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aimed to screen and evaluate the impact of some caspase-7 inhibitor candidates on the lifespan of CHO
cells.

Results: Through virtual screening and molecular docking, risperidone was screened and selected as a
potential inhibitor of caspase-7 in CHO cells. The results of MTT assay revealed that the cytotoxicity of
risperidone at all concentrations was lower than 50%, and thus it can be suggested as a safe treatment
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Lifespan gene expression analysis through qRT-PCR demonstrates that risperidone did not affect caspase-7 gene
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1. Introduction

Recombinant therapeutic protein technology has served as one of
the most valuable achievements in biomedical biotechnology and
has changed modern medicine during the past decades [1,2]. Produc-
tion of recombinant proteins for therapeutic targets at high levels in
engineered organisms has been successfully employed as an alterna-
tive for the extraction of those vital elements from natural sources
[3]. Additionally, recombinant production shows advantages including
lower expenses, more extensive sources, higher concentrations, and
less possibility of contamination compared to natural extraction meth-
ods [4]. Based on the protein’s complexity of structure, feasibility of
scale-up, costs, and type of use, several kinds of engineered hosts,
including bacteria, yeasts, as well as plant, insect, and mammalian cells
are being employed for the production of recombinant proteins [5].

Among eukaryotic cells, which show good features required for
the function of engineered proteins like posttranslational glycosyla-
tion modification, Chinese hamster ovary (CHO) cells are being used
for the production of approximately 70% of therapeutic proteins
and the annual market of CHO products reaches 30 billion dollars
globally [6]. CHO cells grow in both suspended and attached forms,
can easily receive the foreign DNA for engineering purposes, generate
the protein of interest in large quantities and glycosylated form with
easy scale-up, while not releasing toxic elements into the environ-
ment and some pathogenic viruses cannot contaminate CHO cells
[3,7]. Apoptosis is a physiological form of programmed cell death
(PCD), which is a major problem during the production of biopharma-
ceuticals, such as recombinant proteins in animal cell hosts [8].
Extending the life span of CHO cells in vitro and avoiding the loss of
the producing cell population through inhibition of apoptosis is one
of the potential approaches for improving those cells’ productivity.

Caspases are a group of cysteine proteases-peptidases recog-
nized as the main effectors of apoptosis [9]. Numerous caspases
are proteolytically activated in a cascade of events, eventually
leading to phenotypic and structural changes of apoptosis and
the demise of the cell [10]. Two intrinsic and extrinsic pathways
of apoptosis employ two classes of caspases: initiator (caspases-
8, and -9), and executioner (caspases-3,-6, and -7) [11].
Caspase-7 is a 34 kDa protein composed of 303 amino acids with
o-helices and B-sheet structure, which shares several features like
function with another executioner caspase-3, and when cleaved
and activated (by the effector caspase-1) results in several mor-
phological and biochemical apoptosis hallmarks like DNA fragmen-
tation and nuclear condensation [10,12]. Inhibition of caspase-7 is
suggested as a therapeutic approach for neurodegenerative dis-
eases, ischemia, and sepsis [12]. We already have virtually
screened the potential inhibitors of caspase-3 as therapeutic candi-
dates for traumatic brain injury (TBI) [13], and in the current study,
we investigated the inhibitory effect of some Iranian herbals, FDA-
approved, world-not-FDA approved and investigational com-
pounds on caspase-7, using protein-ligand docking method and
then evaluate the impact of selected caspase-7 inhibitors on the
gene expression and activity of caspase-7 enzyme in CHO-K1 cells.

2. Methods
2.1. Protein sequence and structure analysis

Human caspase-7 protein (UniProtkKB: LocusCASP7_HUMAN,
Accession No. P55210) (https://www.uniprot.org/) contains 303
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amino acids weighting 34 kDa, and its encoding gene is located
on chromosome 10. Caspase-7 is an effector enzyme that is acti-
vated by the catalytic activity of caspase-1 [10]. In the active site,
caspase-7 possesses a catalytic cysteine residue responsible for
the cleavage of target proteins [14]. The procaspase-7 is a homod-
imer composed of a 12-stranded B-sheet besieged by 10 o-helices
[15]. This fold contains two enzymatic units with two distinct
active sites [12]. Two small and large subunits are connected by
a linker that is removed upon activation by the initiator caspase
[16].

2.2. Compound selection

In the first step, by searching the literature, 59 native Iranian
herbals with confirmed anti-inflammatory and anti-apoptotic roles
were selected. The active ingredients of those herbals were
researched for in the literature and eventually, a total number of
400 compounds were screened for the study. The three-
dimensional (3D) structure of all compounds was retrieved from
the PubChem BioAssay database (available at: https://pubchem.
ncbi.nlm.nih.gov/) and saved as Simulation Description Format
(SDF) files. Then, using the ZINC15 database (https://zinc15.dock-
ing.org/) [17], 1379 compounds with Food and Drug Administra-
tion (FDA) approval, 2068 non-FDA-globally approved
compounds, and 2368 investigational compounds were retrieved
in SDF files and used as ligands for molecular docking. The crystal
structure of the human unliganded caspase-7 protein (Accession
No. 3IBF, PDB https://doi.org/10.2210/pdb31BF/pdb) was retrieved
from the RCSB Protein Data Bank (RCSB PDB) (https://www.rcsb.
org/), and then water molecules were removed from the structure
using the Chimera software [18].

2.3. Protein and ligand preparation

The human caspase-7 was used as the receptor in the analyses,
in which its unliganded crystal structure was retrieved from the
RCSB protein data bank (PDB ID: 3IBF) (https://www.rcsb.org/).
Chimera was used for removing the H,O molecules from the struc-
ture. Conversion of the ligand SDF files into mol2 format was con-
ducted using the Open Babel toolbox [19]. Then, the format of
ligands was converted into PDBQT files using raccoon software
[20].

2.4. Structure-based virtual screening, molecular docking

Using AutoDock Vina 1.2.0 software [21], molecular docking of
the ligand-protein complex on input PDBQT files was conducted to
determine the potential ligand-protein interactions and estimate
the binding affinity of ligands (setting: exhaustiveness: 8, grid
box with centers x: 20.7, y: —4.7, and z: 7.2 and grid dimension:
30 x 27 x 27 points). Those compounds with the binding affinity
value <—8Kcal were selected for further analyses. To visualize
and analyze the docking output, PyMOL and the Biovia Discovery
Studio Visualizer 2020 [22,23]| were employed. Considering several
parameters, such as bonding energy and interaction patterns, 100
compounds with the best values were selected for the absorption,
distribution, metabolism, excretion, and toxicity (ADMET) studies.
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2.5. Pharmacokinetic profile analysis and binding interaction

The ADMET profiles of the 100 selected compounds were ana-
lyzed using admetSAR and SwissADME free web tools [24,25]. To
identify the substantial parameters required for the analysis of
medicine candidates, Lipinski’s rule of five was used. These rules
are employed for the initial quick evaluation of compounds in drug
discovery and optimization processes that mainly focus on the sol-
ubility and permeability profiles of candidates. The SwissADME
web tool (available at: https://www.swissadme.ch) was used for
the estimation of the physicochemical properties of compounds
[25]. A total of 43 compounds that followed those rules showed
the proper drug-likeness criteria and thus, were selected for fur-
ther analyses.

2.6. Molecular dynamics simulation

Using PyMOL software, complexes of caspase-7 and those 43
selected compounds were created and then evaluated using the
Discovery Studio software. Eventually, 12 ligands with the most
potent and abundant bonds were selected for molecular dynamics
simulation. The molecular dynamics (MD) simulations of all 12
complexes retrieved from the previous screening and the unli-
ganded caspase-7 were conducted via the Gromacs 5 under the
G43A1 force field [26]. The complexes were placed in the center
of a cubic box occupied by 12,330 SPC216 water models located
with a 1 nm space from the edges. For simulation of the physiologic
condition, an ionic strength of 0.14 M was applied. The energy
levels were minimized and equilibrated. Eventually, an isothermal
coupling ensemble (NPT) was employed to generate MD simula-
tions at 310 K considering a time step of 0.002 ps. In the end, after
calculating the average 17 binding free energies of the ligands,
those compounds with the best free binding energy were selected
for the next investigations. Protein-ligand complexes were also
evaluated by importing to the DS visualizer 2.0, Accelrys Inc. for
screening the interactions with the most potent bonds.

2.7. MM/PBSA binding free energy calculation

The G_mmpbsa module was used for the molecular mechanics
Poisson-Boltzmann surface area (MM/PBSA) calculations and pre-
diction of the protein-ligand binding free energy [27,28]. The Gro-
macs 5 was employed for the computation of molecular
mechanical energy (Eym), and polar and non-polar bond energies
(Gpotar and Gron-potar)- For each complex, these measures were com-
puted for 17 snapshots recorded in 300 ps intervals from the pro-
duction trajectories during the final 5 ns of MD simulations.

2.8. In vitro experiments

2.8.1. Cell culture and reagents

CHO-K1 cells were purchased from the Pasteur Institute of Iran,
and cultivated in a T-25 flask with 5 ml of DMEM-F12 medium
supplemented with 10% fetal bovine serum (FBS, Gibco) in addition
to 1% penicillin-streptomycin antibiotics, and incubated at 37°C
humid incubator with 5% CO,. By reaching 90% confluence, cells
were washed with 3-5 ml phosphate-buffered saline (PBS),
digested with 0.25% trypsin-EDTA (Gibco), incubated at 37°C for
5 min, and then, 10% FBS-supplemented DMEM-F12 was added
to the cell concentrate to stop the digestion. For cell subculture,
the suspended cells were collected in a 15 ml tube and centrifuged
at 1500 rpm for 5 min and then, 1% of the pellet volume was added
to 5 ml of FBS-supplemented DMEM-F12 in a T-25 flask.
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2.8.2. MTT assay

To assess the toxicity of risperidone on survival and prolifera-
tion of CHO-K1 cells, the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reduction assay was
employed according to the manufacturer’s instructions (Sigma-
Aldrich). A population of 30,000 cells were seeded and treated with
three certain concentrations of risperidone (100 nM, 20 pM, and
100 uM). Each plate was treated with a 100 pM volume of MTT
at 1 M concentration, covered with aluminum foil and incubated
at 37°C for 3-4 h. The MTT indicator was removed and 100 pL of
the solvent was added to solve formazan crystals. The absorbance
of the plates was read by a spectrophotometer at 570 nm. The tox-
icity was calculated using the formula:

(Sampleabsorbance — Backgroundabsorbance)
(Controlabsorbance — Backgroundabsorbance)

x 100

Cytotoxicity(%) =

2.8.3. Annexin/PI apoptosis assay

Annexin/Pl apoptosis assay was conducted to evaluate the
impact of risperidone on the apoptosis of CHO-K1 cells. Annexin/
PI apoptosis assessment kit (Anacell, Iran) was used according to
the manufacturer’s instructions. Briefly, CHO-K1 cells were seeded
at a total count of 1,200,000 per each well. However, 24 h later, the
cells were attached to the plate and then treated with risperidone
at concentrations of 1, 25, and 50 puM. Post-treatment evaluation of
annexin-V was conducted in 24, 48, and 72 h. To prepare the cells
for evaluating annexin-V, cells were washed with 500 puL of PBS,
digested using 500 pL of trypsin, and then, the centrifuged pellet
was resuspended in 90 pL of diluted annexin-V solution. A total
of 5 uL of conjugated annexin-V and 5 pL of propidium iodide were
added to each well and incubated in darkness for 20 min. Four hun-
dred pL of annexin-V solution was added to the cell suspension
and centrifuged at 400 rpm for 5 min; then, the cell pellet was
resuspended with 400 pL annexin-V solution and analyzed by flow
cytometry.

2.9. Evaluation of caspase-7 activity

Caspase-7 activity kit (Kiazist, Iran) was used for in vitro assess-
ment of caspase-7 activity. According to the manufacturer’s
instructions, 1,200,000 CHO-K1 cells were seeded in each well
and treated with risperidone at 1, 25, and 50 uM and then,
caspase-7 activity was evaluated 24, 48, and 72 h post-
treatment. Cells were trypsin-digested, and centrifuged, and then,
the pellet was resuspended in 500 pL of caspase lysis buffer and
incubated at 4°C for 20 min to lyse the cells. The cell lysate was
centrifuged at 12,000 rpm for 15 min at 4°C. 50 uL of cell lysate
in addition to standard and positive controls was added to each
96-well plate. 5.55 pL of the working solution (caspase buffer

Table 1
A list of 12 compounds with the highest affinity of protein-ligand bonds.
Order ZINC15 code Trade name
1 fda_000416 Naldemedine
2 Investigational_only_003715 Maduraphthalazine
3 naturals_000274 Baimantuoluoside B
4 Investigational_only_003469 Merestinib
5 fda_001458 Dasabuvir
6 Investigational_only_000744 Entrectinib
7 Investigational_only_003588 Dersalazine
8 naturals_000004 Withanolide A
9 fda-000728 Risperidone
10 fda_000886 Lumacaftor
11 Investigational_only_001941 Chiglitazar
12 Naturals_000209 Daturafoliside I
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Fig. 1. The interactions of complexes in Discovery studio for A) Naldemedine, B), Baimantuoluoside B, and C) Risperidone.
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50 pL, DTT solution 0.5 pL, and caspase substrate 5 pL) was added
to the wells and incubated at 4°C for 2 h. A spectrophotometer was
used to measure the absorbance of samples at 405 nm. The activity
of caspase-7 was calculated according to the formula:

Caspaseactivity(U)

(M x 105.5

T ><50> x 100

M: puM from standard curve plot.
T: Incubated time for each sample in min.

2.10. Expression analysis of caspase-7 using qRT-PCR

Primers were designed using Gene Runner software (Hastings
Software, Hudson, NY, USA) and NCBI BLAST tool. The sequences
for the forward and reverse primers were designed as CCAAA-
CACTTCTTCATTCAGGCAT, and CTGGAACTGTGGAGTAAGCGA,
respectively. The designed primers were synthesized by Copen-
hagen TAG company (Copenhagen, Denmark) in the lyophilized
form. To extract RNA from CHO-K1 cells following treatment with
risperidone at several concentrations, RNA isolation kit by RiboEx™
reagent (GeneAll, Korea) was used and the steps were conducted
according to the manufacturer’s protocol. The concentration and
purity of the extracted RNA were confirmed by measurement using
a NanoDrop Spectrophotometer (Thermo Fisher Scientific, USA)
and agarose gel electrophoresis. For the synthesis of cDNA on the
extracted RNA, the FIREScript RT ¢cDNA Synthesis KIT (Solis Bio-
Dyne) was employed. Then, caspase-7 mRNA expression was mea-
sured by the quantitative reverse transcription polymerase chain
reaction (qRT-PCR) using the Roche LightCycler system (Roche,
Germany) and the application of RealQ Plus 2x Master Mix Green
(Ampliqon, Denmark). The 2724 method was employed for the
analysis of caspase-7 relative expression compared to the GAPDH
gene as an internal control.

C

E4% B2k
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3. Results
3.1. Virtual screening

A total number of 450 Iranian herbal compounds in addition to
6,000 chemical compounds including FDA-approved, world-not-
FDA approved and investigational compounds, which were
retrieved from the ZINC15 database were docked into caspase-7
using PyRx to select those ligands with the highest affinity for
amino acids in the active site and binding site of caspase-7. Among
them, 100 compounds with the best values were selected and eval-
uated using Lipinski’s rule, which demonstrated 43 ligands with
drug-like properties like molecular weight <500 Da, high
lipophilicity, having less than 5 hydrogen donor and less than 10
hydrogen acceptors, and molar refraction of 40-130. The number
and type of the bonds in the complexes developed between ligand
and protein were analyzed by Discovery Studio. The crucial amino
acids (Trp232, Phe282, Arg233, Pro235, GIn276, Ser275, Trp240,
Asp278, Arg87, Arg237, Leu191, Ser234, His281, Glu284, Trp240,
Val86, and Tyr230) of the caspase-7 active site were determined
using Uniprot database. Accordingly, the best 12 compounds with
the highest number and most potent bonds, including hydrogen
bonds, were selected (Table 1). Discovery Studio confirmed the role
of these residues in the interaction with those ligands. The interac-
tions in complexes for compounds including Naldemedine,
Baimantuoluoside B, and Risperidone are shown in Fig. 1.

3.2. Molecular dynamics

MD simulations of all 12 complexes and unliganded caspase-7
were conducted to screen the compound with the lowest level of
free energy (AGping) and the highest stability. The results of the
docking score and AGpi,q demonstrated that all screened
compounds had good affinities to caspase-7 (Table 2). However,
among them, fda-000728 with a AGping of —164,8022143 Kj/mol
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Fig. 1 (continued)
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Table 2

The MM/PBSA binding free energies of the selected 12 ligands in binding to caspase 7.

Ligand ID Compound Name Binding energy
(KJ/mol)
Delta_E_binding3715 Maduraphthalazine —249
Delta_E_binding744 Entrectinib -238
Delta_E_binding3588 Dersalazine —-234
Delta_E_binding3469 Merestinib —-217
Delta_E_binding-nat274 Baimantuoluoside B -214
Delta_E_binding-nat4 Withanolide A -211
Delta_E_binding-nat209 Daturafoliside 1 —202
Delta_E_binding1941 Chiglitazar -185
Delta_E_binding416 Naldemedine -166
Delta_E_binding886 Lumacaftor -165
Delta_E_binding728 Risperidone -164
Delta_E_binding1458 Dasabuvir -160

that corresponded to risperidone as a conventional antipsychotic
drug was selected due to several criteria like accessibility, costs
and clinical application. Accordingly, we examined the impact of
risperidone on the inhibition of caspase-7 activity and apoptosis.

Fig. 2 illustrates the interaction of risperidone with caspase-7
active site residues.

3.3. Risperidone is a safe treatment for CHO cells

The toxicity of risperidone on CHO cells was evaluated in
100 nM, 20 puM, and 100 uM in 24, 48, and 72 h post-treatment.
Since dimethyl sulfoxide (DMSO) solvent was used to dissolve
risperidone, we also tested two dilutions of DMSO 1% and 0.5% to
check the toxicity of DMSO solvent on cells. The results of the
MTT assay revealed that the cytotoxicity of risperidone at all con-
centrations was lower than 50%, and thus, it can be considered safe
for CHO cells (Table 3).
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3.4. Risperidone inhibits caspase-7 activity in CHO cells

Since none of risperidone’s concentrations demonstrated signif-
icant toxicity on CHO cells, its impact on the inhibition of caspase-
7 was evaluated at 3 concentrations of 1, 25, and 50 uM. The
results revealed that after 24 h of risperidone treatment, the activ-
ity of caspase-7 significantly decreased at 1, and 25 mM concentra-
tions, while the inhibition happened at all concentrations of
risperidone after 48 and 72 h of treatment (Fig. 3).

3.5. Risperidone inhibits apoptosis of CHO cells

The results of annexin V apoptosis assay following confirmation
with flowcytometry revealed that the number of viable cells in
risperidone-treated CHO-K1 cells after 24 h significantly increased
in the 25 pM concentration of risperidone compared to the control
untreated group (increase from a basic level of 88% to 89%), while
the increasing change in 1 pM concentration was not significant.
Significant enhancement in the viability of CHO-K1 cells was also
seen in 1, and 25 pM in two distinct times of 48, and 72 h post-
treatment, respectively (Fig. 4).

3.6. Risperidone exerts an anti-apoptotic role through suppression of
caspase-7 activity

The results of qRT-PCR demonstrated increased expression of
the gene in response to risperidone treatment at three concentra-
tions 48 h post-treatment relative to GAPDH treatment. It seems
risperidone does not have any impact on caspase-7 expression;
however, since it is suggested that risperidone inhibits caspase-7,
negative feedback develops within the treated cells to compensate
for the risperidone-mediated caspase-7 inhibition (Fig. 5). These
data demonstrated that risperidone showed an anti-apoptotic role
in CHO cells through inhibition of caspase-7 and thus, may prolong
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Fig. 2. The interaction between risperidone and residues in caspase-7 illustrated by PyMOL.
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Table 3
The results of risperidone’s toxicity evaluation on CHO cells in the MTT assay in 24, 48, and 72 h post-treatment.

24 h post-treatment

Concentration 100 pM 20 uM 100 nM Control DMSO 1% DMSO 0.5%
Optical density (OD) 0.124 0.205 0.184 0.224 0.179 0.196
Cytotoxicity% 44.6 8.4 17.8 0.0 20 12.5
Viability % 55.4 91.6 82.2 100 80 87.5
48 h post-treatment

Concentration 100 uM 20 uM 100 nM Control DMSO 1% DMSO 0.5%
oD 0.363 0.566 0.66 0.796 0.383 0.42
Cytotoxicity% 543 28.8 17.08 0.0 51.8 47.2
Viability % 45.7 71.2 82.92 100 48.2 52.8
72 h post-treatment

Concentration 100 M 20 uM 100 nM Control DMSO 1% DMSO 0.5%
oD 0.359 0.716 0.875 0.803 0.380 0.43
Cytotoxicity% 55.2 10.83 - 0.0 52.67 48.5
Viability % 44.8 89.17 100 100 47.33 51.5

Caspase 7 Activity

60 r

Enzyme Activity

24h 48h 72h
Time

=50 yM ®m25pyM =1 pyM mControl

Fig. 3. The impact of risperidone on the inhibition of caspase-7 activity. The results are demonstrated as caspase-7 activity + SD in treatment groups compared to control. *
Equals p < 0.05, ** showing p < 0.01, *** representing p < 0.001, and **** for p < 0.0001.

CHO Apoptosis
100 .

Cell Viability %

24h 48h 72h
Time

50 yM ®m25uM ®1 pyM =control

Fig. 4. The impact of risperidone treatment on the apoptosis and viability of CHO cells. The results are demonstrated as caspase-7 activity + SD in treatment groups
compared to control. * Equals p < 0.05.
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Caspase7 gene expression

Fold change

48 h
Time

=50 yM ®m25yM =1 puyM mcontrol

Fig. 5. The expression of caspase 7 in response to risperidone treatment in qRT-PCR. The values are presented as * SD. * Equals p < 0.05, and ** represents p < 0.01.

the lifespan of these cells with applications in biotechnology and
industry.

4. Discussion

CHO cells are the most used eukaryotic cells for the large-scale
production of recombinant therapeutic proteins [29]. Some signif-
icant advances have been achieved in the applicability and protein
yield of CHO cells during the past decades. The productivity of CHO
cells, for instance, has been improved by more than 9-fold from
10 pg/cell/day in 1986 to 90 pg/cells/day in the early 21st century
[30]. Theoretically, prolonging the survival of CHO cells through
inhibition of apoptosis may enable us to enhance their productiv-
ity. Caspase-7 is an executioner caspase, which plays substantial
roles in the programmed cell death and regulating cell survival.
In this study, we screened several native Iranian herbal com-
pounds, which potentially inhibited caspase-7. Findings of virtual
screening and molecular dynamics suggested risperidone to target
caspase-7. Toxicity evaluation using MTT assessment confirmed
the safety of risperidone on CHO cells, while its treatment inhibited
caspase-7 activity. Annexin V apoptosis assay also revealed that
risperidone may improve the viability of CHO cells. Overall, this
study suggested that caspase-7 inhibition using risperidone may
act as an approach to enhance the survival and consequently pro-
ductivity of CHO cells. Risperidone is an antipsychotic drug, for
which some studies already report a controversial impact on the
apoptosis of various cells [31,32]. Further studies are recom-
mended to confirm the applicability of risperidone for enhancing
the survival of CHO cells and consequently potential improvement
of applicability.
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