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A phenylethanoid glycoside known as echinacoside has demonstrated promising anticancer properties against
numerous cancer cell types. However, its pharmacokinetics or anticancer mechanism has remained unclear.
Herein, the interaction of the echinacoside with human serum albumin (HSA) was explored by intrinsic/extrinsic

Zfl:::;on fluorescence spectroscopy, circular dichroism (CD) spectroscopy as well as molecular docking simulation. Also,
Anticancer the anticancer effects and possible mechanism of action of the echinacoside against hepatocellular carcinoma

(HCC) cells, MHCC-97-H with high tumorgenicity and metastasis, were assessed by cell viability, flow cytometry,
qRT-PCR, and western blot assays. The results showed a static quenching mechanism in the formation of
echinacoside-HSA complex, one binding site on HSA for echinacoside, contribution of hydrophobic interactions
(PHE157, GLU188 and PRO447), and slight conformational changes of HSA in the complex form. Cellular assays
disclosed that treatment with echinacoside concentration-dependently mitigated the proliferation of MHCC97-H
cells in vitro with an ICsy concentration of around 30 uM. Also, echinacoside triggered apoptosis through the
regulation of caspase-3 at mRNA and protein levels. Moreover, echinacoside reduced the expression of astrocyte
elevated gene-1 (AEG-1) and N-cadherin, while enhancing the expression of E-cadherin, as the main hallmarks of
epithelial-mesenchymal transition (EMT) in tumorigenicity and metastasis. Therefore, these data indicated that
echinacoside with a promising binding affinity with HSA in a mimicking physiological condition may inhibit the
proliferation and metastatic activity of MHCC97-H cells mediated by manipulation of the AEG-1/EMT pathway.

1. Introduction pathways, respectively.

Among the most common malignant tumors, hepatocellular carci-

Echinacoside as a phenylethanoid glycoside isolated from Echinacea
angustifolia (Liu et al., 2018) has a molecular formula of C35H46020 with
a molecular weight of 786.7 g/mol. Echinacoside has been widely
examined for the regulation of Parkinson’s (Liang et al., 2019), Alz-
heimer’s (Dai et al., 2020), cognitive impairment (Qiu and Liu, 2022),
Hirschsprung’s (He et al., 2023), bone regeneration (Li et al., 2012), and
hypoxic pulmonary hypertension (Gai et al., 2020). Echinacoside can
trigger anticancer activities against a broad range of cancer cells
including breast (Tang et al., 2020), colorectal (Dong et al., 2015a), lung
(Shi et al., 2022, Cao et al., 2023), liver (Li et al., 2021), ovarian (Liu
et al.,, 2022), and pancreatic adenocarcinoma (Wang et al., 2022)
through regulating the Wnt/p-catenin signaling pathway, induction of
oxidative DNA damages, mitochondria-mediated pyroptosis, miR-503-
3p/TGF-p1/Smad axis, PI3K/AKT, and mitogen-activated protein kinase
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noma (HCC) is often diagnosed at an advanced stage and has a high
incidence and mortality rate. Invasiveness and metastasis are the main
causes of poor prognosis among HCC patients and high mortality rates
(Zheng et al., 2014a, Li et al., 2014). Preventing invasion and metastasis
of HCC could be recruited as a potential strategy for reducing mortality
and manipulating its progression. Metastasis and invasion of tumors are
known as multi-step processes resulting in the patient’s death. Metas-
tasis of a tumor includes four main steps including separation, circula-
tion, adhesion, and invasion to the target tissues (Zheng, Li et al., 2014).
Any compound blocking these processes can be nominated as a useful
candidate in inhibiting cancer metastasis. Several studies have shown
that echinacoside could exert anti-tumor activity in liver cancer cells
mediated by iR-503-3p/TGF-pl/Smad axis (Li et al., 2021), TREM2
expression and PI3K/AKT signaling (Ye et al., 2019), targeting UBR5
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(Wang et al., 2022), and inhibiting the nucleotide pool sanitizing
enzyme MTH1 (Dong, Wang et al., 2022). However, no study has been
published on the suppression of hepatocarcinoma MHCC97-H cells
showing highly metastatic potential mediated by inhibition of epi-
thelial-mesenchymal transition (EMT) and astrocyte elevated gene-1
(AEG-1) pathway. Morphology as well as invasion of HCC alter
following blocking AEG-1 expression (Zheng, Li et al., 2014). Indeed,
AEG-1 mRNA upregulation and EMT appearance occur in HCC tissues,
which are known as potential markers in cancer development and
metastasis (Zheng, Li et al., 2014).

On the other hand, the interaction of therapeutic compounds/drugs
with blood protein can provide useful information about their phar-
macokinetics properties in vitro. Plasma protein binding can be deter-
mined as a general approach for modulating the pharmacokinetics of
proteins as well as drugs (Dennis et al., 2002, Zhang et al., 2019, Pilati
and Howard, 2020). Human serum albumin (HSA) binding affinities can
be used as a potential procedure to regulate the pharmacodynamics and
pharmacokinetics of drug candidates (Fan et al., 2022). This led
different researchers to analyze the interaction of different small mole-
cules/drugs/compounds with HSA (Yamasaki et al., 2013, Chuang et al.
2013, Xue et al., 2021, Yu et al., 2022).

Therefore, in this study, first, we evaluated the interaction of the
echinacoside with HSA by different experimental and theoretical assays
to determine the binding affinity and unwanted protein structural
changes. Furthermore, the anticancer and antimetastatic effects of the
echinacoside in MHCC97-H as a model of HCC were assessed.

2. Materials and methods
2.1. Materials

Free albumin from human serum (HSA, product number: A1653,
>96 % with agarose gel electrophoresis), echinacoside (product num-
ber: 07668, >98 % HPLC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, CAS No. 298-93-1), and dimethyl sulfoxide
(DMSO, > 99.9 %, CAS No. 67-68-5) were obtained from Sigma-Aldrich
Co. (St Louis, MO, USA). All other materials were of analytical reagent
grade and used without further purification/analysis.

2.2. Preparation of working solutions

HSA stock solution was prepared in sodium phosphate buffer (20
mM, pH 7.4) and the concentration was determined using a well-known
spectrophotometric method (e, = 36,500 M~ !cem~! at 280 nm) (Tayyab
et al., 2019). Echinacoside stock solution was obtained in dime-
thylsulfoxide (DMSO) and working solutions were prepared by diluting
the stock samples with sodium phosphate buffer (20 mM, pH 7.4) or cell
culture medium. All aqueous solutions were obtained with freshly
double-distilled water.

2.3. Fluorescence quenching study

HSA fluorescence spectra were recorded on a PerkinElmer LS55
luminescence spectrometer (PerkinElmer Inc., Waltham, MA, USA). The
exaction wavelength was set at 295 nm, while spectral bandwidths were
fixed at 10 and 5 nm for excitation and emission, respectively. The
fluorescence spectra of HSA were read in the wavelength range of
300-440 nm. The HSA solution was added by increasing concentrations
of the echinacoside (2-60 uM). All fluorescence experimental parame-
ters were kept unchanged during each data set. Fluorescence spectra
were recorded in quartz cuvettes with a path length of 1 cm. Titration
experiments were carried out manually employing a micropipette. Also,
for each spectrum, the fluorescence emission of protein either alone or
with echinacoside was read with HSA at the final concentration of 2.0
uM.

The fluorescence emission spectra were corrected using the
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following Eq. (1) (Zhang et al., 2019):
Fo =Fc x 10(Al1 + A2)/2 1)

Where F, and F. are the observed and corrected fluorescence in-
tensity, respectively. Also, A; and A, are the absorption of solutions at
the excitation and emission wavelengths, respectively (Zhang et al.,
2019).

2.4. Synchronous fluorescence study

Synchronous fluorescence spectra of HSA in the presence or absence
of the echinacoside were read by scanning the excitation and emission
monochromator simultaneously with fixing AL = 15 nm and AA = 60 nm
as reported previously (Yekta et al., 2017). The excitation and emission
slit widths were fixed at 10 nm and 5 nm, respectively.

2.5. Circular dichroism study

To study the effects of binding echinacoside on the secondary
structure of HSA, the far-UV circular dichroism (CD) spectra of HSA
(190-260 nm) were used. HSA and echinacoside samples were diluted in
sodium phosphate buffer (20 mM, pH 7.4). The concentration of HSA
was 5 pM and the protein solution was titrated with increasing con-
centrations of the echinacoside (2-60 uM). The CD data were collected
on a J-810 spectropolarimeter (Jasco, Tokyo, Japan), using a 1 mm cell
at room temperature under constant nitrogen flush. The scan rate,
bandwidth and response time scan rate were fixed at 200 nm/min, 1 s
and 1 nm, respectively (Yekta et al., 2017). The alterations in the per-
centage of secondary structure amount of HSA were calculated using
CDNN software.

2.6. Molecular docking study

To analyze the interaction between HSA with echinacoside, we have
used a molecular docking study. We used AutoDock for molecular
docking simulation and AutoDock tools to design the files for this study.
The three-dimensional (3D) HSA structure (chains A and B) was ob-
tained from the Protein Data Bank, PDB ID: 1A06. Seven water mole-
cules were removed from the protein structure and the 3D structure of
the echinacoside compound was downloaded from the PubChem com-
pound database (CID 5281771). Polar hydrogen atoms and charges were
added to the echinacoside and HSA structures. The cavity volume was
set to 20892 A% and the grid center coordinates were 24, 15 and 22 for
X, Y and Z coordinates, respectively. All other parameters were fixed as
default values. During molecular docking simulation, the HSA molecule
was kept rigid and the echinacoside was flexible. The total number of
runs was set at 5. The protein-ligand complexes with pocket RMSD < 4
A in the ligand binding site were assessed for the molecular docking
simulation analysis.

2.7. Cell culture

The human HCC cell line, MHCC97-H, was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in high-glucose DMEM (GIBCO, USA) containing 100 U/mL
penicillin and 10 pg/ml streptomycin with 10 % heat-inactivated fetal
bovine serum (FBS, PAN-Biotech, Aidenbach, Germany).

2.8. MTT assay

The MTT assay was done to quantify the effect of the echinacoside on
cell viability. Briefly, MHCC97-H (1 x 10%cells/well) cells plated on a
96-well plate at 37 °C were exposed to different concentrations of the
echinacoside (0-60 uM). After incubation for 24 h, the medium was
removed and cell viability was assessed by the MTT assay as described
previously (Zheng, Li et al., 2014).
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Fig. 1. Fluorescence quenching study of HSA following addition of increasing
concentrations of the echinacoside at 298 k.

2.9. Flow cytometry assay

To detect apoptosis, the cells were incubated with PI/fluorescein
isothiocyanate (FITC)-conjugated annexin V based on the manufac-
turer’s instructions by Annexin V-FITC Apoptosis Detection Kit I (Becton
Dickinson, San Jose, CA, USA). Briefly, after adding the appropriate
concentration of the echinacoside (ICsg) and incubating for 24 h, the
cells were harvested, washed with PBS, resuspended in 50 pl of 1 x
binding buffer containing 5 pl of annexin V-FITC and 10 pl of PI, incu-
bated in the dark for 15 min, added by 450 pl of 1 x binding buffer, kept
on ice, and subjected to flow cytometry analysis (Becton Dickinson, San
Jose, CA, USA).

2.10. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

MHCC97-H cells seeded in a six-well plate were treated with ICsg
concentration of echinacoside for 24 h. Total RNA was then extracted
using the Trizol reagent (Invitrogen) following the manufacturer’s
protocols, followed by RNA quantification assay using Nanodrop®
Spectrophotometer (Thermo Fisher). cDNA Reverse Transcription kit
was used for the synthesis of cDNA following the manufacturer’s pro-
tocol (Applied Biosystems). Primers for caspase-3 and housekeeping
gene p-actin and the annealing temperature of the genes were designed/
used as previously reported (Gao et al., 2014). qRT-PCR analysis was
then performed using an Express SYBR qPCR Supermix (Invitrogen)
following the manufacturer’s protocol on an Applied Biosystems Real-
Time PCR System. Relative expression of mRNA was expressed by the
comparative CT method.

2.11. Western blot analysis

The cells in a six-well plate incubated with echinacoside (ICsg) for 24
h, were exposed to lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) based on the manufacturer’s protocols containing some inhibitors.
The protein concentrations of the samples were determined on a Bio-Rad
DC protein kit (Bio-Rad Laboratories, USA). The cell lysates in equal
amounts were then subjected to electrophoresis by SDS-PAGE, followed
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by western blotting analysis using antibodies against AEG-1 (13860-1-
AP, Zhongshan Goldenbridge Biotechnology Co., Ltd. Beijing, China), E-
cadherin (BS1098, Bioworld Technology, Inc. Louis Park, MN, USA), N-
cadherin (BS2224, Bioworld Technology, Inc. Louis Park, MN, USA),
caspase-3 P17 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
B-actin (AP0060, Bioworld Technology, Inc. Louis Park, MN, USA)
overnight at 4 °C. The samples were then incubated for 1 h with HRP-
conjugated secondary antibodies at room temperature (Santa Cruz,
Heidelberg, Germany), and the antibody-reactive bands were then
detected on an ECL system (Amersham Biosciences, Piscataway, NJ,
USA).

2.12. Statistical analysis

The data are expressed as the means + SD of at least three assays and
analyzed via one-way ANOVA using the SPSS software. Differences with
P < 0.05 were considered statistically significant. The baseline signals
(buffer and echinacoside) were subtracted from all analyses.

3. Results and discussion
3.1. Fluorescence quenching study

The fluorescence experiments were carried out to examine the
interaction mechanism of the echinacoside to HSA. Fluorescence
quenching is known as a potential and straightforward strategy to study
the interaction between particles and macromolecules, especially
plasma proteins. This method could provide us with valuable details
regarding the quenching mechanism, binding affinities, and thermody-
namic parameters (Zeinabad et al., 2016). The fluorescence quenching is
named based on the decline of fluorescence intensity, which could
derive from different molecular interactions (Yammine et al., 2019). The
intrinsic fluorescence of HSA stems from aromatic amino acid residues,
mainly tryptophan (Trp) and tyrosine (Tyr) residues. Indeed, in the
fluorescence analysis, when the excitation wavelength fixes at 295 nm,
the emission fluorescence intensity from HSA mostly corresponds to its
main intrinsic fluorescent amino acid residue, Trp (Yammine et al.,
2019). Based on these facts, we set the excitation wavelength at 295 nm
to determine the type of quenching mechanisms and other interaction
parameters responsible for the formation of echinacoside-HSA complex.
The maximum emission intensity for the HSA was determined to be
around 344 nm at 298 K when protein samples were excited at 295 nm
(Fig. 1). As displayed in Fig. 1, the emission of HSA was continuously
quenched following the addition of increasing concentrations of the
echinacoside at 298 K in 20 mM sodium phosphate buffer (pH 7.4).

Also, a blue shift (344 nm to 340 nm) was detected following addi-
tion of increasing concentrations of the echinacoside. These data dis-
closed that the microenvironment of the aromatic residues in HSA may
be altered following interaction with echinacoside, which needs further
studies. Quenching mechanisms are mostly classified as static, dynamic,
or mixed. When temperatures are higher and diffusion is faster, colli-
sions are more likely to occur. As a result, the dynamic quenching
constant may rise with increasing temperature. With increasing tem-
perature, however, the stability of the complexes declines, resulting in
lower static quenching constants (Laws and Contino, 1992, Kumar et al.,
2006). To determine the type of fluorescence quenching mechanism, the
quenching data derived from the fluorescence study were assessed ac-
cording to the well-known Stern-Volmer Eq. (2) (Geethanjali et al.,
2015):

FHSA/FHSA — echinacoside = KSV [echinacoside] + 1 = kqr0 + 1
(2)

where Fysa and Fygsa-echinacoside define the fluorescence intensities of
the HSA and HSA-echinacoside, respectively. Kgy and [echinacoside]
define the Stern-Volmer quenching constant and concentration of the
echinacoside, kq displays the quenching rate constant, and 7o defines the
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Fig. 2. Stern-Volmer plots of HSA following addition of increasing concentra-
tions of the echinacoside at three temperatures.

Table 1
Quenching constants for the interaction of the echinacoside with HSA at 298,
305 and 310 K.

T(K) Ksy (x10* Lmol ™) kq (x10'2Lmol 's™H) R?

298 2.73 2.73 0.9765
305 1.78 1.78 0.981
310 1.35 1.35 0.9914

RZis the correlation coefficient, Ksy is Stern-Volmer quenching constant and
kq is the quenching rate constant.

fluorescence lifetime, which is ~1078s for HSA (Holovko et al., 2023).

Fig. 2 depicts the Stern-Volmer plots for the interaction of HSA
following interaction with increasing concentrations of the echinacoside
at 298, 305, and 310 K. Eq. (2) was employed to compute Kgy values
based on a linear regression plot of Fy/F versus [echinacoside].

Then, the quenching parameters were determined at three different
temperatures and the resultant Ksy and K values are listed in Table 1.

As observed in Table 1, the Kgy values for the interaction of the
echinacoside with HSA were 2.73 x 10*Lmol™}, 1.78 x 10*L mol™!
and 1.35 x 10* L mol~! at 298, 305, and 310 K, respectively.

As a consequence, this case appears to have a dominant static
quenching mechanism due to the reduction of Kgy values at high tem-
peratures. In addition, the maximum dynamic quenching constant, kg,
for protein-ligand interaction is ~ 2.0 x 10 M s~!. The kq values
computed at 298, 305, and 310 K for the interaction of the echinacoside
with HSA were much greater than 2.0 x 1010M 157! (Paliwal et al.,
2023), suggesting that static quenching predominated in this experi-
ments (Flores-Rivera et al., 2023).

3.2. Determination of binding parameters and binding forces

For the static quenching binding between a protein and ligand, the n
and Ky, refer to the number of binding sites and binding constant,
respectively, can be determined according to the following Eq. (3) (Yekta
et al., 2017):
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Fig. 3. Modified Stern-Volmer plots of HSA following addition of increasing
concentrations of the echinacoside at three temperatures.

Table 2
Binding parameters for the interaction of the echinacoside with HSA at 298, 305
and 310 K.

T(K) logK, n R?

298 3.27 0.73 0.9801
305 3.77 0.88 0.9898
310 4.01 0.97 0.992

R? is the correlation coefficient, K, is the binding constant, and n is the number
of binding sites.

log (FHSA — FHSA — echinacoside /FHSA — echinacoside)
= logKb + nlog[echinacoside] 3

where Fysa and Fyga.echinacoside define the fluorescence intensities of the
HSA and HSA-echinacoside, respectively and [echinacoside] is the total
concentration of ligand. Then, the K, and n values were estimated from
plotting log (Fusa- Fusa-echinacoside /FHSA-echinacoside) Versus log [echina-
coside] (Fig. 3). The values of Y-intercept and slope were associated with
logKyp, and n values, respectively (Fig. 3). Table 2 summarizes the com-
puted K, and n values.

The n value was determined to be ~ 1 at 310 K (Table 2), suggesting
that one molecule of the echinacoside binds with one molecule of HSA
(Yekta et al., 2017, Li, Yan et al. 2023). HSA shows one binding site for
echinacoside. Also, if the first binding molecule reduces the bio-affinity
of the second site, negative cooperativity occurs upon the interaction of
ligand and protein reflected by n < 1. It implies that at 298 K, such
binding may be possible due to the n = 0.73 (Table 2), which indicates
negative cooperativity in the binding process of the echinacoside to HSA
at low temperature (Tyukodi et al., 2023, Wang et al., 2023).

At 310 K, the binding constant, K}, was calculated to be ~ 10*L/mol
(Table 2), suggesting that there is a moderate interaction between
echinacoside and HSA (Kaur et al., 2023, Menezes et al., 2023).
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Table 3
Thermodynamic parameters for the interaction of the echinacoside with HSA.

T(K) AH° (KJ mol 1) AS° (Jmol 'K 1) AG® (KJ mol 1)
298 -18.75
305 108.30 426.37 -21.73
310 -23.86

3.3. Thermodynamic parameters

Increasing the value of K}, induced by raising temperature reveals an
endothermic interaction between the HSA and echinacoside (Table 2)
(Yekta et al., 2017). There are several types of binding forces between
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ligands and biomacromolecules, including hydrogen bonds, hydropho-
bic bonds, electrostatic interactions, and van der Waals interactions
(Yekta et al., 2017). Typically, binding modes are determined using
thermodynamic parameters [standard enthalpy change (AH®), standard
entropy change (AS°), and standard free energy change (AG®)] (Zeina-
bad et al., 2016). If AH° and AS° are both negative, hydrogen bonding
and van der Waals interactions may play a key role in the interaction
process, while if both values are positive, hydrophobic interactions are
dominant. If AH® values are negative and AS° values are positive, these
may imply that electrostatic interactions are the main contributing
forces in the particle-biomacromolecule reaction (Zeinabad et al.,
2016). The thermodynamic parameters were then calculated for the
interaction between the echinacoside and HSA using van’t Hoff and
Gibbs-Helmholtz Egs. (4, 5):

55 +
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Fig. 6. CD spectra of HSA following interaction with increasing concentrations
of the echinacoside.
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Fig. 5. Synchronous fluorescence spectra of HSA’s Tyr (AL = 15 nm, a) and Trp (A\ = 60 nm, b) residues following interaction with increasing concentrations of the

echinacoside.
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Fig. 7. Molecular docking study of HSA following interaction with echinacoside.
in the binding pocket at two sides (c, i, ii).

InKb = — AH'/RT + AS'/R (C))

AG = AH — TAS ®)
where R is the universal gas constant, and T is the absolute temperature.
The thermodynamic parameters of the echinacoside-HSA complex were
determined based on Fig. 4 and the data were listed in Table 3.

The negative values of AG® at all temperatures designate that the
binding of the echinacoside to HSA is driven by a spontaneous reaction.
The calculated positive values of AH° (108.30 KJ mol™ 1) and AS°
(426.37 J mol ! K1) indicated that the hydrophobic interactions may
play a key role in the formation of the echinacoside-HSA complex
(Zeinabad et al., 2016).
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3.4. Synchronous fluorescence studies

We can obtain important details about the molecular environment
surrounding the HSA chromophore groups by analyzing the synchro-
nous fluorescence spectra. The corresponding red/blue shift in the
maximum emission (Apay) position is attributed to converting the po-
larity changes surrounding chromophores. A red or blue shift of
Amax indicated that the amino acid residues are more or less exposed to
the solvent, respectively (Yekta et al., 2017, Hu et al., 2023).

The conformational changes of HSA caused by echinacoside inter-
action were examined by evaluating the synchronous fluorescence in-
tensity of free HSA and echinacoside-HSA complex. Based on the
literature, the synchronous fluorescence spectra of HSA could provide
useful information about Try and Trp residues, when the D-values (AA)
between excitation and emission wavelengths were fixed at 15 and 60
nm, respectively (Gokavi et al., 2023). Fig. 5 displays the synchronous
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MHCC97-H, following incubation for 24 h. *P < 0.05, **P < 0.01, ***P < 0.001
relative to control.

fluorescence spectra of HSA’s Tyr (Fig. 5a) and Trp (Fig. 5b) residues
following interaction with increasing concentrations of the echinaco-
side. An apparent blue-shift in the A« at both AA =15 nm (Fig. 5a) and
A\ =60 nm (Fig. 5b) was observed with increasing concentrations of the
echinacoside.

These results demonstrated that Trp and Tyr residues positioned in a
hydrophilic environment were transferred to a hydrophobic environ-
ment upon interaction of the protein with echinacoside (Esazadeh et al.,
2023). Therefore, we can conclude that the interaction of the echina-
coside with HSA caused slight conformational changes in the protein
structure by increasing hydrophobicity around the Trp and Tyr residues
(Mariam et al., 2011).

3.5. Circular dichroism (CD) study

CD, a simple and sensitive technique, is widely used to assess sec-
ondary structural changes in proteins. The far-UV CD spectrum is
significantly dependent on the backbone conformational characteristics
of proteins. (Meti et al., 2016). Therefore, CD spectroscopy analysis was
conducted on the free HSA and HSA-echinacoside complexes. The CD
spectra of HSA both alone or following interaction with increasing
concentrations of the echinacoside are illustrated in Fig. 6. It can be
observed that HSA shows two negative bands at 208 and 222 nm,
featuring typical a-helix structure of HSA (Meti et al., 2016). The HSA’s
CD spectra were comparable in shape in both the free and complex form,
proving that the HSA’s structure is primarily o-helical even after echi-
nacoside interaction. Also, with increasing titration of the echinacoside,
the intensity of the corresponding spectra increased regularly (Fig. 6),
indicating that the interaction of the echinacoside with HSA led to the
conformational stability in the protein. These findings are consistent
with molecular docking results, which revealed that the formation of the
echinacoside-HSA complex was caused by a combination of hydropho-
bic and hydrophilic forces. These new forces may cause HSA to be more
stable in its complex form than in its free form.

The a-helicity content of the HSA was then computed to further
evaluate the effect of the echinacoside on the stability of HSA. The re-
sults revealed that the a-helicity content was around 51.81 % for free
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HSA which is comparable with the a-helix content reported previously
(Xie et al., 2011, Wang et al., 2016). However, this amount increased to
53.39 %, 53.91 %, and 55.41 % following the addition of 5, 30 and 60
uM echinacoside, respectively. The secondary structural changes
detected via the CD experiment disclosed that echinacoside stabilized
HSA conformation by increasing its a-helicity.

3.6. Molecular docking study

The utilization of molecular modeling simulation can be accom-
plished to further analyze the probable conformation of the echinaco-
side-HSA complex. HSA possesses three (I, II, III) homologous domains,
each of which has two subdomains A and B (He and Carter, 1992).
Subdomain IIA contains Trp214, the primary amino acid residue
involved in the fluorescence emission of HSA (He and Carter, 1992). Site
I of HSA has a potential affinity for warfarin and site II demonstrates a
great affinity for ibuprofen and some other drugs (Sudlow et al., 1976).
To determine the binding site on HSA for echinacoside (Fig. 7a), mo-
lecular docking analysis was performed. Echinacoside-HSA complex
with a minimum Vina score of —9.3 (kcal/mol) (Fig. 7b) was formed
with the aid of non-covalent interactions derived from GLU153,
PHE157, GLU188, ALA191, SER192, LYS195, LYS199, TRP214,
ARG218 GLN221, ARG222, HIS288, ALA291, GLU292, VAL293,
GLU294, ASN295, PRO339, TYR341, VAL343, LYS436, PRO447,
CYS448, ASP451, and TYR452 amino residues [Fig. 7 c(i, ii)].

Docking analysis showed that PHE157, GLU188 and PRO447con-
tribute to the formation of hydrophobic forces, GLU153, ASP295 and
PRO399 play a key role in the formation of hydrogen bonds and LYS195
and GLU292 are involved in the formation of weak hydrogen bonds
[Fig. 7 c(, ii)].

It is noteworthy to indicate that echinacoside was surrounded by
several fluorophore residues, TRP214 and TYR341 of subdomain IIA and
Tyr452 of subdomain IITA of HSA, which indicates that the interaction
of the echinacoside with these aromatic amino acid residues may be
responsible for fluorescence quenching and conformational changes of
HSA. These data proved that hydrophobic interactions as well as
hydrogen bonds could play a key role in the formation of the echina-
coside-HSA complex.

3.7. Echinacoside suppresses the growth of MHCC97H cells

The MTT assay was exploited to evaluate echinacoside’s cytotoxic
effect on the growth of MHCC97H cells. Following a 24 h incubation
period with echinacoside at various concentrations (0, 0.1, 1, 10, 30,
and 60 pM), the relative vitality of MHCC97H cells was depicted in
Fig. 8. After 24 h, echinacoside significantly inhibited the proliferation
of MHCC97H cells at concentrations of 10, 30, and 60 uM.

It was observed that the percentage of cell viability were 100.08 %
+8.69 %, 95.62 %+18.53 %, 90.01 %+8.66 %, 74.25 %+7.38 %, 50.66
%+1.00 %, and 30.36 %=+4.67 % following incubation of MHCC97H
cells with 0 pM, 0.1 pM, 1 pM, 10 pM, 30 pM, and 60 pM echinacoside
after 24 h. The ICs concentration of the echinacoside against MHCC97H
cells after 24 h was 30 uM. Dong et al. reported that echinacoside
concentration-dependently mitigated the growth of human MG-63 os-
teosarcoma cells with an ICsp of 45.11 pM (Dong, Wang et al., 2022).
This difference was likely derived from the variation in the detection
methods as well as the type of the cells.

3.8. Echinacoside triggers the apoptosis and antimetastatic activity in
MHCC97H cells

Apoptosis of MHCC97H cells treated with ICso concentration of the
echinacoside (30 uM) for 24 h was evaluated on a flow cytometer and
the data were presented as a bar graph. Flow cytometric data indicated
that apoptosis is one of the key events resulting in MHCC97-H cell death
induced by echinacoside. The percentage of apoptotic cells enhanced
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Fig. 9. Percentage of apoptosis in control MHCC97-H cell line and treated cells with ICs, concentration of the echinacoside (30 uM) for 24 h (a), qRT-PCR assay for
evaluating the effect of ICso concentration of the echinacoside (30 uM) on the caspase-3 mRNA expression of MHCC97-H cell line following 24 h incubation (b),
Western blot assay for evaluating the effect of ICso concentration of the echinacoside (30 uM) on the protein expression of MHCC97-H cell line following 24 h

incubation (c). ***P < 0.001 relative to control.

with incubation of control cells (Fig. 9a) with ICsy concentration of
MHCC97-H. The echinacoside-treated MHCC97-H cells showed a
significantly higher percentage of apoptosis than the control cells
(Fig. 9a). The percentage of apoptotic cells increased from 7.57 % to
47.27 % in MHCC97-H cells upon incubation with 30 uM echinacoside
for 24 h (Fig. 9a).

We also used qRT-PCR and western blot assays to evaluate the effect
of ICsg concentration of the echinacoside (30 uM) for 24 h on mRNA and
protein expression of caspase-3, respectively in MHCC97-H cells. As
demonstrated in Fig. 9b and c, we found that echinacoside significantly
increased expressions of caspase-3 at both transcriptional and trans-
lational levels. Overexpression of caspase-3 which is known as the
executor of apoptosis could be induced by the activation of caspase-8
and caspase-9 and after excessive generation of free radicals in
MHCC97H cancer cells (Li, Li et al., 2014). In order to determine if the
apoptosis caused by echinacoside was mediated by a caspase-dependent

signaling pathway, Dong et al. used a western blot to measure the
expression of caspase-3 at the protein level (Dong et al., 2015a). The
results revealed treatment of SW480 colorectal cancer cells with 60 and
80 pM echinacoside for 24 h significantly elevated the level of cleaved
caspase 3 (Dong et al., 2015a). Li et al., 2023 also observed similar
outcomes, indicating that Huh7 and HepG2 liver cancer cells treated
with various concentrations of the echinacoside displayed an elevation
of caspase-3 (Li et al., 2021). Also, similar anticancer outcomes medi-
ated by caspase-3 upregulation were shown in breast (Bian et al., 2021)
and ovarian (Liu et al., 2022) cancer cells following incubation with
echinacoside.

On the other hand, AEG-1 can emerge as a crucial oncogene in
different processes of cancer cell development and metastasis, especially
in HCC (Robertson et al., 2015, Shiragannavar et al., 2023). We then
studied the impact of the echinacoside on the translational level of AEG-
1 in MHCC97-H cells with western blot analysis. The results depicted
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that incubation of MHCC97-H cells with ICsg concentration of the
echinacoside (30 pM) for 24 h caused the downregulation of AEG-1
(Fig. 9c). Additionally, epithelial-mesenchymal transition (EMT) can
play a key role in the progression and the metastasis of invasive HCC
(Van Zijl et al., 2009, Cao et al., 2023), we, therefore, assessed whether
echinacoside triggers anti-invasive and tumorigenesis in MHCC97-H
cells through regulation of MET. To address this theory, we analyzed
the expression of E-cadherin (epithelial markers) and N-cadherin
(mesenchymal gene markers) as the main signaling hallmarks of
epithelial-to-mesenchymal transition (Loh et al., 2019). As expected,
incubation of MHCC97-H cells with ICs¢ concentration of the echina-
coside (30 uM) for 24 h elevated the protein level of epithelial marker E-
cadherin and downregulated the mesenchymal markers N-cadherin
(Fig. 9¢). Similar results have been reported on the inhibition of meta-
static activity of MHCC97-H cells through the regulation of E-cadherin
and N-cadherin triggered by Huaier polysaccharides (Zheng, Li et al.,
2014).

4. Conclusion

In conclusion, as a key plasma protein that can transport various
small molecules/drugs, we demonstrated that echinacoside had a po-
tential moderate binding affinity with HSA while inducing no substan-
tial influence on the secondary and tertiary structure of this protein.
Also, we found that echinacoside can be used as an anti-metastasis drug
derived from a natural source through the downexpression of AEG-1 and
EMT. This data may hold great promise for in vivo and clinical in-
vestigations in future studies to develop potential echinacoside-
mediated therapeutic derivatives that inhibit hepatocarcinogenesis
and the invasion of HCC.
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