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ABSTRACT: Natural small-molecule phenols (NSMPs) possess certain ubiquitous bioactivities
including the anxiolytic effect. Ryanodine receptor 1 (RyR1) may be one of the potentially critical
pharmacological targets for studying the anxiolytic activity of NSMPs. However, detailed
molecular mechanisms of NSMPs have not been fully clarified. This research was intended to
identify potent hRyR1 agonists from NSMPs and investigate whether RyR1 plays a role in their
anxiolytic effect. Homology modeling and molecular docking analysis were performed using
Accelrys Discovery Studio 2.5. The most appropriate concentrations of NSMPs to activate RyR1
were measured using the MTT assay. Fluorescence analyses of the intracellular calcium levels and
western blotting analysis were carried out to validate whether NSMPs could regulate the calcium
flux to some extent by activating RyR1. The results demonstrated that xanthotoxol and S-hydroxy-
1,4-naphthalenedione can be screened as hit compounds for potential agonists of hRyR1 to exert
the anxiolytic effect. In conclusion, NSMPs might be a kind of pharmacological signal carrier,
acting on RyR1 as an agonist and resulting in calcium ion mobilization from intracellular calcium
ion store.
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1. INTRODUCTION

Anxiety disorder, also known as anxiety neurosis, is a pervasive
emotional psychiatric disorder with a morbidity of 18.10% and a

group (Figure 1). It has been reported that flavonoids
significantly exerted effects on the central nervous system

e . OH
lifetime prevalence of 28.80%." There are mental emotions such R R
as nervousness, panic, anxiety, irritability, and so forth, which are s !
not commensurate with the actual environment as the main R R

4 2

clinical manifestations.” One of the most widespread anxiolytic
drugs prescribed for the treatment of anxiety disorders is
benzodiazepines, which relieve anxiety through reinforcing
activities of GABAergic by binding with the GABA, receptor
complex.” Unfortunately, there still exists a plethora of adverse
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Figure 1. Chemical structure of NSMPs.

reactions such as the amnestic effect, myorelaxation, sedation,
withdrawal symptoms, and so forth. Although there are some
selective serotonin reuptake inhibitors, which are gradually
viewed as first-line regimens for anxiety in recent decades, there
are also drawbacks, especially a slower onset of therapeutic
action than that of the former.” Therefore, it is critical to search
for robust anxiolytic compounds that have more prominent
antianxiety-like efficacy but fewer untoward effects. Recently, it
has been reported that natural compounds from herbal
medicines for treating anxiety, which are not only utilized as
pharmacological tools but also are potential lead compounds for
medical research and development, have a promising future.’
Natural small-molecule phenols (NSMPs) that originate from
natural plant sources particularly refer to this kind of compound
with a total molecular mass less than 350 Da and composed of
three elements, carbon, hydrogen, and oxygen. In particular, the
common features in NSMPs’ structures are at least one hydroxyl
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(CNS), whereas what played a crucial role in this process was
their degradation products, namely, small-molecule phenols.” At
the same time, there are numerous bioactivities of NSMPs
including antianxiety,g’9 sedation," " antispasmodic,lz’13
muscle-relaxant,'* antioxidative," neuroprotective,16 antimicro-
bial,'” and so forth. Recently, great efforts in our group have
been expended to propose an unprecedented concept,
“phenolism”, to elucidate these common properties of NSMPs
and to verify the prior hypothesis: “Anxiolytic bioactivity is one

of the mutual biological activities of NSMPs”.° Based on their

Received: August 17, 2021
Accepted: October 18, 2021
Published: October 29, 2021

https://doi.org/10.1021/acsomega.1c04468
ACS Omega 2021, 6, 29940—29954


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yahong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haifeng+Zhai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanling+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianmei+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04468&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04468?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

A

sp|P21817|RYR1_HUMAN
518V_Oryctolagus cuniculus|

sp|P21817|RYR1_HUMAN
518V_Oryctolagus cuniculus

sp|P21817|RYR1_HUMAN
518V _Oryctolagus cuniculus

sp|P21817|RYR1_HUMAN
518V _Oryctolagus cuniculus

sp|P21817|RYR1_HUMAN
518V _Oryctolagus cuniculus

sp|P21817|RYR1_HUMAN
518V Oryctolagus cuniculus

sp|P21817|RYR1_HUMAN
518V _Oryctolagus cuniculus

) ° 3
° ot o la
8 Qo000 | \ \ 8 ° e
. ‘:)é" 00 | §040 0 ° oo {
S0, \ o
135 000& ° T® \ °
° 0o°o o \
°© \
°
o ° 'S |
oo d
90T g e
Qo %0, | ° & °
\ o o/ © | 1 ‘\
\ o | . ® \
s y |\ %0 \a
\ o ' @° \ o
\ ° \
\ \ AT
| o \
7 ol a o o/,
& \
\ |
| 0%@ \ &
o\ o ©° 4N\ 8
-45 ) ) ol® \ [ \
¢ ° ) ‘
4 )
o
-0+ ) -
/ °
| ®
\ f \
( |
ST o af
o © ‘ o /J
-180 + 2 ¥ + | + + Ad
=180 =135 =80 =45 0 45 90 135 180
Phi

Figure 2. Information on homology modeling for hRyR1. (A) Sequence analysis of human (top) and Oryctolagus cuniculus RyR1 (bottom). (B)
Ramachandran plot results of hRyR1. (C) Crystal structure of the central domain of hRyR1.

skeletal framework, they were divided into four categories,
phenanthrenes, flavonoids, phenylpropanoids, and other
phenols, to name but a few. All of them that possess extensive
medical uses are regarded as pivotal components of the human
diet. Therefore, NSMPs are of great importance to human
health.

At present, it appears that there is no comprehensive report on
the mechanism of the anxiolytic effect of NSMPs. With regard to
the mechanism of known antianxiety drugs, there are mainly the
neurotransmitter hypothesis, neuroendocrine dysfunction hy-
pothesis, immune hypothesis, and so on. Currently, our main
focus of the mechanism of the anxiolytic effect of NSMPs is on
the neurotransmitter hypothesis.

Ryanodine receptors (i.e., RyRs), which have been considered
as the largest intracellular calcium ion release channels known to
date, located in the sarcoplasmic reticulum/endoplasmic
reticulum (SR/ER), are necessary for calcium ion release from
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intracellular stores to the cytoplasm.'® They are homotetramers
with each monomer containing nearly 5000 amino acid residues.
There exist three isoforms of RyRs in the mammalian, where
RyR1 is mainly expressed in the skeletal muscles, RyR2 is the
predominant isoform in the cardiac muscles, and RyR3 is
initially identified in the brain.'” RyRs resemble a mushroom,
and two parts constitute the giant structure, that is, a larger cap
accounting for 80% of the structure is composed of the
cytoplasmic region and the transmembrane region that accounts
for the remaining 20% constitutes the smaller stem.”* With the
advent of the cryoelectron microscopy approach, nine diverse
regions in the cytoplasmic region were reported that include the
central domain (residues 3668—4251), the N-terminal domain,
the handle domain, the helical domain, three SPRY domains, as
well as the P1/P2 domain.*!

Due to the enormous size of the cytoplasmic region, there is
an array of binding sites for regulators of channel activity

https://doi.org/10.1021/acsomega.1c04468
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Table 1. Information Sheet of the RyR1 Agonist 4-CmC Derivative

compound R1 R2 R3 R4 ECs, (umol/L) —Lg(ECs,) pmol/L docking score
1 OH CF, cl H 331 -1.52 69.3050
2 OH CH,CH, cl H 85.1 -1.93 65.4389
3 OH CH, Br H 110 —2.04 60.2752
4 OH CH, CH(CH;,), H 447 -1.65 70.5702
5 OH CF, H CF, 309 —1.49 70.8800
6 OH H CH(CHs,), H 64.6 —-1.81 65.5890
7 OH CH, cl CH, 63.1 ~1.80 63.7150
8 OH CH, Br CH, 42.7 -1.63 63.5577
9 OH CH, cl H 129 —2.11 60.3274
Ri1 754
1
o 704
6 2 s
3 § 65
2 15.40x+92.86
2 y=15.40) .
R 4 R2 = 60 R=0.7127
55 r r T ,
R3 2.2 2.0 1.8 1.6 1.4
-Lg(ECsy)

Figure 3. (A) Chemical structures of nine RyR1 agonists and (B) correlation between the Libdock score and —log ECs, from in vivo biological tests.

comprising small molecules, proteins along with post-transla-
tional modifications, and so forth.”” Notably, 4-chloro-3-methyl
phenol (4-CmC), as a small molecule phenol, is a potent and
specific agonist of RyR1.”> Furthermore, Fessenden et al.
elucidated that residue GIn4020 and Lys4021 of RyR1 were
responsible for channel activation by 4-CmC.”* The results
showed that two amino acid residues of rabbit RyR1 (GIn4020
and Lys4021) are required for 4-CmC activation. Of these two
residues, GIn4020 appears to be more important in the channel
function because mutation of this residue in RyR1 results in
repetitive Ca®* oscillations evoked by caffeine or 4-CmC. Based
on the anxiolytic effect of NSMPs, Peter Szentesi et al. indicated
that thymol induced intracellular calcium release through acting
directly on RyR in the mammalian skeletal muscle.”® Sarkozi et
al. disclosed that carvacrol could activate RyR1 at a suitable
concentration.”® Furthermore, Lee et al. elucidated that
quercetin could also increase the calcium ion release, the open
probability of RyRs, and so forth.”” An abundance of preliminary
research work demonstrated that NSMPs may elicit their
anxiolytic effects by affecting the release of neurotransmitters in
the intercellular substances.”®*” From this perspective, RyR1
may be one of the potentially critical pharmacologic targets for
studying the bioactivities and more detailed mechanisms of
NSMPs.

Owing to the structural variety of small molecules, it is
unlikely that all of them induced calcium ion release through the
same pathway. Additionally, the differential affinity of the small
molecules that bind to the cytoplasmic region probably affects
the ability of opening or closing the channel. However, the
potential anxiolytic NSMPs bind to RyR1, and the molecular
mechanisms for the anxiolytic effect of NSMPs are still under
exploration.

Hence, the present study intends to identify the potent human
ryanodine receptor 1 (hRyR1) agonists from NSMPs by means
of comparing the binding affinities and binding modes between
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NSMPs and hRyR1. First, 132 NSMPs were collected according
to their representative pharmacological activities via SciFinder
Scholar. In addition, homology modeling together with
molecular docking analysis were utilized to predict potential
NSMPs interacting with hRyR1. We further measured the
changes in the fluorescence intensity of calcium ions in the
cytoplasm and analyzed the expression of RyR1 to investigate
whether RyR1 plays a role in the anxiolytic effect of NSMPs.
Finally, xanthotoxol and 5-hydroxy-1,4-naphthalenedione were
screened as the hit compounds for potential agonists of hRyR1
to exert an anxiolytic effect. It is noteworthy to systematically
study the importance of NSMPs to human health as they are
widespread in herbal medicines and diverse foods. These
observations could provide profoundly new insights into
predicting the bioactivities and more detailed mechanisms of
NSMPs in the not too distant future.

2. RESULTS AND DISCUSSION

2.1. Homology Modeling Studies. For the RyR family,
only the crystal structure of RyR1 originating from Oryctolagus
cuniculus has been resolved. Meanwhile, the key residue of RyR1,
residue Gln 4020, activated by 4-CmC is distributed in the
central domain (residues 3668—4251). Therefore, the central
domain of the A chain in RyR1 was constructed by homology
modeling via the MODELLER program.

First, the crystal structure of RyR1 (PDB ID: §J8V, resolution:
42 A) was chosen as the template protein for homology
modeling through the MODELLER program due to its highest
sequence identity score (98.50%). Furthermore, the homology
modeling was performed with loop and side-chain refinement.
Finally, the reliability of models was evaluated using the
Ramachandran plot and ERRAT. The consequences of the
Ramachandran plot indicate that the residues in the core and
allowable regions accounted for 96.02%. With regard to the
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Table 2. Receptor—Ligand Interactions of 12 Hit NSMPs

receptor—ligand hydrogen bonds

Libdock  atom in
compound score ligand

atom in amino bond

length/A hydrophobic group

xanthotoxol 80.8809 04 GIn4020 HE21 1.68 Met4000, Leu4013, Leu4016, Leu4017, Phe4061,
Phe4132, Pro4135, Ala4136
04 Leu4017 HA 3.09
01 Ala4136 HA 2.71
H20 Phe4132 O 2.30
danshensu 80.6537 03 GIn4020 HE21 1.96 Leu4013, Leu4017
oS Ala4136 HA 2.62
S-hydroxy-1,4-naphthalenedione 76.5433 012 GIn4020 HE21 2.48 Met4000, Ala4004, Leu4013, Leud4017, Phe4061, Ile4139
H19 Phe4132 O 2.97
011 Ala4136 HA 2.15
vanillin 75.5962 03 GIn4020 HE21 245 Met4000, Leu4013, Leu4017, Phe4062, Ala4136, Ile4139
HI12 Phe4132 O 2.83
paeonol 75.0232 03 GIn4020 HE21 2.50 Met4000, Leu4013, Leus4017, Ala4136
03 Leu4017 HA 2.93
01 Ala4136 HA 3.04
H22 Phe4132 O 2.74
caffeic acid 74.4146 01 GIn4020HE22 2.18 Met4000, Leu4013, Leud017, Ile4139
04 Phe4062 HA 2.53
fraxetin 73.5211 04 GIn4020 HE21 2.60 Met4000, Leu4013, Leud4017, Phe4061, Ala4136
p-coumaric acid 71.1161 03 GIn4020 HE21 1.88 Phe4061, Pro4135, Ala4136
H14 Leu4013 O 2.44
7-hydroxy-5-methoxy-6,8-dimethyl-flavanone 70.7584 H29 GIn4020 OE1 1.92 Leu3993, Phe3996, Val4024, 11e4058, Phe4062, Ile4139,

4-hydroxybenzaldehyde 66.3870 02

GIn4020 HE21 2.43

Val4143, Leu4146
Met4000, Leu4013, Leu4017, Phe4062, Ala4136

02 Leu4017 HA 2.95

10-demethylboeravinone C 65.0960 H28

4-hydroxybenzylalcohol 64.8489 01

GIn4020 OE1 1.61
023 Phe4062
GIn4020 HE21 2.44

Leu3993, Val4024, 1le4058, Phe4062, Val4143, Leu4146
2.61

Met4000, Leu4013, Leu4017, Phe4062, Pro413S,
Ala4136

ERRAT score, overall quality factors are 90.927 greater than 80.
Both of the results demonstrate that the homology modeling can
be applied for subsequent studies. The homology modeling as
well as the Ramachandran plot are summarized in Figure 2.

2.2. Molecular Docking Analysis. 2.2.1. Parameter
Setting for Molecule Docking. Docking parameters that play
a critical role in virtual screening should be given priority for
optimization. The crystal structure of 4-CmC was chosen as the
reference compound. Nine agonists of RyR1 were docked to the
predicted model. It turns out that Libdock scores are basically
consistent with the experimental ECy, values, which are
converted into the negative logarithmic forms.” Correlation
analysis between the scoring function of Libdock and the
experimentally measured agonists’ bioactivity is carried out to
elucidate the reliability of hRyR1 to identify the substrate.
Finally, the docking results present similar trends to those of the
in vitro study. Meanwhile, the correlation coefficient (R*)
between the Libdock score and —Log ECsj is 0.7127, indicating
that the homology modeling has great robustness, and the
docking parameters are reasonable. The docking program,
Libdock, to some extent, could distinguish compounds with
diverse bioactivities, which was used to predict the binding
affinities between NSMPs and hRyR1 in this research. The
chemical structure of nine agonists of RyR1, docking score, and
the correlation between the Libdock score and —log ECy, are
shown in Table 1 and Figure 3.

2.2.2. Virtual Screening Research. In order to discover some
potent agonists of hRyR1 and the probable binding modes
between ligands and receptors, virtual screening was executed

on the active site as mentioned above in this study. Prior to
docking, 132 NSMPs were classified based on their mother
nucleus structure and bioactivities, respectively. The specific
composition information is shown in Figure S1. Then, they were
docked to the binding site of hRyR1 in silico. Next, 109 top-
ranking NSMPs were sifted out owing to their high Libdock
scores, which were further used to observe the binding
conformations and interactions with the active site, in particular,
hydrogen bond interactions with the residue GIn4020. A higher
Libdock score gained during the docking process manifested a
stronger binding affinity between NSMPs and hRyR1.
Eventually, 12 best hit NSMPs selected from top-ranking
compounds are likely to be deemed as the agonists of hRyR1.
The results of docking scores and the ligand—receptor
interaction details are summarized in Table 2.

2.2.3. Analysis of Protein—Ligand Interactions. In this
study, hydrogen bond interactions, hydrophobic interactions,
and Libdock scores were recognized as the final criteria together.
The chemical structures of 12 potential agonists of hRyR1 are
displayed in Figure 4A. Furthermore, the binding modes of 4-
CmC and 12 final hits are mapped out in Figure 4B—E. Figure
4B indicates the binding mode of 4-CmC with a Libdock score
of 57.573. It has formed one hydrogen bond interaction between
the hydroxyl of 4-CmC and the critical residue GIn4020, and
hydrophobic interactions with Leu4013/4017, Phe4061/4062/
4132, Pro4135, Ala4136, and Ile4139, as well as one pi—sulfur
interaction with Met4000.

As shown in Figure 4Cl1, the Libdock score of xanthotoxol is
80.8809. In addition, its binding mode in the active site

https://doi.org/10.1021/acsomega.1c04468
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Figure 4. Docking modes between potential agonists of hRyR1 and hRyR1. Note: (A) chemical structures of 12 potential agonists of hRyR1. (B1—B2)
4-CmC, the reference small molecule, penetrated into the active pocket, and mainly formed one hydrogen bond with the GIn4020 residue on the
protein, a total of nine residues were bound by the hydrophobic interaction on the hRyR1. (C1) Xanthotoxol small molecule completely penetrated the
active pocket, forming four hydrogen bonds with the GIn4020, Leu4017, Phe4132, and Ala4136 residues on the protein. The hydrophobic interaction
residues of the xanthotoxol molecule were eight. (C2) Danshensu molecule completely enters the active pocket, GIn4020 and Ala4136 residues form
two hydrogen bonds with a total of two hydrophobic residues. (D1) S-Hydroxy-1,4-naphthalenedione (i.e., juglone) small molecule enters the active
pocket, forming three hydrogen bonds with GIn4020, Phe4132, and Ala4136, and six residues form exhibiting a hydrophobic effect. (D2) Vanillin
completely enters the active pocket and forms a hydrophobic interaction with six residues. (E1) The paeonol molecule completely penetrates the active
pocket, forming four hydrogen bonds with GIn4020, Leu4017, Phe4132, Ala4136, and a total of four hydrophobic residues. (E2) Caffeic acid
completely enters the active pocket, and four residues form a hydrophobic effect.

resembled 4-CmC. Xanthotoxol could form a conventional The binding mode of the xanthotoxol-hRyR1 complex is
hydrogen bond interaction with GIn4020 and carbon—hydrogen
bond interactions with Leu4017, Phe4132, and Ala4136,
respectively. Moreover, xanthotoxol participates in van der
Waals interactions with Phe4062, Ile4139, and other residues. sulfur interactions.

stabilized by pi—pi and pi—alkyl interactions and four hydro-
phobic residues. Furthermore, Met4000 is involved in the pi—

29944 https://doi.org/10.1021/acsomega.1c04468
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DAPI

Merge

Figure S. Positive results of identification on RTSMCs. The expression level of a-SMA was detected using immunofluorescent staining analysis by
confocal microscopy. Blue fluorescence indicates DAPI labeled nuclei, and red fluorescence represents @-SMA positive expression. Scale bar, 100 ym.

Like 4-CmC, danshensu has formed a conventional hydrogen
bond with GIn4020 and a carbon—hydrogen bond with
Ala4136, which plays important roles in activating calcium
channels. Other interactions involved in danshensu are pi—alkyl
and pi—sulfur interactions (Figure 4C2).

S-Hydroxy-1,4-naphthalenedione could form the same hydro-
gen bond type as 4-CmC with GIn4020. In addition, Phe4132
and Ala4136 are also involved in hydrogen bond interactions. 5-
Hydroxy-1,4-naphthalenedione interacts by means of van der
Waals interactions with Phe4062, Pro4135, and other residues.
The receptor—ligand complex remains stable through six
hydrophobic interaction residues and three types of pi bonds
(Figure 4D1).

Vanillin could participate in hydrogen bond interactions with
GIn4020 and Phe4132. The docked conformation of vanillin is
comparable to that of 4-CmC. Both of them interact with hRyR1
via more hydrophobic interactions, whereas vanillin forms by
van der Waals interactions (Figure 4D2).

The binding mode of paeonol with a Libdock score of 75.0232
is displayed in Figure 4E1. It has formed three carbon—hydrogen
bonds with Leu4017, Phe4132, and Ala4136 as well as one
conventional hydrogen bond with GIn4020. Besides the fact that
the interactions that occur between paeonol and hRyR1 are van
der Waals interactions, with Phe4062, I1le4139, and other
residues, there exist an array of pi—alkyl interactions.

As illustrated in Figure 4E2, caffeic acid participates in
hydrogen bond interactions with the critical residue GIn4020
and forms a carbon—hydrogen bond with Phe4062. Leu4017
and Pro413S$ are concerned with pi—alkyl interactions and van
der Waals interacting forces, respectively.

Overall, our docking results reveal that all the 12 NSMPs
possess higher docking scores than 4-CmC. The high Libdock
scores gained in this study validate that there exist a stronger
binding affinity between the 12 NSMPs and hRyR1. Hydrogen
bonds and hydrophobic interactions formed between the
agonists and the essential active site residues might be
responsible for it. A visualization of potential binding
orientations exhibits the hydrogen bond interactions with the
critical residue GIn4020 and hydrophobic interactions with
Met4000, Phe4061, Phe4062, Leu4013, Leu4017, Ala4136, and
Ile4139. It has been reported that GIn4020 plays pivotal roles in
the channel function on account of the fact that repetitive
calcium oscillations triggered by 4-CmC occurred when this
residue in RyR1 was mutated. Thus, these interactions of 12
NSMPs with hRyR1 demonstrate that there is a good complex at
the ligand domain of hRyR1. The specific composition
information is shown in Figure S2. Moreover, these 12 potential
agonists on further optimization could be utilized for designing
novel hRyR1 agonists.

2.3. Isolation and Identification of Rabbits’ Tracheal
Smooth Muscle Cells. In this study, the cell type that was
obtained by the acute pronase separation method is single, easy
to distinguish, and in large quantities. In addition, the cell
morphology is diverse, particularly more common in the shape
of earthworm and banana, accounting for 70—80%. Others have
oval, circle, and irregular shapes. The cells vary in size from 12 to
16 ym in diameter and approximately from 60 to 100 ym in
length. The cell structure is clearly viewed, possessing smooth
membrane surfaces, as well as few intracellular particles. The
immunofluorescence staining results indicate that the positive
rate of rabbits tracheal smooth muscle cells (RTSMCs)
accounted for up to 90%, thus they could be used in later cell
experiments. This technique stains the @-SMA characteristic of
smooth muscles, producing a red color, and DAPI staining
generated a blue color for the a-SMA nuclei (Figure 5).

2.4. Cell Viability Effect of NSMPs on RTSMCs. Because 2
of 12 NSMPs, which may become potential hRyR1 agonists, that
is, 10-demethylboeravinone C and 7-hydroxy-5-methoxy-6,8-
dimethyl-flavanone, were not available, a further study was
performed on the remaining 10 NSMPs. For the sake of selecting
the most appropriate concentrations of NSMPs to activate RyR1
in subsequent experiments, the cell proliferation activity of
NSMPs (0.016, 0.16, 0.8, 1.6, 3.2, 8.0, 16.0, and 32.0 uM) on
RTSMCs was measured by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) detection, and the ICs,
value was used as an evaluation indicator. The results of the
MTT assay showed that compared with the control group, the
cell proliferation activity of different concentrations of the
NSMP group decreased (P < 0.001, P < 0.0001). The cell
proliferation activity of the NSMP group was dose-dependent
(Figure 6A—]). Therefore, and for the next protocol, we chose
concentration levels of xanthotoxol of 28.29 M, danshensu of
2.57 uM, S-hydroxy-1,4-naphthalenedione (i.e., juglone) of 0.38
uM, vanillin of 0.98 uM, paeonol of 29.46 uM, caffeic acid of
6.15 uM, fraxetin of 1.78 uM, p-coumaric acid of 3.90 uM, 4-
hydroxybenzaldehyde of 14.48 M, and 4-hydroxybenzylalcohol
of 9.44 M. The specific composition information is shown in
Figure S3 and Table S1.

2.5. Effects of NSMPs on Intracellular Calcium Levels in
RTSMCs. Calcium ions, intracellular signal molecules, used as a
second messenger in the cells, are essential for the process of
signal transduction. In order to find out whether NSMPs could
regulate the change of calcium flux by stimulating RyR1, we
further assayed the intracellular calcium levels in RTSMCs after
treating with 10 NSMPs mentioned above. As shown in Figure
7A—]J, when compared with the non-treated control, the levels of
intracellular calcium were significantly elevated in cells of the
groups treated with xanthotoxol, danshensu, S-hydroxy-1,4-
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Figure 6. Effects of 10 NSMPs on the viability of RTSMCs. The cell
viability of RTSMCs treated with (A—J) xanthotoxol (28.29 uM),
danshensu (2.57 uM), 5-hydroxy-1,4-naphthalenedione (i.e., juglone,
0.38 uM), vanillin (0.98 M), paeonol (29.46 uM), caffeic acid (6.1S
uM), fraxetin (1.78 uM), p-coumaric acid (3.90 uM), 4-hydrox-
ybenzaldehyde (14.48 uM), and 4-hydroxybenzylalcohol (9.44 uM)
was determined by the MTT assay. The results are treatment group
means, and vertical lines represent SD. Significant differences from the
control group are denoted by *P < 0.05, **P < 0.01, ¥**P < 0.001, and
*#A%KP < 0.0001. Differences were assessed for significance by
Dunnett’s T3 multiple comparisons test subsequent to significant
one-way ANOVA.

Xanthotoxol Danshensu Juglone Vanillin Paeonol

NSMPs

NSMPs+ Ryanodine

S

ic acid
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Figure 7. Effect of 10 NSMPs on intracellular calcium levels in
RTSMCs. (A—]) Normalized fluorescence intensity was calculated by
the average intensity of each group, and then it was normalized to divide
the average intensity of the treatment group by the average intensity of
the vehicle group. The results are the treatment group means, and
vertical lines represent SD. Significant differences from the vehicle/
vehicle-treated group are denoted by ***P < 0.001, ****P < 0.0001.
Significant differences to the NSMP/vehicle-treated group are denoted
by *P < 0.05, P < 0.01. Significant differences to the vehicle/
ryanodine-treated group are denoted by *P < 0.05. (K,L) Fluo-4 AM-
labeled RTSMCs with intervention from ryanodine (10 uM), 4-CmC,
and NSMPs. Scale bars: 100 ym (K,L). For all figures: two-way

ANOVA; ns, no significant difference; and n = 3 biologically
independent samples.

E

NSMPs

NSMPs+ Ryanodine

naphthalenedione, vanillin, paeonol, caffeic acid, fraxetin, p-
coumaric acid, 4-hydroxybenzaldehyde, and 4-hydroxybenzy-
lalcohol (P < 0.001, P < 0.0001). The intracellular calcium
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Figure 8. Effect of 10 NSMPs on the expression levels of RyR1 in RTSMCs. (A) After RTSMCs were treated with 4-CmC or different concentrations
of NSMPs, the protein expression of RyR1 was detected by western blotting. (B) Quantitative histogram of RyR1 treated with 4-CmC or different
concentrations of NSMPs. The results are the treatment group means, and vertical lines represent SD. Significant differences from the control group are
denoted by *P < 0.0S, **P < 0.01. Differences were assessed for significance by Dunnett’s T3 multiple comparisons test subsequent to significant one-

way ANOVA.

fluorescence intensity of the NSMPs + ryanodine group was
significantly lower than that of the NSMPs group with
corresponding concentrations (P < 0.01, P < 0.05), and there
was no significant difference compared with the ryanodine
group. However, the intracellular calcium fluorescence intensity
of the danshensu + ryanodine group was not significantly
different than that of the danshensu group. [Ca*],, in RTSMCs
exposed to 4-hydroxybenzaldehyde together with ryanodine was
lower than that of the ryanodine group (P < 0.05).

2.6. Effects of NSMPs on RyR Expression in RTSMCs.
Previous results initially suggested that NSMPs could indeed act
on RyRs and result in calcium ion mobilization from intracellular
calcium ion store. In order to further explore whether the change
of RyR1 activity was related to its protein expression level,
western blotting analysis was carried out to analyze protein
expression levels of RyR1. 4-CmC here was utilized as a positive
control in various in vitro studies, which has been reported to
strongly and specifically activate RyR1. As exhibited in Figure
8A, protein expression levels of RyR1 were significantly
increased after treatment with xanthotoxol, danshensu, and §-
hydroxy-1,4-naphthalenedione, which were compared with
those of the non-treated control. However, compared to the
non-treated control group, with RTSMCs exposed to paeonol,
caffeic acid, fraxetin, p-coumaric acid, 4-hydroxybenzaldehyde,
and 4-hydroxybenzylalcohol, protein expression levels of RyR1
indicated a decreasing tendency as well as significant differences
between the groups (P < 0.05). Especially, following treatment
with 4-hydroxybenzaldehyde and 4-hydroxybenzylalcohol,
protein levels of RyR1 were obviously reduced by approximately
3.6-fold and 3.7-fold than those in non-treated control,
respectively (P < 0.01, Figure 8B). Overall, consistent with the
above observations, RyR1 has been proved to be one of the
potential targets of NSMPs, involved in the molecular
mechanisms of their anxiolytic effect.
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3. CONCLUSIONS

In recent decades, natural compounds extracted and isolated
from traditional Chinese herbal medicines have a promising
profile.’’ NSMPs, natural organic compounds, which are
composed of at least one hydroxyl group, have some structural
diversities. Phenols have numerous common bioactivities, such
as sedation, spasmolysis, antitumor, as antioxidant, and so
forth.* Recently, growing evidence has proved that some
flavonoids reflecting anxiolytic activities have a significant role in
the CNS.»*™* Other research studies have suggested the
metabolism of flavonoids into smaller-molecular-weight phenols
by intestinal flora as the key to produce anxiolytic activities.”
Thus, in this research, the hypothesis we have put forward is that
NSMPs are generally anxiolytic, and a preliminary discussion
was carried out to illustrate the possible molecular mechanisms
of action.

Intracellular calcium, a novel second messenger, plays a
crucial role in a series of cell function-based physiological
processes such as muscle contraction, gene transcription,
synaptic transmission, hormone secretion, programed apoptosis,
and necrosis.”' Under normal conditions, calcium release from
ER/SR into the cytoplasm is mediated by two families of
proteins, that is, RyRs and inositol-1,4,5-triphosphate receptors
(IP;Rs), which then reuptakes it back into ER/SR via the
calcium pump to maintain a dynamic balance. When a cell is
stimulated, Ca®" concentration in a specific region of the cell
increases, and the signal is transmitted throughout the cell,
resulting in a cell-wide effect.”” In addition to the excitation—
contraction coupling of myocytes, RyRs play a vital role in a
variety of physiological processes including cell proliferation and
death during development and differentiation, signal trans-
duction of nerve cells, and hormone secretion in the immune
system. Meanwhile, intracellular small molecules, which have a
significant impact on the intensity and sensitivity of calcium
release and thus regulate the open and closed states of RyRs, are
the basic requirement for RyR functioning.*’ 4-CmC is a simple
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small-molecule phenol that is deemed a specific agonist of RyR1
to regulate calcium release in the cytoplasm.”> However,
whether NSMPs with similar structures could modulate RyR1-
mediated calcium signaling remains to be explored.

In this work, the binding affinities between 132 NSMPs and
hRyR1 were evaluated using the molecular docking assay.
Fessenden et al. elicited that the activation of 4-CmC on RyR1
was eliminated, when GIn4020 and Lys4021 were mutated to
their corresponding residues in the structure of RyR3 (Leu3873
and GIn3874), demonstrating that they were the key amino
acids of RyR1. GIn4020 seems to be more important in the
aspect of regulating calcium channels, which embodies that
mutations in GIn4020 could repeatedly trigger calcium
oscillations. Therefore, changes in the intracellular calcium
concentration could be encoded into complex and diverse
signals by oscillation to enable calcium to regulate numerous
functions of cells specifically.”* Based on this, the active pocket
was constructed with the key amino acid GIn4020 as the center
for virtual screening. In light of our docking results, xanthotoxol,
danshensu, S-hydroxy-1,4-naphthalenedione, 4-hydroxybenzal-
dehyde, 10-demethylboeravinone C, caffeic acid, 7-hydroxy-5-
methoxy-6,8-dimethyl-flavanone, 4-hydroxybenzylalcohol, va-
nillin, paeonol, fraxetin, and p-coumaric acid are mainly grouped
into flavonoids, phenylpropanoids, and other phenols. However,
we found that phenanthrenes could also bind to the active site in
the binding pocket, but they are unable to interact with all the
critical residues at the binding sites. That is to say, the reason
why phenanthrenes fail to interact with the active sites during
our docking study is that the ligand size might play an important
role in it. Meanwhile, our docking results suggest that there are
two significant factors: (1) GIn4020, as a hydrophilic residue,
mainly stabilizes the hydroxyl group of NSMPs through
hydrogen bond interactions. (2) The hydrophobic groups on
the benzene rings and the benzene ring of NSMPs itself interact
with the hydrophobic surface of hRyRI1. It was found that
hydrophobic interactions with Met4000, Phe4061, Phe4062,
Leu4013, Leu4017, Ala4136, and Ile4139 are mainly formed
between NSMPs and hRyR1. Recently, an emerging body of
research has shown that a wide range of compounds were
equipped with the ability to activate or inhibit calcium release
channels.'***~*" In particular, a majority of channel activators
are electron acceptors, while channel inhibitors are electron
donors. Ye et al. designed a series of new compounds that have
been proven to be potent inhibitors of RyR1 by means of
improving the electron donor properties.” In this study, 12
NSMPs bind to the same region of hRyR1 as 4-CmC, indicating
that their bioactivity might be similar to that of 4-CmC.
Furthermore, Marinov et al. have demonstrated that the
effectiveness of new drugs was highly correlated with the
potency of electron acceptors or donors, namely, channel
activators or inhibitors.”' Therefore, it occurred to us all whether
it is possible to design potent channel agonists by enhancing the
electron acceptor properties of drugs targeting hRyR1.

The MTT assay was performed to determine the appropriate
concentrations of xanthotoxol, danshensu, S-hydroxy-1,4-
naphthalenedione, vanillin, paeonol, caffeic acid, fraxetin, p-
coumaric acid, 4-hydroxybenzaldehyde, and 4-hydroxybenzy-
lalcohol. The results showed that all the above NSMPs had
inhibition growth effects on RTSMCs with different levels in a
dose-dependent manner.

In order to further validate whether these 10 NSMPs have an
agonistic effect on RyRlI, fluorescence analyses of the intra-
cellular calcium levels and western blotting analysis in RTSMCs

were performed to analyze the changes in the intracellular
calcium flux and protein expression levels of RyR1. 4-CmC here
was applied to be a positive control in various in vitro studies,
which has been reported to strongly and specifically activate
RyR1.>*> Ryanodine, which binds to the intracellular calcium
channel and opens it at a low concentration (<10 yM) while
inactivates it at high concentration (>10 4#M), has been proven
to have a main effect on controlling the release of intracellular
calcium stores.”> The dosage of ryanodine used in this study is
10 uM, belonging to a high concentration range, and thus it
blocks the release of calcium triggered by binding of ryanodine
to receptors.54 I:C1912+]C},t in RTSMCs exposed to p-coumaric
acid, xanthotoxol, danshensu, 5-hydroxy-1,4-naphthalenedione,
vanillin, paeonol, caffeic acid, fraxetin, 4-hydroxybenzaldehyde,
and 4-hydroxybenzylalcohol were significantly elevated. The
intracellular calcium fluorescence intensity of the NSMPs +
ryanodine group was significantly lower than that of the NSMP
group with the corresponding concentration, and there was no
significant difference compared with the ryanodine group. It was
suggested that the RyR pathway was blocked by the high
concentration of its blocker ryanodine, thus blocking one of the
pathways for the release of calcium from ER. What is particularly
noteworthy is that the intracellular calcium fluorescence
intensity of the danshensu + ryanodine group was not
significantly different than that of the danshensu group while
higher than that of the ryanodine group, indicating that
danshensu activated another pathway for intracellular calcium
release, namely the IP; signaling pathway, when the ryanodine
pathway was blocked. Moreover, [Ca™],, in RTSMCs exposed
to 4-hydroxybenzaldehyde together with ryanodine was lower
than that of the ryanodine group, demonstrating that in addition
to the blocking of the RyR pathway, another IP;R pathway was
also blocked by adding 4-hydroxybenzaldehyde. Both the release
pathways of calcium in endoplasm were blocked, so intracellular
calcium ionic strength was further reduced. In other words, 4-
hydroxybenzaldehyde acted on the IP; receptor to inhibit the
release of intracellular calcium. To sum up, p-coumaric acid,
xanthotoxol, 5-hydroxy-1,4-naphthalenedione, vanillin, paeonol,
caffeic acid, fraxetin, and 4-hydroxybenzylalcohol might act on
RyRs as agonists, keeping RyRs open and resulting in calcium
ion mobilization from intracellular calcium ion store. Among
them, 4-hydroxybenzaldehyde, 4-hydroxybenzylalcohol, p-cou-
maric acid, danshensu, paeonol, and caffeic acid, all these
NSMPs have obvious anxiolytic activity. This may be due to the
fact that NSMPs do not act on a single receptor. For the
anxiolytic mechanism, numerous references report that NSMPs
have effects on neurotransmitters and responding receptors.
Kwon et al.” found that danshensu played an antianxiety role
through the dopaminergic nervous system, which was embodied
in the inhibition of monoamine oxidase A activity in vitro, and its
anxiolytic activity could be antagonized by the dopamine (DA)
D1 receptor antagonist, but not by the 5-HT,, receptor
antagonist and the o, adrenergic receptor antagonist. Studies
have shown that caffeic acid could indirectly regulate the a;,
adrenergic receptor without affecting monoamine neuro-
transmitter reabsorption and monoamine oxidase activity, thus
exerting an antianxiety effect.’® p-Coumaric acid and 4-
hydroxybenzaldehyde played an anxiolytic role by acting on
the BDZ binding site of the GABA, receptor.””*® The
antianxiety effect of 4-hydroxybenzylalcohol, a small-molecule
phenol in Gastrodia elata, could be blocked by the S-HT,
receptor.”® Moreover, it is possible that NSMPs act on RyR1 in
different brain regions. In mammals, both RyR1 and RyR3 exist
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Figure 9. Hypothesis about the mechanisms of NSMPs as anxiolytics. The phenol moiety of monoamine neurotransmitters may be a kind of
pharmacological signal carrier, acting on RyRs as an agonist and resulting in calcium ion mobilization from intracellular calcium ion store. Phenol keeps
RyRs open, which leads to the depletion of calcium ions from ER, then the failure of calcium-induced plasmic calcium increases and finally decreases
the neurotransmitter release. For all figures: NSMPs, natural small-molecule phenols; RyRs, ryanodine receptors; and ER, endoplasmic reticulum.

in skeletal muscle cells. RyR1/RyR3 or RyR2/RyR3 exists
simultaneously in hippocampal CA2 and CA3 regions of the
brain and neurons in the cerebellum, especially in hippocampal
CAL1 region neurons with high levels of expression of the three
subtypes.>”

For the sake of further exploring whether the change of RyR1
activity was related to its protein expression level, western
blotting analysis was carried out to analyze protein expression
levels of RyR1. As a result, the protein expression levels of RyR1
were significantly increased after treatment with xanthotoxol,
danshensu, and S-hydroxy-1,4-naphthalenedione. There was no
significant change in the expression of RyR1 exposed to vanillin,
while the expression levels of RyR1 exposed to paeonol, caffeic
acid, fraxetin, p-coumaric acid, 4-hydroxybenzaldehyde, and 4-
hydroxybenzylalcohol were significantly decreased, showing
inhibitory effects on RyR1 to some extent. The possible reasons
are as follows: (1) the chemical structure determines the
biological activity of the compound. In the structure of vanillin,
the aldehyde group at the fourth position is an electrophilic
group. Based on the results of previous literature research, the
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activity of small-molecule phenols could be enhanced when the
fourth position is replaced by hydrophobic groups, while the
activity could be decreased when the fourth position is replaced
by hydrophilic groups or the electrophilic group. (2) Molecular
docking methods have some limitations. First of all, the LibDock
algorithm used in this study is based on the principle of
semiflexible docking, so it fails to fully consider the flexibility of
proteins; however, in most cases, the conformational change of
biomolecular molecules is one of the important factors that
induce ligands to bind to them. Second, most molecular docking
procedures fail to adequately consider the effect of water
molecules on hydrogen bonds during ligand binding. Therefore,
molecular docking methods should be combined with biological
experiments to exclude false positive results in tests.

In conclusion, the change of the RyR1 activity caused by 5-
hydroxy-1,4-naphthalenedione and xanthotoxol might be due to
the increased protein expression of RyR1. Based on the previous
studies of our research group and multiple literature
inves.tigations,éo_65 we found that the structures of NSMPs
and phenethylamines are similar to that of the monoamine
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neurotransmitter, that is, DA. Through the structural compar-
ison of three types of compounds, that is, NSMPs, DA, and
phenethylamines, it is astonishing to us all to discover that the
structure of DA is composed of two parts: catechol derivatives
and phenethylamine derivatives. DA, an important neuro-
transmitter in the CNS, is mainly involved in the regulation of
exercise, emotions, and the neuroendocrine system, playing a
critical role in the brain and body.®' Over the past 3 decades, the
DA system has attracted much attention in the aspect of
neuroscience research. Some diseases including Parkinson’s
disease, schizophrenia, and so on are related to the disorder of
dopaminergic neurotransmitter transmission.””®” The phenol
moiety of monoamine neurotransmitters including DA,
norepinephrine, and serotonin makes a difference in the
pathological process of anxiety, which may be considered as a
kind of pharmacological signal carrier acting on RyRs as an
agonist and resulting in calcium ion mobilization from
intracellular calcium ion store. Phenol keeps RyRs open,
which leads to the depletion of calcium ions from ER, then
the failure of calcium-induced plasmic calcium increases and
finally decreases the neurotransmitter release (Figure 9).

In the present study, it is established that 5-hydroxy-1,4-
naphthalenedione and xanthotoxol might be a kind of
pharmacological signal carrier, acting on RyR1 as an agonist
and resulting in calcium ion mobilization from intracellular
calcium ion store. This is the first time a novel insight has been
gained into the idea that RyR1 may be one of the targets of
NSMPs to exert an anxiolytic effect. Although more data are
needed to support our hypothesis, it may provide new ideas for
the rational use of herbal medicines and the development of new
anxiolytic drugs.

4. MATERIALS AND METHODS

4.1. Chemicals, Antibodies, and Animals. HBSS was
obtained from Kermel Chemical Co. Ltd. (Tianjin, China).
DMSO was bought from Invitrogen Corporation (Waltham,
MA, USA). Pronase, fetal bovine serum (FBS), Dulbecco’s
modified Eagle’s medium (DMEM), phosphate buffered saline
(PBS), and MTT were bought from GIBCO-BRL (San
Francisco, CA, USA). Antibodies against a-SMA, RyR1, and
GAPDH, and the antirabbit IgG horseradish peroxidase-
conjugated secondary antibody were all bought from Abcam
(Cambridge, UK). The fluorescence-conjugated secondary
antibody was obtained from KPL Corporation (USA). The
calcium ion fluorescent probe kit was obtained from Solarbio
Biotechnology (Beijing, China). Ryanodine was purchased from
SIGMA Corporation (USA). Xanthotoxol, danshensu, S-
hydroxy-1,4-naphthalenedione, vanillin, paeonol, caffeic acid,
fraxetin, p-coumaric acid, 4-hydroxybenzaldehyde, and 4-
hydroxybenzylalcohol were all bought from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China).

Healthy male and female New Zealand rabbits weighing 1.5 +
0.3 kg were bought from the Experimental Animal Center of
Hebei Medical University, and the study was approved by the
Chinese Academy of Medical Sciences (certificate no. SYXK
2015-0002, Institute of Hematology and Blood Diseases
Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College, Tianjin, China). In this research,
experimental animals were raised based on the international
guidelines for laboratory animal use.

4.2. Homology Modeling Studies. The homology
modeling process consisted of the following steps. First, the
human RyR1 (hRyR1, NP_000531.2) was exploited as the

keyword to perform sequence similarity searches in the NCBI
protein database using PSI-BLAST. The target sequence was
utilized as the query to filtrate and download the most probable
template proteins from the Protein Data Bank. There exist three
criteria for selecting template proteins: (1) the sequence
homology should be greater than 30%. (2) It is ensured that
the residues are integrated. (3) The template proteins bound to
have a higher precision. Furthermore, the most probable
template proteins were used for building models via the
MODELLER program. Subsequently, the reliability of models
was evaluated by the Ramachandran plot and ERRAT. The
Ramachandran plot is generally used to elucidate the allowed
and disallowed conformations in the protein or peptide by
comparing the rotation degree of the bond between the alpha
carbon atom and the carbonyl carbon atom with the rotation
degree of the bond between the alpha carbon atom and nitrogen
atom in the peptide bond of the steric structure. In general, if the
residues in the core and allowable regions account for more than
90%, the conformation of the predicted model is considered to
be in accordance with the stereochemical rules. ERRAT is often
utilized to assess the matching relationship between the
predicted model and its own sequence. A higher ERRAT
score represents the greater credibility of the constructed
model.’® Based on the results of the assessment, unreasonable
residues in the model were executed using loop and side-chain
refinement.

4.3. Molecular Docking. 4.3.1. Ligand and Protein
Preparation. In this study, the structures of NSMPs and the
reference compound were collected as described previously.® By
searching the SciFinder database, NSMPs were collected, and
their chemical information was summarized, and a library of
NSMP compounds was established. The specific retrieval
process was as follows: (1) the chemical structure of phenol
was used as the parent nucleus for “substructure” retrieval, and
the molecular weight was limited to be less than 350 Da. (2) A
database of NSMPs was obtained by removing the structures
containing N, P, S, and other heteroatoms from the obtained
compounds. (3) The related activities of “anxiolytic”, “sedative”,
and “muscle relaxant” corresponding to NSMPs were retrieved.
(4) Target compounds were screened from the collected
literature.

The chemical structures of ligands were downloaded from the
PubChem database together with the Traditional Chinese
Medicine Database. Moreover, the Chemistry at HARvard
Macromolecular Mechanics (CHARMm) force field was added
to the ligands’ chemical structures, and then energy
minimization was implemented. Eventually, the Prepare Ligands
Protocol was implemented with the following parameters:
[Duplicate Structure] Remove, [Generate 3D] True, others
were False.

Owing to the fact that the three-dimensional structure of
hRyR1 is not available in the PDB database, it was built by
homology modeling. Recently, the research team of Professor
Chang-Cheng Yin and Fei Sun characterized a calcium-activated
open-stated RyR1 (PDB ID: 5J8V) structure with a resolution of
4.2 A in the core region.”” A complete protein chain of hRyR1
contains 5037 amino acid residues. In the present study, the
central domain (residues 3668—4251) of the A chain was used
as the template protein for homology modeling on account of
the fact that the key residue of RyR1, residue Gln 4020, activated
by 4-CmC is distributed in this region. The residues 3668—4251
of the A chain in the structure of RyR1 correspond to the
residues 1—500 in the structure of hRyRl1, respectively. The
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crystal structure of RyR1 was downloaded from the PDB
database. All water molecules were gotten rid of; thereafter,
polar hydrogen atoms as well as all the missing residues were
added to the protein structure. Eventually, the Prepare Protein
Protocol was implemented.

4.3.2. Parameter Setting for Molecular Docking. A docking
program, which is utilized to forecast the binding affinity
between a certain ligand and a protein, is unlikely to provide a
good prediction for all the protein—ligand complexes, although
in most cases an accurate and robust consequence is desired.
Under this circumstance, a positive control was supposed to be
set up in order to evaluate the reasonability of docking
parameters by comparing the sequence between docking scores
and experimental ECs,. Nine RyRI agonists that have been
reported for the experimental ECy, in the previous study were
screened as the positive control. All the experimental ECy,
ranged from 30.9 to 129 umol/L.** The other optimizations for
these RyR1 agonists were equivalent to those of NSMPs. The
sphere represented for the binding site contained the residues,
which stayed within 9 A from the residue, GIn4020-centered.

4.3.3. Protein—Ligand Interaction Prediction. Great efforts
have been expended to explore the optimal binding modes
between NSMPs and hRyR1, and molecular docking studies
were carried out using the Libdock module in Discovery Studio
2.5 (Accelrys Software Inc., San Diego, CA, USA). Libdock is a
docking program belonging to the semiflexible docking method,
which has the characteristics of being rapid and accurate. There
exist two rules for selecting the active compounds: (1) the
docking scores must meet the threshold, that is, the Libdock
score of the reference compound; (2) ligands must interact with
at least three residues, which produced primary non-bond
interactions during docking.

Discovery Studio Visualizer 2017 was utilized to observe the
two-dimensional plots of interactions between a protein and a
ligand and visualize the three-dimensional binding patterns.

4.4. Immunofluorescence Analysis. RTSMCs isolated
were cultured on glass-bottom cell culture dishes according to
the previous method.”’ The cells that were fixed for 10 min in
ice-cold ethanol were washed two times in PBST. After being
dehydrated with different volume fractions of ethanol and rinsed
three times with PBS, the cells were then incubated with the
antirabbit polyclonal antibody against a-SMA (1:50) overnight
at 4 °C immediately after blocked with a normal goat serum
working solution for 30 min. The cells were placed for 30 min at
room temperature, then after being rinsed three times with PBS,
they were incubated with the corresponding fluorescence-
conjugated secondary antibodies (1:100) for 1 h at room
temperature the following day. Following extensive rinsing, the
images were captured using a laser confocal microscope
(OLYMPUS FV100, Japan).

4.5. In Vitro Cell Viability Assay by the MTT Method.
The cells, which were seeded at a density of 1.0 X 10* cells per
well into 96-well plates, were cultured in DMEM with 10% FBS.
After 1 day of serum starvation, the cells were incubated with
eight concentrations of 10 NSMPs and 4-CmC (0.016, 0.16,
0.80, 1.6, 3.2, 8.0, 16, and 32 M) for 2 h in DMEM with 2.0%
FBS. After treatment, the cells were cultivated in MTT at 37 °C
for 4 h immediately after the old medium was gotten rid of.
Following the medium from each well discarded, the DMSO
solution (150 uL/well) was added, vibrating for 10 min.
Thereafter, when the formazan crystals had absolutely dissolved,
the absorbance was read at a wavelength of 490 nm using a
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microplate reader. All experiments were repeated in triplicate
independently.

4.6. Measurement of [Ca*'],, by Laser Confocal
Microscopy. The cell density of rabbits tracheal smooth
muscle cells (RTSMCs) was 8 X 10* cells/well. RTSMCs were
randomly divided into two groups: the NSMP group and the
NSMPs + ryanodine group. Each group was split into two
subgroups: 0 M and ICg, groups according to the
concentration of NSMPs. After 1 day of serum starvation with
DMEM containing 2.0% FBS, the cells were incubated with
ryanodine at a final concentration of 10 #M for 15 min and then
exposed to NSMPs at a final concentration of 0 uM and ICsy,
respectively. After incubation with ryanodine and calcium ion
indicators and Fluo-4 AM working solution for 15 min at 37 °C
(Solarbio Biotechnology Co., Ltd., Beijing, China) with a final
concentration of 5.0 M, it was immediately washed three times
with PBS. Finally, the changes in [Ca*] ot were detected and
analyzed by laser confocal microscopy.

4.7. Western Blotting Analysis. The cell density of
RTSMCs seeded into 6-well plates was 2.0 X 10° cells per
well. After 1 day of serum starvation with DMEM containing
2.0% FBS, the cells were exposed to 10 NSMPs and the reference
compound for 24 h. Thereafter, the old medium of each well was
discarded and the cells were rinsed with PBS, and then they were
collected and lysed with RIPA buffer, shaking for 30 min at 4 °C.
The cell lysis solution was gathered, respectively, and the protein
concentration was quantified in accordance with the Bradford
protein assay (BOSTER Biological Technology Co. Ltd,
Wuhan, China). An equal amount of protein was transferred
onto a polyvinylidene fluoride membrane, which was blocked in
5.0% non-fat milk, shaking at room temperature for 2 h
immediately after electrophoresed in 10% SDS-PAGE. After
that, it was cultivated with primary antibodies (RyR1, 1:1000;
GAPDH, 1:10 000) overnight at 4 °C. On the following day,
after being washed four times with TBST for 20 min, the blots
were incubated in an antirabbit IgG horseradish peroxidase-
conjugated secondary antibody for 1.5 h at room temperature.
Finally, target proteins were further observed using the Western
Lightning Chemiluminescence Reagent (PerkinElmer, USA) in
a LabWorks gel imaging and analysis system. The target protein/
GAPDH ratio was utilized to evaluate the relative expression of
the target protein.

4.8. Statistical Analysis. All data were demonstrated as
mean + SD. Differences for multiple comparisons were
evaluated using one-way or two-way analysis of variance
(ANOVA) with GraphPad Prism 8.0 software. Among them,
P < 0.05 was deemed statistically significant, while P < 0.0001
represented a high statistical difference.
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