated by SDS‑PAGE (6% spacer 
gel and 10% separating gel). Next, cell lysates in the gel 
were transferred to PVDF membranes (cat. no. ISEQ00010; 
MilliporeSigma). The transferred membranes were blocked 
with Tris‑buffered saline (10 mM Tris‑Cl; pH 7.4), containing 
0.5% Tween‑20 and 5% skimmed dry milk, at room tempera‑
ture for 2 h, and then incubated with primary antibodies at 4˚C 
overnight (31), respectively. The primary antibodies used were: 
β‑actin mouse monoclonal antibody (cat. no. TA‑09; 1:2,000; 
OriGene Technologies, Inc.), Bcl‑2 rabbit polyclonal antibody 
(cat. no. ab196495, 1:1,000; Abcam), BCL‑2‑associated X 
protein (Bax) rabbit monoclonal antibody (cat. no. ab182734; 
1:1,000; Abcam), cyclin A2 rabbit monoclonal antibody 
(cat. no. ab181591; 1:2,000; Abcam), cyclin B1 rabbit 
monoclonal antibody (cat. no. ab32053; 1:1,000; Abcam), 
cyclin‑dependent kinase‑1 (CDK1) rabbit monoclonal antibody 
(cat. no. ab133327; 1:20,000; Abcam), tumor necrosis factor 
receptor‑associated protein 1 (TRAP1) rabbit polyclonal anti‑
body (cat. no. 10325‑1‑AP; 1:2,000; ProteinTech Group, Inc.), 
cell division cycle 25 homolog C (CDC25C) mouse monoclonal 
antibody (cat. no. 66912‑1‑lg; 1:2,000; ProteinTech Group, Inc.), 
extracellular‑regulated protein kinases1/2 (ERK1/2) rabbit 
polyclonal antibody (cat. no. 9102s; 1:1,000; Cell Signaling 
Technology, Inc.) and p‑ERK1/2 mouse monoclonal antibody 
(cat. no. 9106s; 1:1,000; Cell Signaling Technology, Inc.). The 
membranes were rinsed with TBST and then probed with 
appropriate secondary antibodies (peroxidase‑conjugated goat 
anti‑mouse IgG (H+L); cat. no. ZB‑2305; 1:50,000; OriGene 
Technologies, Inc.; and goat anti‑rabbit IgG H&L; ab6721; 
cat. no. 1:20,000; Abcam). The immunoreactive protein 
bands were visualized with the gel imaging analysis system 
(BioSpectrum 510 Imaging System Motorized Platform). 
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Scanning gray analysis was analyzed by Photoshop CC 2019 
software (Adobe Systems Inc.). The grayscale value of each 
band was used to plot histograms.

Statistical analysis. The experiments were performed at 
least 3 times. Data were analyzed using the SPSS 21.0 soft‑
ware package (version 21.0, SPSS Inc.), and presented as 
mean ± standard deviation (SD). Scanning gray analysis was 
calculated by Photoshop CC software (Adobe Systems Inc.) 
Statistical differences were calculated using ANOVA followed 
by Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Inhibitory effects of luteolin and/or oxaliplatin on MFC 
cell viability. To investigate the inhibitory effects of luteolin 
and/or oxaliplatin on mouse forestomach carcinoma MFC 
cells, CCK‑8 assay was performed on MFC cells exposed to 
a series of luteolin (10, 20, 30, 40, 50, 60, 70, and 80 µM) and 
oxaliplatin concentrations (5, 10, 20, 30, 40, 50, 60, 70, and 
80 µM) for 24 h. Luteolin and oxaliplatin effectively exerted 
inhibitory effects on MFC cells proliferation in a dose‑depen‑
dent manner (Fig. 1A and B). Based on the cell viability curve, 
50 and 20 µM were calculated as the IC50 values of luteolin 

Figure 1. Viability of MFC cells treated with luteolin and/or oxaliplatin. (A) Cell viability induced by a series of doses of luteolin was detected by CCK‑8 assay. 
**P<0.01 vs. 0 group. (B) Cell viability induced by a series of doses of oxaliplatin was detected by CCK‑8 assay. 5 μM Oxa: **P<0.01 vs. DMSO group; 10 μM 
Oxa: ##P<0.01 vs. DMSO group. (C) The combined effects of a series of doses of luteolin and/or oxaliplatin (5 and 10 µM) were evaluated by CCK‑8 assay. 
**P<0.01 vs. DMSO group. (D) Quantitative analysis of cell viability was performed on MFC cells exposed to luteolin (20 µM) and/or oxaliplatin (5 µM) by 
using the GraphPad Prism 6.0 software. **P<0.01. (E) The morphological changes were observed under a light microscope (magnification, x200). RPMI‑1640 
complete medium containing 0.1% DMSO was used as a control. The experiments were repeated ≥3 times. The data are presented as mean ± standard deviation 
(SD). Lut, luteolin; Oxa, oxaliplatin; MFC, mouse forestomach carcinoma.
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and oxaliplatin to MFC cells, respectively. The CI was used 
to quantitatively depict the synergism (CI <1), additive effect 
(CI=1), and antagonism (CI >1) in the combined treatment (25). 
DRI is a measure of how many folds the dose of each drug in a 
synergistic combination may be reduced at a given effect level 
when compared with the doses of each drug alone. A greater 
DRI value indicates a greater dose reduction of the single drug 
to create the same effect (14). According to the Compusyn 
analysis in Table I, the CI of luteolin (20 µM) and oxaliplatin 
(5 µM) was 0.801, suggesting that luteolin and oxaliplatin 
exerted synergic effects on inhibiting MFC cell proliferation. 
DRIs for luteolin (20 µM) and oxaliplatin (5 µM) was >1, 
indicating that the dose reduction led to toxicity reduction in 
the therapeutic applications (25). The data from CCK‑8 assays 
showed that the combined treatment with luteolin (20 µM) and 
oxaliplatin (5 µM) exerted a much stronger anticancer effect 
than the monotherapies (Fig. 1C). Oxaliplatin at 10 µM did not 
exhibit much stronger inhibitory effects on cell proliferation 
compared with 5 µM oxaliplatin (Fig. 1D). The morphological 
change was observed under a light microscope, showing 
that the cell number was more markedly reduced after the 
combined treatment than after the monotherapy (Fig. 1E).

G2/M phase arrest induced by luteolin and/or oxaliplatin in 
MFC cells. Cell cycle arrest is one of the main causes of the 
inhibition of cell proliferation (1,32). We examined whether 
cell cycle arrest had an impact on the combined treat‑
ment. MFC cells were treated with luteolin (20 µM) and/or 
oxaliplatin (5 µM) for 24 h and stained with PI prior to flow 
cytometry analysis. As shown in Fig. 2A, the combined treat‑
ment significantly induced G2/M phase arrest and exhibited 
much stronger effects on G2/M phase arrest than any other 
single drug did (Fig. 2B). Next, western blotting was used 
to test the expression levels of the key proteins related to 
G2/M phase arrest in the treated MFC cells. The combined 
therapy of MFC cells markedly reduced the expression levels 
of cyclin B1, and CDK1 compared with controls and any 
other monotherapy (Fig. 2C and D). These data indicated that 
luteolin and oxaliplatin effectively induced MFC cell cycle 
arrest by downregulating the expression levels of certain key 

proteins, such as cyclin B1 and CDK1. The combined treat‑
ment had significant effects on triggering G2/M phase arrest 
(P<0.01). Thus, the combined treatment with luteolin and 
oxaliplatin possibly suppressed cell proliferation via inducing 
G2/M phase arrest.

Key signaling protein affected by luteolin and/or oxaliplatin in 
MFC cells. TRAP1, ERK1/2, and CDC25C are closely related 
to G2/M cell cycle arrest and apoptosis (33,34). Thus, the 
changes in expression levels of TRAP1, P‑ERK1/2/ERK1/2, 
and CDC25C proteins in MFC cells treated with luteolin and/or 
oxaliplatin as mentioned before were examined by western 
blot analysis. As shown in Fig. 3, the combined treatment 
reduced the expression levels of TRAP 1 (Fig. 3A), P‑ERK1/2 
(Fig. 3B) and CDC25C (Fig. 3C) protein more effectively than 
the monotherapies. Compared with the control and oxali‑
platin group, the combined treatment significantly reduced 
the TRAP1 and CDC25C proteins expressions (*P<0.05). The 
combined treatment also significantly downregulated ERK1/2 
phosphorylation, thereby suppressing ERK1/2 activation. 
Thus, the combined treatment with luteolin and oxaliplatin 
induced G2/M cell cycle arrest through suppression of TRAP 
1/P‑ERK1/2/CDC25C in MFC cells.

Apoptosis induced by luteolin and/or oxaliplatin in MFC 
cells. The artificial regulation of apoptosis remains a consid‑
erable focus of attention in cancer treatment (35). Thus, 
whether apoptosis was involved in anticancer activities of 
luteolin and/or oxaliplatin was examined. MFC cells were 
exposed to luteolin (20 µM) and/or oxaliplatin (5 µM), and 
stained by Hoechst‑33258 staining. Images captured from 
a fluorescence inversion microscope system showed that 
the combined treatment group manifested a more apparent 
apoptotic morphology, such as karyopyknosis and chromo‑
some condensation, than other groups (Fig. 4A). By contrast, 
in the control group, the cells were still in the process of 
mitosis. The quantitative analysis was used to measure the 
apoptotic rate by Annexin‑V FITC/PI double staining and 
flow cytometry. The percentage of apoptotic cells in the 
combined therapy group was much higher than that in the 

Table I. Analysis of luteolin and oxaliplatina.

 Combined treatment  Drug alone DRI
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Fa CI Luteolin (µM) Oxaliplatin (µM) Luteolin (µM) Oxaliplatin (µM) Luteolin Oxaliplatin

0.403  0.703  10 5 35.080  11.956  3.508  2.391 
0.456  0.801  20 5 41.048  15.927  2.052  3.185 
0.523  0.821  30 5 49.878  22.729  1.663  4.546 
0.580  0.840  40 5 58.967  30.853  1.474  6.171 
0.645  0.808  50 5 71.955  44.373  1.439  8.875 
0.675  0.851  60 5 79.288  52.973  1.321  10.595 
0.697  0.902  70 5 85.389  60.649  1.220  12.130 
0.706  0.986  80 5 88.094  64.202  1.101  12.840

aChou‑Talalay CI method and Compusyn 2.0 software were used to calculate the CI and the DRI. Fa, effect levels, stands for the efficiency of 
combined treatment; CI, combination index; DRI, dose reduction index.
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control group (Fig. 4B and C), but for 20 µM luteolin and 
5 µM oxaliplatin as monotherapies, the result was not signifi‑
cant compared with the control. Usually, the balance between 
proapoptotic and antiapoptotic protein regulators is a critical 
point to determine whether a cell undergoes apoptosis (36). 
Thus, the protein expression levels of Bcl‑2 and Bax were 
assessed by western blot analysis (Fig. 4D). In accordance 
with the results of flow cytometry, the ratio of Bcl‑2/Bax 
was markedly lower in the combined group (Fig. 4E). Thus, 

the combined treatment exerted stronger effects on inducing 
apoptosis in MFC cells.

ROS and mitochondrial membrane potential influenced by 
luteolin and/or oxaliplatin in MFC cells. ROS are the primary 
secondary messengers, and are involved in many biological 
processes, including apoptosis and cell cycle (37). Therefore, 
the role of ROS in these processes was examined. DCFH‑DA 
staining and flow cytometry were performed to examine ROS 

Figure 2. Cell cycle phase change of mouse forestomach carcinoma cells was induced by luteolin (20 µM) and/or oxaliplatin (5 µM). (A and B) Flow cytometry 
was used to record the cell number on each phase of the cell cycle; the distribution of the cell cycle is shown on the histogram. (C) Cyclin A2, cyclin B1, CDK1 
and β‑actin expression levels were tested using western blot analysis. (D) Quantitative analysis of cyclin A2, cyclin B1, and CDK1 expression levels relative to 
β‑actin is shown on the histogram. The data were presented as mean ± SD; **P<0.01. The experiments were repeated at least in triplicate. Lut, luteolin; Oxa, 
oxaliplatin; CDK1, cyclin‑dependent kinase‑1.
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accumulation in all of the groups. Based on the fluorescence 
inversion microscope system, stronger green fluorescence was 
evident in the combined group than in the other groups (Fig. 5A). 
The results from the flow cytometry showed that P2 peaks of the 
drug groups moved to the right compared with the control group, 
and quantitative analysis verified that the combined treatment 
was able to more effectively induce ROS accumulation in MFC 
cells than any monotherapy (Fig. 5B and C). Thus, the combined 
treatment exerted stronger effects on inducing ROS accumula‑
tion in MFC cells. Mitochondria are the main cell organelles 
where ROS are generated. MMP becomes abnormal when ROS 
generation exceeds the threshold value, and mitochondrial func‑
tion is damaged by ROS over‑capacity (37). JC‑1 fluorescence 
staining and flow cytometry were applied to examine the MMP 
change of MFC cells exposed to drug treatments. The results 
showed that the combined treatment significantly induced MMP 
reduction, compared with any monotherapy (Fig. 5D and E). 
Thus, it was suggested that luteolin and oxaliplatin jointly 

exerted destructive effects on MMP and destroyed mitochon‑
drial function in MFC cells.

Discussion

To verify the enhanced effects of luteolin on efficiency of 
low‑dose oxaliplatin for inhibiting tumor growth, we exam‑
ined the combined effects of luteolin and oxaliplatin in MFC 
cells and revealed the underlying mechanism. First of all, the 
results showed that the combination of luteolin and oxaliplatin 
significantly inhibited MFC cell proliferation, which was 
even more effective than any monotherapy. According to the 
Chou‑Talalay method, the CI was much lower than 1, indicating 
that the combined treatment of luteolin and oxaliplatin exerted 
synergistic effects on reducing MFC cell viability. Throughout 
all of the experiments, luteolin did not separate from oxali‑
platin solution, suggesting that it had excellent stability and 
compatibility with oxaliplatin.

Figure 3. Changes in TRAP1, P‑ERK1/2/ERK1/2 and CDC25C protein expression levels in mouse forestomach carcinoma cells induced by luteolin (20 µM) 
and/or oxaliplatin (5 µM). (A‑C) TRAP1, P‑ERK1/2/ERK1/2, CDC25C and β‑actin protein expression levels were assessed by western blot analysis, and 
quantitative analysis of protein expression levels is shown in the histogram. *P<0.05, **P<0.01. Experiments were repeated at least in triplicate. Lut, luteolin; 
Oxa, oxaliplatin; TRAP1, tumor necrosis factor receptor‑associated protein 1; ERK1/2, extracellular‑regulated protein kinases1/2; CDC25C, cell division 
cycle 25 homolog C.
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The next step involved the manner of inhibiting the prolif‑
eration. Oxaliplatin, a kind of metal compound, is an alkylating 

agent extensively applied in the treatment of gastrointestinal 
and gynecological cancers. The key of its anticancer activity 

Figure 4. MFC cell apoptosis induced by luteolin (20 µM) and/or oxaliplatin (5 µM). (A) The morphological changes indicative of MFC cell apoptosis were 
assessed by fluorescence inverted microscopy (magnification, x200). (B and C) After double‑staining with Annexin‑V FITC and PI, flow cytometry was used 
for the quantitative analysis of MFC cell apoptosis. (D) Protein expression levels (Bcl‑2, Bax, and β‑actin) were assessed by western blot analysis. (E) Scanning 
gray analysis was calculated by Photoshop CC software (Adobe Systems Inc.). Data are presented as mean ± SD, **P<0.01. Experiments were repeated at least 
3 times. MFC, mouse forestomach carcinoma; Lut, luteolin; Oxa, oxaliplatin; Bax, BCL‑2‑associated X protein; Bcl‑2, B‑cell lymphoma 2.
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Figure 5. ROS accumulation and mitochondrial membrane potential in mouse forestomach carcinoma cells induced by luteolin (20 µM) and/or oxaliplatin 
(5 µM). (A) Fluorescence intensity of DCFH‑DA was captured under a fluorescence inverted microscope system (magnification, x200). (B and C) ROS levels 
were analyzed using DCFH‑DA staining and flow cytometry. (D and E) Mitochondrial membrane potential was analyzed by JC‑1 staining and flow cytometry. 
*P<0.05, **P<0.01. Experiments were repeated at least in triplicate. Data are presented as mean ± SD. Lut, luteolin; Oxa, oxaliplatin; ROS, reactive oxygen species.
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lies in the formation of intrastrand/interstrand DNA cross‑links 
and the impairment of DNA base pairing, replication, and gene 
transcription (38). Moreover, luteolin is capable of blocking cell 
cycle development and suppressing cancer cell proliferation by 
regulating extrinsic and intrinsic signaling pathways (1,39,40). 
Therefore, it is essential to study the effects of the combined 
treatment on cell cycle progression in MFC cells. Results of 
the present study showed that the percentage of cells at G2/M 
cell cycle arrest in the combined treatment group was much 
higher than that in any other treatment group. Binding CDK1 to 
cyclin B1 is required for the integration of mitochondrial fission 
with the onset of G2/M transition (41). Cyclin B1 and CDK1 
expression levels were reduced by luteolin and oxaliplatin, 
suggesting that G2/M cell cycle arrest played a significant role 
in inhibiting cancer cell proliferation by luteolin and oxali‑
platin. Cell cycle is a highly ordered biological event, which is 
stringently controlled by cyclins and cyclin‑dependent kinases 
(CDKs). By translocating between cytoplasm and nucleus, 
cyclin B1/CDK1 is involved in the regulation of the entry into 
mitosis, nuclear envelope breakdown, and centrosome separa‑
tion (42). Therefore, the combined treatment with luteolin and 
oxaliplatin is more likely to suppress the cyclin B1/CDK1 
complex expression and to interfere with mitochondrial func‑
tion, leading to G2/M cell cycle arrest and apoptosis. The 
combined treatment induced G2/M cell cycle arrest by reducing 
cyclin B1/CDK1, rather by interfering with cyclin A2. In mitotic 
cell cycles, cyclin A2 begins to accumulate in the S phase and 
continues to increase from the S phase to late G2 phase before 
peaking in early prometaphase (43). The combined treatment 
with luteolin and oxaliplatin acted on the transition from 
G2‑M phase, which did not depend on cyclin A2. This suggests 
that cyclin A2 is not the target of the combined treatment with 
luteolin and oxaliplatin in MFC cells.

TRAP1, P‑ERK1/2, and CDC25C protein expression levels 
were subsequently assessed. The results showed that they were 
inhibited by the combined treatment with luteolin and oxaliplatin 
much more effectively than in any single drug group. Luteolin and 
oxaliplatin inhibited TRAP1 expression. TRAP1 is a molecular 
chaperone and belongs to the heat shock protein 90 (Hsp90) family. 
It is closely related to the occurrence and development of various 
tumors and is involved in anti‑apoptosis and drug resistance, cell 
cycle progression, cell metabolism, and quality control of specific 
client proteins (33,44). TRAP1 silencing induces the attenuation 
of ERK phosphorylation, inhibition of cell cycle progression with 
cell accumulation in G0‑G1 and G2‑M transitions, extensive repro‑
gramming of genes involved in cell cycle regulation, and loss of the 
stem‑like signature (2,33). ERK1/2 is involved in the regulation of 
various cellular processes, including cell proliferation, migration, 
growth, differentiation, and tumor progression (45). In addition, 
inactivation of p‑ERK1/2 is involved in cell apoptosis induced by 
pharmacological intervention (46). CDC25C is a novel MAPK 
ERK1/2 target. ERK1/2 promotes CDC25C ubiquitination and 
proteasomal degradation, and CDC25C proteolysis is required 
for sustained G2 phase arrest (47). It has also been reported that 
p38MAPK‑ERK‑JNK signal transduction participates in cell 
cycle arrest, which has been attributed to nuclear inactivation 
and degradation of CDC25C (48). The dual‑specificity phospha‑
tase CDC25C plays an important role in the regulation of cell 
cycle progression. CDC25C, as a pivotal upstream regulator of 
cyclin B1/CDK1, is responsible for the promotion of G2/M phase 

transition by triggering CDK1 dephosphorylation to activate the 
cyclin B1/CDK1 complex (47). CDC25C mainly localizes in the 
cytoplasm and enters the nucleus to activate the cyclin B1/CDK1 
complex before mitosis (48). Results of the western blot analysis 
revealed that luteolin and oxaliplatin in MFC cells reduced the 
expression of CDC25C and prevented it from activating the 
cyclin B1/CDK1 complex, thereby limiting the G2/M transition 
and delaying the mitotic process. In addition, it has also been 
reported that TRAP1 regulates cell cycle arrest by modulating the 
expression and/or the ubiquitination of key cell cycle regulators, 
such as CDK1 and cyclin B1. The dual mechanism involves the 
transcriptional regulation of key proteins and post‑transcriptional 
quality control by inducing the ubiquitination of key proteins 
enhanced upon TRAP1 downregulation (49). Thus, luteolin and 
oxaliplatin are more likely to induce TRAP1/ERK1/2/CDC25C 
downregulation, leading to cyclin B1/CDK1 inhibition, and ulti‑
mately triggering G2/M cell cycle arrest.

Generally, the uncontrolled proliferation of cancer cells is 
not only related to the disorder of cell cycle progression, but 
also to the abnormality of apoptosis (50). Therefore, increasing 
apoptosis is considered as a promising method of cancer treat‑
ment. In the present study, the combination of luteolin and 
oxaliplatin effectively induced apoptosis, much more mark‑
edly than the single drug treatments. Therefore, apoptosis may 
be indispensable to the impact of luteolin and oxaliplatin on 
inhibiting MFC cell proliferation. Moreover, ROS participates 
in many biological events, including apoptosis (37). Owing to 
the structure of phenolic hydroxyl, luteolin may effectively 
regulate the oxidation‑reduction state by interfering with 
cellular ROS levels (1). Under the combined treatment, ROS 
significantly increased, and mitochondrial potential signifi‑
cantly decreased, suggesting that the combined treatment 
damaged mitochondria. ROS levels in cancer cells are normally 
much higher than those in normal cells; luteolin and oxali‑
platin treatment further increased ROS above the steady‑state 
level associated with homeostatic function, which is a lethal 
threshold for cancer cells (51). More interestingly, oxaliplatin 
did not effectively exert destructive effects on ROS and the 
mitochondrial potential; instead, adding luteolin markedly 
enhanced them, suggesting that the combined treatment with 
luteolin and oxaliplatin has a different mechanism from the 
single drug. Previous reports have suggested that the mecha‑
nism of anticancer effects of luteolin involves ROS‑mediated 
mitochondrial targeting (52,53). Therefore, a mitochon‑
dria‑related pathway may participate in the anticancer effects 
of luteolin and oxaliplatin in MFC cells. Interactions between 
pro‑ and anti‑apoptotic members of the Bcl‑2 protein family 
highly control mitochondrial outer membrane integrity (54). 
The expression of Bcl‑2 and Bax proteins were interfered 
by the combined treatment. On intrinsic apoptotic stimuli, 
such as DNA damage and oxidative stress, Bcl‑2 homology 3 
(BH3)‑only proteins were activated, leading to Bax and Bcl‑2 
antagonist or killer (BAK) activation and mitochondrial outer 
membrane permeabilization (MOMP) (55,56). However, 
the anti‑apoptotic protein Bcl‑2 could prevent MOMP by 
binding BH3‑only proteins and reversing BAX or BAK 
activation (55). Therefore, we inferred that the combination 
treatment may cause MOMP via regulating Bcl‑2 and Bax 
proteins and destroying the integrity of the outer mitochon‑
drial membrane, thereby inducing apoptosis by impairing 
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mitochondrial membrane potential and ROS balance. Notably, 
cyclin B1/CDK1 is pivotal in regulating mitochondrial metab‑
olism in tumors. Among all the subunits of mitochondrial 
respiration chain (complex I‑V), 12 subunits, including eight 
complex I subunits (NADH ubiquinone oxidoreductase), can 
be potentially phosphorylated by cyclin B1/CDK1, indicating 
that cyclin B1/CDK1 is involved in controlling ATP output and 
triggering ROS generation (41,57).

In conclusion, luteolin and oxaliplatin exerted synergistic 
effects in inhibiting MFC cell proliferation by inducing 
G2/M cell cycle arrest and apoptosis. Inhibition of the 
TRAP1/P‑ERK1/2/CDC25C/CDK1/cyclin B1 pathway was 
indispensable to the induction of G2/M cell cycle arrest. In addi‑
tion, the combined therapy significantly interfered with oxidative 
balance and MMP, and regulated Bax and Bcl‑2 protein expres‑
sion levels, thereby leading to apoptosis. Therefore, our findings 
indicated that luteolin potentiated low‑dose oxaliplatin‑induced 
inhibitory effects on proliferation in MFC cells. Findings of the 
present study may therefore provide the theoretical basis for the 
use of luteolin in clinical practice in the future.
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