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Abstract As a naturally occurring quinone molecule, cryptotanshinone (C19H20O3) has demon-

strated a variety of pharmacological actions through diverse molecular processes. However, the

interactions of cryptotanshinone with the major blood proteins and the signaling pathways that

contribute to the antimetastatic effect of cryptotanshinone against cancer cells remain largely

unknown. The binding of cryptotanshinone to human hemoglobin (Hb) was therefore examined

in this study using different spectroscopic techniques such as fluorescence and circular dichroism

(CD). To further study the binding interaction at atomic level, molecular docking analysis was also

performed. Additionally, cellular assays were performed to assess the anticancer and antimetastatic

effects of cryptotanshinone on MCF-7 cells. These assays included cell viability, qPCR, and ELISA

assays to measure cell growth as well as mRNA and protein expression of Bax, Bcl-2, matrix

metalloproteinase-2 (MMP-2) and MMP-9. According to experimental findings, cryptotanshinone

was able to reduce the intrinsic fluorescence [tryptophan (Trp-37)] intensity of hemoglobin (Hb) by

a static quenching process, mostly made possible by hydrogen bonding interaction, with no appre-

ciable effects on Hb’s secondary structure. Cellular assay showed that cryptotanshinone with a IC50

concentration of 17.5 mg/ml can mitigate the breast cancer MCF-7 cell viability through induction

of apoptosis (overexpression of Bax/Bcl-2 at both mRNA and protein levels) as well as antimeta-
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static activity (downexpression of MMP-2/-9 at both mRNA and protein levels). In conclusion, we

discovered that cryptotanshinone exhibits the potential ability to bind Hb and may be regarded as a

promising bioactive anticancer substance, which requires additional in vitro research in future stud-

ies.

� 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/).
1. Introduction

There is no doubt that breast cancer is among the most common

malignancies among women worldwide, making it one of the health

organizations’ biggest challenges today. (Youn and Han 2020). In

the treatment of breast cancer, depending on the patient’s condition,

various methods such as surgery, chemotherapy, radiation therapy,

and hormone therapy are used (Waks and Winer 2019). Because of

the side effects and impacts of these treatments on patients’ treatment

and, on the other hand, the high cost of these methods (Odle 2014), it is

imperative that new technologies be applied to find efficient methods

with lower costs and side effects against treatment of cancer.

Today, plant-based technology has shown a tremendous interest in

the development of a large number of pharmaceuticals, and one of the

prospects for the successful treatment of many diseases, notably can-

cer, is the development of such bioactive materials. Cryptotanshinone

(C19H20O3), (R)-1,2,6,7,8,9-hexahydro-1,6,6-trimethyl-phenanthro(1,2

-b)furan-10,11-dione, as a naturally occurring quinone substance

found mostly in plants of the genus Salvia has long been considered

as a potential bioactive compound with different pharmacological

activities (Wu, Wu et al. 2020). For instance, it has been demonstrated

that blocking Stat3 with cryptotanshinone can cause apoptosis in col-

orectal cancer cells (Li, Saud et al. 2015) or cryptotanshinone can show

anticancer effects against melanoma through ROS-mitochondrial

mediated pathway (Ye, Zhu et al. 2016).

It has been also shown that cryptotanshinone mitigates lung cancer

metastasis through regulation of microRNA 133a/matrix metallopro-

teinase (MMP)-14 (Wang, Zhang et al. 2019). In fact, invasion of can-

cer cells is known as an essential process for metastasis event since

these cells must traverse the extracellular matrix to relocate into neigh-

boring tissues. Therefore, cancer metastasis is widely mediated by pro-

teolysis of the extracellular matrix (ECM), which MMPs as the main

proteases can play a key role in tumor cell metastasis. MMP-2 and

MMP-9 are known as key enzymes contributing to the metastasis sig-

naling pathways. Deactivation of these enzymes could mitigate the

induction of tumor metastasis.

Although, the pharmacology activities and molecular mechanisms

of bioactive small molecules especially cryptotanshinone have been

reported (Wu, Wu et al. 2020), the interaction of this small molecule

with blood proteins and signaling pathway involved in the antimeta-

static mechanism of cryptotanshinone against MCF-7 cells have not

been fully explored.

It has been revealed that protein–small molecule interaction can

play a key role in its clinical applications (Yamasaki, Chuang et al.

2013). Also, it has been reported that prediction of drug pharmacoki-

netic can be done based on in vitro studies, deduced by spectroscopic

studies (Carvalho, Fernandes et al. 2020). In general, potential binding

of therapeutic substances with blood proteins can result in improving

their pharmacokinetics (Dennis, Zhang et al. 2002, Mohos, Fliszár-

Nyúl et al. 2020). Human hemoglobin (Hb) located in erythrocytes is

a main blood protein which has a unique tetramer (two a and

two b subunits) structure, mainly composed of a-helical structure.

Studies on the interaction of Hb with other small molecules has not

been only limited to small molecules (Wang, Zhang et al. 2009, Hu,

Wu et al. 2022), but also anionic amphiphiles (De and Girigoswami

2006), ions (Cheng, Lin et al. 2001), and even nanoparticles

(Chakraborty, Paul et al. 2018).
Since Hb is considered as a pivotal biofunctional macromolecule

for reversible oxygen carrying and storage as well as serving as a car-

rier protein for small molecule, the potential interaction of cryptotan-

shinone as a therapeutic bioactive material with Hb as well as

alterations of structure and function of Hb after interaction with this

ligand could be a focus of this studies. Therefore, the main objective

and novelty of this work was to investigate the interaction of cryp-

totanshinone with Hb through different spectroscopic and molecular

docking studies as well as exploring the antimetastatic effects of cryp-

totanshinone against MCF-7 cells through regulation of MMP-2 and

MMP-9 signaling pathway.

2. Materials and methods

2.1. Materials

Lyophilized Hb (Cat No. H7379) and cryptotanshinone [Cat
No. C5624, �98% (HPLC)] were purchased from Sigma-

Aldrich, USA. All other materials were of analytical grades.

2.2. Sample preparation

A 25 mM stock solution of Hb was prepared by dissolving Hb
powder in 10 mM phosphate-buffered saline (PBS), pH 7.4.
The working concentration of Hb for all spectroscopic studies

was fixed at 2.5 mM. Cryptotanshinone was prepared in metha-
nol and further diluted in PBS to make a 200 mM stock solu-
tion. Methanol concentration was not above 0.05% (v/v) in
final solutions employed in the assays.

2.3. Intrinsic fluorescence study

The fluorescence spectra were read on a Perkin–Elmer LS50B

spectrofluorometer with 1-cm quartz cells equipped with a
waterbath. The slits for excitation and emission widths were
both set at 5 nm. The intrinsic fluorescence intensity of Hb

was recorded at 310–450 nm at an excitation wavelength of
295 nm. Hb concentration was fixed at 2.5 mM and added by
different concentrations of cryptotanshinone, 2.5 mM, 5 mM,

7.5 mM, 10 mM, 12.5 mM, 15 mM, 17.5 mM, and 20 mM.

2.4. Molecular modeling studies

The molecular docking study was carried out using AutoDock

Vina. The three-dimensional (3D) structure of cryptotanshi-
none was obtained from https://pubchem.ncbi.nlm.
nih.gov/compound/Cryptotanshinone with a PubChem CID:

160254. The 3D crystal structure of Hb was downloaded from
the Brookhaven Protein Data Bank (https://www.rcsb.org/
pdb) with a PDB ID: 2D60. Water molecules were replaced

with polar hydrogen and the Gasteiger charges and during
the molecular docking study, a maximum of five conformers

http://creativecommons.org/licenses/by-nc-nd/4.0/
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were considered for binding study. The structure with the low-
est binding free energy was selected for further analysis.

2.5. Far-UV circular dichroism (CD) spectra

The far-UV CD spectra were analyzed by a JASCO CD spec-
trometer, Model J-815-150S using a 0.1-mm quartz cell. The

CD spectra of Hb solutions (2.5 mM) was read alone and in
the presence of different concentrations of cryptotanshinone,
2.5 mM, 5 mM, 10 mM, 15 mM, and 20 mM. The spectra were

recorded from 260 to 190 nm. Corresponding CD signals
derived from cryptotanshinone solution and buffer were also
analyzed and subtracted with the same instrumental

parameters.

2.6. Cell culture

Human breast adenocarcinoma MCF-7 cell line, American

Type Culture Collection (Manassas, VA, USA), were cultured
in Delbecco’s modified Eagle’s medium (DMEM, Gibco/BRL,
Gaithersburg, MD. USA) supplemented with 10% fetal bovine

serum (Gibco/BRL, Gaithersburg, MD. USA) at 37 �C in a
5% CO2 atmosphere.

2.7. Cell viability assay

Cell viability assay was done by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. The cells

with a density of 1 � 104 cells per well in 96-well plates were
plated and after 24 h, the cells were incubated with different
concentrations of cryptotanshinone (0, 2.5, 5, and 10, 15,
and 20 lM). At 24 h after treatment, the media were gently

removed, and the cells were washed thrice with PBS. MTT
solution (0.5 mM) was added to each well and incubated for
4 h at 37 �C. Then, the medium was completely removed

and 100 ll of dimethyl sulfoxide (DMSO) was added for solu-
bilization of formed crystals. Finally, after shaking the plates
for 5 min the optical density was determined at 570 nm using

a microplate reader (Bio-Rad, USA).

2.8. Gene expression assay using quantitative real –time PCR

After extracting the total RNA using TRIzol reagent (Invitro-

gen) following the manufacturer’s protocols, RNA was sub-
jected to reverse transcription with Takara cDNA synthesis
kit as described in the manufacturer’s protocol (Takara Bio

Inc., CA). The expression of MMP-2, MMP-9, Bax, and Bcl-
2 at mRNA level was assessed by quantitative real-time PCR
using the SYBR ExScript RT-PCR kit (TaKaRa, Dalian,

China) on an Applied Biosystems 7500 Real-time PCR System
(Applied Biosystems, USA). The qPCR program and primers
used in this study were based on the previous study (Hobani

2022). b-actin was used as a control reference gene. The data
were analyzed using the comparative 2^-DDCt method.

2.9. Protein expression analysis

The levels of protein expression, MMP-2, MMP-9, Bax, and
Bcl-2, were analyzed employing colorimetric assays using
Bcl-2 (Bender MedSystem, Vienna, Austria), Bax (Assay
Designs, USA)), MMP-2 (R&D Systems, Minneapolis, MN,
USA), and MMP-9 (RayBiotech, Inc., Norcross, GA, USA)
ELISA kit (Neo Biolabs, F Cambridge, MA, USA) according

to the manufacturer’s instructions.

2.10. Statistical analysis

Data were expressed as mean ± SD (standard deviation) of
three experiments. Comparison between groups was done with
the one-way analysis of variance (ANOVA). Differences

between groups were considered significant at P < 0.05.

3. Results and discussion

3.1. Fluorescence quenching study

For proteins, the fluorescence spectroscopy analyses can pro-
vide some useful information about the characteristics of bind-
ing of bioactive substances to proteins at the atomic level
(Hellmann and Schneider 2019). In fact, the calculated param-

eters including binding mode, binding strength, and thermody-
namic parameters derived from fluorescence spectroscopic
studies can be used to evaluate the binding characteristics of

ligand/protein (Khan, Cho et al. 2023). According to the X-
ray crystallographic data (Safo and Abraham 2003), Hb with
a predominant a-helix structure contains a relatively rigid con-

former, two a-chains (141 residues) and two b-chains (146
amino acid residues), and 6 tryptophan (Trp) residues, two a
Trp 14, two b Trp 15, and two b Trp 37. Trp 37 exists at the

ab–ab interface, provides the most dominant fluorophores,
and shows a potential ligand binding affinity (Safo and
Abraham 2003, Kaur, Singh et al. 2023). Therefore, fluores-
cence spectroscopy study is a sensitive technique to examine

the microenvironmental changes around Trp 37 amino acid
residues. Fig. 1 (A, B, C) exhibits Hb fluorescence intensity
after interaction with different concentrations of cryptotanshi-

none. As the data display, the fluorescence intensity of Hb
reduced continuously with the elevating concentration of cryp-
totanshinone, which reveals that this small molecule substrate

can potentially interact with Hb. Also, the observation of a
slight red shift, especially at 303 K (Fig. 1B) and 308 K
(Fig. 1C) could demonstrate that probable subtle conforma-
tional changes of Hb triggered by the interaction of cryptotan-

shinone were associated with the displacement of Trp residues
to a hydrophilic microenvironment. In general, the result indi-
cates that binding of cryptotanshinone to Hb has no (at 298 K)

or little (at 303 K and 308 K) effect on the microenvironment
around Trp 37 residue.

3.1.1. Fluorescence quenching mechanisms

The different quenching mechanisms of proteins are usually
categorized as either dynamic, static, or mixed (Zhang, Cho
et al. 2022). Dynamic quenching is associated with a system

of collisional interactions between the protein and substrate
and the resultant quenching during the excited state lifetime
(Sett, Paul et al. 2022). Static quenching derives from the

ground-state complex formation between the protein and the
substrate (Kenoth and Kamlekar 2022). For determination
of fluorescence quenching, the reduction in fluorescence inten-



Fig. 1 Emission spectra of Hb with a concentration of 2.5 mM in the presence of different concentrations of cryptotanshinone (2.5–

20 mM) at 298 K (A), 303 K (B) and 308 K (C).

4 Y. Ma et al.
sity is typically assessed by the Stern–Volmer equation (Wang,
Zhang et al. 2008):

F0=F ¼ 1þ kqs0 Q½ � ¼ 1þ KSV½Q� ð1Þ
where F0 and F are the steady-state emission of free and

bound proteins, respectively. kq and s0 are the bimolecular
quenching constant and the lifetime of the emission without
substrate (5.0 ns), respectively (Gryczynski, Beretta et al.

1997). [Q] and KSV are the concentration of substrate and
Stern–Volmer quenching constant, respectively. Fig. 2 depicts
the Stern–Volmer plots of Hb fluorescence quenching by cryp-
totanshinone. In the present study, a linear Stern–Volmer plot

was observed for cryptotanshinone (Fig. 2), meaning that the
quenching mechanism should be either single static or
dynamic, and no mixed quenching mechanism could con-
tribute in the formation of Hb-cryptotanshinone complex.

For the presence of dynamic quenching, higher temperatures
usually cause faster diffusion and subsequent larger value of
collisional quenching (Mandal and Ganguly 2009). Therefore,

the KSV enhances with increasing temperature for dynamic
quenching mechanism, however the reverse influence could
be expected for static quenching mechanism. Also, the maxi-

mum value of collision quenching constant of a protein, kq,
has been reported to be 2 � 1010 M�1 s�1 (Mandal and
Ganguly 2009).

The values of KSV calculated from the slope of the Stern-

Volmer plot are summarized in Table 1. The data showed that
the values of KSV for cryptotanshinone are 3.17 � 105 M�1,



Fig. 2 Stern-Volmer plots of Hb after interaction with cryp-

totanshinone at three temperatures.
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2.01 � 105 M�1, and 1.33 � 105 M�1 at 298 K, 303 K, and
308 K. This data showed that the KSV values are not directly
correlated with temperature. Also, the values of kq (6.34–2.66

� 1013 M�1s�1) were much>2 � 1010 M�1 s�1 (Table 1). All
these data indicated that the quenching mechanism of Hb by
cryptotanshinone is based on a static quenching type.

It has been reported that Hb contains three Trp residues per

ab dimmer and there are often remarkable variations in the
accessibility of these residues to the solvent and ligand, reveal-
ing local protein conformation that cause deviations from lin-

earity in the Stern–Volmer plot (Yang, Cheng et al. 2018).
However, Fig. 2 showed a good linearity of Stern-Volmer plot,
suggesting a similar fluorophore accessibility of Trp residues,

mainly Trp 37, to the cryptotanshinone. Therefore, we can
conclude that the quenching mechanism of Hb by cryptotan-
shinone is based on a static quenching at all studied concentra-

tions (2.5–20 mM) and the ‘‘sphere of action” quenching
mechanism does not play a key role in our studied system
(Yang, Cheng et al. 2018).

3.1.2. Binding parameters

In the present research, the binding parameters were evaluated
by analyzing the cryptotanshinone triggered fluorescence

quenching data of Hb. The binding constant (Kb) and the num-
ber of binding sites (n) were estimated according to Eq. (2)
(Hamishehkar, Hosseini et al. 2016):
Table 1 The values of quenching parameters for interaction of Hb

T (K) KSV (M
�1
)�10
5 kq (M

�1 s�1) �10

298 3.17 6.34

303 2.01 4.02

308 1.33 2.66
logF0 � F=F ¼ logKb þ n log Q½ � ð2Þ
where all parameters are similar to Eq. (1). Fig. 3 shows the

plots of log (F0 � F)/F versus log [Q] for the studied cryp-

totanshinone–Hb systems at different temperatures of 298,
303 K, and 308 K.

The calculated values ofKb and the n are presented inTable 2.
For the cryptotanshinone –Hb system, the values of Kb

decreased with increasing temperature, indicating the binding
process occurs through an exothermic process (Shen, Liou
et al. 2007). In fact, the values ofKbofHbwith cryptotanshinone

at three different temperatures were in the following order as:
298K>303K> 308K. It is clear that cryptotanshinone inter-
actswithHbwith largerKb at 298K, revealing cryptotanshinone

binds Hb in a more firmly manner at 298 K than the other two
higher temperatures, 303 K and 308 K. Furthermore, it was
shown that the value ofKbwas inmagnitude of 105 at 298K, sug-

gesting a strong binding affinity between cryptotanshinone and
Hb, which reduce to 104 at higher temperature. In fact, at 308 K
close to physiological temperature, the Kb value is in a magni-
tude of 104, revealing a moderate binding affinity (Kou, Li

et al. 2023) between Hb and cryptotanshinone. Therefore, we
can claim that cryptotanshinone can interact with Hb with a
moderate binding affinity at physiological temperature, which

can be considered as a potential interaction for therapeutic small
molecules, in vivo.

Moreover, the values of n were calculated to be approxi-

mately equal to 1, suggesting that there was a single class of
binding sites on Hb for cryptotanshinone. In Hb, the Trp 37
is exposed to a polar environment, so from the calculated value
of n, it may be deduced that cryptotanshinone most likely

interacts with the Trp 37 and leads to a remarkable quenching
in its intrinsic fluorescence intensity.

3.1.3. Binding mode

Generally discussing, the forces between organic biomolecules
and biomacromolecules are categorized into hydrogen bond-
ing, van der Waals, electrostatic, and hydrophobic (Odle,

2014). The signs as well as the magnitudes of thermodynamic
parameters for protein-small molecule interactions can reveal
the predominant forces responsible for the formation of the

corresponding complex. If we suppose that the enthalpy
changes (DH) are almost unchanged over the temperature
range analyzed, then the associated value can be estimated

from the well-known van’t Hoff Eq. (3) (Chowdhury, Bhuiya
et al. 2020):

lnKb ¼ �DH=RTþ DS=R ð3Þ
Kb is the binding constant at temperature T and R is

defined as the gas constant. The value of DH and entropy
changes (DS) can be obtained from linear van’t Hoff plot.
The value of Gibbs free energy changes (DG) was then calcu-
lated from the following Eq. (4) (Salam, Arif et al. 2023):
and cryptotanshinone at different temperatures.

13 R2 Equation

0.98 y = 0.3173x + 0.8396

0.97 y = 0.2015x + 0.9786

0.99 y = 0.133x + 1.0244



Fig. 3 Modified Stern-Volmer plots of Hb after interaction with

cryptotanshinone at three temperatures.

Fig. 4 van’t Hoff plot for the binding reaction between Hb and

cryptotanshinone.

Table 3 The values of thermodynamic parameters for the

binding reaction between Hb and cryptotanshinone at different

temperatures.

T (K) DH� (kJ/mol) DS�(J/mol. K) DG� (kJ/mol)

298 �158.00 �424.15 �31.61

303 �158.00 �424.15 �29.49

308 �158.00 �424.15 �27.36
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DG ¼ DH� TDS ð4Þ
From the linear correlation between lnKb and the reciprocal

T (Fig. 4), the values of DH and DS can be obtained and pre-
sented in Table 3.

As listed in Table 3, values of DH and DS for the binding
reaction between Hb and cryptotanshinone were found to be
�158.00 kJ mol�1 and �424.15 J mol�1K�1, which suggested

that the binding process for the interaction between Hb and
cryptotanshinone was based on an exothermic reaction. The
negative sign for DG revealed the spontaneity of the interaction

of cryptotanshinone with Hb. Ross and Subramanian (Ross
and Subramanian 1981) have evaluated the sign and magni-
tude of the thermodynamic parameters linked with different

individual types of interaction between small molecules and
proteins. Based on the water structure viewpoint, a negative
DS value is mostly considered as a typical fact for the forma-
tion of hydrogen bonds, because the water molecules sur-

rounded small molecule and receptor are rearranged in an
ordered configuration as a result of hydrogen bonding
(Zeinabad, Kachooei et al. 2016). Further, the negative DH
value calculated could not be typically assigned to the contri-
bution of electrostatic forces since for such interactions the
value of DH should be very small. The negative DH value is

mainly associated with the contribution of hydrogen bonding
in the interaction of this ligand with macromolecules (Ross
Table 2 The values of binding parameters for interaction of Hb an

T (K) logKb (M
�1
) n

298 5.61 1.02

303 4.99 0.93

308 4.71 0.91
and Subramanian 1981). Therefore, from the negative values
of DH and DS calculated in the present study, we can claim

that the main acting forces in the formation of
cryptotanshinone-Hb complex are mostly hydrogen bonding
and van der Waals forces.

3.2. Molecular modeling study

Molecular modeling of the small molecules with receptors pro-

vides some helpful data with reference to the favorable binding
pockets and can be exploited to confirm the experimental
results at atomic level (Rudra, Dasmandal et al. 2018,
Salam, Arif et al. 2023). The most probable binding mode

between cryptotanshinone (Fig. 5A) and Hb to form a
cryptotanshinone-Hb complex is shown in Fig. 5B. The dock-
ing results revealed a strong interaction between cryptotanshi-
d cryptotanshinone at different temperatures.

R2 Equation

0.99 y = 1.0285x + 5.6145

0.98 y = 0.9383x + 4.9943

0.99 y = 0.9154x + 4.7157



Fig. 5 3D structure of cryptotanshinone(A), docking result of

cryptotanshinone-Hb complex (B), amino acid residues in the

binding pocket of cryptotanshinone-Hb complex (C).

Fig. 6 Far-UV CD study of Hb with a concentration of 2.5 mM
in the presence of different concentrations of cryptotanshinone

(2.5–20 mM) at 298 K.

Fig. 7 MTT assay for determination of the cytotoxic effect of

cryptotanshinone on the proliferation of MCF-7 cells at various

concentrations for 24 h. All the experiments were carried in

triplicate, and data are reported as mean ± SD values. *P < 0.05,

**P < 0.01, relative to control.
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none and Hb with a binding score of �8.3 kcal/mol, which is in
good agreement with thermodynamic parameters deduced by

intrinsic fluorescence spectroscopic study. From Fig. 5B, we
can find that most preferential binding sites of the cryptotan-
shinone on Hb are close to ab–ab interface. The interaction

between cryptotanshinone and Hb at the binding site is medi-
ated by Pro 95, Trp 37, Tyr 35, Lys 99, Asn 108, Leu 105, Leu
66, Val 62, Val 132, Leu136, Phe 43, and Val 93 amino acid

residues (Fig. 5C), contributing in the formation of hydrophilic
and hydrophobic forces.

Molecular docking analysis also supported the fluorescence
spectroscopy data, as it shows that Trp 37 and Tyr 35 are

located in the binding site of Hb after interaction with cryp-
totanshinone (Fig. 5C). It was found that Trp 37 directly inter-
acts with cryptotanshinone, while Try 35 in the binding site is

not involved in the direct establishment of hydrophilic or
hydrophobic forces between cryptotanshinone and Hb. This
data also is in good agreement with intrinsic fluorescence spec-

troscopy results, indicating that the fluorescence quenching of
Hb induced by cryptotanshinone is based on a direct interac-
tion between Trp 37 residue and cryptotanshinone.

3.3. Circular dichroism study

To gain further information in cryptotanshinone –Hb interac-
tion mechanism and conformational alteration of protein, CD

study (Panchal, Sehrawat et al. 2023) was done on Hb and
cryptotanshinone–Hb complex. Fig. 6. depicts the CD spectra
of Hb either in free state or in combination with various con-
centrations of cryptotanshinone at pH 7.40 and 298 K. The

CD spectrum of Hb is characterized by two main negative
ellipticity changes centered around 208 and 222 nm, revealing
the dominance of an a-helical structure (Salam, Arif et al.

2023). It was detected from Fig. 6 that there was a slight
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decrease in ellipticity changes of both of these minima without
any apparent shift in the positions of these peaks, meaning the
negligible decrease in the a-helical content of Hb after interac-

tion with cryptotanshinone. It is clear that interaction of cryp-
totanshinone with Hb led to slight secondary structural
changes of Hb, leading to a slight loss of a-helical biostability
(Panchal, Sehrawat et al. 2023).

The calculating results done by CDNN software (http//
bioinformatik.biochemtech.uni-halle.de/cdnn) revealed a

reduction of a-helical structures from 60.89% to 60.48%,
59.37%, 57.25%, 55.55%, and 54.21% at different 0 mM,
2.5 mM, 5 mM, 10 mM, and 20 mM of cryptotanshinone, respec-
tively. Therefore, this observation shows that although slight

changes was observed in the secondary structure of Hb as
expected for the interaction of small molecules with proteins
but the total secondary structure of Hb was mostly unchanged

and its integrity was almost preserved even after interactionwith
cryptotanshinone at highest studied concentration (20mM).As a
result, upon interaction of 20 mM with biomacromolecules like

Hb, no significant changes in the secondary structure of the pro-
teins can be expected. All the above data indicated that cryp-
totanshinone could be used as potential therapeutic agents in

biomedical applications in vitro and in vivo.

3.4. Cell viability assay

MTT assay was utilized to assess the cytotoxicity of cryptotan-

shinone on breast cancer MCF-7 cell line. Fig. 7 shows the
Fig. 8 Qpcr assay for assessing the expression of bcl-2 mrna (A), bax

cells with cryptotanshinone (17.5 mM) at 24 h. ELISA assay for determ

Bax/Bcl-2 protein ratio (F) after incubation of MCF-7 cells with crypt

triplicate, and data are reported as mean ± SD values. *P < 0.05, **
cytotoxicity of cryptotanshinone on the tested cell line at
24 h. Cryptotanshinone showed a concentration dependent
cytotoxicity against the tested cell line. Therefore, following

incubation of the MCF-7 cells for 24 h with cryptotanshinone,
the growth inhibitory properties of cryptotanshinone were
explored. It was seen that the values of cell viability were

104.24%, 87.62%, 75.15%, 64.01%, and 36.95% after interac-
tion with 2.0 mM, 5 mM, 10 mM, 15 mM, and 20 mM cryptotan-
shinone, respectively (Fig. 7). The cryptotanshinone IC50 value

on inhibiting the proliferation of MCF-7 was around 17.5 mg/
ml in a 24-h incubation period which was comparable with the
previous study reported on the effect of cryptotanshinone on
breast cancer MCF-7 cells (Shi, Li et al. 2022).

3.5. Effect of cryptotanshinone on apoptosis induction in MCF-7

cells

Apoptosis-mediated cell death can be modulated by different
anticancer drugs. In fact, anticancer compounds can switch
on apoptosis signaling pathways through different mechanisms

in cancer cells. To assess the mechanism of cytotoxicity stimu-
lated by cryptotanshinone, apoptosis (programmed cell death)
was examined and the data are expressed in Fig. 8. The levels

of Bcl-2 and Bax in the mitochondria can mediate the induc-
tion of apoptosis induced by bioactive materials through an
intrinsic mechanism (Sanaei and Kavoosi 2021). For the
potential modulation of mitochondria-mediated apoptosis, a

balance between the pro-apoptosis performance of Bax and
mrna (B), and bax/bcl-2 mrna ratio (C) after incubation of mcf-7

ination of the expression of Bcl-2 protein (D), Bax protein (E), and

otanshinone (17.5 mM) at 24 h. All the experiments were carried in

P < 0.01, ***P < 0.001, relative to control.

http://bioinformatik.biochemtech.uni-halle.de/cdnn
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anti-apoptosis function of Bcl2 should have existed (Singh,
Letai et al. 2019). The relocation of Bax into mitochondria
triggers mitochondrial dysfunction, which could result in the

potentiation of small molecules-stimulated apoptosis (Hafezi
and Rahmani 2021). Apoptosis triggered by cryptotanshinone
can be assosiated with the enhanced pro-apoptotic mRNA/

protein levels and/or reduced antiapoptotic mRNA/protein
expression, meaning that the Bax/Bcl-2 ratio may be an impor-
tant apoptotic signal induced by this small molecule. In this

paper, it was found that cryptotanshinone significantly
reduced the expression of Bcl-2 at mRNA level (Fig. 8A), while
the Bax mRNA level was not significantly changed (Fig. 8B).
In general, it was revealed that the Bax/Bcl-2 ratio at mRNA

level was significantly increased in cryptotanshinone-treated
MCF-7 cells relative to control cells (Fig. 8C), revealing that
cryptotanshinone can induce apoptosis in MCF-7 cells. To fur-

ther support this experiment, the expression of Bax and Bcl-2
at protein level was also revealed by ELISA assay. In this
study, cryptotanshinone induced a similar pattern of downex-

pression of Bcl-2 (Fig. 8D), overexpression of Bax (Fig. 8E) as
well as overexpression of Bax/Bcl-2 (Fig. 8F) at protein level to
Fig. 9 qPCR assay for determining the expression of MMP-2 mR

cryptotanshinone (17.5 mM) at 24 h. ELISA assay for determination o

MCF-7 cells incubated with cryptotanshinone (17.5 mM) at 24 h. All t

mean ± SD values. *P < 0.05, **P < 0.01, ***P < 0.001, relative t
those observed in mRNA level, suggesting that this bioactive
compound is able to stimulate apoptosis by acting on an
intrinsic pathway in MCF-7 cells.

Similar results have been reported earlier. For example,
cryptotanshinone inhibited lung tumorigenesis through
induction of apoptosis mediated by overexpression of p53

and Bax and downregulation of Bcl-2 (Chen, Wang et al.
2014). Ke et al. also reported that cryptotanshinone triggers
cell cycle arrest and apoptosis in cholangiocarcinoma cells

by increased Bax/Bcl-2 ratio (Ke, Wang et al. 2017). Fur-
thermore, a few other abietane diterpenoid such as parvi-
floron D (Burmistrova, Perdomo et al. 2015) or derived
from Salvia chloroleuca (Shakeri, Delavari et al. 2019) as

well as Salvia sahendica (Kafil, Eskandani et al. 2015) have
demonstrated a similar type of apoptosis-mediated cell
death against different cancers. Accordingly, in the current

study, cryptotanshinone appears to induce anticancer effect
against MCF-7 cells through regulating the Bax/Bcl-2 ratio,
and the augmented Bax/Bcl-2 expression at both mRNA

and protein levels in MCF-7 cells can result in the
apoptosis.
NA (a) and MMP-9 mRNA (b) in MCF-7 cells incubated with

f the expression of MMP-2 protein (C) and MMP-9 protein (D) in

he experiments were carried in triplicate, and data are reported as

o control.
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3.6. Effects of cryptotanshinone on invasion mRNA and protein
expression in MCF-7 cells

Real-time PCR and ELISA assays were also carried out to
assess the mRNA and protein expression levels of invasion-

associated main mediators in MCF-7 cells, MMP-2 and
MMP-9, after treatment with IC50 concentration of cryptotan-
shinone at 24 h. As shown in Figure 9A, B, a significant
downxpression in the MMP-2 and MMP-9 mRNA levels in

17.5 mM cryptotanshinone-treated MCF-7 cells in comparison
with control cells was observed. Also, ELISA-assisted protein
expression assays showed that at 24 h, there was a significant

decrease in the MMP-2 (Fig. 9C) and MMP-9 (Fig. 9D) pro-
tein levels in MCF-7 cells treated with cryptotanshinone rela-
tive to control cells. Therefore, it was deduced that IC50

concentration of cryptotanshinone at 24 h mitigated the
MMP-2 and-9 protein expression (Fig. 9C, D) in the same pat-
tern as it was detected at the mRNA level (Fig. 9A, B).

Metastasis in cancer cells is multifactorial and multistep,
and it mainly includes invasion and migration of cells (de
Visser and Joyce 2023, Yuan, Li et al. 2023). Anti-
metastatic drugs can regulate these mechanisms, resulting

in less metastatic cancer/tumor cells. (Fares, Fares et al.
2020). MMPs are known as essential extracellular matrix
enzymes catalyzing the degradation of proteins (Gonzalez-

Avila, Sommer et al. 2019, Paolillo and Schinelli 2019).
These enzymes can contribute apparently to cancer cell
metastasis by degrading the extracellular proteins (Mehner,

Hockla et al. 2014). MMPs are significantly overexpressed
in breast cancer cells which can mediate their metastasis.
As a result, bioactive small molecules-mediated MMP inhibi-
tion can play a key role in mitigation of metastasis in breast

cancer cells (Radisky and Radisky 2010, Javadian, Gharibi
et al. 2019). Inhibition of the expression of molecular medi-
ators including MMP-2 and MMP-9 as main enzymes

involved in the metastasis progression, can result in the con-
trol of cancer metastasis (Conlon and Murray 2019). Our
experimental data suggested that cryptotanshinone in

MCF-7 cells could downregulate the MMP-2 and MMP-9
at both mRNA and protein levels. Similar to our result,
Wang et al., reported that cryptotanshinone is able to inhi-

bit lung cancer metastasis through regulation of
microRNA 133a/MMP-14 (Wang, Zhang et al. 2019). Also,
Zhang et al., indicated that cryptotanshinone triggers apop-
tosis and regulates metastasis in human hepatocellular carci-

noma cells through control of MMPs-mediated signaling
pathway (Zhang, Wang et al. 2020).

4. Conclusions

This report expresses spectroscopic and molecular docking investiga-

tions on the interaction of cryptotanshinone with Hb using fluores-

cence emission and CD spectra. It was realized that the fluorescence

of Hb was quenched for interaction with cryptotanshinone based on

a type of static fluorescence quenching. All thermodynamic parameters

were negative, revealing that and the main binding force between cryp-

totanshinone and Hb was probably hydrogen bonding interaction. The

binding site was close to Trp-37 and Tyr 35 in Hb as evidenced by

molecular docking study. It was also found that cryptotanshinone

did not induce a significant effect on the secondary structure of Hb.

Cellular assays showed that cryptotanshinone induced anticancer
effects in breast cancer MCF-7 cell line through overexpression of -

Bax/Bcl-2 ratio and down regulation of MMP-2 and MMP-9 at both

transcriptional and translational levels. In conclusion, the data pre-

sented here indicated that cryptotanshinone may interact with Hb

and can be considered a significant naturally occurring anticancer sub-

stance for the development of therapeutic platforms, however more

in vivo and pre-clinical research is required.
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