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Abstract It has been documented that calycosin induces anticancer effects against a wide range of

cancer cells, in vitro. However, pharmacokinetic characteristics of calycosin based on its interaction

with albumin as a main carrier protein as well as corresponding anticancer mechanisms remain lar-

gely unknown. Herein, we inquired into the interaction of calycosin with human serum albumin

(HSA) by a wide range collection of spectroscopic and theoretical data. Also, anticancer effects

of calycosin on breast cancer cells, MDA-MB 231, were explored by cell viability, lactate dehydro-

genase (LDH), caspase-3 activity, and real-time PCR assays. The findings demonstrated that the

quenching process resulting from the interaction of calycosin and HSA was largely static in nature

and that the calycosin-HSA system spontaneously forms. Cellular and molecular studies revealed

that calycosin did not induce a significant cytotoxic effect on the viability of normal human breast

epithelial cells, (MCF-10A), even at 200 lM concentration at which it was able to inhibit the pro-

liferation of breast cancer MDA-MB 231 cells up to 50%. Then, it was disclosed that calycosin can

disrupt the membrane integrity and induces apoptosis in MDA-MB 231 cells through overexpres-

sion of caspase-3 mRNA, down regulation of Bcl-2, and elevation of caspase-3 mRNA and activity

mediated by downregulation of mTOR and Akt mRNA. Therefore, it was realized that in breast

cancer MDA-MB 231 cells, calycosin is able to suppress cellular proliferation via apoptosis, which

is controlled by the Akt/mTOR signaling cascade.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
, China.
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1. Introduction

Calycosin, 7-hydroxy-3-(3-hydroxy-4-methoxyphenyl)chromen-4-one,

is a hydroxyisoflavone substance extracted widely from the dry root

extract Radix astragali (Gao et al., 2014). It has received extensive

attention for the last decade because of its broad range of potential

pharmaceutical and biomedical characteristics, including anti-

inflammatory (Dong et al., 2018), anti-oxidant (Wang et al., 2023),

anti-viral (Chen et al., 2011), anti-bacterial (Liu et al., 2020), anti-

diabetics (Huang et al., 2022), and anti-cancer (Qu et al., 2022, Song

et al., 2023, Wei et al., 2023) features. Furthermore, calycosin has been

shown to induce the potential of inhibiting the proliferation of cancer

cells through different pathways, including HOTAIR/p-Akt (Chen

et al., 2015a), IGF-1R and p38 MAPK (Chen et al., 2014a), ERb/
miR-17 (Chen et al., 2015b), and WDR7-7-GPR30 (Tian et al.,

2017). Calycosin seems to be a safe, non-toxic, and attractive alterna-

tive for a number of new drugs. But, the interaction of the calycosin

with carrier proteins should be studied in advance to explore their

pharmacodynamics properties. In fact, the bioavailability, biostability,

absorption, and clinical use of small molecules can be regulated after

its interaction with human serum proteins (Takahashi et al., 1980).

In other words, binding of calycosin to human serum albumin

(HAS) can be examined to provide insight to its future in vivo

pharmacokinetics.

HSA with a mainly a-helical structure is known as one of the main

carrier proteins in the blood which binds to a large number of ligands,

including fatty acids, and small molecules (Kragh-Hansen, 1990). It

has also served as a major carrier protein for several pharmacothera-

peutic agents (Liu et al., 2015). It has been widely documented that

several isoflavones, including genistein (Roy et al., 2013), soybean iso-

flavones (Zhao and Ren, 2009), biochanin A (Xue et al., 2017), and

puerarin (He et al., 2008) can interact with HSA with high binding

affinity and induce some conformational changes of protein, associ-

ated with the several parameters including structure of small mole-

cules, hydroxylation, glycosylation, and presence of ions.

On the other hand, as breast cancer has been spreading widely in

the recent years and different therapeutic modalities have not triggered

significant anticancer effects, we aimed to explore the anticancer mech-

anism of calycosin against triple negative breast cancer, MDA-MB-

231. As a matter of fact, the persistent upregulation of the mammalian

target of rapamycin (mTOR)/Akt proliferation signaling pathway in

tumor cells has elicited consequential interest in inhibiting this mecha-

nism to combat the survival of cancer cells (Memmott and Dennis,

2009). It has been suggested that the Akt signaling pathway may play

a key role in tumorigenesis, acting as a pro-oncogenic mediator by

inhibiting apoptosis (Memmott and Dennis, 2009). Therefore, we

assessed whether calycosin is able to trigger apoptosis in MDA-MB-

231 cancer cells via inhibiting AKT/mTOR pathway and regulating

Bcl-2, Bax, and caspase-3 mRNA as main modulators of apoptosis.

2. Materials and methods

2.1. Materials

Human serum albumin (HSA), calycosin, RPMI-1640, 3-(4,5-

dimethylthialzol-a-yl)-2,5-diphenyltetrazolium bromide
(MTT), and fetal bovine serum (FBS), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Human breast cancer

cell MDA-MB-231 and normal human breast epithelial cell
MCF-10A were obtained from the American Type Culture
Collection (Manassas, VA, USA). The HSA concentration

was determined spectrophotometrically with an extinction
coefficient of 35,700 M�1 cm�1 at 280 nm using UV–vis spec-
trophotometer (Perkin Elmer model).
2.2. Intrinsic fluorescence spectroscopy

Fluorescence spectroscopy analyses were done on a Hitachi
fluorescence spectrophotometer (MPF-4) having a thermostat
bath as well as a 1.0 cm quartz cell. The HSA sample

(2 lM) was titrated with increasing concentrations of calycosin
(0–80 lM). Ex wavelength was set at 280 nm and the Em wave-
length was recorded in the range of 290 to 440 nm, while both
band widths were set at 5 nm at three temperatures of 298, 308

and 318 K.
To determine the quenching mechanism, the well-known

Stern–Volmer Eq. (1) was used as follows (Zhao et al., 2022):

F0=F ¼ 1þ kqs0½calycosin� ¼ 1þ KSV½calycosin� ð1Þ
where F0 and F are the fluorescence intensities without and

with ligand (calycosin), respectively, kq is the protein quench-
ing constant, s0 is the life time of the protein without ligand,
which is around 10�8 s, and KSV is the Stern–Volmer quench-
ing constant (Zhao et al., 2022).

The KSV value can be estimated using the slope of the linear
plot of F0/F against [calycosin]. Furthermore, a modified Stern–
Volmer Eq. (2) was utilized for the calculation of binding con-

stant (Kb) and the number of binding sites (n) as follows:

log ðDFÞ=F ¼ logKb þ nlog ½calycosin� ð2Þ
The binding parameters can be then calculated from the

slope of log (DF)/F versus log [calycosin].

To determine the binding forces, the van’t Hoff Eq. (3) and
Gibbs-Helmholtz Eq. (4) were used as follows (Zargar et al.,
2022):

lnKb ¼ �DH
�
=RTþ DS

�
=R ð3Þ

DG
� ¼ DH

� � TDS
� ð4Þ

Standard enthalpy changes (DH�), Standard entropy
changes (DS�), and Standard Gibbs free energy changes (DG
�) were than calculated by these Eqs. The value of Kb as a bind-

ing constant can be plotted versus corresponding temperature
(T) to calculate DH� and DS� values from the slope and the Y-
intercept, respectively. R is the gas constant (8.314 J/mol K).

2.3. Circular dichroism spectroscopy

Circular dichroism (CD) study was done using an Aviv model
215 spectropolarimeter (Lakewood, NJ, USA) equipped with a

1.0 mm path length cell. The far-UV CD spectra of HSA
(5 mM) were read after incubation with increasing concentra-
tions of calycosin (0, 10, 80 lM) in the range of 200–250 nm

with a bandwidth 1 nm, and at a temperature of 298 K under
constant nitrogen gas. The amounts of secondary structures of
HSA were determined by using CDNN software.

2.4. Molecular docking

The molecular docking study was carried out with the Auto-
Dock Vina program. The crystal structure of HSA with PDB

ID: 1AO6 was obtained from the Protein Data Bank
(https://www.rcsb.org/structure/1ao6). Also, the three-
dimensional structure of calycosin with PubChem ID:

https://www.rcsb.org/structure/1ao6
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5280448 was downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov/compound/calycosin). The molecular dock-
ing runs were done on the Autodocking engine with blind can-

didate sites and calycosin was selected as a flexible ligand. The
free binding energy was calculated based on 10 different poses.

2.5. Cell culture and MTT assay

The breast cancer cell MDA-MB-231 and normal human
breast epithelial cell MCF-10A were cultured in RPMI-1640

medium supplemented with 10% FBS, and 1% strepto-
mycin/penicillin. These cells were incubated at 37 �C in a
humidified incubator with 5% CO2. After reaching the proper

density, the cells were used for further assays. Cell viability was
assessed after treatment of the cells by different concentrations
of calycosin (1–200 mM) for 48 by using MTT assay as previ-
ously described (Fattahian Kalhor et al., 2020).

2.6. LDH assay

The activity of lactate dehydrogenase (LDH) in cell culture med-

ium was assessed according to the manufacturer’s protocols
(LDH assay kit, TOX7, Sigma, USA). Briefly, cells were incubated
with IC50 concentrations of calycosin for 48 h, then 100 lL/well of
supernatant was added by 100 lL of LDH reaction mixture, and
incubated for 3 h incubation. Finally, the absorbance of the sam-
ples was read at 490 nm using a Microplate Reader.

2.7. Caspase 3,7 activity

Caspase 3,7 activity assay was done based on the protocols
provided by Caspase-3 Assay Kit (Colorimetric) (ab39401).

Briefly, after treatment with 200 mM calycosin for 48 h, the
cells were washed with cold PBS, collected, centrifuged
(2000 rpm, 10 min), resuspended, lysed at 4 �C for 30 min,

and centrifuged (10000 rpm, 20 min). After collection of super-
natants, a fixed concentration of samples was mixed with a
working solution and incubated for 2 h at 37 �C. Finally, the
absorbance of each sample was detected at 405 nm using an
ELISA plate reader (RT-2100C Microplate Reader, China).

2.8. Real-time PCR

A number of 1 � 105 MDA-MB-231 cells were seeded and
incubated with 200 mM calycosin for 48 h at 37 �C and 5%
CO2. The harvested cells were washed, centrifuged

(1000 rpm, 5 min) and used for RNA extraction using RNA
Extraction Kit (Thermo Fisher Scientific, USA) following its
protocol, and its quality was determined by using a nanodrop

spectrophotometer (Thermo Scientific Scientific, USA). Syn-
thesis of cDNA was then carried out using RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA)

following its protocol. The expression of genes at RNA level
in MDA-MB-231 cells after incubation with calycosin was
measured semi-quantitatively in comparison with control
group (untreated MDA-MB-231 cells) using qRT-PCR tech-

nique, based on the previous study (Liu et al., 2018). The rel-
ative gene expression was determined using a 2�DCt method
(Schmittgen and Livak, 2008), and data was normalized rela-

tive to GAPDH.
2.9. Statistical analysis

The statistical analysis of data was done by SPSS software
using one-way ANOVA. Quantitative (cellular) data were
depicted as means ± standard deviations (SD) of three exper-

iments. The significance level was considered at the P < 0.05.
All detected spectra were corrected for buffer and calycosin
signals.

3. Results and discussion

3.1. Fluorescence quenching study

The fluorescence quenching of proteins can be evaluated by
analyzing the intrinsic fluorescence intensity of the receptor

before and after integration with ligands (Zargar et al., 2022,
Zhao et al., 2022). Fluorescence spectroscopy experiment pro-
vides useful data regarding the molecular interaction in a vicin-

ity of the aromatic amino acid residues (Xue et al., 2017). The
interaction of calycosin with HSA and resultant fluorescence
quenching was depicted in Fig. 1a. When increasing concentra-

tions of calycosin solution were interacted with a fixed amount
of HSA, a considerable fluorescence quenching of HSA was
detected, which designated that calycosin can potentially inter-
act with HSA. Also, from Fig. 1a, the emission kmax of HSA

shifted partially from 336 nm to 334 nm after the titration of
calycosin, indicating the occurrence of a slight blue shift of
emission kmax (Naik et al., 2022). Generally, this data indicates

that the aromatic residues of HSA were replaced in a more
hydrophobic microenvironment after interaction with caly-
cosin (Naik et al., 2022). The quantitative analysis of the inter-

action of calycosin with HSA was done based on the
fluorescence quenching at 336 nm at different temperatures
as displayed in Fig. 1b. It was observed that with the elevation

of the concentration of calycosin, the fluorescence quenching
of protein gradually increased, and with the further titration
of calycosin, the fluorescence quenching decreased in a slower
rate compared to lower concentrations of calycosin, which sug-

gests saturation of the HSA binding site(s). Based on Eq. (1),
the KSV values were determined to be 0.07 � 106 M�1,
0.05 � 106 M�1 and 0.02 � 106 M�1 at 298 K, 308 K and

318 K, respectively (Table 1). The reduction in KSV values with
increasing temperature indicated the occurrence of static
quenching mechanism after interaction of calycosin and

HSA (Banu et al., 2022). Also, kq values were in the order of
1014 M�1 s�1 (Table 1), much greater than the dynamic
quenching constant value (108 M�1 s�1) (Niu et al., 2023), fur-
ther supporting the fact that the fluorescence quenching of

HSA after addition of calycosin is based on a static
mechanism.

3.2. Calculation of binding parameters

The intrinsic fluorescence of HSA was determined at 336 nm
after excitation at 280 nm. Utilizing the Eq. (2), binding

parameters (Kb and n values) were determined for the complex-
ation of calycosin with HSA at different temperatures.

Fig. 1c exhibits the modified Stern–Volmer plots for the

calycosin–HSA system at different temperatures. The Kb and
n values calculated from Eq. (2) based on this figure are sum-

https://pubchem.ncbi.nlm.nih.gov/compound/calycosin
https://pubchem.ncbi.nlm.nih.gov/compound/calycosin


Fig. 1 (a) The fluorescence spectra of HSA (2 lM) interacted with different concentrations of calycosin (kex = 280 nm) at 298 K. The

concentration of calycosin was 0–80 lM from the top to the bottom with the concentration intervals of 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60,

70, 80 lM. (b) Stern-Volmer plot for the interaction of calycosin and HSA. (c) Modified Stern-Volmer plot for the interaction of calycosin

and HSA. (d) van’t hoff plot for the interaction of calycosin and HSA. (e) Circular dichroism study for the interaction of calycosin and HSA.
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Table 1 Interaction parameters of calycosin-HSA complex at 298 K, 308 K, and 318 K.

T (K) Ksv

(106 M�1)

kq
(1014 M�1 s�1)

Kb

(105 M�1)

n DH�
(kJ mol�1)

DS�
(J mol�1 K�1)

DG�
(kJ mol�1)

298 0.07 0.07 1 1.04 48.10 257.38 �38.59

308 0.05 0.05 2.32 1.17 48.10 257.38 �31.68

318 0.02 0.02 3.39 1.24 48.10 257.38 �32.96
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marized in Table 1. It can be inferred that the interaction
between calycosin and HSA is very strong and the binding

affinity increased with elevating temperature (Fig. 1c, Table 1),
concluding that calycosin–HSA system is thermodynamically
more stable at higher temperature than lower ones (Khan

et al., 2020). Also, it was demonstrated that HSA has almost
more than one binding site for calycosin, and it also increased
partially with increasing temperature. It may be suggested that

the elevation of temperature gives rise to some partial confor-
mational changes on the surface of HAS (Yeggoni et al., 2022),
favoring the interaction of calycosin with HSA.

3.3. Determination of binding mode

For the purpose of determining the interaction between caly-
cosin and HSA, the thermodynamic parameters were esti-

mated from the Van’t Hoff plots (Fig. 1d) based on Eq. (3).
The temperatures used were 298, 308, and 318 K. The DH�
and DS� values were calculated from the slope and intercept

of the van’t Hoff equation.
Fig. 1d depicts the van’t Hoff plot of the calycosin-HSA

system at different temperatures. Table 1 tabulates the DH�
and DS� values determined for the binding site(s) and it was

revealed that DH� and DS� values were around 48.10 kJ mol�1

and 257.38 J mol�1 K�1, respectively. The calculated negative
DG� value (-28.59 kJ mol�1), calculated from Eq. (4), means

that a spontaneous interaction occurs between calycosin and
HSA (Zhang et al., 2023). For ligand–receptor interaction,
positive entropy is substantially associated with hydrophobic

interaction and partially with hydrogen bonding (Ali et al.,
2022). Hence, we may conclude that the interaction of caly-
cosin with HSA is mainly driven by hydrophobic contact,

however the hydrogen bonding interaction cannot be ignored.

3.4. CD spectra

To gain some details about the secondary structure of the

HSA, far-UV CD analysis was done for the calycosin–HSA
system. In the Far-UV region, such ellipticity changes are
derived from the polypeptide backbone electrons (Qureshi

et al., 2022). The comparison of the Far-UV CD spectra of
HSA with calycosin–HSA is exhibited in Fig. 1e at room tem-
perature. The ellipticity changes of HSA displayed two nega-

tive minima around 209 and 221 nm, signifying a typical a-
helix secondary structure (Du et al., 2023). The interaction
between calycosin with two concentrations of 10 and 80 mM
and HSA led to only a partial reduction in ellipticity changes
of two negative minima without any apparent blue or red shift
of the peaks, specifying the induction of a slight reduction in
the helix structure amount of the HSA (Tian-Zhu et al.,
2022). Based on CD software, it was realized that the a-helix
content of HSA was reduced from 58.21% to 54.69%. From
CD and fluorescence spectra, we can infer that the interaction
of calycosin with HSA occurs mainly through involvement of

hydrophobic amino acid residues which then triggers a slight
unfolding of the HSA polypeptide.

3.5. Molecular docking (MD) analysis

The MD analysis can provide us with useful details regarding
the binding site after interaction between ligands and receptors
(Rahman et al., 2022). This is crucial to understand if ligands

can be used for the development of therapeutic platforms. The
binding details will also give us some insights to realize if the
ligand under study will interfere with the interactions of the

receptor with other ligands and drugs. Fig. 2a exhibits the
structure of calycosin, while Fig. 2b displays the HSA structure
with the box coordinates. The binding energy was calculated to

be in the range of –7.7 to �8.4 kcal mol�1, revealing a strong
affinity between HSA and calycosin compound (Fig. 2c). Then,
the main amino acid residues placed in the interaction site of
HSA with calycosin are displayed in Fig. 2d. It was presented

that C7, C9, C15, C2, C10, C13, and C7 from ligand atoms
interact with E119 (A) CB, V120 (A) CB, K174 (A) CD,
A175 (A) CB, E119 (B) CG, K174 (B) CB, and A175 (B)

CB, respectively, through involvement of hydrophobic forces.
Also, it was illustrated that O4, O1, O2, and O3 from ligand
atoms interact with D173 (B) OD1, V120 (B) N, D121 (A)

N, and K174 (B) N, respectively through contribution of
hydrogen bond. These data are in good agreement with fluo-
rescence quenching data, which indicated that hydrophobic

forces are the main involved interaction in the formation of
calycosin-HSA system.

3.6. Cytotoxicity assay

The effect of calycosin on breast cancer cells, MDA-MB 231,
found that this bioactive material induced anticancer effects
at high concentrations (IC50: 200 lM), suggesting that at

higher concentrations, calycosin probably interfere with sev-
eral cell signaling pathways, leading to an inhibition of cell
proliferation (Fig. 3a). The effect of calycosin on normal

human breast epithelial cells, MCF-10A, denoted a negligible
cytotoxic effect. In the concrete, the MTT results displayed
that calycosin did not significantly mitigate the viability of

human normal breast cells, MCF-10A, even at 200 lM con-
centration at which this bioactive material is able to inhibit
the proliferation of cancer cells up to 50%. Cytotoxicity of



Fig. 2 (a) The structure of calycosin, (b) box coordinates for interaction of HSA and calycosin, (c) binding pocket of HSA after

interaction with calycosin, (d) amino acid residues presented in the binding pocket.

Fig. 3 Cell viability and membrane leakage assay by calycosin incubation. Breast cancer MDA-MB 231 cells were incubated with

calycosin with 200 mM concentrations for 48 h. (a) The cell viability assay determined by MTT assay, (b) the cell membrane leakage

determined by LDH assay. Data were expressed as mean ± SD, in three assays. Compared to the control group, *P < 0.05 and

**P < 0.01.
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calycosin (200 mM) against breast cancer MDA-MB 231 cells
was 2.4 times more severe than its cytotoxicity against MCF-
10A normal breast cells after 48 h incubation of cells. Actually,

the different ways that calycosin interacts with normal and
cancer cells, particularly the way that it leads to membrane
leakage, may accentuate the differences between the more

cytotoxic effects of calycosin on cancer cells versus normal
cells. To further support this probable effect, we perform
LDH assay after incubation of cells with 200 mM calycosin

for 48 h. As depicted in Fig. 3b, the relative LDH release
(%) increased to 1.62% and 1.9% after incubation of breast
cancer MDA-MB 231 cells and MCF-10A normal breast cells,
respectively, with calycosin. It was then realized that calycosin

can selectively trigger membrane leakage in cancer cells, which
may be assisted with different receptors and membrane com-
positions between cancer and normal cells. Additionally, it

was evinced that formononetin, an O-methylated isoflavone
like calycosin, did not significantly produce a cytotoxic effect
against breast cancer MDA-MB 231 cells up to 80 M after

24 h (Zhou et al., 2014). However, the IC50 values of biochanin
A in mitigating the proliferation of MDA-MB-231 cells was
63.76 lM (Ren et al., 2018), indicating that this small molecule

can be combined with calycosin in the future studies to may
intensify the anticancer effects of calycosin.

3.7. Impacts of calycosin-triggered MDA-MB 231 cell apoptosis

Investigation was performed to assess the apoptosis induction
by calycosin in MDA-MB 231 cells by using a real-time PCR
analysis. The Bcl-2 family is known to act as important regu-

lators of the intrinsic pathway contributed in apoptosis induc-
tion. To explore whether calycosin could control the
expression of the Bcl-2 family such as Bax and Bcl-2 mRNA,

real-time PCR was performed to quantify the expression levels
of these genes. Fig. 4 exhibited that calycosin at the concentra-
tion of 200 lM could elevate Bax mRNA level (Fig. 4a) while

reducing Bcl-2 mRNA level (Fig. 4b) in MDA-MB 231 cells.
These data declared that the stimulation of calycosin on apop-
tosis might be related with Bax and Bcl-2 deregulation.

Caspases, known as a family of cysteine acid proteases, are

responsible for mediating apoptosis induction. Caspase over-
expression derived from cytochrome c release can result in trig-
gering of apoptosis. In this paper, it was expressed that the

incubation of calycosin elevated the expressions of caspase-3
mRNA (Fig. 4c) and activity of caspase-3 (Fig. 4d), as the final
target of apoptosis induction. It suggested that calycosin trig-

gered apoptosis of breast cancer MDA-MB 231 cells via regu-
lation of Bax, Bcl-2, caspase-3 signaling pathway.

Apoptosis is firmly linked with cancer therapy and previous
reports have shown that apoptosis promoters can be utilized as

potential candidates for cancer therapy (Bold et al., 1997). In
advanced types of tumors, interfering in apoptosis-mediated
signaling cascades has been recommended as one of the poten-

tial strategies for inhibiting the cancer cell proliferation
(Carneiro and El-Deiry, 2020). Calycosin has been manifested
to mitigate the proliferation of several types of cancer cells and

to trigger cell death by an apoptotic mechanism (Wang et al.,
2021, Zhang et al., 2021, Wei et al., 2023). It has been dis-
played that calycosin can stimulate apoptosis in cervical cancer

via modulation of tumor suppressor miR-375 (Zhang et al.,
2020). Also, it was reported that inhibition of Rab27B-
mediated signaling cascade by calycosin can lead to inhibition
of migration and metastasis of estrogen-negative breast cancer

cells (Wu et al., 2019). Nevertheless, it is not well-evidenced
about the role of calycosin interaction between apoptosis
and breast tumor cells. During cytotoxicity, Bax, Bcl-2, and

caspase-3 are reliable apoptosis markers. Thus, to reveal the
role of calycosin in apoptosis induction, expression levels of
these markers were analyzed using real-time PCR. The results

exhibited that calycosin can upregulate the expression of levels
of apoptotic genes, Bax and caspase-3 mRNA, and concomi-
tantly reduced Bcl-2 mRNA expression as an antiapoptotic
gene. These outcomes disclosed that the cytotoxic impacts of

calycosin in breast cancer MDA-MB 231 cells may at least
in part be derived from the induction of apoptosis.

3.8. Calycosin triggers apoptosis through the AKT/mTOR
signaling pathway

Thus far our data implied that calycosin could significantly

trigger apoptosis in breast cancer MDA-MB 231 cells. Given
the crucial role of PI3K/Akt/mTOR signaling pathway in reg-
ulating cell proliferation in several types of tumor cells, includ-

ing breast cancer cells (Miricescu et al., 2020), we analyzed
whether calycosin triggered apoptosis through the inhibition
of PI3K/Akt/mTOR signaling pathway.

To explore the involvement of this signaling pathway, two

important molecules, Akt and mTOR at the mRNA level, were
assessed. The expression of Akt as well as mTOR mRNA was
determined in breast cancer MDA-MB 231 cells by quantita-

tive real time-PCR (Fig. 5a and b). As expected, in comparison
with the control group, 200 mM of calycosin substantially mit-
igated the expression level of mTOR (0.60 ± 0.09)

(**P < 0.01), as expressed in Fig. 5a. As depicted in Fig. 5b,
the expression of Akt mRNA in the calycosin-treated group
(0.75 ± 0.14) (*P < 0.05), was remarkably lower than that

determined in control samples (1.04 ± 0.09) (P < 0.01). In
order to further support and determine the role of mTOR
and Akt in the calycosin-regulation PI3K/Akt/mTOR signal-
ing pathway in breast cancer MDA-MB 231 cells, the influence

of rapamycin and LY294002 as inhibitors of mTOR and
PI3K/Akt, respectively was investigated (Chen et al., 2014b).
It was shown that similar to the impact of calycosin, there

was a more remarkable inhibitory impact on mTOR and
Akt mRNA levels when it co-incubated with the inhibitory
molecules compared with calycosin-treated samples (Fig. 5a

and b). Collectively, these data ascertained that calycosin-
triggered apoptosis was due, at least in part, to mitigation of
the AKT/mTOR signaling pathway. In other words, our data
uncovered that calycosin may exert cytotoxic impact on breast

cancer MDA-MB 231 cells through inhibiting the PI3K/Akt/
mTOR signaling pathway to induce apoptosis, declaring that
PI3K/Akt/mTOR signaling pathway is a crucial pathway con-

tributed in the role of calycosin -mediated breast cancer cell
death, and might be also one of the main targets of calycosin.

Apoptosis is modulated by several upstream signaling path-

ways. The AKT/mTOR signaling pathway is documented as
an important mechanism that controls a number of cellular
pathways in cancer cells, such as cell proliferation, growth,

and migration (Khan et al., 2019). mTOR is known to be



Fig. 4 Apoptosis induction by calycosin incubation. Breast cancer MDA-MB 231 cells were incubated with calycosin with 200 mM
concentrations for 48 h. (a) The expression of Bax mRNA as determined by quantitative real-time PCR, (b) the expression of Bcl-2

mRNA as determined by quantitative real-time PCR, (c) the expression of caspase-3 mRNA as determined by quantitative real-time PCR,

(d) caspase-3 activity assay. Data were expressed as mean ± SD, in three assays. Compared to the control group, *P < 0.05 and

***P < 0.001.
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phosphorylated by AKT and p-mTOR negatively modulates
apoptosis (Peng et al., 2022). It has been indicated that bioac-

tive materials can target AKT/mTOR signaling cascade in can-
cer cells (Tewari et al., 2022). Blockade of the AKT/mTOR
pathway was realized to trigger the induction of apoptosis to

provide anticancer impacts (Liu et al., 2023, Sawasdee et al.,
2023). Some other types of O-methylated isoflavones, includ-
ing tectorigenin, formononetin, and glycitein have been

expressed to induce anticancer effects through regulation of
PI3K/AKT/mTOR pathway. For example, tectorigenin has
been able to increase the sensitization of anticancer drug-
resistant human ovarian cancer cells via regulation of the

Akt as well as NF-jB signaling cascade (Yang et al., 2012).
Moreover, formononetin was exhibited to inhibit proliferation
and migration of MDA-MB-231 as well as 4T1 breast cancer

cells by inhibiting PI3K/AKT signaling cascade (Zhou et al.,
2014). Furthermore, it was reported that PI3K/AKT signaling
cascade is one of the main mechanisms of glycitein in the inhi-

bition of colon cancer cell proliferation (Xiang and Jin, 2023).
The present report presented whether the AKT/mTOR signal-
ing cascade might be involved in the apoptosis upregulation

potency of calycosin. As a matter of fact, calycosin treatment
remarkably mitigated the expression levels of AKT and mTOR
mRNA in breast cancer MDA-MB 231 cells. Collectively, the

data from this study demonstrated that the AKT/mTOR sig-
naling cascade was involved in calycosin-induced apoptosis
in breast cancer MDA-MB 231 cells.

4. Conclusion

In this paper, we explored the interaction of calycosin with HSA by

spectroscopic studies as well as MD analysis. The experimental out-

comes disseminated that calycosin can bind with HSA strongly with



Fig. 5 Signal transduction study by calycosin incubation. Breast cancer MDA-MB 231 cells were incubated with calycosin with 200 mM
concentrations for 48 h. Also, the treated cells were pre-treated with rapamycin (40 mM) or LY294002 (20 mM) for 4 h. Control cells did

not receive any treatment. (a) The expression of mTOR mRNA, (b) the expression of Akt mRNA, analyzed by the quantitative real-time

PCR assay. Data were expressed as mean ± SD, in three assays. Compared to the control group, *P < 0.05 and **P < 0.01.
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the involvement of hydrophobic interaction, which induced a partial

secondary structural change of HSA. MD analysis also verified that

hydrophobic amino acids were the majority of residues that existed

in the binding site of HSA with calycosin. Cellular and molecular stud-

ies determined that, in breast cancer MDA-MB 231 cells, calycosin

(IC50: 200 mM) could suppress cellular proliferation by inducing apop-

tosis, which are controlled by the AKT/mTOR signaling cascade.
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