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Abstract. Gastric cancer is one of the most lethal cancers 
worldwide. Research has focused on exploring natural medi‑
cines to improve the systematic chemotherapy for gastric 
cancer. Luteolin, a natural flavonoid, possesses anticancer 
activities. Nevertheless, the mechanism of the anticancer 
effects of luteolin is still not clear. The present study aimed 
to verify the inhibitory effect of luteolin on gastric cancer 
HGC‑27, MFC and MKN‑45 cells and to explore the underlying 
mechanism. A Cell Counting Kit‑8 cell viability assay, flow 
cytometry, western blot, an ATP content assay and an enzyme 
activity testing assay were used. Luteolin inhibited the prolif‑
eration of gastric cancer HGC‑27, MFC and MKN‑45 cells. 
Further, it impaired mitochondrial integrity and function by 
destroying the mitochondrial membrane potential, downregu‑
lating the activities of mitochondrial electron transport chain 
complexes (mainly complexes I, III and V), and unbalancing 
the expression of B cell lymphoma‑2 family member proteins, 
eventually leading to apoptosis of gastric cancer HGC‑27, 
MFC and MKN‑45 cells. The intrinsic apoptosis pathway was 

involved in luteolin's anti‑gastric cancer effects. Furthermore, 
mitochondria were the main target in luteolin‑induced gastric 
cancer apoptosis. The present study may provide a theoretical 
basis for the research on the effect of luteolin on the mito‑
chondrial metabolism in cancer cells, and pave the way for its 
practical application in the future.

Introduction

Gastric cancer is the fifth most common cancer around the 
world; although its overall incidence has been declining in 
recent years, it still ranks as the third cause of cancer‑related 
death (1). Clinical treatment is radical and involves a combina‑
tion of surgery and chemical therapy (2). Effective constituents 
from traditional herbal medicines, such as paclitaxel, are often 
preferred for the development of chemical drugs  (3). The 
introduction of novel bioactive components of natural origin 
may be considered as a new and reliable chemotherapeutic 
strategy for different types of human cancer based on their 
selective molecular targets (4). Currently, much attention has 
been focused on search for natural medical ingredients as 
novel chemotherapeutic agents for cancer. 

Luteolin, 3',4',5,7‑tetrahydroxyflavone, is a traditional 
herbal medical ingredient, belonging to the flavonoid family (4). 
Luteolin is the main constituent of Ajuga decumbens thunb, 
which is broadly used for cough suppression, expectoration, 
and inflammation control. At present, an increasing number of 
studies are being carried out focusing on new pharmacological 
activities of luteolin, including neuroprotection, antiinflamma‑
tion, antioxidation, and antibacterial action (4). It is reported 
that luteolin exerts inhibitory effects on cell proliferation, 
metastasis, invasion, and angiogenesis through multiple path‑
ways (5). Despite some progress, the mechanism of luteolin's 
anticancer effects is still largely unknown (6). Therefore, this 
work focused on the inhibitory effects of luteolin on gastric 
cancer cells' proliferation and explored the underlying mecha‑
nism.
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Regarding carcinogenesis, mitochondria are distinctly 
important organelles that provide bioenergy for cancer 
cells' proliferation and metastasis and regulate the apoptosis 
pathway under certain stimuli (7,8). Apoptosis occurs through 
two classic pathways: intrinsic and extrinsic (6), both of which 
are closely related to mitochondria. Any alteration or inter‑
ruption in the mitochondrial membrane may activate both the 
intrinsic and extrinsic apoptosis pathways-the hallmark of 
apoptosis (6,9). Therefore, precisely targeting mitochondria 
is considered a promising approach in cancer therapy (10). 
The strategy of targeting mitochondria primarily focuses on 
the elevation of oxidative stress and destabilization of the 
mitochondrial membrane, ultimately inducing mitochon‑
dria‑mediated apoptosis in cancer cells  (7). On the outer 
mitochondrial membrane, the B cell lymphoma‑2 (Bcl‑2) 
family members, such as Bcl‑2 and Bcl‑2‑associated X protein 
(Bax), are involved in regulating the outer mitochondrial 
membrane's function and the apoptotic signaling pathways. 
On the inner mitochondrial membrane, the mitochondrial 
electron transport chain (METC) plays the central role in the 
chemiosmotic theory (11). METC is composed of complex I 
(NADH‑coenzyme Q oxidoreductase), complex II (succinate 
ubiquinone oxidoreductase), complex III (CoQ‑cytochrome c 
oxidoreductase), cytochrome c, complex IV (cytochrome c 
oxidase), and complex V (F0F1‑ATP synthase) (12). Complexes I 
and  III, especially the former, are considered the main 
sites of reactive oxygen species (ROS) generation. METC 
complex V can utilize the proton potential from other METC 
complexes to phosphorylate adenosine diphosphate (ADP) to 
form adenosine triphosphate (ATP) (13). This is the crucial 
energy‑generating pathway in living cells. An interruption 
of the electron transfer between METC complexes might 
be associated with ROS elevation. Meanwhile, it has been 
reported that METC is closely associated with cancer cell 
apoptosis. Xanthohumol, a polyphenol, effectively induces 
apoptosis and mitochondrial superoxide generation by inhib‑
iting the activities of complexes I and III and by restraining 
the electron transfer between them, followed by cytochrome c 
release from mitochondria (14).

Due to the contribution of mitochondria to cancer cell 
survival, targeting the mitochondria is a plausible and 
intriguing strategy to eliminate cancer cells with relatively 
high specificity  (15). Therefore, this work employed the 
human gastric cancer HGC‑27 cell line and MKN‑45 cell 
line, and mouse forestomach carcinoma MFC cell line to 
explore the anticancer effects of luteolin and to investigate 
the underlying mechanism. In addition, this study explores if 
luteolin could exert the inhibitory effects on gastric cancer 
cells from different species by demonstrating the different 
effects of luteolin on human gastric cancer cells and mouse 
gastric cancer cells. Moreover, the data from mouse gastric 
cancer cells will pave the way to the research on the effects 
of luteolin on the immune system in tumor‑bearing mice in 
the future.

We aimed to identify the inhibitory effects of luteolin 
on gastric cancer cells proliferation and to reveal the vital 
role of mitochondria in luteolin‑induced apoptosis in gastric 
cancer cells. This work may provide new insights into luteo‑
lin's anticancer effects by interfering with the mitochondrial 
function.

Materials and methods

Reagents. Luteolin (purity≥98%) was purchased from 
Sigma‑Aldrich Company (L9283, St. Louis, MO, United 
States). Luteolin was dissolved in dimethyl sulfoxide (DMSO) 
(D8371, Solarbio, Beijing, China) and diluted with complete 
medium to the required concentration. The final concentration 
of DMSO in the working solution was less than 0.1%, which 
had no adverse effects on cell viability. The other detection 
reagents were bought from Sigma‑Aldrich Company (St. Louis, 
MO, United States) and Solarbio Science & Technology Co., 
Ltd (Beijing, China).

Cell culture. Human gastric cancer HGC‑27 cell line 
(1101HUM‑PUMC000279), mouse forestomach carcinoma 
MFC cell line (1101MOU‑PUMC000143), and MKN‑45 
cell line (1101HUM‑PUMC000229) were purchased from 
National Infrastructure of Cell Line Resource (Beijing, 
China). Cells were cultured in RPMI 1640 medium (31800, 
Solarbio, Beijing, China) containing 10% fetal bovine serum 
(REF10091‑148, Gibco; Thermo Fisher Scientific Inc., 
Massachusetts, United States) and incubated at 37̊C in a 5% 
CO2 incubator (HF90/HF240, Heal Force, Shanghai, China). 
Subsequently, the cells were treated with different concen‑
trations of luteolin for 24 h. RPMI 1640 complete medium 
containing 0.1% DMSO was used as a control.

CCK‑8 cell viability assay. The effect of luteolin on cells 
viability was determined using the CCK‑8 assay (16). Briefly, 
100 µl of cell suspension per well was seeded in a 96‑well 
plate at a density of 6,000 cells/well. After incubation for 
24 h at 37̊C in a 5% CO2 incubator (HF90/HF240, Heal 
Force, Shanghai, China), the supernatant was discarded, and 
the HGC‑27 and MFC cells were treated with the different 
luteolin concentrations (10, 20, 30, 40, 50, 60, 70, and 80 µM 
in 200 µl/well) for 24 h, and MKN‑45 cells were treated 
for 48 h. According to the cytotoxicity assay kit (CA1210, 
Solarbio, Beijing, China) protocol, 100 µl of working solution 
(CCK‑8: complete RPMI 1640 medium=1:10) was added to 
each well. After incubation at 37̊C for 60 min in the dark, the 
absorbance at a wavelength of 450 nm was detected using a 
Thermo 3001 multi‑function microplate reader (Infinite 200 
PRO, Tecan Austria GmbH, Salzburg, Austria). IC50 indicated 
that the drug concentration resulted in a 50% reduction in cell 
survival. Experiments were repeated more than three times. 
In the following assays, gastric cancer cells were treated with 
10, 40, and 70 µM of luteolin. In line with the IC50 value of 
three cell lines, 10, 40, and 70 µM of luteolin is set in the 
arithmetic sequence. Under the treatment with 10 µM, 40 µM, 
and 70 µM luteolin, it is feasible to collect enough cells to 
meet requirements for measurement accuracy, and to exhibit 
the difference among various groups.

Hoechst 33258 staining. Morphological characteristics of 
apoptosis in cell nuclei were detected by Hoechst 33258 
staining (17). At least 2.0x105 cells were seeded in each well 
of a 6‑well plate. HGC‑27 and MFC cells were treated with 
10, 40, and 70 µM luteolin for 24 h, and MKN‑45 cells were 
treated for 48 h. The supernatant was discarded, and the cells 
were fixed with a fixing agent (acetic acid: methyl alcohol=1:3) 
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for 30 min. Then, the fixing agent was discarded, and the cells 
were rinsed with phosphate‑buffered saline (PBS) solution 
three times. Based on Hoechst 33258 stain solution (C0021, 
Solarbio, Beijing, China) protocol, the cells were incubated 
with 500 µl of the staining working solution (Hoechst 33258: 
PBS=1:100) at room temperature in the dark for 5-10 min. 
Inverted fluorescence microscopy (DMI3000, Leica, Wetzlar, 
Germany) was employed to record blue nuclei changes in the 
different groups.

Annexin V‑FITC/PI double staining assay. Quantitative 
analysis of the percentage of apoptosis was performed with 
an Annexin‑V FITC/PI apoptosis detection kit (CA1020, 
Solarbio, Beijing, China) and flow cytometry (18). At least 
2.5x105 cells/well were seeded in a 6‑well plate. After incuba‑
tion for 24 h at 37̊C in a 5% CO2 incubator, HGC‑27 and 
MFC cells were treated with 10, 40, and 70 µM luteolin for 
24 h, and MKN‑45 cells were treated for 48 h. In accordance 
with the manufacturer's instructions, the cells were collected 
and stained with fluorescein isothiocyanate (Annexin‑V 
FITC) and propidium iodide (PI) in the dark. The fluores‑
cence intensity was measured using a FACSCanto II flow 
cytometer (Becton Dickinson and Company, Franklin Lakes, 
United States), and the apoptotic rates were analyzed using 
the FACSDiva software (version 6.1.3; Becton Dickinson 
and Company, Franklin Lakes, United States). Experiments 
were repeated in HGC‑27 cells (n=7), MFC cells (n=6), and 
MKN‑45 cells (n=5).

Detection of ROS levels. The changes in ROS levels were 
determined using a ROS assay kit (CA1410, Solarbio, Beijing, 
China) and flow cytometry  (17). After luteolin treatment 
for 24 h in HGC‑27 cells and MFC cells, and for 48 h in 
MKN‑45 cells, the cells were collected and washed with PBS. 
The cells were labeled with 10 µM DCFH‑DA for 30 min at 
37̊C in the dark in accordance with the protocol. An inverted 
fluorescence microscope (DMI3000, Leica, Wetzlar, Germany) 
was employed to detect morphological changes. A FACSCanto 
II flow cytometer (Becton Dickinson and Company, Franklin 
Lakes, United States) was applied to determine the fluores‑
cence intensity of the stained cells, which was analyzed using 
the FACSDiva software (version 6.1.3; Becton Dickinson and 
Company, Franklin Lakes, United States). The fluorescence 
mean values derived from the flow cytometer in P2 were used 
for quantitative analysis. The data were normalized as fold 
changes in comparison to the DMSO group and presented 
as mean ± standard deviation. Experiments were repeated 
in HGC‑27 cells (n=6), MFC cells (n=7), and MKN‑45 cells 
(n=3).

Measurement of the mitochondrial membrane potential 
(MMP, ΔΨm). MMP changes were detected in the cells using 
an MMP assay kit (M8650, Solarbio, Beijing, China) and 
flow cytometry (19). The cells were treated with 10, 40, and 
70 µM luteolin for 24 h or 48 h. Then, the treated cells were 
resuspended in a complete media and stained with a JC‑1 
fluorescence working solution. MMP changes were measured 
with the FACSCanto II flow cytometer (Becton Dickinson 
and Company, Franklin Lakes, United States), and the fluo‑
rescence intensity was analyzed using the FACSDiva software 

(version  6.1.3; Becton Dickinson and Company, Franklin 
Lakes, United States). The relative ratio of red fluorescence to 
green fluorescence was applied for quantitative analysis of the 
MMP changes. The data were normalized as fold changes in 
comparison to the DMSO group. Experiments were repeated 
in HGC‑27 cells (n=12), MFC cells (n=11), and MKN‑45 cells 
(n=4).

Measurement of cellular ATP levels. Intracellular ATP 
was quantified using an ATP assay kit (S0026, Beyotime 
Biotechnology, Shanghai, China) (20). After treatment, at 
least 5x106 cells were collected in each group, followed by 
the addition of 300 ul of ATP lysis buffer. After centrifu‑
gation at 12,000  x  g (Thermo Scientific™ Sorvall™ 
Legend™ Micro 17R centrifuge; Thermo Fisher Scientific 
Inc., Massachusetts, United States) at 4̊C for 5 min, the 
supernatant was collected to examine the ATP content and 
the protein level. The cell supernatant and ATP standard 
solution were diluted to the necessary concentration with 
the ATP lysis buffer. Then, 20 µl of the sample or standard 
solution was blended with 100 µl of a reaction working 
agent, which was tested in a 96‑well plate. The fluores‑
cence was assessed using the Thermo 3001 multi‑function 
microplate reader (Infinite 200 PRO, Tecan Austria GmbH, 
Salzburg, Austria). Each sample was measured at least in 
triplicate. Experiments were repeated in HGC‑27  cells 
(n=5), MFC cells (n=4), and MKN‑45 cells (n=4). The data 
were presented as fold changes normalized to the DMSO 
group.

Enzyme and protein extraction and quantification. (i) Enzyme 
extraction was conducted as described below. At least 
5x106 cells were trypsinized for assays in each group. The 
collected cells were lysed with the corresponding enzymes' 
lysis buffer and ultrasonicated on ice (power 20%, ultrasoni‑
cate 3 s, interval 10 s, repeat 30 times). The quantification of 
enzymes protein was performed by using the BCA protein 
assay kit (PC0020, Solarbio, Beijing, China). Data were 
obtained with a microplate reader (Infinite 200 PRO, Tecan 
Austria GmbH, Salzburg, Austria) for absorbance at 562 nm. 
The amount of enzyme protein was calculated in accordance 
with the prescribed computational formula of the kit protocol 
(PC0020, Solarbio, Beijing, China).

(ii)  Protein extraction was prescribed as follows  (21). 
Cells were lysed with ice‑cold RIPA buffer (R0010, Solarbio, 
Beijing, China) containing 0.1 M PMSF (P0100, Solarbio, 
Beijing, China) and a protease phosphatase inhibitor (100x) 
(P1261, Solarbio, Beijing, China) and incubated on ice for 
at least 30  min. Then, the cell lysate was centrifuged at 
12,000 x g (Thermo Scientific™ Sorvall™ Legend™ Micro 
17R centrifuge; Thermo Fisher Scientific Inc., Massachusetts, 
United States) for 10 min at 4˚C, and the supernatant was 
evaluated using the BCA protein assay kit (PC0020, Solarbio, 
Beijing, China). The absorbance was measured at 562 nm 
with the microplate reader (Infinite 200 PRO, Tecan Austria 
GmbH, Salzburg, Austria). The amount of protein was calcu‑
lated in accordance with the prescribed computational formula 
of the kit protocol (PC0020, Solarbio, Beijing, China). The cell 
lysate was adjusted to 6 µg/µl with the lysate buffer and stored 
at -80̊C.
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Analysis of Na+/K+‑ATPase and Ca2+/Mg2+‑ATPase 
enzyme activities. The activities of Na+/K+‑ATPase and 
Ca2+/Mg2+‑ATPase were assessed using the Na+/K+‑ATPase 
enzyme activity assay kit (BC0065, Solarbio, Beijing China) 
and Ca2+/Mg2+‑ATPase enzyme activity assay kit (BC0965, 
Solarbio, Beijing China), respectively. The Na+/K+‑ATPase 
activity was evaluated by the concentration of inorganic 
phosphate (Pi) formed upon ATP hydrolysis in accordance 
with a previous report (22). At least 5x106 cells in each group 
were collected for enzyme extraction. An enzyme extraction 
reagent was added to the reaction mixture, and the data on 
Na+/K+‑ATPase activity were obtained using the microplate 
reader (Infinite 200 PRO, Tecan Austria GmbH, Salzburg, 
Austria) at 660 nm absorbance. Experiments were repeated 
in HGC‑27 cells (n=9) and MFC cells (n=16). Similarly, 
Ca2+/Mg2+‑ATPase activity was measured by quantifying the 
Pi production from the conversion of ATP into ADP at 660 nm 
using the molybdenum blue spectrophotometric method (23). 
According to the protocol, one enzyme activity unit (U) 
was defined as µmol of inorganic phosphate liberated per 
1x104 cells per hour, which was quantified as results for each 
group. The data were presented as fold changes normalized to 
the DMSO group. Experiments were repeated in HGC‑27 cells 
(n=10) and MFC cells (n=14).

Analysis of SOD activity. To detect the activity of SOD, at least 
5x106 cells in each group were collected after treatment. Then, 
SOD was extracted using an extracting solution from the SOD 
activity assay kit (BC0175, Solarbio, Beijing, China) (24). SOD 
activity was tested according to the protocol and assessed 
using absorbance at 560 nm with the Thermo 3001 microplate 
reader (Infinite 200 PRO, Tecan Austria GmbH, Salzburg, 
Austria). SOD activity was calculated based on the formula 
from the kit protocol. Relative SOD activity was calculated 
by normalizing the SOD activity in each group to that in the 
DMSO group. Each sample was measured at least in triplicate. 
Experiments were repeated in HGC‑27 cells (n=8), MFC cells 
(n=6), and MKN‑45 cells (n=5).

Analysis of enzyme activities of METC complexes Ⅰ, Ⅲ, and 
Ⅴ. To detect the activities of METC complexes Ⅰ, Ⅲ, and Ⅴ, 
at least 5x106 cells were lysed in each group to obtain METC 
complexes, and the activities of complexes  Ⅰ, Ⅲ, and  Ⅴ 
were further detected by using METC complex Ⅰ, Ⅲ, and Ⅴ 
activity assay kits (BC0515, BC3245 and BC1440, Solarbio, 
Beijing, China). METC complex I activity was measured by 
determining the decrease in NADH absorbance at 340 nm 
that leads to the reduction of ubiquinone to ubiquinol (25). 
Cells were collected by scraping, and mitochondria were 
isolated on ice using the mitochondria isolation lysis of the 
kit. In line with the manufacturer's instructions, 10 µl of 
the enzyme extraction was added to 190 µl of the reaction 
mixture in a 96‑well plate. Each sample was assessed in 
at least three replicates. The absorbance values at 340 nm 
at 10  s and 2  min were recorded with the Thermo 3001 
multifunction microplate reader (Infinite 200 PRO, Tecan 
Austria GmbH, Salzburg, Austria). The activity was calcu‑
lated using the extinction coefficient of 6.22 mM‑1 cm‑1 for 
NADH and expressed as nmol/min/mg protein. Experiments 
were repeated in HGC‑27 cells (n=15), MFC cells (n=16), 

and MKN‑45 cells (n=6). METC complex III activity was 
measured by monitoring the reduction of cytochrome c by 
ubiquinol at 550  nm  (25). Similarly, mitochondria were 
isolated on ice using the isolation lysis reagent from the kit. 
In line with the manufacturer's instructions, 20 µl of the 
enzyme extraction was added to 180 µl of different reaction 
mixture from the testing group and the control group in a 
96‑well plate. The absorbance values at 550 nm at 10 s and 
2 min were recorded with the Thermo 3001 multi‑function 
microplate reader (Infinite 200 PRO, Tecan Austria GmbH, 
Salzburg, Austria). The activity was calculated using the 
extinction coefficient of 1.91x104 l mol‑1 cm‑1 for cytochrome c 
and expressed as nmol/min/mg protein. Experiments were 
repeated in HGC‑27 cells (n=6) and MFC cells (n=5). 
METC complex Ⅴ was determined with a mitochondrial 
ATP‑synthase assay (25). According to the instructions, the 
enzyme extraction was mixed with reagents for the quantita‑
tive determination of phosphorus. The ATP‑synthase activity 
was determined as the difference between the activities 
obtained in the presence and absence of oligomycin. The 
absorbance value at 660 nm was recorded using the Thermo 
3001 multi‑function microplate reader (Infinite 200 PRO, 
Tecan Austria GmbH, Salzburg, Austria), and the results 
were calculated as nmol Pi/mg protein. Experiments were 
repeated in HGC‑27 cells (n=14), MFC cells (n=14), and 
MKN‑45 cells (n=4). All data were presented as fold changes 
normalized to the DMSO group.

Western blot. After the denaturation of total protein, 60 µg 
cell lysate from each group were separated by SDS‑PAGE 
(a 6% spacer gel and a 10% separating gel) and transferred 
to a PVDF membrane (ISEQ00010, Millipore Sigma) with 
200 mA constant current (Biorad Powerpac Basic 164‑5050, 
Bio‑Rad Laboratories Inc, California, United States) on ice 
for 2 h (17). The membranes were then blocked with 5% milk 
in Tris‑buffered saline with Tween 20 (TBST) solution for 
2 h and washed with TBST for 5 min for three times. Then, 
the blocked membranes were incubated in a primary antibody 
solution at 4̊C overnight. The primary antibodies in this work 
were: β‑actin mouse monoclonal antibody (cat. no. TA‑09; 
1:2,000; OriGene Technologies Inc., Beijing, China), Bcl‑2 
rabbit monoclonal antibody (cat.  no.  ab182858; 1:1,000; 
Abcam, Cambridge, UK), and Bax rabbit monoclonal anti‑
body (cat. no. ab182733; 1:1,000; Abcam, Cambridge, UK). 
The membranes were rinsed with TBST for 10 min three times 
and probed with the secondary antibody (peroxidase‑conju‑
gated goat anti‑mouse IgG (H+L) (cat. no. ZB‑2305; 1:50,000; 
OriGene Technologies Inc., Beijing, China) and goat anti‑rabbit 
IgG (H&L) (cat. no. ab6721; 1:20,000; Abcam, Cambridge, 
UK)) at room temperature for 50 min. After rinsing with the 
TBST solution, the membranes were detected with the ECL 
chemiluminescence kit (WF326284, Thermo Fisher Scientific 
Inc., Massachusetts, United States), and visualized with the gel 
imaging analysis system (BioSpectrum 510 Imaging System 
Motorized Platform). Scanning grey analysis was performed 
using the Photoshop CC 2019 software (Adobe Systems Inc., 
California, United States). The grayscale value of each band 
was normalized to its corresponding β‑actin. All data were 
presented as fold changes normalized to the DMSO group, 
and used to plot histograms. Experiments were repeated in 
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HGC‑27 cells (n=6), MFC cells (n=5), and MKN‑45 cells 
(n=5).

Statistical analysis. The experiments were carried out at 
least three times. Data of enzymes activities were analyzed in 
accordance with the prescribed calculation formula on the kit 
protocol. The data were normalized as fold changes to DMSO 
group and presented as means  ±  standard deviation. The 
analyses were performed using the SPSS 21.0 software package 
(version 21.0, SPSS Inc, Chicago, United States) and drew 
by the GraphPad Prism 6.0 software (version 6.0, GraphPad 
Software Inc., San Diego, United States). Statistical difference 
was calculated by ANOVA followed by Tukey's post hoc test. 
P-values less than 0.05 were considered statistically significant.

Results

Luteolin decreased gastric cancer cells viability. After treat‑
ments with different doses of luteolin (0, 10, 20, 30, 40, 50, 
60, 70, and 80 µM) for 24 h or 48 h, the viability of HGC‑27, 
MFC, and MKN‑45 cells were analyzed using the CCK‑8 
assay. The viability of HGC‑27 and MFC cells decreased in 
a dose‑dependent manner (Fig. 1B and D), and the viability 
of MKN‑45 cells also reduced in a dose‑dependent manner 
(Fig. S1B). According to the cell viability analysis, the cell 
viability curve is created. Based on the curve, the IC50 value 
of luteolin for HGC‑27 and MFC cells was approximately 
60 and 40 µM, respectively. And the IC50 for MKN‑45 at 
48 h was about 50 µM. The morphological changes were 

Figure 1. Viability of HGC‑27 and MFC cells is affected by luteolin. HGC‑27 and MFC cells were treated with different doses of luteolin for 24 h. Human 
gastric cancer HGC‑27 cells viability was inhibited by luteolin. (A) Morphological changes of HGC‑27 cells were observed under a light microscope (magni‑
fication, x100). (B) HGC‑27 cell viability was detected by the Cell Counting Kit‑8 assay. Mouse forestomach carcinoma MFC cells viability was inhibited by 
luteolin. (C) Morphological changes of MFC cells were observed under a light microscope (magnification, x200). (D) MFC cell viability was detected using 
the Cell Counting Kit‑8 assay. The decrease in the viability rate was analyzed using the GraphPad Prism 6.0 software. Experiments were repeated at least three 
times. **P<0.01 vs. DMSO group. HGC‑27, human gastric cancer HGC‑27 cell line; MFC, mouse forestomach carcinoma cell line.
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observed under a light microscope, illustrating a notably 
reduced cell number (Figs. 1A, C, and S1A). Moreover, there 

are several dark speckles with lower refractive index in 
40 and 70 µM, which are different with the cells in DMSO 

Figure 2. Continued.
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group. Due to the luteolin treatment, the cell morphology 
become irregular.

To explore whether apoptosis was involved in the reduction 
of cell number induced by luteolin, morphology assessment 
and flow cytometry were used to detect apoptosis. HGC‑27 and 
MFC cells were treated with luteolin (10, 40, and 70 µM) for 
24 h, and MKN‑45 cells were treated for 48 h. Morphological 
features of luteolin‑induced apoptosis were detected by 
Hoechst 33258 staining on a fluorescence inversion micro‑
scope system. As shown in Figs. 2A, B, and S2A, apparent 
morphological features, such as karyopyknosis, nucleosome 
and chromosome condensation, were observed in the luteolin 
groups, while fewer apoptotic characteristics were found in the 
DMSO group. HGC‑27, MFC, and MKN‑45 cells stained with 
Annexin‑V FITC and PI were quantified by flow cytometry. 
The percentage of apoptotic cells increased in a concentra‑
tion‑dependent manner in HGC‑27 cells (Fig. 2C and D), MFC 
cells (Fig. 2E and F), and MKN‑45 cells (Fig. S2B and S2C). 
These results showed that apoptosis might be largely involved 
in the inhibition of HGC‑27, MFC, and MKN‑45 cells' prolif‑
eration induced by luteolin.

Luteolin influenced ROS accumulation in gastric cancer 
cells. Oxidative stress plays a crucial role in cancer patho‑
physiology (4). ROS can cause the apoptosis of cancer cells 
via oxidative stress (26). Luteolin, as a flavonoid, regulates the 
cellular redox state. DCFH‑DA staining and flow cytometry 
were performed to illustrate luteolin‑induced ROS accumu‑
lation in HGC‑27, MFC and MKN‑45 cells. HGC‑27 and 
MFC cells were treated with luteolin (10, 40, and 70 µM) for 
24 h, and MKN‑45 cells were treated for 48 h. There was an 

obvious increase in green fluorescence in the luteolin groups 
(Figs. 3A, B, and S3A). Moreover, the peak moved to the 
righter with the increase of the luteolin dose in HGC‑27 cells 
(Fig. 3C), MFC cells (Fig. 3E), and MKN‑45 (Fig. S3B). The 
data suggested that ROS significantly increased after exposure 
of HGC‑27 cells (Fig. 3D) and MFC cells (Fig. 3F) to luteolin. 
It was also observed that ROS remarkably increased in the 
high dose of luteolin in MKN‑45 cells (Fig. S3C). In addi‑
tion, an SOD activity test suggested that luteolin could induce 
SOD activity reduction, especially in the high dose of luteolin 
groups in HGC‑27 and MFC cells (Fig. 3G) and in MKN‑45 
cells (Fig. S3D). Thus, it was inferred that ROS played a signif‑
icant role in luteolin‑induced apoptosis in HGC‑27, MFC, and 
MKN‑45 cells and that the increase in ROS was related to the 
decreased activity of antioxidative enzymes, especially SOD.

Luteolin impaired the mitochondrial potential, ATP 
generation and enzyme activities in gastric cancer cells. 
Intracellular ROS overaccumulation is one of the charac‑
teristics of mitochondrial dysfunction (27). Mitochondrial 
dysfunction directly leads to apoptosis  (28). Here, we 
explored the effects of luteolin on main mitochondrial func‑
tions, such as mitochondrial membrane potential, energy 
metabolism, and key protein expression levels, in gastric 
cancer cells. Luteolin‑treated HGC‑27, MFC, and MKN‑45 
cells were stained with JC‑1 and analyzed using flow cytom‑
etry. The flow cytometry results revealed that the ratio of 
red/green fluorescence dramatically decreased in the luteolin 
groups (Figs. 4A, C, and S4A), indicating that luteolin effec‑
tively decreased the mitochondrial membrane potential of 
HGC‑27 cells (Fig. 4B), MFC cells (Fig. 4D), and MKN‑45 

Figure 2. HGC‑27 and MFC cells apoptosis are induced by luteolin. Morphological changes indicative of (A) HGC‑27 cells and (B) MFC cells apoptosis were 
observed using Hoechst 33258 staining method under an inverted fluorescence microscope (magnification, x100). Red arrows indicated the apparent apoptotic 
morphological features, such as karyopyknosis, nucleosome and chromosome condensation. Following double‑staining with Annexin‑V FITC and PI, the flow 
cytometry was used to test the apoptosis in (C) HGC‑27 cells and (E) MFC cells, and the quantitative determination of apoptosis of (D) HGC‑27 cells and 
(F) MFC cells was showed on the histogram. Experiments were repeated at least three times. *P<0.05 and **P<0.01 vs. DMSO group. HGC‑27, human gastric 
cancer HGC‑27 cell line; MFC, mouse forestomach carcinoma cell line.
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Figure 3. Continued.
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cells (Fig. S4B). Next, an ATP content assay was carried 
out to examine the effects of luteolin on mitochondrial 

energy metabolism. ATP content decreased, especially in 
the high‑dose groups (Figs.  4E and S4C). These results 

Figure 3. ROS accumulation in HGC‑27 and MFC cells is induced by luteolin. The fluorescence intensity of (A) HGC‑27 cells and (B) MFC cells were 
visualized under a fluorescence inverted microscope (magnification, x100). Luteolin‑induced ROS levels were detected using DCFH‑DA staining and flow 
cytometry in (C) HGC‑27 cells and (E) MFC cells. The quantitative analysis of ROS levels in (D) HGC‑27 cells and (F) MFC cells was showed on the histo‑
gram. (G) SOD activity was assessed in HGC‑27 and MFC cells using a microplate reader at an absorbance of 560 nm. Experiments were repeated at least in 
triplicate. Data were presented as mean ± SD. **P<0.01 vs. DMSO group. ROS, reactive oxygen species; SOD, superoxide dismutase; HGC‑27, human gastric 
cancer HGC‑27 cell line; MFC, mouse forestomach carcinoma cell line.

Figure 4. Continued.
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demonstrated that luteolin could remarkably reduce ATP 
levels, suggesting that luteolin produced deleterious effects 
on mitochondrial energy generation in HGC‑27, MFC, and 
MKN‑45 cells. Following the decrease in ATP contents, 
luteolin effectively downregulated plasma membrane‑bound 
Na+/K+‑ATPase (Fig. 4F) and Ca2+/Mg2+‑ATPase (Fig. 4G) 
enzyme activities, especially in the high‑dose groups 
in HGC‑27 cells, indicating that luteolin impaired the 
membrane permeability. 

Luteolin inhibited the activities of key enzymes of the METC 
in gastric cancer cells. The METC complexes, located at the 
inner mitochondrial membrane, are coupled with respira‑
tory electron transfer and ATP synthesis (29). Complexes I 
and III are closely associated with ROS generation, whereas 
complex  V is primarily responsible for ATP production. 
Complexes I, III, and V play critical roles in cancer cell apop‑
tosis (30). HGC‑27, MFC, and MKN‑45 cells at the logarithmic 
phase were treated with luteolin as mentioned previously, and 
specific assay kits were employed to examine the changes 
in the activities of complexes I  (31), III, and V  (25). The 
enzymes activities of complex I (Figs. 5A and S5A), complex 
III (Fig. 5B), and complex V (Figs. 5C and S5B) significantly 
decreased compared with the DMSO group, indicating that 
luteolin exerted inhibitory effects on the activities of METC 
complexes I, III, and V, especially in the high dose of luteolin 
groups in HGC‑27, MFC, and MKN‑45 cells. These findings 
suggested that luteolin could exert inhibitory effects on METC 

complex activities in HGC‑27 and MFC cells in a dose‑depen‑
dent manner. And high dose of luteolin could effectively 
inhibit METC complexes I and V activities in MKN‑45 cells.

Luteolin unbalanced Bcl‑2 and Bax protein expression in 
gastric cancer cells. Bcl‑2 family members are involved in 
modulating the mitochondrial permeability transition  (32) 
and regulating the integrity and function of the outer mito‑
chondrial membrane (33). Bcl‑2 and Bax are core regulators 
of the intrinsic pathway of apoptosis in response to stress 
stimuli (33). Further, they play important roles in regulating the 
permeabilization of the outer mitochondrial membrane (34). 
Western blot findings demonstrated that luteolin significantly 
decreased the ratio between Bcl‑2 and Bax in HGC‑27, MFC, 
and MKN‑45 cells (Figs. 6C and S6B) by downregulating 
Bcl‑2 expression (Figs. 6B and S6A) and/or upregulating Bax 
expression (Figs. 6A and S6A). Thus, these results verified that 
luteolin exerted destructive effects on mitochondrial function 
in HGC‑27, MFC, and MKN‑45 cells by unbalancing the 
expression of Bcl‑2 and Bax proteins.

Discussion 

Chemical compounds in natural extracts may reportedly 
have potential as therapeutic agents for gastric cancer (35). 
Luteolin is a natural ingredient found in a variety of fruits, 
vegetables, and herbs. The cost of luteolin has been greatly 
reduced, as it can now be extracted from peanut shells, which 

Figure 4. Mitochondrial membrane potential, ATP levels and some enzyme activities in HGC‑27 and MFC cells induced by luteolin. The luteolin‑treated 
(A) HGC‑27 cells and (C) MFC cells were stained with JC‑1, and analyzed using flow cytometry. Quantitative statistics of the mitochondrial membrane 
potential was based on flow cytometry in (B) HGC‑27 cells and (D) MFC cells. The (E) ATP levels, (F) Na+/K+‑ATPase activities and (G) Ca2+/Mg2+‑ATPase 
activities were showed based on the microplate system at the absorbance values of 660 nm. The data were presented as mean ± SD. The experiments were 
repeated in triplicate. *P<0.05, **P<0.01 vs. DMSO group. HGC‑27, human gastric cancer HGC‑27 cell line; MFC, mouse forestomach carcinoma cell line.
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is economical for mass production and clinical practice (36). 
Therefore, several studies have been conducted to reveal many 
biological effects of luteolin, including anti‑inflammatory (37), 
antioxidative (38), analgesic (39), and anticancer activities (4). 
Our study demonstrated that luteolin exerted significant 
inhibitory effects on the proliferation of HGC‑27, MFC, and 
MKN‑45 gastric cancer cells. Luteolin treatment‑induced 
distinct morphological and biochemical features associated 
with apoptosis in HGC‑27, MFC, and MKN‑45 cells, such 
as chromatin condensation, membrane surface blebbing, and 
formation of apoptotic bodies. Thus, apoptosis is the main 
mechanism of luteolin‑induced inhibition of cell proliferation. 
We also found that luteolin could effectively interfere with the 
redox state of gastric cancer cells. Namely, with an increased 
dose of luteolin, rising ROS levels were observed in HGC‑27 
and MFC cells. And high dose of luteolin could induce ROS 
increase in MKN‑45 cells. It is indicated that the effect of 
luteolin on stimulating ROS increase is various in different 
cell lines. As the most significant signaling molecules, ROS 
participate in regulating many biological processes, such as 
redox state changes and apoptosis. Low ROS levels are neces‑
sary to maintain cellular signaling processes (40). In contrast, 
a sudden and substantial increase in ROS levels commits cells 
to apoptosis (28). Presumably, luteolin could induce gastric 
cancer cells apoptosis by elevating ROS levels. Luteolin's 
properties are probably predetermined by its chemical struc‑
ture, which includes four phenolic hydroxyl groups in C5 and 
C7 of the benzene A ring and C3' and C4' of the benzene B 
ring. Luteolin's antioxidant activity has been attributed to the 

ortho‑dihydroxy structure of its B‑ring and the 2,3‑double 
bond in conjugation with the 4‑oxo function of the C ring (4,41).

The ΔΨm collapse has been associated with apop‑
tosis‑related mitochondrial fragmentation, which is considered 
an irreversible point in the death signaling cascade (42). In this 
study, luteolin was shown to damage ΔΨm as reflected by the 
decreased ratio of red/green fluorescence found in all luteolin 
groups of HGC‑27, MFC, and MKN‑45 cells. Several reports 
have shown that the sudden ΔΨ decrease with a corresponding 
rise in ROS generation may be attributed to mitochondrial 
permeability transition pore (mPTP) induction (43). mPTP 
is a transmembrane channel formed at the contact sites 
between the inner and outer mitochondrial membranes (44). 
There is evidence that brief mPTP openings are critical to 
maintaining healthy mitochondrial homeostasis. However, 
when ROS accumulation exceeds the threshold, it leads to 
longer mPTP openings, resulting in an ROS burst release (43). 
This regenerative cycle of mitochondrial ROS formation and 
release was defined as ROS‑induced ROS release (RIRR) (43). 
Longer mPTP openings possibly play a physiological role 
in luteolin‑induced gastric cancer apoptosis. The mPTP 
formation leads to the mitochondrial permeability transition 
(MPT), which was modulated by Bcl‑2 family members (32). 
The Bcl‑2 family proteins, including antiapoptotic (Bcl‑2) 
and proapoptotic (Bax) members, can form ion channels 
when incorporated into synthetic lipid bilayers (33). mPTP 
is regulated by proapoptoic and antiapoptotic Bcl‑2 family 
proteins, such as Bax and Bcl‑2, through the composition of 
the voltage‑dependent anion channel (VDAC) (45). Moreover, 

Figure 5. Luteolin induces the enzyme activities of the METC complexes in HGC‑27 and MFC cells. Complexes (A) Ⅰ, (B) Ⅲ and (C) Ⅴ were assessed by 
testing kits. The data were obtained using a microplate reader at 340, 550 and 660 nm, respectively. The data were presented as mean ± SD. The experiments 
were performed at least in triplicate. *P<0.05 and **P<0.01 vs. DMSO group; HGC‑27, human gastric cancer HGC‑27 cell line; MFC, mouse forestomach 
carcinoma cell line.
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members of the Bcl‑2 family, such as Bcl‑2 and Bax, are 
involved in regulating the integrity and function of the outer 
mitochondrial membrane  (33). Unbalanced expressions of 
Bcl‑2 and Bax proteins is involved in the apoptosis induced 
by luteolin in cancer cells (46). Our data demonstrated that 
luteolin remarkably decreased the ratio of Bcl‑2 and Bax by 
downregulating Bcl‑2 protein expression and/or upregulating 
Bax protein expression in three gastric cancer cell lines. 
Therefore, we inferred that luteolin might induce longer mPTP 

formation and destroy the outer mitochondrial membrane by 
unbalancing Bcl‑2 and Bax protein expression in HGC‑27, 
MFC, and MKN‑45 cells, leading to apoptosis.

Luteolin induced ΔΨm decrease and ROS increase, 
resulting in disrupting the proton‑motive force. Then, the 
integrity of the inner mitochondrial membrane is impaired, 
and the oxidative phosphorylation is uncoupled (47). METCs 
are located on the inner mitochondrial membrane, where 
complexes I, III, and Ⅳ are proton pumps, while CoQ and 

Figure 6. Luteolin unbalanced Bcl‑2 and Bax protein expression in HGC‑27 and MFC cells. Bcl‑2 and Bax protein levels in (A) HGC‑27 cells and (B) MFC 
cells were examined using western blot. (C) Ratio between Bcl‑2 and Bax protein expression levels is showed in the histogram. The data were presented as 
mean ± SD. Experiments were repeated at least in triplicate. *P<0.05 and **P<0.01 vs. DMSO group. Bcl‑2, B cell lymphoma‑2; Bax, Bcl‑2‑associated X; 
HGC‑27, human gastric cancer HGC‑27 cell line; MFC, mouse forestomach carcinoma cell line.
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cytochrome c are electron carriers (13). METC is the central 
player in the chemiosmotic theory, in which the proton 
circuit across the inner mitochondrial membrane actuates 
the oxidative phosphorylation, coupling substrate oxidation 
and adenosine 5'‑diphosphate (ADP) phosphorylation (29). 
Substrate oxidation releases electrons to cofactors, such as 
nicotinamide adenine dinucleotide (NADH) or 1,5‑dihydro‑
flavin adenine dinucleotide (FADH2). These electrons pass 
through electron carriers of METC complexes with increasing 
oxidation potentials, ultimately reducing molecular oxygen 
to water  (48). Electrons carried by NADH are transferred 
to the flavin mononucleotide (IF) site in complex I, where 
they are normally passed down the chain of Fe‑S centers to 
the ubiquinone‑binding site (IQ). At both the IF and IQ sites, 
electrons react with O2, forming superoxide (O2

•−) within the 
mitochondrial matrix (13,49). In complex Ⅲ, QH2 binds to the 
QO site, and electrons are transferred in the Q‑cycle and react 
directly with oxygen to form superoxide that is released to 
both sides of the inner mitochondrial membrane (50).

In our study, luteolin downregulated the activities of 
complexes I and III in HGC‑27 and MFC cells, resulting in 
luteolin‑induced ROS generation and mitochondrial dysfunc‑
tion. And high dose of luteolin could exert more effective 
inhibition on complex I in MKN‑45 cells. This might have 
occurred, because luteolin inhibited enzyme activities by 
binding to the quinone‑binding site of the complexes, backing 
up electrons in the chain of Fe-S clusters and leading to rapid 
ROS generation  (51). In addition to luteolin, plant‑derived 
chemicals with anticancer activity directed against METC 
complexes include resveratrol  (52), xanthohumol  (14), and 
deguelin (53). As inhibition of METC complexes is associated 
with increased ROS production, targeting METC complexes to 
increase ROS production is a plausible and intriguing strategy 
to eliminate cancer cells with relatively high specificity (28). 
Moreover, the ATP level was reduced in the high dose of 
luteolin groups. In line with the ATP content, METC complex 
V activity was remarkably reduced by luteolin. ATP is mainly 
derived from the METC complex V, which can convert the 
proton gradient created by METC complexes I-Ⅳ into ATP 
by phosphorylating ADP (28). Therefore, decreased METC 
complex V activity induced by luteolin is the leading cause of 
ATP reduction, which can impair mitochondrial function. ATP 
downregulation also reduces ATP‑dependent Na+/K+‑ATPase 
and Ca2+/Mg2+‑ATPase enzyme activities, destroying cellular 
membrane permeability and promoting the apoptosis. This 
suggests that luteolin may impair mitochondrial function 
and membrane ionic equilibrium by increasing ROS and 
decreasing ATP synthesis, where METC downregulation is 
indispensable.

In addition, it is reported that luteolin could induce cell 
cycle arrest and apoptosis through extrinsic and intrinsic 
signaling pathways in MCF‑7 breast cancer cell (46). The cells 
from different tissues have different reaction to luteolin treat‑
ment. And different tissues trigger different signaling pathway 
induced by luteolin. We tested the ROS change, ATP content, 
and mitochondrial electron transport chain complexes activi‑
ties, which are the indicators of mitochondrial function. Our 
study found that luteolin could downregulate the activities of 
mitochondrial electron transport chain complexes, which are 
distinctively important for cell survival, cell carcinogenesis, 

and cell energy supply. So we propose that luteolin induces the 
apoptosis by interfering the cellular energy metabolism of the 
mitochondria in gastric cancer cells.

This study was conducted in vitro to demonstrate the 
anti‑gastric cancer effects of luteolin and to reveal the 
underlying mechanism. Luteolin unbalanced ROS levels and 
ATP generation by destroying the mitochondrial membrane 
potential and downregulating the enzyme activities of 
METC complexes (mainly complexes I, III, and V). Luteolin 
also impaired mitochondrial integrity and function by 
unbalancing the protein expression of Bcl‑2 family members 
(Bcl‑2 and Bax), eventually inducing apoptosis of gastric 
cancer cells. Therefore, the intrinsic apoptosis pathway was 
involved in luteolin's anti‑gastric cancer effects, and mito‑
chondria were the main target in luteolin‑induced gastric 
cancer apoptosis.
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