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Abstract. Formononetin, a phytoestrogen extracted from 
various herbal plants, has been investigated as an anticancer 
agent against diverse types of cancer. The aim of the present 
study was to investigate the induction of apoptotic cell death 
by formononetin in the FaDu pharyngeal squamous cell carci-
noma cell line. Formononetin significantly increased FaDu 
cell death, with an estimated IC50 value of 50 µM; however, it 
did not affect the viability of normal L929 mouse fibroblasts 
used as normal control at 5‑25 µM. Typical characteristics 

of apoptosis, such as morphological alterations, chromatin 
condensation, DNA fragmentation and the size of the apop-
totic cell population, were increased in FaDu cells treated with 
formononetin for 24 h. Furthermore, formononetin‑induced 
FaDu cell death involved the death receptor‑mediated extrinsic 
and the mitochondria‑dependent intrinsic apoptotic pathways 
by activating the caspase cascade. The chemotherapeutic 
effects of formononetin were mediated by the suppression 
of mitogen‑activated protein kinases, including extracellular 
signal‑regulated kinase 1/2 and p38, and nuclear factor‑κB 
phosphorylation in FaDu cells. Finally, the oral administra-
tion of formononetin decelerated tumor growth through the 
expression of cleaved caspase‑3 in a FaDu cell xenograft 
animal model. Taken together, these findings indicate that 
formononetin holds promise as a chemotherapeutic agent and 
may be of value in the treatment of human head and neck 
squamous cell carcinoma.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is a type 
of cancer that develops from the mucosal lining of the upper 
aerodigestive tract, and is associated with a variety of patho-
physiological risk factors, such as smoking, betel nut chewing, 
alcohol consumption and human papillomavirus infection. 
Approximately 600,000 new cases of HNSCC are currently 
diagnosed worldwide annually, making HNSCC the sixth most 
common type of cancer among human malignancies (1‑3). 
Although clinical treatments for patients with HNSCC, such 
as surgery, radiation therapy, chemotherapy, targeted therapy 
and combination treatments, have advanced over the last two 
decades, the 5 year survival rate of patients diagnosed with 
HNSCC is estimated to be 65% (3). The clinical symptoms of 
HNSCC generally include a white or red patch on the gums 
or tongue and swelling of the jaw, accompanied by discom-
fort, abnormal bleeding and pain in the oral cavity, pharynx, 
larynx, salivary glands, paranasal sinuses and nasal cavity. 

Formononetin induces apoptotic cell death through the 
suppression of mitogen‑activated protein kinase and 
nuclear factor‑κB phosphorylation in FaDu human 

head and neck squamous cell carcinoma cells
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The clinical treatments for HNSCC may cause side effects 
associated with functional changes in the ability to chew, 
swallow or talk, and may lead to multiple long‑lasting physical 
and mental comorbidities (4). Recently, natural products used 
in traditional folk medicine have attracted attention as chemo-
therapeutic compounds in order to reduce the side effects of 
clinical HNSCC treatments (5).

As shown in Fig.  1, formononetin [C16H12O4, CAS 
no:  485‑72‑3, synonym: 7‑Hydroxy‑3‑(4'‑methoxyphenyl)‑ 
4H‑benzopyran‑4‑one] is a phytoestrogen and natural 
isoflavone isolated from Pongamia pinnata (6), Astragalus 
membranaceus (7), Ononis angustissima (8) and Trifolium 
pratense (T. pratense) (9). Recent studies investigating the 
physiological roles of formononetin have reported a variety 
of biological effects, including antioxidant activity  (10), 
estrogenic effects (10), anti‑inflammatory properties (11,12), 
neuronal protection against hypoxia‑induced cytotoxicity (13) 
and anti‑neovascularization  (14). Moreover, the anticancer 
properties of formononetin have been observed in several 
types of cancer cells, such as the human urinary bladder 
cancer cell line T24  (15), the human non‑small‑cell lung 
cancer cell lines A549 and NCI‑H23 (16), the human pros-
tate cancer cell lines PC‑3 and DU145 (17), the human breast 
cancer cell line MDA‑MB‑231 (18), the human cervical cancer 
cell line HeLa (19), and the human colorectal carcinoma cell 
line HCT116 (20), and are mediated through anti‑angiogenic 
effects, cell cycle arrest, inhibition of proliferation and induc-
tion of apoptosis.

Hence, the aim of the present study was to determine the 
chemotherapeutic effects of formononetin and its potential 
signaling pathways on HNSCC cells.

Materials and methods

Cell culture. L929 normal mouse fibroblasts and FaDu cells 
were obtained from the American Type Culture Collection 
(ATCC). According to the ATCC instructions, L929 cells 
were grown in Eagle's minimum essential medium (Thermo 
Fisher Scientific, Inc.) supplemented with 10% fetal bovine 
serum (FBS; Thermo Fisher Scientific, Inc.), and FaDu cells 
were grown in minimum essential medium (Thermo Fisher 
Scientific, Inc.) supplemented with 10%  FBS; both were 
cultured in a humidified incubator at 37˚C with 5% CO2.

Cytotoxicity assessment. To determine the biological safety 
and cytotoxicity of formononetin (SC‑202614; Santa Cruz 
Biotechnology Inc.), L929 and FaDu cells (1x105 cells/ml) 
were cultured in 96‑well plates. Thereafter, the cells were 
treated with 0, 5, 10, 25 or 50 µM formononetin for 24 h at 
37˚C. Following incubation, the cells were incubated for 
a further 4 h in 20 µl of 5 mg/ml MTT solution (Thermo 
Fisher Scientific, Inc.). The supernatant was subsequently 
removed, and 200 µl/well dimethyl sulfoxide (Sigma‑Aldrich; 
Merck  KGaA) was added to dissolve the MTT crystals. 
The optical density (OD) of each well was then measured at 
570 nm, using an Epoch microplate spectrophotometer (BioTek 
Instruments). The experiments were independently repeated 
three times. The mean OD ± standard deviation for each group 
of replicates was calculated, and the entire procedure was then 
repeated three times.

Live/dead cell assay. The Live/Dead cell viability assay kit 
was obtained (Thermo Fisher Scientific, Inc.), which uses 
green calcein AM to stain the live cells (green fluorescence) 
and ethidium homodimer‑1 to stain the dead cells (red fluores-
cence). L929 and FaDu cells (1x105 cells/ml) were cultured in 
an 8‑well chamber slide (Nunc® Lab‑Tek® Chamber SlideTM 
system; Sigma‑Aldrich; Merck KGaA), and allowed to attach 
to the bottom of the chamber slide overnight. Thereafter, 
cultured cells were treated with 0, 10 or 25 µM formononetin 
for 24 h at 37˚C and stained using the Live/Dead cell viability 
assay kit, according to the manufacturer's instructions. Cells 
were imaged using a fluorescence microscope (Eclipse 
TE2000; Nikon Instruments).

Hematoxylin and eosin (H&E) staining. To investigate 
the morphological changes in FaDu cells induced by 
formononetin treatment, H&E staining (3 min for hematox-
ylin and 30 sec for eosin) was performed at room temperature. 
Briefly, FaDu cells (1x105 cells/ml) were cultured in an 8‑well 
chamber slide (Nunc® Lab‑Tek® Chamber Slide™ system; 
Sigma‑Aldrich; Merck KGaA), and were allowed to adhere 
to the well overnight. Cultured cells were then treated with 
0, 10 or 25 µM formononetin for 24 h at 37˚C. Thereafter, 
the cells were rinsed three times with phosphate‑buffered 
saline (PBS) at 4˚C and fixed with 4% paraformaldehyde 
for 30 min at 4˚C. H&E staining was performed in order to 
observe morphological changes in the cells. The cells were 
observed and imaged using a Leica DM750 light microscope 
(Leica Microsystems).

Nuclear staining. To investigate nuclear condensation in 
FaDu cells treated with formononetin, DAPI staining was 
performed. Briefly, FaDu cells (1x105 cells/ml) were cultured 
in an 8‑well chamber slide (Nunc® Lab‑Tek® Chamber 
SlideTM system; Sigma‑Aldrich; Merck KGaA), and allowed 
to adhere to the well overnight. Cultured cells were treated 
with 0, 10 or 25 µM formononetin for 24 h at 37˚C. Thereafter, 
the cells were rinsed three times with PBS at 4˚C and 
stained with 1 mg/ml DAPI (Sigma‑Aldrich; Merck KGaA) 
for 20 min. Nuclear condensation was observed and imaged 
using a fluorescence microscope (Eclipse TE2000; Nikon 
Instruments).

Chromosomal DNA fragmentation assay. FaDu cells 
(1x105 cells/ml) were cultured in 6‑well plates and allowed to 
adhere overnight. Cultured FaDu cells were treated with 0, 10 
or 25 µM formononetin for 24 h at 37˚C, and rinsed three times 
with PBS at 4˚C. The cells were treated with 100 µl cell lysis 
buffer [1% NP‑40, 20 mM EDTA, 50 mM Tris‑HCl (pH 7.5 
(all from Sigma‑Aldrich; Merck KGaA)] and incubated at 4˚C 
for 10 min, then centrifuged at 12,000 x g at 4˚C for 30 min. 
RNase A (Bioneer) was added to the supernatant and incubated 
at 37˚C for 1 h. Subsequently, proteinase K (Bioneer) was 
added to the supernatant and incubated at 37˚C for 8 h. An 
equal volume of isopropanol (Sigma‑Aldrich; Merck KGaA) 
was then added, and the lysates were incubated at ‑80˚C for 
24 h to precipitate genomic DNA. Following centrifugation at 
12,000 x g for 15 min at 4˚C, the supernatant was removed, 
allowed to dry naturally, and dissolved in Tris‑EDTA buffer. 
Thereafter, the genomic DNA isolated from each sample was 
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electrophoresed on a 1.5% agarose gel (Bioneer). A gel imaging 
system (Transilluminator, Bioneer) was used for observation, 
and images were captured.

Caspase‑3 and ‑7 activity assay. The activity of caspase‑3 and 
‑7 was assessed using the cell‑permeable fluorogenic substrate 
PhiPhiLux‑G1D2 (OncoImmunin Inc.) according to the manu-
facturer's instructions, and was imaged using fluorescence 
microscopy (Eclipse TE200; Nikon Instruments).

Fluorescence‑activated cell sorting (FACS). FACS (BD Cell 
Quest® version 3.3) was performed using Annexin V‑FITC 
Early Apoptosis Detection Kit (Cell Signaling Technology, Inc.) 
composed of Annexin V‑FITC and propidium iodide (PI) to 
investigate changes in the apoptotic populations of FaDu cells 
treated with formononetin according to manufacturer's instruc-
tions. FaDu cells (5x105 cells/ml) were cultured on a 6‑well plate 
for 24 h, and then treated with 0, 10 or 25 µM formononetin for 
a further 24 h. The cells were collected, washed with ice‑cold 
PBS and resuspended in 1X binding buffer (BD Biosciences). 
Thereafter, 1 µl Annexin V‑FITC and 12.5 µl PI were added to 
96 µl cell suspension and incubated for 15 min at 37˚C. Changes 
in the apoptotic populations were analyzed using BD Cell 
Quest® version 3.3 (Becton-Dickinson and Company).

Western blot analysis. FaDu cells (5x105  cells/ml) were 
cultured on a 6‑well plate and then treated with 0, 10 or 25 µM 
formononetin for a further 24 h. Thereafter, cell lysates were 
prepared using a cell lysis buffer (Cell Signaling Technology, 
Inc.), according to the manufacturer's instructions. The protein 
concentration of the cell lysates was determined using a bicin-
choninic acid protein assay (Thermo Fisher Scientific, Inc.). An 
equal amount (30 µg) of each cell lysate was denatured at 100˚C 
for 10 min. Each cell lysate was electrophoresed on 10% sodium 
dodecyl sulfate polyacrylamide gel using mini‑PROTEAN® 
Tetra Cell (Bio‑Rad Laboratories, Inc.) attached with 
PowerPac™ HC Power Supply (Bio‑Rad Laboratories, Inc.) 
and subsequently transferred to polyvinylidene fluoride 
(PVDF) membrane (Immobilon‑P PVDF membrane, EMD 
Millipore) using mini Trans‑Blot® Cell (Bio‑Rad Laboratories, 
Inc.) attached with PowerPac™ HC Power Supply (Bio‑Rad 
Laboratories, Inc.) at 4˚C. Thereafter, the PVDF membranes 
were blocked using 5% (v/v) bovine serum albumin (BSA; 

Sigma‑Aldrich; Merck KGaA) prepared in Tris‑buffered saline 
with 0.05% Tween‑20 (TBS‑T; Santa  Cruz Biotechnology 
Inc.) and then incubated with the primary antibodies at 4˚C 
overnight.  The following primary antibodies were purchased 
from Santa  Cruz Biotechnology, Inc. and were diluted at 
1:1,000 in TBS‑T containing 5% (v/v) BSA to perform western 
blotting: Antibodies against Fas Ligand (FasL; sc‑33716), 
B‑cell lymphoma‑2 (Bcl‑2; sc‑56015), B‑cell lymphoma‑extra 
large (Bcl‑xL; sc‑136207) and Bax‑like BH3 protein (Bid; 
sc‑514622). In addition, the following primary antibodies were 
purchased from Cell Signaling Technology, Inc. and were 
diluted at 1:1,000 in TBS‑T containing 5% (v/v) BSA to perform 
western blotting: Antibodies against caspase‑8 (cat. no. 9746), 
caspase‑3 (cat. no. 9662), poly(ADP‑ribose) polymerase (PARP; 
cat. no. 9532), Bcl‑2‑interacting killer (Bik; cat. no. 4592), 
Bcl‑2‑like protein 11 (Bim, cat. no. 2933), Bcl‑2‑antagonist of 
cell death (Bad; cat. no. 9292), Bcl‑2‑associated X protein (Bax; 
cat. no. 2772), caspase‑9 (cat. no. 9508), β‑actin (cat. no. 4970), 
phosphorylated extracellular signal‑regulated kinase 1/2 
(p‑ERK1/2; cat. no. 9101), total ERK1/2 (cat. no. 9102), p‑p38 
(cat. no. 4092), total p38 (cat. no. 9212), p‑nuclear factor (NF)‑κB 
(cat. no. 3033), and total NF‑κB (cat. no. 6956). Subsequently, they 
were incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibodies (1:2,000; Santa Cruz Biotechnology, Inc.) 
for 2 h at room temperature. The immunoreactive bands were 
visualized using an ECL system (GE Healthcare), exposed on 
radiographic film or MicorChemi 4.2 (Dong‑il SHIMADZU 
Corp.). Thereafter, the densitometric analysis of western blots 
was performed using ImageJ software 1.51j8 (W. Rasband, 
National Institutes of Health; available at http://rsb.info.nih.
gov/ij/), an open source image processing program designed for 
scientific multidimensional images. The densitometric analysis 
of each image was repeated 3 times for statistical analysis.

In vivo study using an animal tumor model generated by a 
FaDu cell xenograft. All animal studies were performed under 
the protocol CIACUC2017‑A0054 approved by the Institutional 
Animal Care and Use Committee of Chosun University 
(Gwangju, Korea). A total of 10 BALB/c male nude mice, 
aged 5 weeks and weighing 25.15±1.3 g, were purchased from 
Damul Science. All animals were housed and were allowed to 
recover form shipping‑associated stress for 1 week in a specific 
pathogen‑free experimental animal housing center (tempera-
ture 25±10˚C, relative humidity 60±10%, 12 h light/dark cycle) 
with free access to autoclaved food and water. Following adap-
tation, the body weight of the animals was measured using a lab 
balance (Sartorius). Thereafter, FaDu cells (1x107 cells/100 µl 
PBS) were injected subcutaneously to generate a xenograft 
tumor model  (21,22). At 14 days after the injection, tumor 
formation was detected under the skin of mice that had 
received FaDu cell xenografts. Thereafter, the animals were 
divided into a xenograft positive control group (n=5) and an 
experimental group (n=5), in which the anticarcinogenic effect 
of formononetin was tested. A total of 10 mg/kg formononetin 
dissolved in 5% ethanol and 5% ethanol without formononetin 
were administered orally to the experimental and control 
groups, respectively, every other day for 21 days (3 weeks). The 
volume of the xenograft tumors was measured twice per week 
using the following formula (23): Volume (mm3) of xenograft 
tumor = 1/2 x length (mm) x width (mm)2

Figure 1. Chemical structure of formononetin.
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Body weight was also recorded twice per week. At the end 
of the study, all animals were anesthetized with 1.5% isoflu-
rane (Piramal Critical Care, Inc.), perfused with saline and 
fixed in 4% paraformaldehyde (Sigma‑Aldrich; Merck KGaA). 
Finally, the tumors were dissected surgically and embedded in 
paraffin for immunohistochemical examination.

Immunohistochemistry. Dissected tumor tissues were fixed in 
4% paraformaldehyde (Sigma‑Aldrich; Merck KGaA) at 4˚C 
for 72 h, and were then processed with 70, 95 and 100% ethanol 
(Sigma‑Aldrich; Merck KGaA), xylene (Sigma‑Aldrich; 
Merck KGaA), and paraffin (Paraplast plus®; Sigma‑Aldrich; 
Merck KGaA). Thereafter, tumor tissues were embedded in 
paraffin, prepared and cut into 8 µm sections using a Leica® 
RM2235 manual rotary microtome (Leica Biosystems Inc.), 
and mounted on glass slides. The sections were deparaffinized 
using xylene, rehydrated with two washes each of 100 and 95% 
ethanol and then rinsed with tap water. The sections were incu-
bated at 4˚C with caspase‑3 antibody overnight [cat. no. 9662, 
Cell Signaling Technology, Inc.; dilution, 1:1,000 in 5 ml 
PBS‑T (PBS with 0.05% Tween‑20) containing 250 µl normal 
goat serum (cat. no. 5425; Cell Signaling Technology, Inc.)]. 
Thereafter, immunohistochemistry was performed using the 

Vectastain® ABC kit (Vector Laboratories, Inc.) according 
to the manufacturer's instructions. The sections were subse-
quently transferred to mounting reagent, and examined under a 
fluorescence microscope (Eclipse TE200; Nikon Instruments).

Statistical analysis. The experimental data are presented as the 
mean ± standard deviation and were compared using analysis 
of variance, followed by post‑hoc multiple comparison (Tukey's 
test) using SPSS software version 25 (IBM Corp.) The Student's 
t‑test was performed to analyze the significance of differences 
between animal groups. P<0.05 was considered to indicate statis-
tically significant differences. All the data, except the animal 
study, were obtained from three independent experiments.

Results

Formononetin decreases the viability of FaDu cells without 
affecting the viability of L929 mouse fibroblasts. L929 mouse 
fibroblasts, which were used as normal cells, were cultured 
in 5‑50 µM formononetin for 24 h. The MTT assay was then 
performed to evaluate the cytotoxicity of formononetin. As 
shown in Fig. 2A, treatment with 5‑25 µM formononetin did not 
significantly decrease the viability of L929 mouse fibroblasts; 

Figure 2. Formononetin induced FaDu cell death by inducing apoptosis. (A) Formononetin at 5‑25 µM did not affect the viability of L929 mouse fibroblasts. 
(B) The viability of FaDu cells decreased upon exposure to formononetin in a dose‑dependent manner. (C) Formononetin induced the death of FaDu cells. 
Cells emitting green fluorescence are live cells stained by green calcein AM, whereas cells emitting red fluorescence are dead cells stained by ethidium 
homodimer‑1. (D) Hematoxylin and eosin staining revealed that the number of FaDu cells with altered morphology (arrows; scale bar, 50 µm) was increased 
by formononetin. (E) DAPI staining revealed that the number of FaDu cells with nuclear condensation (arrows) was increased by formononetin. (F) DNA frag-
mentation was increased in FaDu cells treated with formononetin. (G) Formononetin increased the activity of caspase‑3 and ‑7 in FaDu cells. *P<0.05, **P<0.01.
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however, treatment with 50 µM formononetin decreased the 
viability of L929 mouse fibroblasts to 82±3% compared with 
the control (P<0.05). The relative cell viability was found to 
be 79±2, 65±3, 58±3 and 46±2% in FaDu cells treated with 
5, 10, 25 and 50 µM formononetin, respectively (all P<0.01; 
Fig. 2B). These data demonstrate that formononetin induces 
FaDu cell death in a dose‑dependent manner, and the IC50 
value of formononetin was ~39.7 µM in FaDu cells. To confirm 
the viability of L929 mouse fibroblasts and FaDu cells treated 
with 10 or 25 µM formononetin for 24 h, a Live/Dead cell 
assay was performed, using green calcein AM and ethidium 

homodimer‑1 to stain live and dead cells, respectively. 
As shown in Fig.  2C, almost all L929 cells treated with 
formononetin emitted green fluorescence following staining 
with green calcein AM, which stains live cells. However, 
FaDu cells exposed to formononetin emitted red fluorescence 
in a dose‑dependent manner following staining with ethidium 
homodimer‑1, which stains dead cells. Taken together, these 
findings indicate that formononetin at 10 and 25 µM induces 
FaDu cell death without affecting the viability of normal fibro-
blasts (Fig. 2A‑C). Hence, 10 and 25 µM formononetin was 
used to treat FaDu cells in the present study.

Figure 3. The apoptotic cell population increased in FaDu cells treated with formononetin. FaDu cells were treated with 10 and 25 µM formononetin for 24 h. 
Thereafter, FACS analysis using propidium iodide and Annexin V staining was performed to measure the apoptotic population.

https://www.spandidos-publications.com/10.3892/or.2019.7432
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Formononetin induces apoptotic death in FaDu cells. To 
elucidate the cellular mechanism through which formononetin 
induces FaDu cell death, the formation of apoptotic bodies and 
morphological changes in FaDu cells treated with formononetin 
were observed following H&E staining. As shown in Fig. 2D, 
the number of FaDu cells was progressively reduced with 
increasing concentrations of formononetin. Furthermore, 
morphological changes similar to apoptotic body formation, 
including outward membrane bulges and shrinkage, were 
observed in FaDu cells treated with formononetin. Therefore, 

to determine whether formononetin‑induced FaDu cell death 
is due to apoptosis, DAPI staining was performed to detect 
nuclear condensation, a typical feature of apoptosis. As shown 
in Fig. 2E, the number of FaDu cells with condensed nuclei 
increased upon exposure to formononetin in a dose‑dependent 
manner. Moreover, genomic DNA fragmentation, another 
characteristic of apoptosis, was increased in FaDu cells treated 
with formononetin, as shown in Fig. 2F (arrows). As shown 
in Fig. 2G, the number of FaDu cells emitting green fluores-
cence due to the cleavage of the cell permeable fluorogenic 

Figure 4. Formononetin‑induced FaDu cell death was coordinated by both the death receptor‑mediated extrinsic and mitochondria‑dependent intrinsic apoptosis 
pathways. FaDu cells were treated with 10 and 25 µM formononetin for 24 h. Following protein extraction and quantification, western blotting was performed 
using antibodies against apoptosis‑associated markers. (A) Formononetin induced the cleavage of caspase‑8 through the upregulation of FasL expression in 
FaDu cells. (B) Formononetin induced the cleavage of caspase‑9 though the upregulation of the expression of pro‑apoptotic factors, such as Bik, Bim, and Bax, 
cleavage of Bid, and downregulation of the expression of anti‑apoptotic factors, such as Bcl‑2 and Bcl‑xL, in FaDu cells. (C) The activation of caspase‑3 and 
its downstream target substrate PARP by activated caspsase‑8 and caspase‑9 increased in formononetin‑treated FaDu cells. (D) Expression of target proteins 
graphically presented by densitometric analysis using ImageJ software based on the western blotting results and expressed as the mean ± standard deviation 
(*P<0.05 and **P<0.01 compared with the control).
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substrate PhiPhiLux‑G1D2 by cleaved caspase‑3 increased 
significantly in a dose dependent manner in the presence of 
formononetin.

FACS analysis using Annexin V and PI staining was subse-
quently performed to confirm formononetin‑induced apoptosis 
of FaDu cells. As shown in Fig. 3, the relative rates of cell 
death were 19.58 and 42.56% in FaDu cells treated with 10 and 
25 µM formononetin for 24 h, respectively. Furthermore, the 
early‑ and late‑stage apoptotic cell populations were 13.76 and 
31.6% in FaDu cells treated with 10 and 25 µM formononetin 
for 24 h, respectively. Therefore, the FACS analysis indicated 
that formononetin induces cell death by increasing the popula-
tion of apoptotic FaDu cells. These data strongly suggest that 
formononetin induces apoptotic cell death in FaDu cells in a 
dose‑dependent manner.

Formononetin‑induced FaDu cell death involves death 
receptor‑mediated extrinsic and mitochondria‑dependent 
intrinsic apoptosis. To investigate formononetin‑induced 
FaDu cell death, western blot analyses were performed using 
antibodies associated with death receptor‑mediated extrinsic 
and mitochondria dependent‑intrinsic apoptosis, as shown 
in Fig. 4. The level of FasL significantly increased in FaDu cells 
treated with formononetin, as shown in Fig. 4A. Additionally, 
cleaved caspase‑8 levels increased in a dose‑dependent manner 
in FaDu cells treated with 10 and 25 µM formononetin. These 
data indicate that formononetin‑induced apoptosis is coor-
dinated by an extrinsic death receptor‑mediated apoptotic 
pathway through FasL and caspase‑8 in FaDu cells.

Furthermore, the expression of anti‑apoptotic factors, 
such as Bcl‑2 and Bcl‑xL, was found to be decreased in 
FaDu cells upon treatment with 10 and 25 µM formononetin 
in a dose‑dependent manner. In addition, the expression 
of Bid, which is a precursor of truncated Bid (tBid) acting 
as a pro‑apoptotic factor, decreased dose‑dependently by 
formononetin in FaDu cells. Conversely, the expression of 
Bik, Bim, Bax and cleaved caspase‑9, which are pro‑apoptotic 
factors associated with the mitochondria‑dependent intrinsic 

apoptosis pathway, increased in FaDu cells treated with 
formononetin, as shown in Fig. 4B. These data indicate that 
formononetin‑induced FaDu cell apoptosis is mediated by 
the mitochondria‑dependent intrinsic apoptosis pathway, 
involving downregulation of anti‑apoptotic factor expression, 
upregulation of pro‑apoptotic factor expression, and the acti-
vation of caspase‑9. As shown in Fig. 4C, the levels of cleaved 
caspase‑3 increased in FaDu cells treated with 10 and 25 µM 
formononetin due to the cleavage of pro‑caspase‑3, a down-
stream substrate of cleaved caspase‑8 and cleaved caspase‑9. 
Additionally, the levels of cleaved PARP increased due to the 
cleavage of pro‑PARP, a downstream substrate of cleaved 
caspase‑3. These findings indicate that formononetin‑induced 
FaDu cell death is coordinated by death receptor‑mediated 
extrinsic and mitochondria‑dependent intrinsic apoptosis 
through activation of the caspase cascade in FaDu cells.

The chemotherapeutic effects of formononetin are mediated 
by the suppression of mitogen‑activated protein kinases 
(MAPKs) in FaDu cells. To investigate the signal transduction 
pathways associated with formononetin‑induced apoptosis in 
FaDu cells, western blotting was performed, using antibodies 
specific to MAPKs, such as ERK1/2 and p38, and NF‑κB, 
as shown in Fig. 5. Formononetin was found to suppress the 
phosphorylation of ERK1/2, p38 and NF‑κB in FaDu cells 
in a dose‑dependent manner. These findings indicate that 
formononetin‑induced FaDu cell apoptosis is mediated by the 
suppression of the ERK1/2, p38 and NF‑κB phosphorylation.

Formononetin suppresses tumor formation in a FaDu cell 
xenograft animal model. To assess the effects of formononetin 
on FaDu tumor growth in vivo, FaDu cells were xenografted 
into experimental mice and the resulting tumor sizes and body 
weights were measured weekly for up to 3 weeks. As shown 
in Fig. 6A, the body weight of the xenograft group administered 
10 mg/kg formononetin was 27.05±1.35 g, which was ~9.5% 
higher compared with that of the control group (24.7±1.98 g) at 
21 days. There was no obvious loss of body weight in xenograft 
animals over the 3 weeks, indicating that formononetin was 
well‑tolerated. Tumor volume and weight were significantly 
lower in mice receiving formononetin compared with those in 
the control group, as shown in Fig. 6B and C. Furthermore, 
immunohistochemical analysis of the tumors demonstrated 
that the expression of cleaved caspase‑3 was markedly 
increased in formononetin‑treated tumors compared with the 
controls (Fig. 6D). Taken together, these data indicate that 
formononetin suppressed tumor formation through apoptotic 
cell death in a FaDu xenograft animal model.

Discussion

HNSCC forms on the mucosal surfaces of the upper aerodi-
gestive tract, including the oral cavity, pharynx, larynx and 
paranasal sinuses, and is generally treated by surgery, alone 
or in combination with radiotherapy and chemotherapy, 
depending on tumor stage and location  (21,22). However, 
these HNSCC treatments frequently compromise the quality 
of life of the patients due to their side effects, such as masti-
catory dysfunction and psychological problems caused by 
altered orofacial appearance  (22). Therefore, the develop-

Figure 5. Formononetin‑induced apoptosis was mediated by the suppression 
of mitogen‑activated protein kinase and nuclear factor (NF)‑κB phosphoryla-
tion in FaDu cells. FaDu cells were treated with 10 and 25 µM formononetin 
for 24 h. Following protein extraction and quantification, western blotting 
was performed using antibodies against p‑ERK1/2, total ERK1/2, p‑p38, 
total p38, p‑NF‑κB and total NF‑κB.
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ment of biologically safe chemotherapeutic agents, which 
display outstanding anticancer efficacy by focusing on cancer 
cell‑specific apoptosis and reducing side effects, is of great 
importance. Recent studies associated with the development 
of chemotherapeutic agents have focused on the anticancer 
properties of natural compounds isolated from herbal plants 
used in folk medicine or biologically proven natural materials.

Phytoestrogens, which are natural compounds similar to 
17β‑estradiol, are present in various edible fruits, vegetables, 
and some herbal plants  (23,24). Phytoestrogens have been 
found to mediate physiological and pathological responses 
associated with reproduction, bone remodeling, cardiovas-
cular function, immune system activity, and several other 
metabolic diseases, through interaction with the estrogen 
receptor  (23,24). In addition, it was recently reported that 
phytoestrogens play a role in the prevention and treatment of 
various cancers, including liver, lung, colon, breast, prostate 
and oral cancers (25). In our previous study, we reported that 
biochanin‑A, a phytoestrogen derived from T. pretense (known 
as red clover in traditional medicine) induced the apoptosis 
of FaDu cells via the death receptor‑dependent extrinsic and 
mitochondria dependent‑intrinsic apoptosis pathways (26). 
We herein demonstrated that formononetin, a phytoestrogen 
isolated from herbal plants, induced FaDu cell death via death 

receptor‑mediated extrinsic and mitochondria‑dependent 
intrinsic apoptosis.

In the present study, formononetin did not affect the viability 
of L929 fibroblasts used as normal cells. Huh et al reported that 
the proliferation of human umbilical vein endothelial cells was 
accelerated when treated with 1‑100 µM formononetin (27); 
however, this did not affect the viability of normal subchon-
dral osteoblasts (28). Hence, these results indicate that the 
5‑25 µM formononetin dose range used in the present study 
may be biologically safe for normal cells, whereas the viability 
of FaDu cells treated with 5‑50 µM formononetin decreased 
in a dose‑dependent manner. In agreement with our results, 
formononetin was also found to decrease the viability of 
human osteosarcoma U2OS cells (29), human non‑small‑cell 
lung cancer A549 and NCL‑H23 cells (16), human prostate 
cancer DU‑145 cells  (30), human cervical cancer HeLa 
cells  (19), and human breast cancer MCF‑7 cells  (31), in a 
time‑ and dose‑dependent manner. Although these studies 
have consistently demonstrated that formononetin is toxic to 
various cancer cells, to the best of our knowledge, the present 
study was the first to identify that formononetin induces cell 
death in human HNSCC. Furthermore, the present study 
determined the concentration of formononetin that increased 
FaDu cell death without affecting normal fibroblasts.

Figure 6. Formononetin inhibited tumor growth in FaDu HNSCC xenografts. (A) Oral administration of 10 mg/kg formononetin did not affect the body weight 
of FaDu HNSCC xenograft animals. (B) Oral administration of formononetin significantly inhibited the tumor growth in a FaDu HNSCC xenograft animal 
model. Formononetin (10 mg/kg) and vehicle were orally administered to the experimental and control groups, respectively, every other day for 3 consecutive 
weeks. Tumor size was measured using a caliper prior to the oral administration of formononetin. (C) Oral administration of 10 mg/kg formononetin effec-
tively suppressed tumor growth in a FaDu xenograft animal model. Representative tumor masses from mice with FaDu xenografts are shown. (D) Caspase‑3 
was upregulated in tumor tissues collected from FaDu cell xenografted animals receiving 10 mg/kg formononetin. Upper panels, hematoxylin and eosin 
staining; lower panels, caspase‑3 immunohistochemistry. HNSCC, head and neck squamous cell carcinoma.
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Apoptosis, also referred to as programmed cell death, 
is mediated by biochemical alterations that include cell 
shrinkage  (32), nuclear condensation  (33), chromosomal 
DNA fragmentation  (34), and activation of the caspase 
cascade (35). The results of the present study indicated that 
formononetin‑induced FaDu cell death was mediated by apop-
tosis. Moreover, FACS analysis with Annexin V and PI staining 
revealed that cell populations in both the early and late stages 
of apoptosis gradually increased. These data strongly indicate 
that formononetin induces apoptosis in FaDu cells.

Targeting the regulation of cellular mechanisms to accel-
erate cell death is a highly effective strategy for cancer therapy. 
Apoptosis is a particularly important mechanism associated 
with the elimination of unwanted cells during development to 
maintain homeostasis in long‑lived mammals (36). Therefore, 
a number of recent studies associated with the development 
of chemotherapeutic agents have focused on inducing cancer 
cell‑specific apoptosis by modulating apoptotic signaling 
pathways.

Apoptosis is generally activated by either the death receptor-
mediated extrinsic or mitochondria dependent‑intrinsic 
pathways, and is highly regulated by the activation (cleavage) 
of caspases (cysteine aspartyl‑specific proteases) to induce cell 
death (36). The death receptor‑mediated extrinsic apoptosis 
pathway is triggered by the recruitment of adaptor proteins, 
such as Fas‑associated death domain (FADD) and tumor 
necrosis factor (TNF) receptor‑associated death domain 
(TRADD), through the binding of death ligands [e.g. FasL, 
TNF‑related apoptosis‑inducing ligand (TRAIL) and TNF] 
to TNF family death receptors (37‑39). Subsequently, adaptor 
proteins induce the activation of caspase‑8 through the 
cleavage of pro‑caspase‑8, then activated caspase‑8 induces 
the activation of executioner caspase‑3, which leads to cell 
death (38). In the present study, formononetin increased the 
expression of FasL and the activation of caspase‑8 in FaDu 
cells. Consequently, the activation of caspase‑3, a downstream 
target molecule of caspase‑8 and caspase‑9, and its downstream 
pro‑apoptotic substrate PARP, was also increased in FaDu 
cells treated with formononetin. These results indicate that 
formononetin‑induced apoptosis is coordinated by the death 
receptor‑mediated extrinsic apoptosis pathway, through the 
upregulated expression of the death ligand FasL in FaDu cells.

Generally, the mitochondria‑dependent intrinsic apoptosis 
pathway is initiated by the cleavage of Bid to tBid in response 
to apoptotic stress, such as DNA injury, upregulation of 
oncogenes, growth factor deprivation, increased Ca2+ levels, 
DNA‑damaging molecules, oxidants and microtubule‑targeting 
drugs (40). In addition, the activation of caspase‑8, which is 
involved in the death receptor‑mediated extrinsic apoptosis 
pathway, can initiate the mitochondria‑dependent intrinsic 
apoptosis pathway by cleaving Bid to tBid (41). The oligomer-
ization of activated Bax and Bcl‑2‑antagonist/killer (Bak) lead 
to the release of intermembrane cytochrome c by inducing 
mitochondrial outer membrane permeabilization (42). Although 
anti‑apoptotic factors, such as Bcl‑2 and Bcl‑xL, regulate the 
oligomerization of activated Bax and Bak, the anti‑apoptotic 
activity of these factors is regulated by pro‑apoptotic factors, 
such as Bik, Bim and Bad (43,44). In the present study, the 
activation of caspase‑8 decreased Bid levels by cleaving Bid 
to tBid in FaDu cells treated with formononetin. In addition, 

formononetin reduced anti‑apoptotic activity by downregu-
lating the expression of anti‑apoptotic factors, such as Bcl‑2 
and Bcl‑xL, in FaDu cells. Moreover, formononetin increased 
the expression of mitochondria‑dependent pro‑apoptotic 
factors, such as Bik and Bim. Alterations in the levels of these 
anti‑ and pro‑apoptotic factors associated with the mitochon-
dria‑dependent apoptosis pathway subsequently induced the 
activation cascade of caspase‑9, caspase‑3 and PARP in FaDu 
cells treated with formononetin. Taken together, these findings 
indicate that formononetin‑induced apoptosis is mediated by 
mitochondria‑dependent intrinsic apoptotic pathways through 
the activation of caspase‑8, which is triggered by upregulated 
FasL expression in FaDu cells. In agreement with the findings 
of the present study, formononetin has also been found to induce 
mitochondria‑dependent apoptotic pathways by downregulating 
Bcl‑2 and upregulating Bax in U2OS human osteosarcoma cells, 
A549 human non‑small‑cell lung cancer cells, and DU‑145 and 
PC‑3 human prostate cancer cells (16,29,30,45).

Generally, MAPKs are closely associated with tumor cell 
proliferation, differentiation, apoptosis, angiogenesis, invasion 
and metastasis (46). In the present study, the phosphorylation of 
ERK1/2 and p38 was suppressed in a dose‑dependent manner 
in FaDu cells treated with formononetin. Recent studies have 
reported that the MAPK signaling pathway may directly or 
indirectly suppress the activation of caspase‑3 and caspase‑9 
by inhibiting the release of cytochrome c from mitochon-
dria (46‑49). NF‑κB is a cell signaling molecule that regulates the 
expression of several genes associated with immune responses, 
cell adhesion, cell differentiation, cell proliferation, angiogenesis 
and apoptosis (50). However, NF‑κB activation is suppressed 
by the binding of the NF‑κB inhibitor, IκB, which is activated 
by Akt phosphorylation (51). Recently, Alam et al reported that 
the expression of the anti‑apoptotic factor Bcl‑2 was positively 
correlated with NF‑κB activity and closely associated with 
the progression and resistance to treatment of oral squamous 
carcinoma  (52). Therefore, as MAPK and NF‑κB signaling 
is frequently activated in cancer cells, the inactivation of this 
signaling pathway may contribute to the anticarcinogenic effects.

In the present study, orally administered formononetin 
effectively suppressed tumor growth compared with the control 
group. Consistently with our results, formononetin‑induced 
antitumor effects, including apoptosis and the suppression of 
tumor growth, have been reported in several types of cancer 
cells, such as human breast cancer (53), osteosarcoma (29), 
cervical cancer (19) and colon cancer (20) cell lines. Moreover, 
Tyagi et al reported that the oral administration of resveratrol, 
a representative phytoestrogen derived from red wine, induced 
the apoptosis of FaDu cells through the upregulation of cleaved 
caspase‑3 in xenograft animal models  (54). Similarly, the 
histological results of the present study demonstrated that the 
expression of cleaved caspase‑3 was significantly upregulated 
in the tumor tissues dissected from xenograft animals receiving 
formononetin compared with those in the control group. These 
data indicate that formononetin induces the expression of cleaved 
caspase‑3 through both the death receptor‑mediated extrinsic 
and mitochondria‑dependent intrinsic apoptotic pathways.

Recent studies reported that formononetin exerts additional 
chemotherapeutic effects, such as inhibition of cancer cell 
proliferation (15) and angiogenesis (53), and suppression of 
invasion and migration in various types of tumors (18). However, 
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the present study only focused on formononetin‑induced apop-
totic cell death and its cellular signaling mechanism. Other 
formononetin‑induced antitumor effects, including the inhibi-
tion of proliferation, angiogenesis, invasion and migration, will 
be investigated in further in vitro and in vivo studies.

In conclusion, formononetin, a phytoestrogen derived 
from T. pratense, effectively promotes cell death via death 
receptor‑mediated extrinsic and mitochondria‑dependent 
intrinsic apoptosis in FaDu cells. These findings suggest that 
formononetin may be a promising chemotherapeutic candidate 
for the treatment of HNSCC.
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